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Chemical Data Assimilation
for the Observation of the Earth's Atmosphere
An ACCENT/WMO Expert Workshop in support of IGACO

1.

Executive Summary

IGACO (Integrated Global Atmospheric Chemistry Observations) is a component of the
IGOS (Integrated Global Observing Strategy) partnership. When implemented, its
purpose is to improve the availability of comprehensive, reliable and accurate
information about the changing atmosphere to those responsible for environmental
policy development, weather and air quality prediction, and to those responsible for the
related research. The IGACO report defined the rationale, reviewed the past, present
and planned global air chemistry observing system and recommended a strategy to
integrate ground-based, aircraft and satellite observations using atmospheric models and
data assimilation.
ACCENT (Atmospheric Composition Change: the European Network of Excellence) is
a network of excellence for atmospheric chemistry, set up under the EU 6th Framework
programme. Two ACCENT activities, T&TP (Transport and Transformation of
Pollutants in the Troposphere) and AT2 (ACCENT TROPSAT-2), together with the
WMO (World Meteorological organisation), sponsored the workshop. The topic, the
integration of the observations using comprehensive models and data assimilation, was
identified as the most pressing research issue, which needs to be resolved before
IGACO can be fully operational.
The resulting workshop on Chemical Data Assimilation for the Observation of the
Earth's Atmosphere, sponsored jointly by ACCENT and the WMO Global Atmosphere
Watch Programme, was held at the WMO in Geneva from the 24th to the 26th April
2006. The meeting was focussed on data assimilation and observational needs for three
classes of modelling applications:
1.

Numerical weather and air quality forecasting;

2.

Integration of atmospheric chemistry observations through re-analysis; and

3.

Inverse modelling (e.g. assessing chemical source/sinks, atmospheric
radiative forcing).

The principal recommendations resulting from the scientific discussions are as follows.

1.1 Data quality and availability
To make accurate forecasts and provide reliable concentration fields of chemical
components, data assimilation techniques requires high quality observational data with
as large a temporal and spatial resolution as possible.
The recommendations express concerns about obtaining such data, whether groundbased or satellite, the potential future gaps in tropospheric chemical satellite data, and
the continued absence of plans for satellites which will yield chemical observations in
the middle to lower troposphere on the hourly basis required for air quality. Access to
observational data for assimilation and for model evaluation and validation is a
continuing concern in this area, as is the quality of observational data.
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Data Issues (Topic group 1)
*
Immediate attention should be given to ensure the continued provision of good
quality satellite data of sufficient temporal and spatial resolution in the future.
*
Assimilation for air quality purposes requires at least hourly measurements of
key chemical species. Plans should be made to provide such data as soon as
possible.
*
Within Europe, there is a need to improve the dialogue between meteorological,
research and environmental agencies to facilitate and improve real-time
forecasting. Cooperation should aim to support or improve:
global chemistry transport models that provide boundary conditions for
high resolution regional air quality models;
weather & air quality forecasts;
collaboration related to attaining EU air quality standards (for example
for NO2, fine particles and ozone); and
surveillance and reassessment of international agreements (Kyoto
Protocol, Montreal Protocol).
*
Since an important aspect of IGACO is to enhance forecasting, there should be
chemical data transmission globally in near real time to support the
initialization of forecast models on an operational basis. In detail:
Transmit routine composition observations (e.g. surface ozone and PM)
as well as more comprehensive data taken in campaigns or certain parts
of the year on the Global Telecommunications System(GTS) of WMO.
More advanced research grade measurements need more care with
respect to intellectual property rights. Whatever the case, all data
transmitted in real or near real time should comply with accepted data
quality protocols.
*
Both ozone and particulate matter data should be regarded as ‘essential’ in the
terms of WMO Resolution 40, and so should be readily available for public
access and research.
Do we have sufficient data to do a meaningful reanalysis? (Topic group 2)
*
There is an urgent need to perform a reanalysis of total column ozone. These
measurements have nearly continuous coverage since 1978.
*
Free access to and standardisation of observational data is needed.
*
There is an urgent need to improve the spatial coverage of surface-based
measurements worldwide, and to improve the access to them.
Observations (Topic group 3)
*
Quantitative retrievals of atmospheric species are required, so effective
merging of satellite, air-borne and surface-based in situ and remote sensing
observations is needed to obtain the most accurate picture of the concentration
fields.
*
High accuracy, high temporal resolution surface concentration measurements
remain indispensable, especially close to source regions
*
A surface network of total column measurements is recommended to improve
the accuracy of satellite retrievals and their usefulness for models. Information
about the precision and accuracy of measurements should always be provided.
*
Measurement sites used for comparison and validation should be as
representative of the satellite view as possible.
*
Strategies should be developed to optimise observation systems and retrievals
for different chemical species.
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*

Access to observations should be improved to facilitate use by the modelling
and scientific communities.

What activities can we identify to move forward? (Topic group 2)
* Development of the observation system including:
satellites and their sampling strategies (GEO, LEO);
ground-based networks with super sites (GAW etc …);
regular aircraft flights (IAGOS etc …).
* The establishment of joint consolidated data bases driven by users.

1.2 Assimilation, modelling and forecasting
There are a number of data assimilation techniques and many models in use in this fast
developing area for both Global Climate Models (GCMs) and Chemical Transport
Models (CTMs). One crucial point of understanding, however, is that the interests of
chemical modellers differ from those in numerical weather forecasting. One cannot
simply apply the expertise and techniques developed for classical meteorological
variables by numerical weather forecasting research to chemical data assimilation,
There is much research needed before chemical data assimilation methods can be
applied routinely.
At present, most chemical data assimilation work is carried out by small research
groups, yet it is a very large task to put models and data together. The experience from
numerical weather forecasting suggests that, at some stage, there must be a movement
towards greater effort, either through distributed research projects or the establishment
of a research institute.
Forecasting and data assimilation (Topic group 1)
*
Chemical forecasting can cover a range of timescales from hours for air quality
to months for ecosystems. The value of Chemistry Modelling and Data
Assimilation should be explored for both reanalysis (see Topic group 2) and
for seasonal forecasts.
*
The differences in priorities between chemical forecasting and weather
forecasting should be recognised and appreciated. Chemical data assimilation
should concentrate on processes for which there is both a paucity of knowledge
and a perceived importance, such as:
- emission rates,
- wet and dry removal, and
- planetary boundary layer structure and mixing.
Modelling needs (Topic group 1)
*
With the vast amount of work associated with a mature meteorological data
assimilation configuration, we recommend that some means be found to
facilitate cooperation in research on chemical data assimilation.
*
Some fundamental aspects of modelling itself, such as numerical methods and
boundary conditions, still require detailed attention.
*
There are still diverse views on the minimum chemical configuration required
for adequate forecasting – attention should be given to defining such a
minimum configuration for practical forecasting.
*
The optimum trade off between complexity, resolution and speed needs
definition for practical forecasting.
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How good are the CTMs or GCCMs? (Topic group 2)
*
Intercomparisons of Global Climate Models (GCM) and Chemical Transport
Models (CTMs) from the point of view of tropospheric chemistry are required.
*
Integration of boundary layer, land surface and meteorology within the models
should be a high priority.
*
In the context of data assimilation, there is a need to assess the value of treating
the chemical problem with online or offline approaches.
*
Currently CTMs are limited by realistic temporal and spatial emissions, and
unexpected release of pollutants (e.g. forest fires); there is a need to develop
better representations of emissions for models and forecasting.
*
There is a need to develop strong collaboration between the communities
involved in numerical weather prediction and atmospheric modelling
How good are chemical assimilation methods and tools? (Topic group 2)
*
Despite recent progress, there is a need to advance and assess the usefulness of
different assimilation methods in the context of atmospheric chemistry. This
assessment will also depend on the application, the targeted species and the
time scale.
*
Multivariate chemical error co-variances should be developed to address the
problem of chemical balance in analyses.
*
Emissions error co-variances should be developed and assessed for inverse.
*
Since a large fraction of the observations consists of retrievals, there is a need
to identify systematic and random errors (i.e. precision and accuracy) in such
observations, in forward model parameterizations and in the assumptions
inherent in retrieval algorithms.
*
The assimilation of multi-sensor observations should be explored as a way to
identify systematic error.
*
The usefulness and reliability of simultaneous estimation of source (boundary
condition) and initial condition should be assessed by data assimilation
methodology.
Inverse model development (Topic group 3)
*
Intercomparisons of results from the various inverse modelling techniques are
required.
*
The use of multi-species inversions should be advanced.
*
Use of coupled surface-atmosphere models for species with strong surface
exchange should be further explored.
*
The development of the use of statistical tests for error assessments of the
components of the inverse model system is required.
The role of transport models (Topic group 3)
*
A key problem is the uncertainty in the prediction of the height and dynamics
of the planetary boundary layer (PBL). Consideration must be given to tracer
model development, in particular for PBL dynamics, parameterization of
convection, and removal of particles and gases by wet and dry transformation
and scavenging processes. Errors from tracer transport computations must be
quantified.
*
Model intercomparisons supported by a well documented experimental
database are recommended.
*
Tracer release experiments are strongly recommended for providing validation
data for Chemical Transport Models (CTMs), and to support development of
improved models.
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Validation (Topic group 1)
*
Validation should be carried out regularly as models and skills develop.
Suggested approaches include the following:
controlled inter-comparison exercises with agreed forecast protocols, and
verification metrics;
a transposed approach similar to that used by AMIP which is a standard
experimental protocol for global atmospheric general circulation models;
it enables scientists to focus on the atmospheric model without the added
complexity of ocean-atmosphere feedbacks in the climate system
case studies of extreme cases, where campaign data collected by NILU
and others serves as a basis;
research quality data, especially profile data, is essential (sondes, lidars,
aircraft).
What activities will move us forward? (Topic group 2)
*
The encouragement of strong collaboration between operational numerical
weather centers and science groups.
*
The provision of adequate, dedicated computing resources to carry out
chemical data assimilation
*
Continued model integration into earth system models to improve:
stratosphere-troposphere coupling;
gas-phase and aerosol coupling; and
global and regional coupling.

