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Background
The new observations of the tropospheric
distributions of trace gases such as NO2
(nitrogen dioxide), SO2 (sulphur dioxide), HCHO
(formaldehyde), BrO (bromine monoxide) and
O3 (ozone), retrieved from GOME (Global
Ozone Monitoring Experiment) measurements,
herald the opening of a new era for tropospheric

production, as a result of agricultural activities,
and above all by vehicles such as cars and
aircraft. Many of these primary pollutants are
transformed in the atmosphere to secondary
pollutants, such as ozone or formaldehyde, via
sequences involving literally hundreds of
compounds and thousands of reactions. These
pollutants are transported within the atmosphere
to regions that can be far from the sources, and
there give rise to profound ecological damage
and change. Many of the pollutants are
damaging to human health and natural
ecosystems. 

The environmental concerns have been
reflected in the Protocols to the Geneva
Convention on the Long Range Transport of
Pollutants, which now attempt to control
emissions of SO2, NOx, VOC and ozone for the
whole of the European Continent, and also in
the Directives and Air Quality Initiatives
promulgated by the European Commission, as
well as in the numerous national air-pollution
measures. However, experience, particularly in
the USA, has shown that in order to be
successful, these measures must be based on
sound science, and thus on a thorough
understanding of tropospheric chemistry and
meteorology.

The chemistry of air pollution has been studied
intensively since the first discovery, more than
fifty years ago, of photochemical smog in the
Los Angeles Basin, and since the realisation in
the nineteen sixties and seventies in Europe

It is now possible to determine the concentrations of atmospheric
constituents in the troposphere from satellite data, a development that
heralds a new era in tropospheric chemistry. Some of the methods for
retrieving tropospheric trace gases are described here, together with
some of the latest results obtained from ESA Earth Observation (EO)
measurements. The likely consequences for environmental
monitoring and policy are outlined, as is the new Troposat project, the
aim of which is to exploit these results, together with the requirements
for future instrumentation, to build on the present situation.

chemistry and remote sensing. Both the
treatment of the data presently available, and
that of the data from the missions planned for
the near future, will add a new and much-
needed dimension to this challenging field of
research. 

The study of the complex chemical interactions
between the trace constituents of the
atmosphere, many of which are pollutants, is
not only of considerable scientific interest, but
is also of importance both economically and
politically. Primary pollutants, such as the
nitrogen oxides (NOx) and volatile organic
compounds (VOC), are emitted during energy
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sulphur dioxide (SO2) from volcanic eruptions
using TOMS data by A. Krueger and
colleagues, and the work of J. Herman, P.K.
Bhartia and his NASA colleagues on absorbing
tropospheric aerosol, has been of considerable
importance. 

The limb sounding of the upper troposphere for
chemical constituents has also proved
successful, but prior to the launch of the GOME
instrument on ESA’s ERS-2 remote-sensing
satellite the observation of species in the lower
troposphere had proved elusive. Using GOME
data, a number of European groups, notably
those led by U. Platt in Heidelberg (D), 
J. Burrows in Bremen (D), H. Kelder at KNMI
(NL), P. Simon at the Belgian Institute for Space
Aeronomy, B. Kerridge at Rutherford Appleton
Laboratory (UK), and A. Goede at the Space
Research Organisation of The Netherlands
(SRON), have now obtained important results
giving concentrations in the troposphere for
ozone, NO2, SO2, BrO and HCHO. 

The GOME instrument
For the last ten years, ESA’s ERS Programme
has been providing Earth-observation
measurements to the international user
community. The programme has stimulated the
development of scientific, public-utility and
commercial applications in a variety of
disciplines to monitor the Earth’s environment.
The GOME measurements provide significant
contributions to tropospheric-chemistry research.

The GOME instrument, originally proposed
under the name ‘SCIA-mini’, is a smaller scale,
de-scoped version of the then-proposed
instrument SCIAMACHY (Scanning Imaging
Absorption Spectrometer for Atmospheric
CartograpHY). GOME was launched on ERS-2
in April 1995, which flies on a low-Earth Sun-
synchronous orbit with a descending node and
an equator-crossing time of 10.30 AM local
time, approximately 800 km above the Earth.
GOME observes the extra-terrestrial solar
irradiance and upwellling earthshine radiance,
which is comprised of the light reflected from
the Sun-lit surface and clouds together with
that scattered back from the atmosphere in the
240-790 nm spectral region.

