
Atmospheric Trace Gas Measurements from the European
Space Agency's Global Ozone Monitoring Experiment

K. Chance, R.J.D. Spun, and T.P. Kurosu

Harvard-Smithsonian Center for Astrophysics
60 Garden Street, Cambridge, MA 02 1 38 USA

ABSTRACT

The Global Ozone Monitoring Experiment (GOME) was launched on the European Space Agency's ERS-2 satellite on April
20, 1995. GOME measures the Earth's atmosphere in the nadir geometry, using four spectrometers that cover the UV and
visible (238-794 nm) at moderate resolution (0.2 nm in the UV, 0.4 nm in the visible), employing silicon diode array detectors.
GOME takes some 30,000 spectra per day, obtaining full global coverage at 40x 320 km2 resolution in three days. It provides
measurements of ozone (including the tropospheric distribution), NO2, SO2, H2CO, H20, BrO, ClO, and OClO. We directly
fit GOME radiance spectra using nonlinear least-squares analysis to obtain column amounts of several trace species, including
ClO, BrO, SO2, and H2CO. The use of recent improvements in the underlying physics and spectroscopy permits the fitting of
radiances to very high precision, approaching 2x lO (optical thickness) in favorable cases, for standard 1.5 s integration time
GOME measurements. Examples of the fitting of BrO and SO2 are presented here.

Keywords: Remote sensing, GOME, stratosphere, troposphere

1. DEVELOPMENT OF FITTING TECHNIQUE

The GOME instrument was designed to make sensitive measurements of a number of atmospheric constituents, including ozone
(column amounts and profiles, including the tropospheric burden), NO2, SO2, H2CO, H20, BrO, ClO, and OCIO."2 GOME
provides spectra that are stable in behavior and reasonably well-calibrated in wavelength (usually to <6x iO nm or <0.05
GOME pixel in the BrO fitting region, for example) and absolute radiance.
They provide an ideal data set for exploring both geographic and temporal
variations for a number of atmospheric constituents.

In order to fully exploit the GOME data products for these purposes,
we have found it necessary to further calibrate and characterize the GOME
irradiance and radiance spectra and the reference spectra used for fitting to
determine constituent amounts. This includes: (1) Improved wavelength
calibration of both irradiance and radiance spectra, which is accomplished
either by cross-correlation with or direct fitting to a very accurate Fraun-
hofer reference spectrum.3'4 Absolute vacuum wavelength calibration
can be obtained by these methods to usually nm or better; (2) Im-
proved determination of the GOME instrument transfer function (ITF).4
In the BrO fitting region, the width of the ITF is determined to the I %
level. In some other regions, determination can be more problematic,
since the ITF can vary substantially with wavelength near the endpoints
of the GOME spectral channels (SO2 fitting is done in such a region, for
example); (3) Improved determination of the correction for the inelastic
component of atmospheric molecular scattering (the "Ring effect"). The
primary component of the Ring effect for the GOME viewing geome-
try is rotational Raman scattering. We have performed a comprehensive
study of the molecular physics of the rotational Raman scattering in
the atmosphere, including the use of the best available values for the
wavelength-dependent polarizabilities and their anisotropies for N2 and
02, the full quantum and statistical mechanics of Raman scattering (in-
cluding the contribution from the triplet structure of the 02 ground
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Figure 1. Enhanced tropospheric BrO in Arctic (a)
and Antarctic spring (b).
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Figure 2. Vertical column BrO (1014 cm2) vs. latitude, including 1 fitting errors.