1.3 Emissions
Tropospheric chemical models rely heavily on adequate emission inventories, and the
paucity, age and unreliability of some of these has been a weak point for all models in
the past. While data assimilation can assist in obtaining a better picture of emissions this
boot-strapping process, still requires a reliable and up to date emission inventory.
Emissions (Topic group 1)
*
Global and regional emission inventories need to be reassessed, not only with
respect to anthropogenic sources but also for the biogenic sources. Two
particular research directions to pursue simultaneously are:
assessment of emissions in an extended reanalysis would be valuable;
definition of initial conditions and bottom-up estimates of emissions.
Emission fluxes (Topic group 3)
*
The propagation of errors from a-priori emission assumptions must be
quantified since emissions are a determining factor for the quality of the results
from inverse modelling.
*
Better communication is needed between inverse modellers and the research
emission community, so that better data with sensible error estimates can be
provided.
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Data Assimilation in IGACO; the ACCENT/WMO
workshop

Leonard Barrie, John P. Burrows, Paul Monks, Slobodan Nickovic and Peter Borrell

2.1 The WMO and the IGACO Vision
IGACO (Integrated Global Atmospheric Chemistry Observations) is a component of the
IGOS (Integrated Global Observing Strategy) partnership; it was approved as the fourth
theme of IGOS in June 2001, following those for the Ocean, the Global Water Cycle,
and the Global Carbon Cycle. The IGACO report (IGACO, 2004) defined a rationale,
reviewed the past, present and planned global air chemistry observing system and
recommended a strategy to integrate surface-based, aircraft and satellite observations
using atmospheric models and data assimilation.
Purpose of IGACO
The strategic purpose of IGACO is to provide representative, reliable and accurate
information about the changing atmosphere required by those responsible for
environmental policy development and also to prediction centres for weather and the
environment. IGACO will underpin the necessary understanding of the complex
interactions within the atmosphere itself and, in the context of IGOS, to provide sound
information on the changes taking place in the Earth system as a whole. The principal
uses and application of products expected from the proposed IGACO system include:
1.

detection of long term man-made trends in the concentration of greenhouse
gases and aerosols related to climate change above natural variability;

2.

better environmental assessments related to climate, air quality, ozone depletion
and the long range transport of pollution between regions;

3.

better quantification of pollution sources and their atmospheric pathways to
sensitive downwind receptors;

4.

reliable global concentrations fields of the selected chemical variables and
aerosols at various altitudes for the study of outstanding problems in
atmospheric chemistry;

5.

better predictions of UV intensities at the Earth's surface both in populated and
remote regions;

6.

direct observation of plumes from major events such as forest fires, dust storms
and volcanic eruptions; and

7.

improved regional forecasts of both weather and air quality, and to provide
forecasts in regions where these are unobtainable at the moment.

The reliable and detailed knowledge developed within IGACO will provide the basis of
future regular scientific assessments of the state of the atmosphere and of the
environment, and of global change.
IGACO Components
There are four essential components of IGACO.
*

Networks of surface-based instrumentation, including balloon sondes,
millimetre wave radiometers, lidars, UV-Visible and FTIR spectrometers, to
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measure surface concentrations, column densities and vertical profiles of the
principal chemical species, aerosols and ancillary parameters, together with
UV radiation, on a regular basis; the implication is that the current network
needs to be maintained and expanded to fill critical gaps in coverage.
*

Low earth orbit, LEO, and geostationary orbit, GEO, satellite instruments,
using measurements of backscattered solar radiation from the ultraviolet to the
short wave infrared and thermal infrared emission from the earth’s, to provide
vertical profile information about atmospheric constituents (trace gases ,
aerosols and clouds) and the necessary photolytic radiation and meteorological
parameters (e.g. temperature, wind )

*

Instrumentation mounted on commercial aircraft or systematically
operated research aircraft to provide regular measurements of the
concentrations atmospheric constituents in the upper troposphere and lower
stratosphere, along normal flight tracks.

*

A data-integration modelling system to assimilate the various observations
regularly, when appropriate in near real time, to provide comprehensive
description of the state of the Earth's atmosphere.

The flow structure envisaged to accomplish the tasks of IGACO is shown in Figure 2.1.
The observations are stored in archives and then subject to both re-analysis and
assimilation into models. In the context of the present workshop, data assimilation
occupies a central role in the process and is crucial to the output of the envisaged
products.

Figure 2.1. The major components and critical elements of the IGACO system. Figure kindly
supplied by L. Barrie, WMO.

Chemical species and parameters
Taking account of some realistic financial and logistic constraints, the following
chemical species and parameters were selected for inclusion in IGACO.
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ozone (O3)

water vapour (H2O)

carbon dioxide (CO2)

carbon monoxide (CO)

nitrogen dioxide (NO2)

bromine oxide (BrO)

chlorine monoxide
(ClO)

hydrogen chloride (HCl)

nitrous oxide (N2O)

CFC-12 (CF2Cl2)

HCFC-22 (CHClF3)

chlorine nitrate (ClONO2)

methane (CH4)

formaldehyde (HCHO)
& glyoxal (OHC-CHO)
*

volatile organic compounds
(VOC)

sulfur dioxide (SO2)

nitric acid (HNO3)

chlorine dioxide (OClO)

nitrogen monoxide (NO)

methyl bromide
(CH3Br)

halons (e.g. CF3Br)
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J(NO2) and J(O1D) (UV radiation at specific wavelengths in the troposphere).
and the following aerosol optical properties at multiple wavelengths:
optical depth (VIS+IR); extinction coefficient (VIS); absorption optical depth (VIS)
*

It has been recently demonstrated that not only HCHO can be observed from measurements of the
solar back scattered radiation but also glyoxal (OHC-CHO), which is produced in combustion and
photo-oxidation processes.

Ancillary parameters
In addition, the following additional parameters are required for atmospheric chemical
modelling and retrieval of remote sensing data:
temperature (T),

pressure (p),

fire frequency,

cloud top height,

cloud coverage,

albedo

solar radiation,

lightning flash frequency.

wind (u, v, w)

Products and Applications of IGACO
The principal uses and application of products expected from the proposed IGACO
system include:
1. detection of long term man-made trends in the concentration of greenhouse
gases and aerosols related to climate change above natural variability;
2. better environmental assessments related to climate, air quality, ozone depletion
and the long range transport of pollution between regions;
3. better quantification of pollution sources and their atmospheric pathways to
sensitive downwind receptors;
4. reliable global concentrations fields of the selected chemical variables and
aerosols at various altitudes for the study of outstanding problems in
atmospheric chemistry;
5. better predictions of UV intensities at the Earth's surface both in populated and
remote regions;
6. direct observation of plumes from major events such as forest fires, dust storms
and volcanic eruptions; and
7. improved regional forecasts of both weather and air quality, and to provide
forecasts in regions where these are unobtainable at the moment.
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The reliable and detailed knowledge developed within IGACO will provide the basis of
future regular scientific assessments of the state of the atmosphere and of the
environment, and of global change.
IGACO implementation: WMO the lead partner
IGOS accepted the IGACO report in May 2004 and appointed the WMO (World
Meteorological Organisation) as the organization to lead the implementation. In
February 2006, the Commission for Atmospheric Science of WMO decided that this
will accomplished within the framework of the existing WMO-Global Atmosphere
Watch programme. The implementation structure and main activities in the IGACO
implementation presented at the IGOS partners meeting in May 2006 are shown in
Figure 2.2. Note the continuing partnership of WMO and space agencies through the
Committee for Observations by Satellite (CEOS) represented by ESA. In developing an
implementation plan, four thematic foci have been targeted and four cross-cutting areas
identified. There are strong linkages between IGACO and other WMO programmes,
major international observational programmes and to GOESS and IGOS.

Figure 2.2. The organizational chart for IGACO implementation through the WMO Global
Atmosphere Watch programme.

It should be emphasized that atmospheric chemistry research and observations
community such as those represented regionally in Europe by ACCENT and other
European Community programmes provide the foundation for IGACO implementation.
By July 2006, progress in implementing IGACO has been substantial.
*

A secretariat for IGACO-Ozone implementation has been established at the
Finnish Meteorological Institute and will be advised by the GAW Scientific
Advisory Group for Ozone.

*

A workshop was held in Greece in May 2006.
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*

Cross-cutting issues have begun to be addressed in fora such as this
ACCENT/WMO expert workshop concerned with “Assimilation and
Modelling”, and at the Joint WMO-GAW/ACCENT Workshop on the Global
Tropospheric Carbon Monoxide Observations Systems, Quality Assurance and
Applications [Carbon Monoxide, 2005].

*

An IGACO-greenhouse gas initiative is likely to evolve through the GAW
Scientific Advisory Group for Greenhouse Gases, and through the community
of experts on measurements that have regular convened for the past 30 years
under the auspices of WMO/IAEA. The initiative will be part of the
implementation of the Integrated Global Carbon Observations (IGCO) strategy.

A driving force for aerosol observational system integration will be numerical forecast,
climate and atmospheric chemistry models that begin to assimilate aerosol observations
of all types. The numerical weather prediction research community is particularly
poised to begin assimilation of aerosol observations but delivery in near real time
remains a stumbling block. NWP research projects to do this such as the European
GEMS have spawned a host of matching observational projects to provide the
atmospheric data and appropriate model components such a EUSAAR and GEOMON.