The GOME instrument is a double mono-
chromator, with the light entering being split
into four separate spectral bands. In each of
these four bands, the light is dispersed by a
diffraction grating and focused onto monolithic
silicon linear detector array comprising 1024
individual detector pixels. GOME, a forerunner
of future European atmospheric satellite
instruments, provides the possibility due to its
nadir-viewing geometry and broad wavelength

that pollutants could be transformed and
transported for hundreds of kilometres, often
across national borders. The results of this
work are encompassed within Chemical-
Transport Models (CTMs), which attempt to
combine the complex chemistry with the
equally complex meteorology on global,
regional and local scales. Until now, attempts to
validate these three-dimensional models have
been confined to comparisons with longer-term
measurements of some species at sparsely
scattered ground stations, and short-term
intensive field measurement campaigns within
a small area. Such validation exercises can only
provide limited tests for the models. What is
required are reliable and regular measurements
over large areas and at a variety of heights
throughout the troposphere. Satellite
measurements can provide such data and fill
this gap.

These new data offer the possibility of studying
concentration distributions on global and
regional scales, and at locations and levels in
the troposphere that were only accessible to
occasional individual observations in the past,
and so can be expected to lead to a significant
enhancement of our capability for investigating
the chemistry and physics of the troposphere.
Satellite observations, appropriately combined
with modelling, will in turn help those
responsible for environmental-policy development
to monitor the outcome of legislative initiatives
to control the quantities of pollutants in the
troposphere.

Also, the reliability and frequency of space
observations will be of great help in determining
the longer-term changes that are taking place
in the troposphere. There are many series of
long-term measurements made at ground
stations, but some of these are susceptible to
local influences and changes and to issues
concerning the continuity and accuracy of
calibration and, as in model validation, they only
sample a tiny local part of the atmosphere.
Space-based observations, properly validated
with ground truth and data assimilation, can
provide the requisite long-term monitoring, as
envisaged in the context of the Kyoto Protocol.

Satellites measuring tropospheric
parameters
Table 1 shows the satellite instruments that
have yielded or will yield data on the
concentrations of chemical species in the
atmosphere. Most were originally intended to
obtain stratospheric data, but it has proved
possible to retrieve tropospheric data as well.
Some of the earliest retrievals were made by 
J. Fishman from NASA working with the TOMS
data for ozone. Similarly, the observation of

tropospheric concentrations of trace gases
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Name

ATMOS: Atmospheric Trace Molecule
Spectroscopy

ATSR: Along-Track Scanning 
Radiometer

AVHRR: Advanced Very-High-Resolution
Radiometer (4/5 chan.)

BUV: Backscatter Ultraviolet Ozone
Experiment

GOME: Global Ozone Monitoring 
Experiment

GOMOS: Global Ozone Monitoring by
Occultation of Stars

IASI: Imaging Atmospheric Sounding 
Instrument

IMG: Interferometric Monitor for
Greenhouse Gases

MERIS: Medium-Resolution Imaging 
Spectrometer for Passive Atmospheric
Sounding

MIPAS: Michelson Inferometer for 
Passive Atmospheric Sounding

MOPITT: Measurement of Pollution in the
Troposphere

ODUS: Ozone Dynamics Ultraviolet 
Spectrometer

OMI: Ozone Monitoring Instrument

POLDER: Polarization and Directionality of
the Earth’s Radiance

SAGE-I and -II: Stratospheric Aerosol and 
Gas Experiment

SAGE-III: Stratospheric Aerosol and Gas
Experiment 

SBUV: Solar Backscatter Ultraviolet Ozone
Experiment

SCIAMACHY: Scanning Imaging Absorption
Spectrometer for Atmospheric Cartography

TES: Tropospheric Emission Spectrometer

TOMS: Total Ozone Monitoring
Spectrometer

Target Species 

O3, NOx, N2O5 ClO NO2, HCl, HF, CH4,
CFCs, etc. (upper  troposphere)

Aerosols, clouds, sea surface 
temperature

Smoke, fire, clouds aerosols, vegetation

O3 (profiles)