state), and the interaction with an accurate Fraunhofer reference spectrum.5 This provides us with best available Ring effect
corrections for atmospheric measurements over the GOME range. The corrections include wavelength-dependent cross sec-
tions, phase functions, and all polarization dependence. The spectral structures for interference between Ring effect scattering
and molecular absorption are readily calculated to first order in scattering by multiplying the appropriate absorption cross sec-
tions and rotational Raman cross sections together before convolution with the Fraunhofer reference spectrum; (4) Correction
for undersampling in the GOME spectra. We determined that the large systematic residuals in the fitting of GOME spectra
are almost entirely due to undersampling of the ITF by the GOME detector arrays (aliased into both irradiance and radiance
spectra and showing up in the difference because of the slightly different ITFs for irradiance and radiance measurements).
Using the Fraunhofer reference spectrum5 and the ITF determined by fitting GOME irradiance to determine the wavelength
calibration, we have determined a method for correcting for more than 90% of this residual in favorable parts of the spectrum
by re-sampling over- and under-sampled representations of the Fraunhofer reference spectrum;4 (5)Improvements to reference
spectra. In particular, some of the reference spectra commonly used for fitting are not accurately calibrated in wavelength,
and can suffer from the use of air wavelength scales which do not include sufficient reference to the appropriate conversion
to vacuum wavelength. We are involved in work to develop improved databases of reference spectra, which includes accurate
vacuum-wavelength calibration. To date we have performed re-calibrations for the reference spectra needed to fit BrO, SO2,
and H2CO. Improved wavelength calibration for 03 and NO2 is underway.

GOME spectra are directly fitted by a standard nonlinear least-squares method,6'7 with all of the above improvements
fully included. A fitting window is selected and a radiance spectrum calculated and adjusted by iteration until it agrees with
the measured spectrum in the least-squares sense to within preset convergence criteria. Because of the generally good quality
of the GOME spectra and the substantial groundwork in the molecular physics, calibration, and characterization that we have
performed for the quantitative fitting, we are able to determine trace gas amounts with quite high precision without the need
to high-pass filter the spectra to remove baseline anomalies. We do not need to smooth the measured and reference spectra
in order to reduce the apparent residuals, nor is it necessary to "shift" and "squeeze" the wavelength scales of the reference
spectra in order to correct for inaccuracies in wavelength calibration. In direct intercomparisons among GOME investigators,
application of the method and the reference data described here gives an order of magnitude improvement for the precisions of
trace gas amounts obtained from GOME spectra in comparison with results from other fitting methods.
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2. FITTING AND ANALYSIS OF BRO

The fitting procedure for BrO is now mature. BrO is routinely fitted over
the 344-359 nm region. Cross sections for BrO, 03, NO2, OC1O, and
the 02-02 collision complex, and the reference spectrum for the Ring
effect are included in the fitting. The window containing BrO is fitted to
typically 3-4 x iO—4 RMS optical thickness, for single, non-smoothed 1.5
5 integration time level 1 spectra, providing slant column uncertainties of
ca. iO cm2 (usually 4-20%).

In order to determine vertical column amounts of BrO from the
measured slant columns, it is necessary to determine "air mass factors"
correcting the measurement geometry for atmospheric scattering pro-
cesses and penetration depth. For BrO located at 1 5 km and above, where
solar zenith angles (SZAs) are <70°, and the albedo is 0.1 or greater, the
use of geometric air mass factors is determined by radiative transfer calcu-
lations to be accurate to better than 10%. For the present work, geometric
air mass factors are used. For the largest SZAs measured by GOME, the
tropospheric column will be under-determined by up to a factor of two in
this approximation. This is mainly of importance in polar regions in the
spring, where there are substantial enhancements in BrO that are almost
certainly tropospheric.4'8 We are currently working to fully parameterize
the air mass factors for the range of BrO distributions, SZAs, and albedos
measured by GOME.

Events of localized springtime production of BrO are readily seen,
and the increase in the polar vortex can be monitored well.4'8 Figure 1 a
shows an example of the enhancement of column BrO over Hudson Bay,
Canada on September 15, 1996, while Figure lb shows an example of
such enhancement in the Antarctic, over the Amery Ice Shelf on March
21, 1997.