2.2 ACCENT and IGACO
ACCENT (Atmospheric Composition Change: the European Network of Excellence) is
a network of excellence for atmospheric chemistry, set up under the EU 6th Framework
programme. It started operation early in 2004 and has a projected life of five years. The
overall goals of ACCENT are to promote a common European strategy for research on
atmospheric composition sustainability, to develop and maintain durable means of
communication and collaboration within the European scientific community, to
facilitate this research and to optimise the interactions with policy-makers and the
general public.
ACCENT is organised into a number of subprojects which are grouped into two main
scientific themes: a joint research programme and integration tasks. The two subprojects
sponsoring the workshop are T&TP (Transport and Transformation of Pollutants in the
Troposphere), which is concerned with problems of current understanding in the
tropospheric chemistry of air pollution, and AT2 (ACCENT-TROPOSAT-2), which is
developing the retrieval and utilisation of satellite data to determine tropospheric
concentrations of trace species.
The interest of both T&TP and AT2 in IGACO is natural so that, in 2004, they initiated
a discussion within ACCENT to what research efforts could be made to facilitate the
implementation of IGACO. A meeting was then initiated between interested parties
from the WMO and ACCENT. The most pressing research issue identified, needing to
be resolved before IGACO can be fully operational, was the integration of the
observations using comprehensive models and data assimilation.
T&TP and AT2 were asked to organise, together with the WMO, a scientific workshop
to identify the main scientific and technical problems associated with implementing the
modelling component of IGACO, and to recommend how these might be solved.
This was then the origin of the current workshop which focuses on the problems of data
assimilation.
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2.3 Data assimilation for Integrated Global Atmospheric Chemistry
Observations (IGACO)
Data assimilation is a term which covers a number of techniques, all of which seek to
combine observations from a variety of sources, possibly sampled at different times and
intervals and different locations, to provide a unified and consistent description of a
physical system. An advanced model describes the system, and the predictions and
results of the model are systematically corrected by the inclusion of observations, using
data assimilation techniques. The quality of the resultant combined data set comprises
both systematic and random errors in both the measurements and the models. Since
some of the products from IGACO will be concentration fields and pollution forecasts,
data assimilation will be essential to combine the observations from diverse sources
using comprehensive chemical transport and air quality models.
The commonest and probably most successful use of data assimilation is in weather
forecasting where the observations from numerous weather stations and sensors are
combined within complex physical models to produce the required meteorological
fields from which forecasts are made. However, although data assimilation techniques
are well established and understood in meteorology, they cannot easily be carried over
into atmospheric chemistry. As Øystein Hov points out in his contribution to Discussion
Group 1 (see below) even common variables have a quite different significance in
meteorology and in air quality. Furthermore measurements for air quality are likely to
be much sparser, both in space and time, than those from the well-established
meteorological networks and soundings – and, finally, the inclusion of chemical species
and processes adds a substantial complexity to an already complex meteorology.
Thus, one cannot simply carry over and apply the well-established data assimilation
techniques used in meteorology to studies of air quality. A substantial research effort
will be required to adapt existing techniques, and undoubtedly develop new ones, to
incorporate the chemical data into air quality models to produce results of the required
quality and reliability. It is for this reason that ACCENT/WMO expert workshop was
convened, the purpose being to review the current situation and indicate the areas in
need research and development.

2.4 The workshop aims and organisation
The resulting workshop on Chemical Data Assimilation for the Observation of the
Earth's Atmosphere, sponsored jointly by ACCENT and the WMO, was held at the
WMO in Geneva from the 24th to the 26th April 2006.
The aim of the workshop was to provide scientific recommendations needed to facilitate
integration of observing and modelling systems as recommended in Chapter 5 of the
IGACO strategy (IGACO, 2004)).
The meeting, attendance at which was by invitation only, was organised around guided
discussions on three topics within the framework of data assimilation aspects and
observational needs for three classes of modelling applications.
1. Numerical weather and air quality forecasting.
2. Integration of atmospheric chemistry observations through re-analysis.
3. Inverse modelling (e.g. assessing chemical source/sinks, atmospheric radiative
forcing).

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

17

The meeting started with a plenary session, in which there was an invited review paper
on each topic followed by brief contribution from the Chair of each group to formulate
the questions to be discussed. The groups then separated.
In the separate groups, discussions were conducted on the basis of "voxboxes" – five
minute verbal contributions from the participants, supported by one or two overheads,
pertinent to the question being discussed.
The groups came together again on the final morning for a plenary session to hear the
Rapporteurs account of the discussions and to formulate the general conclusions and
recommendations.
Each participant was asked to submit a brief account of his or her own contribution for
publication. The main burden then fell on the Rapporteurs and Chairs who have
summarised the discussion and formulated the principal points made and the
recommendations.

2.5 The arrangement of the report
The essential part of the report is the three contributions from the Rapporteurs of the
groups, giving the recommendations of their respective groups. These are followed by a
summary and conclusions. The initial overview lectures are given to enable a reader to
obtain a perspective on each of the discussion topics. The final section contains the
contributions from the participants who submitted accounts of their contributions to the
discussion.
References
IGACO, 2004, The Integrated Global Atmospheric Chemistry Observations Theme Report of the
Integrated Global Observing Strategy, Eds: L. Barrie, P. Borrell, J. Langen, available as ESA
Report SP-1282 and WMO-GAW Report # 159 (available in hardcopy or downloadable from
WMO-GAW website).
Carbon Monoxide, 2005, Joint WMO-GAW / ACCENT Workshop on the Global Tropospheric Carbon
Monoxide Observations Systems, Quality Assurance and Applications, EMPA, Dübendorf,
Switzerland, 24-26 October 2005. Editor: Jörg Klausen, WMO-GAW Report # 169 (available as
PDF from GAW website http://www.wmo.ch/web/arep/gaw/gaw_home.html).
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3.

Numerical weather and air quality forecasting
Report from Topic Group 1
Hendrick Elbern and Tony Hollingsworth

3.1 Data issues
To ensure a most comprehensive and most timely provision of atmospheric chemistry
data IGACO should address key issues in
-

Satellite data provision
How best achieve ground-truth validation of satellite data?
Real-time exchange of environmental in-situ data
Easy access to in-situ research data

3.1.1 Satellite data
GOME-1 launched in 1995 measured the targeted species in the UV (O3, NO2, SO2,
HCHO, BrO, OClO, and H2O with measurements of O2 and O4 as cloud parameters).
SCIAMACHY, mounted on ENVISAT extended the range of target species with
measurements in the short wave infrared spectral region (targets H2O, CO, CH4 and
CO2). ENVISAT/SCIAMACHY is expected to end somewhere in the window between
2010 and 2013, depending on continued good performance, fuel consumption and
funding.
The UV visible nadir sounding data set of GOME-1 and SCIAMACHY will be
continued by GOME-2, on METOP. Data provision for GOME-2 air quality retrievals
will be available, for example, from the O3 SAF(Satellite Application Facility) with a
ground segment at DLR. Following the present schedule the GOME-2 product list
generated by DLR will include:
-

Near-Real-Time: O3, (NO2);
Off-line: O3, NO2, BrO, (H2O); and
Experimental: SO2, HCHO, OClO.

Concerns have been raised about provision of satellite observations in the period from
2009-2019. Although providing information in the upper troposphere and stratosphere,
AIRS and IASI cannot yield greenhouse gases (GHG) concentrations that are so badly
needed in the lower troposphere to elucidate sources and sinks. SCIAMACHY
measurements of CH4 and CO2 have shown what could be done, but the signal/noise
ratio may not be good enough for the required measurements. Non-European OCO and
GOSAT satellites dedicated to carbon dioxide observations for this purpose will help
but a European capability is needed.
Reactive gases from a sun synchronous early morning LEO orbit are provided by
METOP with near daily coverage, but the high spatial and temporal measurements
required for Air Quality measurements are not provided for at all.
Tropospheric chemistry will get information from GOME2 and IASI from 2006
onwards, and CrIS from 2009, but will suffer the loss of ENVISAT/AURA beyond
2010.
Aerosol will benefit from research missions (CALIPSO & ADM). Operational
provision depends on an early launch date for VIIRS on NOAA’s NPP/NPOESS*.
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However there are now question marks over the future of NPOESS which, if
launched, may have reduced capabilities.

For future data availability it is important to encourage an ESA tropospheric chemistry
mission in 2010, and EUMETSAT for 2020.
Satellite data availability is usually only restricted by limited timeliness of retrievals.
Missing data – the high spatial and temporal sampling required for many Air Quality
applications cannot be provided by the current generation of satellite instrumentation.
Appropriate instrumentation on either a flotilla of LEO platforms or the IGACO
preferred combination of LEO and GEO are required.
3.1.2 In situ data from routine operations
There are diverse data access policies for in situ data from air quality observations,
which are mostly operated by national or regional environmental protection agencies. In
general terms, it can be stated that
-

North America is well organised with efficient and open data access with
potential to meet near real time needs of numerical forecast models.
Air quality data in Europe is organised for information and assessment
purposes, through EMEP and through the national air quality agencies.
However there is less emphasis on real-time delivery of observations than in
North America.

Consequently, there is an urgent need for an improved dialogue in Europe leading to
better real time data exchange. Those involved should include operators of weather and
air quality forecast centres such as the meteorological agencies and related research
groups on the one hand, and environmental agencies on the other hand. Elements of the
dialogue should include:
-

Global chemistry transport models to feed into regional models;
Weather forecast and environmental / health related forecasts;
Collaboration/Synergisms (e.g. EU standards for NO2, fine particles);
Surveillance and reassessment of international agreements (Kyoto
Protocol, Montreal Protocol).

3.1.3 Research data sets
There is a wealth of observational data sets gathered by scientific campaigns and often
centrally archived at institutions such as the Norwegian Institute for Air Research,
NILU. These data sets offer a unique opportunity to validate routine chemical forecasts
and data assimilation based analyses. As data owners are widespread and distributed
over a large number of experimental groups in academic and other research institutions,
the access regulations for using this data is seldom clear. Therefore, while respecting
intellectual property rights, access to research datasets should be better organised so as
to make them more readily available.
3.1.4 Recommendations on data access
Topic group 1 wishes to make the following recommendation to WMO on data access,
since IGACO will be implemented through the GAW programme:
*

Since an important aspect of IGACO is to enhance the real time (not older than ca
2 hours), there should be chemical data transmission globally to support the
initialization of forecast model calculations on an operational basis. A "forecast"
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is the prediction of atmospheric composition and air quality for the following few
days up to 10 days. In detail:
-

Transmit routine composition observations (e.g. surface ozone and PM) on
the GTS system of WMO.

-

More advanced data, (observations that only are taken in campaigns or
certain parts of the year), should be transmitted on the WMO GTS system.

-

More advanced research grade measurements need a more detailed
treatment with respect to intellectual property rights. Whatever the case all
data transmitted in real or near real time should comply with accepted data
quality protocols.
-

Both categories of data should be regarded as ‘essential’ in the terms
of WMO Resolution 40, and so should be readily available for
research.