O3, NO2, H2O BrO, OClO, SO2, HCHO,
clouds, aerosol

O3, NO2, upper troposphere

O3, CO, CH4, N2O, SO2

O3, N2O, H2O, CH4, CO and CO2

H2O, clouds and aerosol

O3, NOx, N2O5 ClONO2, CH4, CFCs, etc.;
temperature (upper troposphere)

Total column of CO; CH4 + CO profiles

SO2, NO2, BrO, OClO

O3, SO2, NO2,

Polarization, aerosols, clouds

O3, NO2, (H2O), aerosols (upper
troposphere)

O3, OClO, BrO, NO2, NO3 aerosols

O3 profiles

O2, O3, O4, NO, NO2, N2O, BrO, OClO
H2CO, H2O, SO2, HCHO, CO, CO2, CH4,
clouds, aerosols, p, T, col. and profiles

Various incl. HNO3, O3, NO, 
H2O (col. and profiles)

O3

Satellite Platform 

Space Shuttle Spacelab-3 (1985),
ATLAS-1,2 and 3 (1992,1993,1994)

ESA ERS-1and ERS-2 (1991-
present)

Tiros-N, NOAA-6 to 13 (1978-
present)

Nimbus-4 (1970-1974)

ESA ERS-2 (1995-present), 
MetOp-1 – MetOp-3 (2005/6
2010/11, 2015/16)

ESAEnvisat (2001)

MetOp-1 (2005/6)

ADEOS (1996-97) 
ADEOS-II (2001)

ESA Envisat (2001)

ESA Envisat (2001)

NASA AM-1 (1999)

GCOM-A1 Prog. Japan (2005)

NASA-EOS-CHEM (2004)

ADEOS-1 (1996-97)

NASA Atmospheric Explorer Mission
(1979-81), Earth Radiation Budget 
Sat. (1984 – present)

Meteor-3M (2001); International
Space Station (2003?)

Nimbus-7 (1979-90)

ESA Envisat (2001)

NASA EOS-CHEM (2004)

Nimbus-7 (1979-92) 
ADEOS (1996-97) 
Earth Probe (1996-) 
Meteor (1992-94)

Orbit

Inclined

Polar,  
Sun Sync.

Polar

Polar,  
Sun Sync.

Polar,  
Sun Sync.

Polar,  
Sun Sync.

Polar,  
Sun Sync.

Polar,  
Sun Sync.

Polar,  
Sun Sync.

Inclined

Polar,  
Sun Sync.

Polar,  
Sun Sync.

Inclined

Inclined

Polar

Polar,  
Sun Sync

Polar

Table 1. Satellite instruments*, their coverages and the species measured 

* This list is not intended to be complete, but merely to illustrate the currently available instrumentation.
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viewing presents a particular challenge since, in
order to separate the total column into its
components, additional information is required.
The GOME data have been treated in a variety
of ways by a number of European research
groups to obtain tropospheric information.

One approach is to use our knowledge of the
different temporal and horizontal scales of
constituents in the stratosphere and troposphere.
Thus the tropospheric sources of NO2 are often
local to polluted regions and those where it is
produced by lightning. In comparison, the
sources of stratospheric NO2, the photolysis of
nitrous oxide (N2O) and the downward flux from
the mesosphere are global. In addition, the
transport in the stratosphere is appreciably
greater than in the troposphere, so that a
longitudinal homogeneity of the NO2 strato-
spheric column is to be expected. Thus,
comparison of, say, polluted regions with clean
remote regions at the same longitude will give
the tropospheric column of NO2. This technique,
known as the Tropospheric Excess Method
(TEM), yields the tropospheric-excess slant-
column absorption of NO2, which has then to
be converted into a tropospheric vertical
column by the generation of an appropriate
differential AMF and knowledge of the
tropospheric vertical column in the remote
region. 

Another method for the retrieval of tropospheric
NO2 is a combined assimilation retrieval
approach, which takes into account the
stratospheric background, the sensitivity to 
the vertical profile, clouds and the surface
albedo. This approach is applied to GOME
measurements within the ongoing EU project
GOA (GOME assimilated and validated ozone
and NO2 fields for scientific users and for model
validation). 

