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Abstract
The Global Ozone Monitoring Experiment (GOME) was launched in April 1995
and is since then continuously operating. GOME consists of four separate
channels covering the spectral range from 240 to 790 nm with a moderate
spectral resolution of 0.2 to 0.4 nm (FWHM). Originally designed for the
measurement of ozone it was also possible to identify a large variety of trace gas
absorptions of additional atmospheric species in the spectra recorded by GOME.
These include several species which are located mostly or at least partly in the
troposphere like BrO, NO2, HCHO, SO2, and H2O, O2, and O4.
Here we present an overview on the analysis and the interpretation of these
measurements. While some products (like BrO and NO2) are already analysed on
a routine basis, some others like SO2 and HCHO are investigated in case studies.
Because of the large size of the ground pixels observed by GOME (40 x 320
km²) nearly all GOME measurements are at least partly covered by clouds which
strongly affect the analysis of the tropospheric absorbers. Examples of a cloud
correction based on several parameters measured by GOME including e.g. the
absorptions of atmospheric oxygen (O2) and the oxygen dimer (O4) are presented.

1 Introduction
The GOME instrument is one of several instruments aboard the European
research satellite ERS-2 (Bednarz [1]). It consists of a set of four spectrometers

that simultaneously measure sunlight reflected from the Earth’s atmosphere and
from the ground in four spectral windows covering the wavelength range between
240 nm and 790 nm with moderate spectral resolution (0.2-0.4 nm full width at
half maximum (FWHM)). The satellite operates in a nearly polar, Sunsynchronous orbit at an altitude of 780 km with a local equator crossing time at
approximately 1030. While the satellite orbits in an almost north-south direction,
the GOME instrument scans the surface in the perpendicular, east-west direction.
During one sweep, three individual spectral scans are performed. The
corresponding three ground pixels (a western, a center, and an eastern pixel) lie
side by side, each covering an area of 320 km (east-west) by 40 km (north-south).
The Earth’s surface is totally covered within 3 days, and poleward from about
70° latitude within 1 day.

2 Data analysis
From the raw spectra monitored by GOME the absorptions of each of the UV/vis
absorbing atmospheric trace gases is determined using differential optical
absorption spectroscopy (DOAS) (Platt [2]).
O4
O3 UV

H2O

OClO

O2

Intensity [arbitrary units

HCHO
1E+16
1E+14
1E+12
1E+10

Satellite group: http://giger.iup.uni-heidelberg.de/
1E+08

200

300

400

SO2

500
Wavelength [nm]

NO2
BrO

600

700

800

O3 vis

Figure 1: Selection of wavelength ranges for the spectral analysis of the
different trace gases analyzed from GOME spectra. The thick lines
indicate the absorption spectra of the trace gases scaled to the
absorptions determined in the GOME spectrum (thin lines).

In brief, the measured spectra are modeled with a nonlinear fitting routine that
suitably weights the known absorption spectra of atmospheric trace gases and a
solar background spectrum, frequently called the solar Fraunhofer reference
spectrum (Stutz and Platt [3]). Also, the influence of atmospheric Raman
scattering (the so-called Ring effect) is considered [Grainger and Ring [4],
Solomon et al. [5], Bussemer [6]). Contributions of atmospheric broadband
extinction processes (e.g., Rayleigh, and Mie scattering) are removed from the
spectrum by fitting a polynomial (for the BrO analysis a degree of 2 was
applied). In Fig. 1 the wavelength ranges are indicated where the different
atmospheric trace gases are analyzed. For each species regions are selected where
the most prominent differential absorption structures appear or/and the smallest
spectral interferences with other species are expected. In Fig. 1 also the results of
the spectral analysis are presented. The yellow lines indicate the absorption
spectra of the respective trace gas scaled to the absorptions determined in the
GOME spectrum (blue lines). From the inferred absorption, and the knowledge
of the differential (narrowband) absorption cross section, the trace gas slant
column density (the integrated trace gas concentration along the absorption path)
is calculated.
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Figure 2: Influence of the ground albedo on the AMFs for trace gas profiles in
the stratosphere (maximum concentration at 14 km) and the lower
troposphere (constant concentration in the boundary layer between the
surface and 1 km). In contrast to the stratospheric AMF, the
tropospheric AMF depends strongly on the ground albedo. The dashed
line shows the AMF which is appropriate for trace gas in the boundary
layer. It is calculated assuming a ground albedo of 0.8 and a geometric
cloud fraction of 0.5.
The light which reaches the instrument is either reflected from the Earth’s surface
or scattered back from the atmosphere. Therefore the determination of the
vertical column density (VCD, the vertically integrated concentration) from the
measured SCD requires radiative transport modeling (RTM). The results of RTM