3.2 Generic issues
A suite of items were addressed to identify the key issues and objectives for the design
of a chemical forecast and assimilation system. For comprehensive implementation, two
questions were considered:
What is the right time length for air quality forecasts?
Different forecast lengths are associated with special objectives, each requiring specific
design features.
*

Short and long-term
Ground level ozone - human health:
Regional UV change:
-

*

*

Particles - human health:

hours and days,
years
+ day-to-day variability,
hours to long term.

Seasonal to multi-annual
Acidification of soils and waters:
Terrestrial eutrophication:
Marine eutrophication:
Ground level ozone - forests and crops:

ecosystems,
ecosystems,
ecosystems,
growing season.

Long Term
Heavy metals:-health and ecotoxic effects:
POPs: health and ecotoxic effects:
Regional climate change:

long term,
long term,
years.

The value of Chemistry Modelling and Data Assimilation should be explored for both
reanalysis (see Topic group 2) and for seasonal forecasts.
What should we observe and how?
Given limited observational resources, assessments of best use of given or hypothetical
network designs can make use of the following methodologies:
*
OSE: Observing System Experiment
estimation and evaluation of an existing observing system and/or modelling
system
*

OSSE: Observing System Simulation Experiment
Design new observing systems
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a specific issue is the choice of geostationary earth orbit or low earth orbit
for air quality forecasting

Use of observation targeting methods
Indicate priority of species to be observed
indicate chemical configuration with least stable conditions (least
predictability)

3.2.1 Priorities for the choice of assimilation method
From meteorology, a wide diversity of methods is available – Optimal Interpolation,
Kriging, 3 or 4 dimensional variational data assimilation, Ensemble Kalman Filtering,
and other variants. Desirable properties of data assimilation algorithms include:
some optimality criterion, usually the Best Linear Unbiased Estimate
(BLUE);
respect for the spatio-temporal characteristics of the problem, that is enlist
the model as constraint; and
a most advanced configuration within the limits of Gaussian error
characteristics and hence, for an ultimate target implementation, 4-D-var or
Kalman filter approach may be considered.
Unlike meteorological forecasting, initial values are not necessarily the most important
parameters. Generally, some important parameters are well known, while others are
poorly known. Data assimilation should concentrate on parameters for which both
paucity of knowledge and perceived importance for forecast skill are high: e.g.
emission rates,
deposition velocities,
PBL structure.
With the vast amount of work associated with a mature data assimilation configuration,
including tuning of co-variances and validation, we recommend that some means be
found to facilitate a cooperation in research on chemical data assimilation.
Table 3.1: Differing requirements of CTM modelling and numerical weather predictions. Errors
in the physical parameters have a different significance and impact on the overall value of the
prediction in a in a CTM and NWP forecasts. (presented by Øystein Hov)
Parameter

CTM

NWP

Wind speed

Stagnant conditions

High wind speeds

Wind direction

Essential for source-receptor relationships

Not so important

Precipitation

Length of dry periods; low intensity rain

Heavy rain

Temperature

High temperatures – fast reactions and
large biogenic emissions

High and low
temperatures, freezing

Clouds

Type, location, lifetime

Cloud cover

Convection

Boundary layer ventilation

Precipitation

Boundary layer
mixing height

Important

Not so important

Specific humidity Important for [OH]
Ground surface

Not so important

Important for specific humidity, deposition, Important for fluxes of
biogenic emissions
heat, momentum, moisture
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3.2.2 Modelling activities
For the many models available, the inclusion of additional physical and chemical
processes is always a necessary task to be done. There are still legacy problems to be
addressed:
Numerical methods still matter;
Boundary conditions are critical.
Several views on the minimum complexity needed for air quality were expressed:
-

There is a minimum complexity configuration with 30 to 40 species for the
gas phase, with ca. 10 aerosol parameters,
a typical state of the art configuration with 50 to 60 species for the gas phase,
with ca. 30 aerosol parameters,
There is no limit in sight for the complexity needed for the scientific and
applications issues.

In addition,
The question on what are the best trade offs, and for which purpose,
between the complexity of the model and the resolution of the model is still
open and is to be addressed by a posteriori validations.
The question on the relative merits of on-line or off-line chemistry is still
under debate. Depending on purpose and the assimilation configuration, the
answers may differ.

Figure 3.1. Data assimilation can make a big difference in regions influenced by dust emissions.
The aerosol optical depth change (AOD) associated with data assimilation is shown.
The upper panels show modelled AOD, middle panel the AVHRR retrieved
product, and lower panel the difference. The left panels used the assimilation
procedure; the right panels used no assimilation. The largest changes resulting from
the assimilation occur downwind of the Sahara, indicating that there are
inconsistencies in the formulation of the mobilization and transport of dust.
(Presented by Phil Rasch)
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3.2.3 Emissions
Global and regional emission inventories need to be reassessed, not only with respect to
anthropogenic sources but also for the biogenic sources, where space - borne remote
sensing techniques are increasingly revealing changing vegetation and activities
affecting the biosphere. Two principal research directions should be pursued:
Assessment of emissions in an extended reanalysis would be valuable (a
next step beyond the EU-RETRO project)
Simultaneous estimation of initial conditions and emissions is desirable. It
should be noted however, that it is a challenging new research direction and
not without its difficulties. Also the computational cost is high.
Due to the special importance of wildfires, a proposal for a Global Fire Assimilation
System (GFAS) has been made. Key feature for this joint effort should include:
strong collaboration of space agencies, satellite retrieval experts, and
biosphere and atmosphere modellers;
collaboration with international combined efforts (GCOS, GEOSS,
GOFC/GOLD-FIRE, TF-HTAP);
strong links to potential users.
As initial efforts started within the atmospheric EU project GEMS (Global and regional
Earth-system (Atmosphere) Monitoring using Satellite and in-situ data), there is a basis
available, on which further activity can build. An integrated research effort has been
proposed.
3.2.4 Validation of Chemical Weather Forecast systems
Objective assessments of chemical weather forecast skills are as important as those for
meteorological forecasts. In addition, prediction of threshold exceedances, as required
by national legislation, requires special attention, since precautionary measures by
environmental agencies are often associated with costs and economic restrictions.
Further, model improvements following the identification of specific weaknesses are a
necessary continuing task. Suggested approaches include the following:
-

controlled inter-comparison exercises with agreed forecast protocols, and
verification metrics;
a transposed approach similar to that used by AMIP which is a standard
experimental protocol for global atmospheric general circulation models; it
enables scientists to focus on the atmospheric model without the added
complexity of ocean-atmosphere feedbacks in the climate system;
case studies of extreme cases, where campaign data collected by NILU and
others serves as a basis; and
research quality data, especially profile data, is essential (sondes, lidars,
aircraft).
In addition, development of software producing useful model diagnostics is essential,
with, for example, time series and monthly means of model minus station differences
still being a useful approach. A suite of other, more specific, forecast verification
algorithms are readily available and in use at meteorological centres. Owing to
frequently required information on potential threshold exceedances, a special role could
be given to those methods which calculate dichotomous forecast skills.
Meteorological driver of chemical transport models need different validation; that is,
with focus on the influence of chemical variables on the dynamics, which so far
attracted have only minor attention in pure meteorological forecasting. This is
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especially true for boundary layer height and its stability. Also stagnant conditions with
low winds must be predicted with higher fidelity than usually expected in
meteorological forecasting.
The output of chemical weather forecast and data assimilation products requires specific
treatment, dependent on the background of the users. The needs of expert users should
be distinguished from those of the general public.
*

The expert user needs:
expert user-driven information and knowledge extraction (fusion of
diverse data streams specified by a user). This includes multiple data
access, optimally by a “single window” service. However, not all can
be done by web access; regular access to large formatted data sets
requires ftp transmission;
national and regional EPAs will wish to receive skill prediction for
decision making support, probably with regional or local distinction.

*

General public neads:
air quality forecasts at street level – and on both sides of the street!
statistical health threat information for different regions with the
possibility of recalculating exposure times.

Ensemble methods with both homogeneous and heterogeneous model members may be
used to simulate forecast error margins. However this approach, while promising, needs
further elaboration.
The proposal for a comprehensive organisation for the design of a chemical weather
prediction system is clearly beyond the scope of single organisations or even a major
project. It will therefore be necessary to encourage the collaboration between a wide
range of research groups, who are willing to contribute their key competences in the
various fields mentioned above.
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Integration of atmospheric chemistry observations
through re-analysis.
Report from Topic Group 2
Richard Ménard and Greg Garmichael

4.1 Introduction
The plenary presentation given by Martin Schultz provided an introduction to the
concept of chemical reanalysis with a discussion on issues and challenges. To set the
stage, an attempt was made to define what we mean by chemical reanalysis. The
definition initially suggested was iterated throughout the discussion period and came out
with the following: “A chemical reanalysis is an attempt to reconstruct a spatially and
temporally complete, chemically-balanced description of the atmospheric composition
over a given time period, using the most complete set of observations with a Chemical
Transport Model (CTM) or Global Climate Models (GCM) that can be thought of as a
constraint”. Acting over a long time periods:
*
*
*
*

air pollution ranges among the most frequent cause of illness and death
(WHO);
air pollution causes damage to crops and natural habitats;
changes in oxidizing capacity affect lifetime of greenhouse gases; and
long-term exposure to air pollution is more important than singular events
(with a few exceptions).

Thus, there is a clear need for seasonal or decadal chemical reanalysis, in particular in
view of the fact that over the last 40 years, there have been large increases and changes
in emission quantities and type. But caution should be made in interpreting the trends
from these reanalyzes. It has been the experience in meteorology that trends in
reanalysis can be falsely confused with changes in the observing system or changes in
the calibration of an instrument, and has nothing to do with the atmospheric signal.
There is also a need to re-conduct a chemical analysis over a short time period, such as
in an intense measurement campaign; in order to use the most complete set of
observations and most advanced chemical assimilation system, to:
*

improve our understanding of processes and emissions, and understand the
cause of observed variability.