An alternative, vertical column (VC) approach
for retrieving tropospheric information is to use
measurements ‘on-cloud’ and ‘off-cloud’ to
determine the amount below the cloud. The
different albedos and the resulting photolysis
field above the cloud introduce complications. 

For the trace gases only having spectral
features in a restricted wavelength region, such
as BrO, HCHO and SO2, the TEM and VC
retrievals provide a very good means of
determining tropospheric information from
GOME. 

The first BrO column products were success-
fully retrieved from GOME nadir earthshine
spectra by groups at the University of Bremen,
the University of Heidelberg, SAO, DLR and
BISA. DOAS fitting algorithms for BrO slant-

coverage to measure a range of atmospheric
constituents both in the stratosphere and in the
troposphere. 

ESA GOME products are generated
operationally at the German Processing and
Archiving Facility (D-PAF) at DLR and comprise:
calibrated earthshine radiances and the
extraterrestrial solar irradiance (Level-1
product), total columns of ozone and nitrogen
dioxide and cloud information (Level-2 product).

Retrieval of tropospheric concentrations
from satellite (GOME) data
The GOME Level-1 data were intended to be
exploited by the technique of Differential Optical
Absorption Spectroscopy (DOAS). DOAS, as
applied to satellite observation, first determines
the effective atmospheric absorption for up-
welling radiation for a selected spectral
window. The relatively narrow-band spectral
features of gases are then separated from
broad-band gas and aerosol absorption,
spectral reflectance (albedo) spectral features
and gaseous and particle scattering by the
subtraction of a polynomial. 

The problem then is to obtain vertical column
densities for the various spectroscopically
absorbing species and, ideally, the detailed
profiles of their vertical concentrations from these
raw data. The problem is increased when, as is
the case with ozone, the preponderance of the
optical absorption is due to ozone in the
stratosphere. 

Appropriate fitting techniques allow the slant
column amount (simply speaking, the column
along the line-of-site of the satellite instrument)
of the gases having suitable spectroscopic
features in a given spectral window to be
retrieved. This is converted into a total column
amount by means of an Air Mass Factor (AMF).
The AMF depends on a variety of factors,
including the shape of the profile and the
penetration of light through the atmosphere.
The use of the standard DOAS approach is
restricted to spectral windows where the AMF
is constant and the penetration depth of light in
the atmosphere is independent of wavelength.
In the simplest case, the AMF is a geometrical
factor. However, absorption of light by gases
and scattering by air and aerosol results in the
AMF often being dependent on the profile
shape. More sophisticated DOAS approaches
deal with this problem of retrieving the vertical
column amount of a trace constituent by the
fitting of several spectral windows at a variety of
wavelengths.

Retrieval of the tropospheric contribution to the
column densities of trace gases from nadir

tropospheric concentrations of trace gases
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Figures 1 a-c. Tropospheric
HCHO, NO2 and O3 retrieved
from GOME observations in

September 1997 (image
courtesy of University of

Bremen)

column retrieval, as well as the AMF
calculations needed for conversion to vertical
columns, are still optimised taking into account
bromine photochemistry where necessary. Big
tropospheric plumes of BrO have been
monitored by using GOME measurements
during Arctic/Antarctic springtime (Fig. 3).

Ozone profile information is being retrieved
from GOME data by several different European
institutes: RAL in the United Kingdom, KNMI
and SRON in the Netherlands, and the
University of Bremen and ZSW in Germany.

Different back-scattering layers of ozone
(mainly in the 265 to 307 nm wavelength range
– the Hartley bands) and the temperature
dependence of the measurements (mainly from
323 to 335 nm – the Huggins bands) are used
to retrieve ozone-profile information and
determine the stratospheric and tropospheric
contributions to the vertical column. A variety of
computational algorithms have been devised,
including one using neural networks, to take
account of the variations due to ground albedo,
the presence of clouds, the variation with
temperature and stray-light effects. It is now
possible to obtain GOME ozone profiles on a
regular basis. Much of this work is supported
by ESA through the ERS Announcement of
Opportunity scheme and the Data User
Programme.