are expressed as air mass factors (AMF), where AMF = SCD / VCD. In a rough,
first approximation the AMF is given by the ratio of the path length of the
sunlight through the atmosphere and the vertical path, i.e.,
AMF » 1/cos(SZA) + 1/cos(AAO) with SZA the solar zenith angle and AAO the
average angle of the observation. We calculated AMFs using a Monte Carlo
RTM including spherical geometry and multiple scattering (Marquard et al.
[7]). The AMF mainly depends on the SZA, the atmospheric concentration
profile of the measured species and the ground albedo. In Figure 2, examples of
AMFs for stratospheric and tropospheric profiles are displayed. The AMF for the
trace gases located in the stratosphere (AMFstrat) strongly increases toward high
SZA; in contrast, the AMF for species in the lower troposphere (AMFtrop) shows
only a weak SZA dependence. While for SZA £ 87° the AMFstrat can be
calculated with high accuracy, the calculations for AMFtrop show large
uncertainties due to several reasons (see also Wagner [8]):
1. Because of the high air pressure and high (and variable) aerosol
concentration in the troposphere, the influence of multiple scattering is large
compared to the stratosphere.
2. The influence of the ground albedo on the sensitivity (and accordingly the
respective AMF) of the satellite observations to tropospheric species is strong
compared to the stratosphere (see Figure 1). AMFtrop is small when the ground
albedo is small (e.g., above the ocean) and large when the ground albedo is high
(e.g., over snow and ice).
3. Clouds can shield absorbing species which are located below the cloud
cover. This effect is in particular strong when the ground albedo is low (e.g.,
above the ocean).
Because of these uncertainties, the quantitative determination of tropospheric
trace gases from satellite with high accuracy is only possible when precise
information about the above mentioned parameters is available. This is in general
not the case for a single observation. However, when satellite observations are
spatially and temporally averaged the uncertainties (e.g., due to clouds) decrease
significantly.

3 Tropospheric trace gases analyzed from GOME observations
3.1 BrO
The phenomenon of the springtime depletion of the Arctic boundary layer ozone
has been known for more than a decade [Oltmanns, [9], Barrie et al., [10],
Solberg et al. [11]); it was recently also found in Antarctica [Wessel [12], Kreher
et al., [13], Lehrer et al., [14], Wagner and Platt [15], Richter et al. [16], Lehrer
[17]). Fig. 3 shows events of enhanced tropospheric BrO measured by GOME
over both polar regions (Wagner et al. [18]). For these days ozone depletion was
observed by ground based measurements at Spitsbergen and Neumayer Station
(circles).
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Figure 3: (left) BrO VCDs in the Arctic for April 20, 1997, when strong
tropospheric O3 depletion was observed simultaneously by groundbased observations at Ny Ålesund. The area of enhanced BrO VCDs
surrounds nearly the whole polar region, including in particular
Spitsbergen (circle). (right) BrO VCDs in the Antarctic for September
19, 1997, when strong tropospheric O3 depletion was observed
simultaneously by ground-based observations at Neumayer station
(Lehrer [17]). The Neumayer station (circle) is located close to an area
of enhanced BrO VCDs.

3.2 NO2
Nitric oxides play a very important role among the anthropogenic trace gases.
They affect human health and have an impact on ozone chemistry and climatic
change. So the knowledge of the NO2 sources and their strength is required. The
main sources of tropospheric NO2 are industry, biomass burning (Spichtinger et
al. [19]), lightning and soil emissions. There are several approaches to quantify
the different source strengths, and the estimated values vary widely (especially
for lightning). In Fig. 4 the mean annual distribution of tropospheric NO2 derived
from GOME observations is shown. The highest values are found over
industrialised regions (Leue et al. [20], Velders et al. [21]).
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Figure 4: Annual mean tropospheric NO2 VCD for 1999.