Issues concerning data, such as the past data, their consistency, their continuity in time,
their format and availability were presented next. In the stratosphere the variables of
interest are stratospheric ozone, water vapour, and cooling. Plenty of stratospheric
ozone observations exist since 1978 with the launch of NIMBUS-7, which had on board
LIMS, TOMS, SAMS and SBUV. Since then there is nearly complete time coverage of
total column measurements from space. In the troposphere, the key atmospheric
compounds are: ozone CO, NOx, NMVOC and aerosols. The data is composed of
sparse ground level observations under GAW and with local and regional air quality
networks. In situ measurements are provided with aircrafts measuring programs. With
European airlines we have the GASP programme from 1978-1979, MOZAIC since
1994, and CARIBIC since 1997, and some flights over Asia with the JAL program
(from Japan Airlines). Satellite observations of gases are total (tropospheric) column
from TOMS-SBUV (by subtracting the stratospheric contribution from the total
column), GOME, MOPITT, SCIAMACHY and OMI. Aerosol measurements from
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space are usually limited to an aerosol optical depth (AOD), provided by TOMS,
MODIS, POLDER, to name a few. There also exist ground based networks of global
AOD measurements that include AERONET, SKYNET and many WMO member
operated networks (WMO AOD Workshop, 2004) and lidar measurement from
EARLINET (limited to Europe). Bringing the data to the user with appropriate metadata
is an important issues for chemical reanalysis.
The plenary presentation finished with a discussion of the following modelling and data
assimilation issues that were identified by Martin Schultz as needing further
development and understanding, briefly:
*

*

*

*
*

CTM Intercomparison (such as the ACCENT-Photocomp study), to capture
what models can simulate and what they miss, assessing the uncertainties in
trends, budget, etc …
Development of objective model evaluation such as model quality objective
(MQO), skill score, Taylor plots, mean bias and standard deviation, etc… that
needs to be defined by the community.
Areas of uncertainties that needs improvement are; diffusive and convective
transport, NMVOC and heterogeneous chemistry, deposition and washout and
emissions.
Adding source inversion to data assimilation, to reduce overall errors.
Network and future instrument design using OSSE.

The plenary talks concluded with some thoughts about what limits the use of chemical
data assimilation and how can we address this issue, and set up some recommendations
for the future (which will be discussed in the following sections)

4.2 Main discussion
In light of the material presented and the issues raised during the plenary session, the
following questions were discussed in the breakout session.
*
*
*
*
*
*

How do the needs of chemical reanalysis differ from those for forecasting and
from those for weather alone?
How good are the assimilation tools for reanalysis? What are their strengths
and weaknesses? What are the gaps?
How good are the CTMs?
What resolution (spatial and temporal) is needed for reanalysis?
Do we have sufficient data to do a meaningful reanalysis and can we establish
priorities?
What activities can we identify to move forward?

The results of the subsequent discussions are summarized below.
4.2.1 Differences between and needs of chemical and meteorological analyses and
between chemical reanalysis and forecasting.
Although they use generally the same techniques, assimilation of meteorological and
chemical variables can be significantly different. Some of the most striking differences
are in the number of variables. For instance, for ozone and oxidant chemistry the
number of advected chemical variables is of the order of a hundred. For aerosols it can
range from 3 to a 100 depending on the application. In contrast the number of
prognostic variables for meteorology is less than ten (typically five) variables. There is
also no clear separation of timescales for chemical variables as there often is in
meteorology, which permits the use of closure approximations (i.e. parameterizations);
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thus through tightly coupled chemical reactions, lifetimes of different species varies
from the whole range of time scales from seconds to months.
Both meteorology and chemistry use the same assimilation techniques (such as
optimum interpolation, 3-D and 4-D Var and Kalman filtering (KF)). The properties and
differences are summarized in the table below.
Table 1. Comparison between meteorological and chemical data assimilation
Meteorological data assimilation

Chemical data assimilation

Number of variables: ~ 5

Number of variables: ~50

Time scale separation: Synoptic/Turbulent

Time scales from second to months – no time
scale separation

Lower boundary condition well known

Large uncertainties in lower boundary
condition due to emissions

Forecast error grows with time

Bounded forecast error

Evolution of error variance and error
correlation is interconnected

Error variance can be evolved independently
from the spatial error correlation

Troposphere is data rich
and the stratosphere is data poor

Troposphere is data poor and
the stratosphere is data rich

Assimilation of radiances: Mostly IR and
microwave

Assimilation of radiances: UV-Vis, Near IR,
IR and microwave

All prognostic variables are observed

Only a small fraction (10% or less) of the
prognostic variables are observed

Observations covers the whole diurnal cycle

Satellite observations from a given platform is
generally limited to a local time

3-D Var. was first developed,
then migrated to 4-D Var.

4-D Var. was developed first

4-D Var. time window: 6 hr

4-D Var. time window: 24 hr

The observational needs for chemical reanalysis will depend on the application and
related spatial and temporal scales For example, for intense measurement field
campaigns or monitoring over time scales of season to decade. In general, observations
of a large number of atmospheric compounds are needed to conduct chemical
reanalysis; for the analyses themselves, for validation, and to construct multivariate
chemical error correlations.
4.2.2 How good are the CTMs or GCMs?
The optimality of chemical data assimilation depends on the quality of the atmospheric
model. Despite the complex chemical modelling in CTMs these models still show
significant differences when compared with observations. This is most pronounced with
air quality models and in particular in the simulation of aerosols (or particulate matter).
Improvement of CTMs is critical in chemical data assimilation, in particular because
only a small fraction of the total number of chemical variables simulated are observed,
and thus can be constrained by observations. It was also noted that at variance with the
development of meteorological models that historically has been made in concert with
observing network and data assimilation improvement, chemical transport models have
so far not benefited from this co-development of assimilation and modelling.
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The discussion group has the following recommendations.
*
*
*

*

Intercomparison of model of tropospheric chemistry and air quality are needed.
Need to assess the value of online/offline chemistry in the context of data
assimilation.
Currently CTMs are limited by the lack of realistic temporal and spatial
emissions, and unexpected release of pollutants (e.g. forest fires), there is a
need to develop better representations (models and forecast) of emissions.
Need to develop stronger collaboration between the forecast research and
atmospheric chemistry modeling communities.

4.2.3 How good are chemical assimilation methods and tools?
The assimilation methods and tools for atmospheric chemistry are still emerging but
current systems have already demonstrated significant capabilities. Depending on the
application, different assimilation schemes can be used appropriately. For monitoring
purposes, simple statistical analysis schemes (e.g. optimum interpolation) and advection
with a chemical transport model can yield quite reasonable products. This approach has
been used with hourly surface observation to derive chemical surface analysis and
derived products such as surface fluxes (see Menard’s contribution using the AirNow
network and Kahnert’s contribution with the Swedish observation network). However,
the land-sea contrast poses a challenge in spatial covariance modelling (see Kahnert’s
contribution). The analysis and prediction of long lived species measured from
(asynoptic) emission- or scattering-based satellite measurements, can be satisfactorily
produced using the sequential scheme – that is a suboptimal KF where error variance is
advected with the flow and observation and model error are adjusted using a chi-square
diagnostics (see Baier’s contribution). The use of more sophisticated and more
expensive methods such as 4-D Var is needed if the observational coverage is limited
such as with solar occultation measurements that typically generates about 30 profiles
per day. This is to be contrasted with IR emissions and UV-Vis scattering satellite
measurements on a polar orbit that produces a global coverage in a few days and
generates in the order of a thousand profiles per day.
For air quality forecasting or to obtain a complete chemical picture from assimilation
requires the use of the most advanced assimilation method such as 4D Var. Yet not all
chemical variables are equally predictable. In a study conducted by Carmichael et al.
2003, the predictability of different chemical species is measured by a correlation
coefficient. Figure 4.2.1 indicates that meteorological parameters such as temperature,
humidity and wind speed are most easily forecast, followed by O3 and SO4=. In the
troposphere, atmospheric concentrations will depend strongly on emissions. Yet the
emissions derived from inventories can have large uncertainties, or are just not easily
reproducible on an annual or daily cycles, such as in emissions due to biomass burning.
Inverse methods have shown usefulness in estimating emissions, and especially diurnal
and annual variations, but are generally limited in horizontal resolution (see Granier’s
contribution). Direct satellite observations of (relatively) short-lived and precursor
species is an alternative approach to use in estimating emissions, and they have the
advantage of providing high spatial resolution.
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Figure 4.2.1. Correlation coefficient between observed and modeled meteorological and
chemical variables for the < 1km, 1-3 km and > 3 km altitude bins for the
P-3B aircraft data, during the Trace-P experiment, [Hollingsworth and
Lonnberg, 1986].

Methods to obtain the error statistics, which are essential tools for data assimilation, can
be grouped into two categories; the lagged-forecast method (also know as the NMC
method) and the innovation-based methods (such as Hollingsworth and Lonnberg,
1986). Lagged-forecast method is especially useful to derive error covariance
parameters that are not, or not well, sampled by the observation network. Examples are
the vertical error correlation and error correlation with unobserved species. This method,
however, does not provide reliable error variance estimates, often underestimating them.
Innovation based methods examine the differences between observed and model values
at observation locations. Provided the assimilation is conducted with observations with
sufficient data coverage, the innovation-based method will give reliable observation and
forecast error parameters. Any of these methods do however require modelling of the
error covariances, yet little is known about this issue especially for atmospheric
chemistry applications.
The discussion group has thus formulated the following, recommendations.
*

*
*
*

Despite the recent progress there is a need to advance and assess the usefulness
of different assimilation methods in the context of atmospheric chemistry. This
assessment will also depend on the application, the targeted species and
lifetime.
Develop multivariate chemical error covariances to address chemical balance
in analyses.
Develop and assess emissions error covariance for inverse modelling.
Since a large fraction of the observations consist in retrievals, there is a need to
identify systematic and random errors (i.e. precision and accuracy) in those
observations, in forward model parameterizations and assumptions in retrieval
algorithms.
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*
*

Promote the assimilation of multisensor observations to help identify
systematic error
Assess the usefulness and reliability of simultaneous estimation of source
(boundary condition) and initial condition by data assimilation methodology.