Clearly, obtaining profile information for
tropospheric species is not an easy task, and
much work has to be done on each data set for
each chemical entity. However, the coming of
SCIAMACHY with its simultaneous limb and
nadir measurements will facilitate the use of
direct methods and allow the verification of
what has been achieved so far. In addition, it is
hoped that by combining observations made
under different conditions (nadir and limb
viewing, for example) with different techniques
and suitable models, it will be possible,
ultimately, to obtain tropospheric profiles on a
routine basis, rather than on the case-by-case
basis applicable for most species at the
moment.

Some recent results
In this section, results for a number of
tropospheric species are presented in order to
illustrate the scientific topics that can be
addressed with satellite data.

Biomass burning in tropical regions
Figure 1 shows results obtained for formaldehyde
(HCHO), nitrogen dioxide (NO2) and ozone (O3)
over Africa and India and Western Brazil. The
large amounts of HCHO and NO2 over Africa
and Western Brazil can be attributed to
biomass burning, which is an important part of
agricultural practice in the tropical savannah.
The peak of the NO2 plume is probably above
the biomass burning in the Congo and Eastern
Africa, but a persistent pollution of high NO2 is
observed over the industrial region of South
Africa and the oil-producing states of the
Persian Gulf. 

The Congo Basin is a centre of much storm
activity, itself a significant source of NO2 from
lightning, also providing convective pumping of
pollution into the free troposphere. It is
interesting to note that the maximum amount of
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Figure 2. Synergistic use of
retrievals of NO2 and fire
from simultaneous GOME
and ATSR images. Note that
both fires and the Asian
cities are substantial
sources of NO2 (image
courtesy of University of
Bremen)

Tropospheric bromine monoxide (BrO)
One of the curiosities of the tropospheric ozone
distribution is the almost complete dis-
appearance of ozone in the atmospheric
boundary layer around the fringes of the Arctic.
This was first discovered in the early nineties in
results from several ground stations. The
explanation was far from clear for some time,
until an anti-correlation with the chemical
compound bromine monoxide (BrO) was
found. 

The presence of BrO around the whole of both
the Arctic and Antarctic Oceans in their
respective spring seasons is shown in Figure 3,
produced using GOME measurements. The
source of the BrO is not clear, but is presumed
to be released from sea salt or biogenic
organo-bromine species. 

Global ozone
Figure 4 (lower part) shows the global-ozone
distributions from 1995 to 1998, derived from
GOME data. The upper part of Figure 4 shows
model results for the same period. The major
features are reproduced, but there are many
differences in the detail. Such comparisons will
serve to improve the models used both for the
ozone and for extracting the data.

The quality of data available from GOME 
is nicely illustrated by the ozone hole in 
Figure 5. 

HCHO and a significant amount of NO2 is
above a region of convective uplift. Above East
Africa, the NO2 plume appears to be pumped
into the upper troposphere, and then to travel
westwards towards Australia. Additional NO2
may result from pollution and biomass burning
on the island of Madagascar, as well as
convective uplifting and lightning. 

Figure 1c shows the tropospheric O3 vertical
column estimated from GOME measurements.
The large signal above the Atlantic Ocean was
first observed in TOMS data in earlier years.
Ozone is a product of the complex photo-
oxidation of hydrocarbons catalysed by NO2,
while HCHO is a byproduct of this process. The
NO2 produced by biomass burning, other
pollution and, to some extent, by lightning,
results in enormous O3 plumes off the east and
west coasts of Africa. 

Fires and pollution in Southeast Asia
Figure 2 shows how results from two satellites
can complement each other. The ATSR 
results show the extensive fires that occurred 
in Southeast Asia in 1997, and to a much 
lesser extent in 1998. The GOME results 
show the resulting plumes of NO2, which are
closely correlated with and presumably result
from the combustion processes. The NO2
resulting from the industrial pollution in
Southern China and Taiwan can be discerned
in the 1998 results. 

tropospheric concentrations of trace gases
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Figure 3. Observations of
the large tropospheric
clouds of BrO formed above
sea ice at high latitudes
around the Arctic (top row)
and Antarctic (bottom row)
oceans in spring each year
(image courtesy of Belgian
Institute for Space
Aeronomy)