3.3 HCHO
Formaldehyde is a good indicator for photochemical activity in the atmosphere. It
is produced during the degradation of methane (and many other hydrocarbons).
Large amounts of HCHO are also observed over regions of strong biomass
burning (see Fig. 5).
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Figure 5: Enhanced values of tropospheric HCHO over southern Borneo during
the strong biomass burning events in summer 1997.

3.4 SO2
Besides from anthropogenic sources (like from fossil fuel combustion) sulfur
dioxide is also released to the atmosphere by volcanic emissions. In July and
August 2001 several heavy eruptions took place at Mount Etna in Sicily. From

GOME SO2 observations it was possible to study the evolution of the SO2 plumes
in south east direction (see Fig. 6).

SCD SO2 [molec/cm²]
6×1016

0

Figure 6: Enhanced values of SO2 over Mount Etna and the Mediterranean sea in
summer 2001.
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Figure 7: Latitudinal cross section of atmospheric water vapor measured by
GOME. The data are compared to model results.

Besides the strong aborption bands of H2O in the infra red spectral range also
some additional (weaker) absorption lines appear in the visible spectral range.
Because they are not spectrally resolved by the GOME instrument a non-linearity
between the observed optical depth and the actual atmospheric H2O column takes
place (Wagner et al. [22]), which has to be corrected for. In Figure 7 a latitudinal
cross section of atmospheric water vapor as analyzed from GOME measurements
is displayed. According to the distribution of the surface near temperatures the
highest values are observed in the tropics.

3.6 O2 and O4
Since clouds shield the underlying atmospheric layers the quantitative
determination of tropospheric species from satellite instruments depends
essentially on the possibility of an adequate cloud correction. Often the precise
knowledge of the cloud properties is a limiting element of such a cloud
correction. Additional information about clouds can be derived from the GOME
observations of the atmospheric absorption of atmospheric O2 and its dimer (O2)2
(often also referred to as O4). Since their atmospheric concentration is nearly
constant variations in the measured absorptions are a direct indication of
modifications of the radiative transport through the atmosphere (e.g. due to
clouds). In Fig. 8 it is shown that in the presence of clouds the absorptions of O2
and O4 are reduced.
0.12

70°

O2 (630 nm)

60°

optical depth

0.10
0.08
0.06
0.04

O4 (630 nm)

0.02

50°

0.00

40

45

50

55

60

65

70

latitude

16.07. 1996, 13:40

GOME overpass: 16.07. 1996, 11:50

Figure 8: Influence of clouds on the absorption of species which are mainly
located in the troposphere like O2 and the oxygen dimer O4. On the
satellite image the GOME flight track for which the respective O2 and
O4 absorptions are shown, is displayed in the right plot. It is obvious
that the absorptions of both species are significantly decreased when
clouds are in the field of view. The images are obtained via the Dundee
Satellite Receiving Station, Dundee University, Scotland
(http://www.sat.dundee.ac.uk/).

4 Conclusions and Outlook
We have demonstrated that a variety of tropospheric trace gases can be retrieved
from the spectra measured by the GOME instrument aboard the ERS-2 satellite.
It is thus possible to monitor and investigate several important atmospheric
phenomena on a global scale (e.g. athropogenic and natural emissions of
pollutants, distribution of atmospheric water vapor, boundary layer BrO during
polar spring). Because of the long operational time of GOME (since 1995) it is in
particular possible to derive trends over a period of more than 6 years. Future
improvements of the tropospheric data products are mainly based on the
improvement of the correction of the effects of clouds. For that purpose in
particular the combined analysis of atmospheric O2 and O4 absorptions can be
used (Wagner et al. [23]). Tropospheric GOME data analyzed by our group are
available via the internet: http://giger.iup.uni-heidelberg.de/indexengl.html.
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