4.2.4 Do we have sufficient data to do a meaningful reanalysis and can we establish
priorities?
In general at present, there is not sufficient data to perform a meaningful reanalysis,
except for O3 and NO2 columns. Free access and uniform standardization is most needed
to help the production of reanalyses. Toward this objective, there is a theme dedicated
to ozone under IGACO-ozone which promotes the distribution of accurate and
comprehensive global ozone observations and UV radiation measurements (see
Mälkki’s contribution). This task is about to develop an implementation plan and a web
page www.igaco-03.fi should soon be developed.
The discussion group has formulated the following recommendations:
*
*
*

There is an urgent need to perform a reanalysis of total column ozone. These
measurements have nearly continuous coverage since 1978.
Free access and standardization of data is needed
There is an urgent need to improve the spatial coverage and access to surfacebased measurements worldwide.

4.2.5 What activities can we identify to move forward?
In concert with the recommendations put forward in the plenary talk, the discussion
group supports the following recommendations.
*

*
*
*
*

Development of the observing system;
satellites and their sampling strategies (GEO, LEO),
surface- based networks with supersites (GAW etc …),
regular aircraft flights (MOZAIC/IAGOS etc …),
Joint consolidated data bases driven by users;
Strong collaboration between operational numerical weather centers and science
groups;
Need to have dedicated and adequate computing resources to carry chemical
data assimilation;
Continued model integration into earth system models;
stratosphere-troposphere coupling,
gas-phase and aerosol coupling,
global and regional coupling.
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Inverse modelling (e.g. assessing chemical source/sinks,
and atmospheric radiative forcing)
Report from Topic Group 3
Ina Tegen and Frank Dentener

5.1 Introduction
The introduction plenary lecture on Topic 3 titled “Source/sink attribution through
inverse modelling at climate scales” was given by P. Bousquet (LSCE). He provided a
brief overview on available inverse modelling techniques, presenting some recent
results for greenhouse gas flux retrievals (CO2 and CH4), and addressed current
limitations of the method. Main issues addressed in the presentation included a
discussion of aggregation errors from assuming large regions with error correlations of
unity; the need for validation of different methods to obtain covariance matrices;
quantification of the representation error of models; and problems related to the
selection of stations for obtaining observational data.
At the beginning of the group session, several presentations covered recent issues and
applications of inverse modelling for improving flux estimates for use in studies of
aerosol climate impact, air quality assessments, and greenhouse gas budget estimates.
Inverse modelling studies for application in air quality and aerosol studies are emerging
only recently. While the very few investigations using aerosol inverse transport
modelling have mostly been carried out at global scales (see presentation given by O.
Dubovik, GSFC), emission estimates using inverse modelling of short-lived reactive
species for air quality studies have mainly been performed at regional scales (see
presentations by M. Bocquet, J.M. Flaud). Typical focus areas of regional air quality
studies include Europe and Asian regions. The studies presented in this session on
aerosol and air quality inverse modelling are based on data from satellite retrievals.
With their high spatial coverage satellite retrievals are needed to account for the high
spatial variability of short-lived species. Ground measurements are less used for shortlived species than for long-lived species as they are mostly located in polluted areas and
representative of local conditions (e.g. NO2)

5.2 Presentations and discussions
The presentations and follow-up discussions addressed the following topics.
*

Aerosol modelling in the context of the climate relevance of aerosols, in
contrast to their role in air quality studies (where they are represented by
their PM2.5 or PM10 concentrations). Aerosol optical thickness, light
absorption, and particle sizes are important variables for aerosol retrievals.
Aerosols are less studied than atmospheric gases, observations are sparse,
and satellite retrievals are complicated by the diversity of the aerosol species,
and not-well quantified changes in aerosol properties during transport (e.g.
hygroscopic particle growth in humid conditions). Satellite overpass times
of 1-3 days, along with cloud cover, hinder aerosol retrievals additionally.
Improvements in observational constraints on aerosol retrievals are expected
by new satellite instruments (e.g. CALIPSO), and combining results from
several instruments. Such composites can then be used as input data for
inverse modelling.
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*

Improvements in quantification of emission fluxes by inverse modelling,
usually on regional scales. The main issues addressed on this topic included
the sparseness of observational data from columns measurements and
satellite retrievals, the need for better parameterization of convection in
transport models, and testing if model chemistry is correct. Multicomponent inverse modelling was addressed as a promising approach.

*

Improvements in the quantification of fluxes of greenhouse gases through
inverse modelling studies. Many studies have mostly relied on observations
from surface-based sampling networks, but recently satellite retrievals used
increasingly. The satellite retrieval methods are under development and still
need to be refined. It was noted that the assumption of a-priori concentration
profiles can change retrievals considerably. For instance retrievals by the
AIRS satellite instrument are sensitive to the upper troposphere, while nearsurface concentrations are of greater of interest in flux assessments. The
precision of the satellite retrieval must be increased for those data to be
useful, the accuracy of the retrievals should be at least 1% for greenhouse
gases such as CO2 and CH4. Comparisons of different models reveal that
results show greater similarity to each other than to the observations.

The first part of the open discussion in Group 3 re-assessed the recommendations on
inverse modelling of greenhouse gases in the report of the Workshop “Inverse
modelling for potential verification of national and EU bottom-up GHG inventories”
October 2003 at JRC/Ispra, by P. Bergamaschi et al. Within this report, in addition to
giving an overview of the state of science at that time, recommendations for
development of greenhouse gas inverse modelling were given for advances in (a)
atmospheric observations, (b) models and inversion techniques, (c) bottom-up
inventories and (d) short-lived greenhouse gases. It was discussed to what extent those
recommendations for greenhouse gases are still valid, and where significant progress
has occurred since publication of that report. The following summarizes the group’s
discussion:
(a) Atmospheric observations: Bergamaschi et al. noted as a major limitation of current
inverse modelling studies to derive national scale GHG emissions the limited number of
observational sites, and the limited temporal resolution of the NOAA flask
measurement network. For the inversions, but also for verification, those monitoring
sites would need to be maintained or extended, and the data need to be accessible. In the
discussion it was noted that in addition to local measurement sites, retrievals from
satellites are used increasingly as resource for observations. Beyond the retrievals of
greenhouse gases, remote retrievals of short-lived species require the use of satellite
retrievals. Nevertheless, a further extension of surface measurement sites was still seen
as desirable. A synergistic approach should be chosen for combining retrievals from
satellites with measurements at tall towers and aircrafts in a coherent framework. It was
pointed out that the WMO-GAW Global CO2 & CH4 Monitoring Network that is
recognized as a comprehensive network of the Global Climate Observing System has
not only NOAA flask data but observations from many other national networks. This
data as described in the WMO Greenhouse Bulletins 1 and 2 issued in 2006 should be
used by inversion modellers.
(b) Models and inversion techniques: Bergamaschi et al. recommended further
development of inversion techniques, including quantitative uncertainty estimates e.g.
due to atmospheric transport. They recommended new approaches such as ensemble
inversions for a better overall assessment of model uncertainties, as well as multi tracer
inversions as promising new approach. Here, it was noted in the discussion that
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intercomparison studies have been carried out (e.g. TRANSCOM, EVERGREEN) for
specific problems. It is still not possible to quantify the full model uncertainties but a
lower bound can be estimated using the different models of these inter-comparisons. It
was agreed that the development of inversion techniques is quickly advancing (e.g. 4-D
Var, ensemble Kalman methods). To test tracer transport on regional scales, new tracer
release experiments for creating test cases were proposed. The determination of the
height of the planetary boundary layer was seen as large problem for determining tracer
concentrations; here the use of lidar data may provide additional information. Multitracer inversions have started (retrieving CO and CO2 fluxes together), these studies
need to account for the correlation between the species.
(c) Bottom-up inventories: Bergamaschi et al. recommended that the potential
systematic errors from using a-priori bottom-up emissions in the inversions should be
investigated in more detail. It was discussed here that assumptions from a-priori
emissions and assumption on spatial and temporal correlations of these emissions
remain necessary for most cases, in particular for assessments of GHG fluxes. There is
still a need to quantify how the a-priori assumptions change the results of the inversions.
(d) Inverse modelling of variables shorter lived in the atmosphere than CO2:
Bergamaschi et al recommended that inverse modelling of CH4 and N2O should be
further developed. Activities are is currently in progress.

5.3 Issues and recommendations
The main remaining issues and recommendations on needs for progressing with the use
of inverse modelling for assessment of fluxes of greenhouse gases as well as short-lived
atmospheric chemical species and aerosols were focussed on the following points:
1.
2.
3.
4.

inverse method development;
role of CTMs in inversions;
emission and surface exchange fluxes; and
observations.

5.3.1 Inverse method development
The group remarked that new developments in inverse modelling techniques are
currently advancing (e.g. ensemble methods Kalman filter, adjoint models, 4DVAR).
Multi-species retrievals emerge as promising approach for improved flux retrievals
(suggested for combined retrievals of, for example, CH4/CO/CO2, NO2/CO, or 14C/CO2).
Also the use of coupled atmospheric-land surface models for species with strong surface
exchanges (as, for example, in the CCDAS model system, where atmospheric and
surface fluxes are assimilated simultaneously to infer parameters of the biogeochemical
model) is recommended. While it is desirable to keep the diversity of the different
methods, which are applied to different types of problems, a need for intercomparison
and thus the assessment in the variability of the different methods emerges. There is
need for using objective statistical methods to assess the relative weights of the inverse
components (e.g. ocean verses continental fluxes, a-priori flux versus observations, covariances). The spatial resolution of models providing meaningful results is limited by
the spatial resolution of input data.
Recommended inverse model development activities and features are:
*
*
*

Intercomparison of results of inverse modelling techniques;
Multi-species inversions;
Coupled surface-atmosphere models for species with strong surface exchange;
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*

Statistical tests for error assessments of the components of the inverse model
system.