Consequences for European
environmental policy development
The availability of satellite data for the
troposphere will assist those responsible for
environmental-policy development in
Europe both in monitoring on a regional
scale and in the validation of the models
used for different scenarios and to check
compliance. As already mentioned, the
development of legislation to control
pollutants must be based on sound science
encapsulated in reliable chemical-transport
models. The expected contribution from
satellite-derived tropospheric data will be
invaluable in the thorough validation of
these models. In addition, there is a
requirement on the authorities to monitor
pollutant concentrations on a regional scale,
in order to verify compliance with the control
measures.
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Figure 4. Global ozone, 1995
to 1997. The lower part of

the figure shows four years
of observations of the total
ozone column with GOME 

(1 July 1995 to 30 June
1999). The upper part shows

four individual years of a
multi-year simulation with a

chemistry-climate model
(image courtesy of DLR)

Figure 5. The Antarctic
ozone hole during 2000,

mapped from GOME data
(image courtesy of KNMI)
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Figure 6. Seasonal variation
in tropospheric NO2 vertical
column over Europe derived
from GOME measurements
(image courtesy of
University of Heidelberg)

derived from SCIAMACHY and MIPAS
(Michelson Interferometer for Passive Atmos-
pheric Sounding) can be used as a part of an
air-quality management system. As a test,
GOME products have been used to assess the
possibility of detecting signatures of regional-
scale pollution. A detailed concept of how to
use the Envisat data will be prepared. Also, in
another Troposat investigation, satellite
measurements are being used to trace the
histories of individual air parcels, with the aim of
identifying pollutant sources.

The Kyoto Agreement requires the long-term
monitoring of the troposphere to try to identify
changes due to man’s activities. SCIAMACHY
and MIPAS will offer a first opportunity to
investigate the accuracy required for the
space-based monitoring of greenhouse gases
targeted by the Kyoto Protocol for emission
control. 

A nice example of the possibilities offered by
satellite-derived data is provided by Figure 6,
which shows the seasonal variation in NO2
concentrations over Europe during 2000. The
high concentrations generally seen over
Northwestern Europe and in the Po Valley
confirm the model results and projections
obtained by D. Simpson from EMEP (The Co-
operative Programme for Monitoring and
Evaluation of the Long-Range Transmission of
Air Pollutants in Europe). These are just the
regions where the NO2 concentrations are high
enough to titrate out much of the ozone formed
in the boundary layer, and furthermore are
regions where a substantial reduction in NO2
may actually lead to an increase in
photochemically produced ozone.

As part of the Troposat project, mentioned
below, a feasibility study has been started to
check whether the Envisat data products

tropospheric concentrations of trace gases
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Clearly satellites, once they have been
launched and the instrumentation and data
production validated, offer a reliable and long-
term way of achieving this goal on both global
and regional scales. It is to be expected that,
once the difficulties of retrieval and validation
have been overcome, satellite-derived data for
the troposphere will contribute appreciably to
the required monitoring.

Troposat: a new project to obtain and
study tropospheric data
To encourage the use of tropospheric satellite
data within the tropospheric-chemistry
community, a new subproject known as
Troposat has been approved for inclusion in
Eurotrak-2, the European Commission’s
Eureka project studying the transport and
chemical transformation of trace substances in
the troposphere over Europe.

The formal aim with Troposat is to determine
two- and three-dimensional distributions and
time series for trace gases and other
parameters in the troposphere, and thereby
facilitate future research and environmental
monitoring on regional and global scales. The
project is intended to act as a bridge between
the satellite and the atmospheric-chemical
communities, and to demonstrate the
possibilities offered by satellite measurements
for model validation on regional scales, for
monitoring pollutants, and determining
distributions and budgets. Studies will be
carried out of pollutants on continental and
regional scales, and the possibility of using
remote sensing for Kyoto Monitoring will be
investigated.

The work of Troposat is divided between four
task groups:

1. The development of algorithms for the
retrieval of tropospheric species and
parameters

The extraction of tropospheric information
from the raw data is still something of an art,
the degree of difficulty of which depends on
the particular chemical species being studied.
Much development will be required before
the procedures can become routine. Work is
in progress on the effects of cloud shielding,
wavelength and albedo effects, temperature
effects, and the best combination of limb and
nadir measurements to obtain the requisite
profiles.