2.1. Preliminary BrO climatology studies
Research is currently underway in our institution to determine the clima-
tology of BrO on a more global basis. We have analyzed GOME level
I data from 1997 for BrO by selecting 16 CD-ROMs (each CD-ROM
usually contains 35 ERS-2 orbits, about 2.5 days of GOME observations).
One CD-ROM for each month of 1997, plus the last two months of 1996
and the first two months of 1998, was chosen. Each CD-ROM includes
the 2l day of that particular month. BrO is fitted for all orbits on each
of the CDs selected. Orbits where the data are adversely affected by the
South Atlantic Anomaly (evident from extremely noisy spectra and poor
fitting results for BrO as well as other species) are then excluded from
further statistical studies, leaving 14-24 orbits from each CD in the analy-
sis. Data are further selected to include only results from spectra taken at
SZAs of 70° or less. This is to ensure that the use of geometrical air mass
factors for stratospheric BrO vertical column determination is a reasonable
approximation. Weighted averages of the fitting results for each month are
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Figure 3. Vertical column BrO vs. latitude; whole
range (top) and southern and northern hemisphere
overlaid (bottom).
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Figure4. Temporal variation of 1997 NH/SH BrO
column up to 40°.
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made over 1° latitude bins. The resulting determinations of vertical column BrO versus latitude, and their uncertainties, are
shown in Figure 2. The varying coverage over the year is due to the seasonal variation of SZA versus latitude. An average for
the full year (including 275,096 individual GOME spectra) for the column BrO up to latitude is shown in Figure 3 (top).
Figure 3 (bottom) shows the same data, but plotted with the northern and southern hemispheres overlaid, as a first comparison
of possible interhemispheric differences. An area-weighted ratio of northern hemisphere to southern hemisphere BrO can be
taken over the limits in latitude, the range for which all months include data at SZA 70°. The result is 1.074±0.032
(1). However, the spread in results for individual months (plotted in Figure 4) indicates that there is too much variation for the
overall yearly-averaged ratio to have much statistical meaning.
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Figure 5. Temporal variation of 1997 BrO column at different latitudes.

We have also determined the temporal variation ofcolumn BrO for differentlatitudes from —40 to +400, shown in Figure 5.
An overall yearly phase structure is apparent at all latitudes, with column BrO peaking in the spring and fall. The smaller-scale
structure which is evident for the different latitudes may be an artifact due to the analysis of only a limited number of orbits for
each time period; how much of this structure is real is an area of current research.

2.2. Tropospheric BrO

An additional preliminary study is concerned with the proportion
of BrO in low- and mid-latitudes that may lie in the troposphere.
It has been suggested that there might be a non-negligible tropo-
spheric BrO background (T. Wagner, K. Pfeilsticker, and U. Plan,
University of Heidelberg). We have made correlation studies be-
tween BrO columns and GOME cloud coverage from the GOME
Initial Cloud Fitting Algorithm for seven orbits over the mid-Pacific
during October, 1997 (cloud-top heights of 400-600 inbar). The
orbits were chosen over the ocean, in order to simplify considera-
tions of albedo versus cloud coverage; they were further selected to
have highly variable cloud coverage. The result of correlating col-
umn BrO and cloud coverage is cirrected for air mass factors due
to tropospheric BrO using standard radiative transfer calculation
techniques. The tropospheric BrO background mixing ratio below
cloud-top height over the range of latitudes covered (approximately

determined to be 0.3 pptv or less.
Figure 6. GOME orbit 61204081 : SO2 vs. latitude (Mt.
Nyamuragira).
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3. FITTING AND ANALYSIS OF 502

so2 fitting is less mature, but is improving rapidly. Fitting uncertainties are typically 2x lO optical thickness (RMS); slant
column uncertainties are ca. 2 Dobson units. A factor of 4-5 improvement is anticipated in the near term from improvements
in the spectroscopic data base and further characterization of the GOME instrument. The current level of fitting does provide
for precise measurement of volcanic plumes, and may provide measurements of SO2 background levels, industrial pollution,
and the behavior of SO2 in the polar vortex. Figure 6 is an example of SO2 fitting, for an orbit whose observation includes
the active volcano Mount Nyamuragira, Zaire (Democratic Republic of Congo). For comparison with previous fitting results,
see Eisinger et al., ]9979 In addition to the enhanced SO2 from the volcano, there is evidence of tropospheric pollution over
Western Siberia and a shelf in the 502 concentration coincident with the remnant of the 1996 Antarctic ozone hole. Whether
these smaller features are truly variations in SO2 or are artifacts of the fitting process is currently under investigation.
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