5.3.2 Role of CTMs in inversions
Inverse model studies usually assume that the transport model reproduces tracer
transport perfectly. Instead, those models contain flaws that can introduce uncertainties
and errors into the results, which remain to be quantified. Results from model
ensembles provide some information on the possible range of results, but do not
necessarily reflect the full range of uncertainties connected with tracer transport
computations (Figure 5.3.1). A key problem is the uncertainty associated in predicting
the dynamics and height of the planetary boundary layer, and parameterizations of
convective mixing, which introduces unquantified random and systematic errors in the
inversion results. In particular, for aerosols and reactive gases the uncertain
quantification of cloud processes and wet deposition can introduce large errors. For
example, in the recent AEROCOM aerosol model intercomparison study, the effective
wet deposition removal efficiency varied by an order of magnitude in the different
models for the same aerosol species.
For CO2 inversion, models usually fail in reproducing large accumulation in the surface
layer during the night, which introduces a bias in the inferred fluxes. While such model
intercomparisons remain useful to assess model uncertainties, they need to be supported
by solid observational databases for assessments of tracer processes parameterizations.
Further uncertainties in flux retrievals can be introduced by the limited consistency of
the driving meteorological fields, which are obtained mostly from reanalyses. Transport
model development could be greatly improved by information from controlled tracer
released experiments (the last release experiment ETEX was carried out in 1997)

Figure 5.3.1. Seasonal cycle in the tropospheric NO2 column density from the daily column
output from ensemble models (left) together with the corresponding retrieval
data (green lines) [van Noije et al., 2006].
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Recommendations for activities to assess the performance of transport models are:
*

*
*

Errors from tracer transport computations related to parameterization of
planetary boundary layer dynamics, of convection, and wet removal of
particles and gases must be quantified . Consideration must be given to
tracer model developments.
Model intercomparisons supported by a well documented experimental
database
Tracer release experiments to provide validation data for CTMs, and
support further model development.

5.3.3 Emissions and surface exchange
Most inverse modelling still requires the use of a-priori assumptions on emission and
assumed uncertainties (compare Figure 2). Those uncertainties can be very high, but are
often hard to quantify. In forward studies, the uncertainties in emission fluxes are a
determining factor for the quality of the results. The a-priori assumptions on emission
fluxes can introduce a significant but unquantified bias to the inversion results. It was
noted that, in the foreseeable future, the use of a-priori emission estimates remains
unavoidable for retrievals of greenhouse gas fluxes, while for short-lived species there
may be possibilities of avoiding the use of such assumptions. However, if a-proiri flux
estimates are not used, other assumptions are needed instead, e.g. on the geospatial
distribution of emissions, or longer timescales may be needed for the inversions. The
bias in the results from using assumed a-priori emissions remains unquantified. As long
as such a-priori emission estimates are needed, the development of bottom-up emission
inventories must proceed. Information how to disaggregate global uncertainty of fossil
fuel emissions on regional and temporal scales is needed.

Figure 5.3.2. Monthly a priori (solid) and a posteriori (hatched) black carbon aerosol emissions
from the inverse modelling study by Zhang et al. [2005]
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Recommendations on emission fluxes are:
*
*

The propagation of errors from a-priori emission assumptions must be
quantified
Better communication is needed between inverse modellers and emission
community

5.3.4 Observations
The availability of observations is a great concern for the quality of inverse modelling.
Both spatial (including the vertical) and temporal coverage of observations should be as
high as possible. While satellite retrievals emerge as valuable tools not only for the
retrievals of short-lived species like aerosols but also for long-lived greenhouse gases,
the lack of temporal coverage and uncertainties in the retrievals themselves limit their
usefulness. The retrievals need to be merged with ground-based and air-borne
observations to obtain quantitative retrievals of atmospheric species. The merging
techniques are not obvious, as the data are available at very different spatial and
temporal scales. In particular, networks of total atmospheric column observations (e.g.
FTIR for greenhouse gases) would be needed to improve the accuracy of satellite
retrievals (required is 1 % or better). The ground-site locations should be representative
of the satellite views and measure the total columns. Mountain sites are not ideal.
Existing networks (e.g. for the sun photometer networks measuring aerosol optical
thickness, or lidar networks) should be maintained and attention should be given to
integrating different networks. The use of the available observations (e.g. lidar data) in
the models is encouraged. Observational strategies need to be developed to obtain
synergies between different measurements, e.g. co-located sampling from tall towers
and aircrafts, and balancing satellite accuracy and ground-station coverage. Lack in data
accessibility was identified as an ongoing problem limiting the usefulness of the
observational datasets.
Recommendation on observation activities are:
*

Effective merging of satellite, air-borne and ground-based observations

*

High accuracy, high temporal resolution surface concentration
measurements remain indispensable, especially close to source regions

*

A surface network of total column measurements to improve the accuracy of
satellite retrievals and usability for models.

*

Routine information of precision and accuracy of measurements must be
provided.

*

Measurement sites should be representative of satellite view

*

Observational strategies to optimize observations and retrievals for the
different species

*

Improved data accessibility
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Conclusions and recommendations

6.1 Recommendations: data quality and availability
To make accurate forecasts and provide reliable concentration fields of chemical
components, data assimilation techniques require high quality observational data with as
large a temporal and spatial resolution as possible. The recommendations express
concerns about obtaining such data, whether surface-based, aircraft or satellite. The
potential future gaps in tropospheric chemical satellite data, as illustrated by time lines
in the IGACO report itself, are a matter of concern In addition, the continued absence of
concrete plans for satellites which will yield chemical data on the hourly basis required
for air quality.
Access to observational data for assimilation and for model evaluation and validation is
a continuing concern in this area. At the moment, the data available from the
operational agencies is limited, particularly in Europe, by various restrictions and
constraints. The only satellite data for some species is that produced by researchers who
have developed their own retrieval algorithms and who, naturally, wish to study the
novelties within it themselves, rather than making it available for anonymous use by all
and sundry. These issues will gradually be resolved with the growth of IGACO but
there are a number of specific things that can be done now, detailed in the
recommendations.
The quality of observational data is necessarily of continuing concern. Quality
assurance is inherent in the surface-based in situ, remote sensing or balloon
observations of GAW networks e incorporated, but we are some way off that for
satellite data where, in many cases, retrieval algorithms are still in active development
and improvement.
Data issues (Topic group 1)
*
Immediate attention should be given to ensure the continued provision of good
quality satellite data of sufficient temporal and spatial resolution in the future.
*
Assimilation for air quality purposes requires at least hourly measurements of
key chemical species. Plans should be made to provide such data as soon as
possible.
*
Within Europe, there is a need to improve the dialogue between meteorological,
research and environmental agencies to facilitate and improve real-time
forecasting. Cooperation should aim to support or improve :
global chemistry transport models that provide boundary conditions for
high resolution regional air quality models;
weather & air quality forecasts;
collaboration related to attaining EU air quality standards (for example
for NO2, fine particles and ozone); and
surveillance and reassessment of international agreements (Kyoto
Protocol, Montreal Protocol).
*
Since an important aspect of IGACO is to enhance forecasting, there should be
chemical data transmission globally in near real time to support the
initialization of forecast models on an operational basis. In detail:
Transmit routine composition observations (e.g. surface ozone and PM)
as well as more comprehensive data taken in campaigns or certain parts
of the year on the Global Telecommunications System(GTS) of WMO.
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*

More advanced research grade measurements need more care with
respect to intellectual property rights. Whatever the case, all data
transmitted in real or near real time should comply with accepted data
quality protocols.
Both ozone and particulate matter data should be regarded as ‘essential’ in the
terms of WMO Resolution 40, and so should be readily available for public
access and research.

Do we have sufficient data to do a meaningful reanalysis? (Topic group 2)
*
There is an urgent need to perform a reanalysis of total column ozone. These
measurements have nearly continuous coverage since 1978.
*
Free access to and standardisation of observational data is needed.
*
There is an urgent need to improve the spatial coverage of surface-based
measurements worldwide, and to improve the access to them.
Observations (Topic group 3)
*
Quantitative retrievals of atmospheric species are required, so effective
merging of satellite, air-borne and surface-based in situ and remote sensing
observations is needed to obtain the most accurate picture of the concentration
fields.
*
High accuracy, high temporal resolution surface concentration measurements
remain indispensable, especially close to source regions
*
A surface network of total column measurements is recommended to improve
the accuracy of satellite retrievals and their usefulness for models. Information
about the precision and accuracy of measurements should always be provided.
*
Measurement sites used for comparison and validation should be as
representative of the satellite view as possible.
*
Strategies should be developed to optimise observation systems and retrievals
for different chemical species.
*
Access to observations should be improved to facilitate use by the modelling
and scientific communities.
What activities can we identify to move forward? (Topic group 2)
*
Development of the observation system including:
satellites and their sampling strategies (GEO, LEO);
ground-based networks with super sites (GAW etc …); and
regular aircraft flights (IAGOS etc …).
*
The establishment of joint consolidated data bases driven by users.