2. The use of satellite data for understanding
atmospheric processes

The main objective is to demonstrate how

satellite data can be combined with model
results and data from terrestrial measurements
to improve our qualitative and quantitative
interpretation and understanding of dynamic
and chemical processes in the troposphere.
Satellite data are ideally suited to supply
initialisation, boundary conditions, and test
data for chemical-transport models on regional
scales and coupled global chemistry-climate
models. Activities include case studies
comparing data with the results from chemical-
transport models, validation of chemistry-
climate models, and the comparison and
interpretation of the results from modelling that
combines ground-based and aircraft
measurements with satellite data.

3. The synergistic use of different instrumen-
tation and platforms for tropospheric
measurements

It is now recognised that to obtain an accurate
on-going picture of the state of the
troposphere, a combination of modelling,
ground-based measurements, field activities
and satellite data will be required. Current
activities include: the combination of satellite
data sets to explore large-scale NOx sources to
assess the contributions from lightning and
biomass burning; using satellite-derived data
together with the regular aircraft measurements
of water vapour and ozone made within the
Mozaic programme, to explore the processes
governing the global-ozone and water-vapour
budgets; and exploring the possibility of
including space-derived measurements as an
operational part of a national air-pollution
monitoring network. 

4. The development of validation strategies
for tropospheric satellite data products

The tropospheric data presently available are
still tentative in that they have not yet been
subjected to extensive validation procedures.
The aim of this group is to devise and test
procedures for the validation of tropospheric
satellite data products. The activities foreseen
include validation of data from Envisat
instruments, improvement of strategies for
validation, the identification of data sets from
ground-based measurements suitable for the
validation of satellite-derived tropospheric data,
and the use of data assimilation and other
modelling techniques in validation.

In addition, Troposat will undertake two other
underpinning activities: 

Specification of the requirements for future
satellite instruments for tropospheric work
The initial experience of the group in obtaining
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proposed ESA missions, GEOSCIA and
ACECHEM, would provide reliable vertical-
profile information within the troposphere by the
combination of stationary measurements with
limb and nadir soundings.

Thus the future looks bright, with satellite data
revolutionising the observation of trace
substances and pollutants in the troposphere,
and not only making an appreciable
contribution to our understanding of the
complex processes involved, but also playing
an essential role in monitoring and establishing
an environmental policy for the troposphere.
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and using tropospheric data has already
indicated a need for new and improved satellite
instrumentation to obtain more and better data
for the troposphere. The group will draw on this
experience to contribute to proposals for
instrumentation for future missions.

Development of appropriate data-assimilation
techniques for satellite measurements
A number of Principal Investigators are
exploring the use of data assimilation in which
satellite measurements and modelling results
are compared, to the mutual benefit of both. In
the future, one can imagine a modelling system
running continuously, but being frequently
updated with near-real-time satellite meas-
urements to provide a continuous picture of the
atmosphere. 

Some forty research groups in ten countries
began work in 2000 and will continue until the
formal end of Eurotrac-2 in 2003. However,
there is so much to do and so many
possibilities that it is fully expected to continue
the Troposat project beyond this date. As with
all Eureka projects, the Principal Investigators
must find their own funds from their national
funding agencies or from international sources
such as the European Union.

The future
The launch of Envisat, carrying three
atmospheric instruments, is eagerly awaited.
SCIAMACHY will extend the capability of
GOME in two ways: by measuring in limb-
(towards the horizon) and nadir-viewing
geometries, and by recording the back-
scattered and reflected light simultaneously
from 220 to 2380 nm. SCIAMACHY will also
measure solar and lunar occultation. Two limb-
sounding instruments, GOMOS (Global Ozone
Monitoring by Occultation of Stars) and MIPAS,
will measure trace gases in the atmosphere
using complementary techniques. As already
indicated, the combination of nadir- and limb-
sounding should facilitate the production of
reliable tropospheric data for a number of trace
chemical species and air pollutants. 

With the development of data-assimilation
techniques for satellite-derived data, one would
hope that, in the not too distant future, a
combined modelling/satellite data /ground-
based data approach will yield a continuous
picture of the chemical troposphere on both
global and regional scales.

The data provided by low-Earth-orbit (LEO)
satellites should be supplemented with data
from geostationary platforms, which offer the
possibility of making daily time-resolved
studies. A future scenario, involving two

tropospheric concentrations of trace gases
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