6.2 Recommendations: assimilation, modelling and forecasting
There are a number of data assimilation techniques and many models in use - both
Global Climate Change Models (GCCM) and Chemical Transport Models (CTMs) –
since data assimilation for chemical species is an active and fast developing research
area. One crucial point however is that the interests of chemical modellers differ from
those in numerical weather forecasting. The contribution by Hov, presented in group 1
(see section 9), makes the point with a neat table, also emphasised and table 1 in group
2 (section 4.1). Thus one cannot simply import the expertise from numerical weather
forecasting into chemical data assimilation, so there is much research work to be done
before data assimilation methods are routine in this area.
There are reminders that some basic techniques within the modelling could be
developed further to produce more reliable results and some basic parameters are still
not well determined, notably the height and dynamics of the planetary boundary layer.
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Models are still developing and improving, but it is essential that each change is tested
thoroughly through intercomparisons with other similar models, and by validation
against observation. Such work requires adequate funding not only by the research
agencies but also perhaps by the operational agencies which will, in the long run,
benefit from the improvements.
A last point here – most of the chemical data assimilation work is done by small
research groups, yet it is a very large task to put models and data together. The
experience from numerical weather forecasting suggests that, at some stage, there must
be a movement towards larger grouping, either through distributed research projects or
the establishment of an operational institute.
Forecasting and data assimilation (Topic group 1)
*
Chemical forecasting can cover a range of timescales from hours for air quality
to months for ecosystems. The value of Chemistry Modelling and Data
Assimilation should be explored for both reanalysis (see Topic group 2) and
for seasonal forecasts.
*
The differences in priorities between chemical forecasting and weather
forecasting should be recognised and appreciated. Chemical data assimilation
should concentrate on processes for which there is both a paucity of knowledge
and a perceived importance, such as:
emission rates,
wet and dry removal, and
planetary boundary layer structure and mixing.
Modelling needs (Topic group 1)
*
With the vast amount of work associated with a mature meteorological data
assimilation configuration, we recommend that some means be found to
facilitate cooperation in research on chemical data assimilation.
*
Some fundamental aspects of modelling itself, such as numerical methods and
boundary conditions, still require detailed attention.
*
There are still diverse views on the minimum chemical configuration required
for adequate forecasting – attention should be given to defining such a
minimum configuration for practical forecasting.
*
The optimum trade off between complexity, resolution and speed needs
definition for practical forecasting.
How good are the CTMs or GCCMs? (Topic group 2)
*
Intercomparisons of Global Climate Models (GCM) and Chemical Transport
Models (CTMs) from the point of view of tropospheric chemistry are required.
*
Integration of boundary layer, land surface and meteorology within the models
should be a high priority.
*
In the context of data assimilation, there is a need to assess the value of treating
the chemical problem with online or offline approaches.
*
Currently CTMs are limited by realistic temporal and spatial emissions, and
unexpected release of pollutants (e.g. forest fires); there is a need to develop
better representations of emissions for models and forecasting.
*
There is a need to develop strong collaboration between the communities
involved in numerical weather prediction and atmospheric modelling
How good are chemical assimilation methods and tools? (Topic group 2)
*
Despite recent progress, there is a need to advance and assess the usefulness of
different assimilation methods in the context of atmospheric chemistry. This
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*
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assessment will also depend on the application, the targeted species and the
time scale.
Multivariate chemical error co-variances should be developed to address the
problem of chemical balance in analyses.
Emissions error co-variances should be developed and assessed for inverse.
Since a large fraction of the observations consists of retrievals, there is a need
to identify systematic and random errors (i.e. precision and accuracy) in such
observations, in forward model parameterizations and in the assumptions
inherent in retrieval algorithms.
The assimilation of multi-sensor observations should be explored as a way to
identify systematic error.
The usefulness and reliability of simultaneous estimation of source (boundary
condition) and initial condition should be assessed by data assimilation
methodology.

Inverse model development (Topic group 3)
*
Intercomparisons of results from the various inverse modelling techniques are
required.
*
The use of multi-species inversions should be advanced.
*
Use of coupled surface-atmosphere models for species with strong surface
exchange should be further explored.
*
The development of the use of statistical tests for error assessments of the
components of the inverse model system is required.
The role of transport models (Topic group 3)
*
A key problem is the uncertainty in the prediction of the height and dynamics
of the planetary boundary layer (PBL). Consideration must be given to tracer
model development, in particular for PBL dynamics, parameterization of
convection, and removal of particles and gases by wet and dry transformation
and scavenging processes. Errors from tracer transport computations must be
quantified.
*
Model intercomparisons supported by a well documented experimental
database are recommended.
*
Tracer release experiments are strongly recommended for providing validation
data for Chemical Transport Models (CTMs), and to support development of
improved models.
Validation (Topic group 1)
*
Validation should be carried out regularly as models and skills develop.
Suggested approaches include the following:
controlled inter-comparison exercises with agreed forecast protocols, and
verification metrics;
a transposed approach similar to that used by AMIP which is a standard
experimental protocol for global atmospheric general circulation models;
it enables scientists to focus on the atmospheric model without the added
complexity of ocean-atmosphere feedbacks in the climate system
case studies of extreme cases, where campaign data collected by NILU
and others serves as a basis;
research quality data, especially profile data, is essential (sondes, lidars,
aircraft)
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What activities will move us forward? (Topic group 2)
*
The encouragement of strong collaboration between operational numerical
weather centers and science groups.
*
The provision of adequate, dedicated computing resources to carry out
chemical data assimilation
*
Continued model integration into earth system models to improve
stratosphere-troposphere coupling
gas-phase and aerosol coupling
global and regional coupling

6.3 Recommendations: emissions
Tropospheric chemical models rely heavily on adequate emission inventories, and the
paucity, age and unreliability of some of these has been a weak point for all models in
the past. While data assimilation can assist in obtaining a better picture of emissions this
boot-strapping process, still requires a reliable and up to date emission inventory.
Emissions (Topic group 1)
*
Global and regional emission inventories need to be reassessed, not only with
respect to anthropogenic sources but also for the biogenic sources. Two
particular research directions to pursue simultaneously are:
assessment of emissions in an extended reanalysis would be valuable;
definition of initial conditions and bottom-up estimates of emissions.
Emission fluxes (Topic group 3)
*
The propagation of errors from a-priori emission assumptions must be
quantified since emissions are a determining factor for the quality of the results
from inverse modelling.
*
Better communication is needed between inverse modellers and the research
emission community, so that better data with sensible error estimates can be
provided.

7.
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The Integration of Atmospheric Chemistry Observations by Next
Generation Global/Hemispheric and Regional NWP Models
Lecture to the ACCENT/WMO Workshop on Data Assimilation: Group 1
Henk Eskes
Royal Netherlands Meteorological Institute (KNMI), Netherlands

Outline
This contribution provides a short overview for Topic Group 1 “Numerical weather and
air quality forecasting”. Examples of current activities are provided and the status of
atmospheric chemistry assimilation is discussed. The discussion follows the questions
that were provided to the speakers prior to the workshop, and these questions are used
as section headings. There is no attempt to be comprehensive - the topic is too extended
for this - but I hope that several issues brought forward stimulate discussions during the
meeting and afterwards, and are of relevance to the implementation of IGACO.
The central aim of the “integration” mentioned in the title is to provide routine
combined atmospheric dynamics and composition (chemistry and aerosols) analyses
and forecasts, both on the global and regional scale. These are forecasts and analyses
based on advanced models, describing both atmospheric dynamics and atmospheric
chemistry, Earth-based observations (ground, aircraft, balloon) and space-based
observations (from satellites). Several decades of experience with data assimilation in
medium-range numerical weather prediction (NWP) serves as paradigm for this new
field which is often called “chemical weather”.
What data will be used and what assimilation approaches will be applied?
In Europe the major initiative in this field is the GEMS project. A brief summary of the
GEMS system will be given below. GEMS will serve as one prominent example of
what is planned to happen in the coming years, and may be seen as a baseline
concerning status, data use and assimilation approaches chosen.
The GEMS project
“Global and regional Earth-system Monitoring using Satellite and in-situ data” (20052009, 27 partners, coordinated by ECMWF) is a European Union 6th Framework
project contributing to the EU-ESA joint initiative “Global Monitoring for Environment
and Security” (GMES). The aim is to set up an operational data assimilation system to
analyse simultaneously available meteorological and atmospheric composition data, and
to provide a global-scale forecast capability. More detailed information can be found at
the GEMS webpage at www.ecmwf.int. A first trial reanalysis run (2003-2004) is
planned for 2006-2007, and a more extended reanalysis will be performed near the end
of the project.
Subprojects of GEMS:
*
Greenhouse gases
Building on European expertise from projects like CarboEurope, RECAB,
CAMELS and EVERGREEN, the ECMWF forecast model (IFS) will be
extended with CO2 and methane tracer fields and models describing production,
loss and chemistry. Initially the focus will be on the assimilation of AIRS
observations for CO2, and SCIAMACHY for methane, together with available
ground measurements.
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Reactive gases
A baseline model of both tropospheric and stratospheric chemistry easily
contains 100+ species. In order to avoid the burden of introducing all these in
IFS an alternative approach is chosen where three chemistry-transport models
(MOZART, MOCAGE and TM5) are coupled to IFS via the OASIS-4 coupler.
Assimilation capabilities are provided by IFS for ozone, CO, NO2, SO2, CH2O
and methane. The initial focus is on tropospheric chemistry and one important
aim is the delivery of chemical boundary conditions for regional air-quality
models. The assimilation for the first reanalysis will focus on products from
MOPITT and SCIAMACHY.
Aerosols
An aerosol modelling capability and corresponding aerosol tracers are added to
IFS. The subproject builds on existing European aerosol models and projects
like CREATE, DAEDALUS, GlobAER, ACCENT, RETRO, PHOENICS. The
assimilation will originally focus on MODIS.
Regional air quality
This subproject brings together most of the regional air quality modelling
groups and models existing in Europe. A routine intercomparison of the
models will be set up and ensemble forecasts for Europe will be provided.
Near-real time access to surface data is foreseen through MoUs with data
providers. Boundary conditions for the models are obtained from the reactive
gas and aerosol subprojects of GEMS.

A few remarks:
*
The reactive gas subproject will focus on ozone, CO, NO2, SO2, CH2O and
methane. For these compounds satellite data sets are available for the
troposphere. These species play a crucial role in tropospheric chemistry and
they are subject to air-quality regulations. CO is measured by several
instruments and GEMS will initially focus on MOPITT. The other compounds
are measured by the European instruments GOME, SCIAMACHY, OMI and
GOME-2.
*

A crucial issue is the modelling of emissions. Yearly mean estimates of fluxes
are clearly inadequate to describe the diurnal, weekly, seasonal dependence of
emissions, their dependence on meteorological conditions and incidental
releases. A European initiative is initiated to set up a global fire assimilation
system to account for incidental but major releases.

*

The core GEMS assimilation of atmospheric trace gases and aerosols is based
on the 4-D Var operational assimilation system of ECMWF, with a 12 hour
assimilation window. This system is supplemented by assimilation and inverse
modelling systems contributed by the partners.

*

The aim of GEMS is to make best use of all available observations, Earth
based and from satellites. For practical reasons the initial focus will be on the
few satellite data sets mentioned above.

Assimilation approaches
The main aim of GEMS is to set up an operational forecasting system of both
meteorology and composition. For this purpose the extension of the existing 4D-Var
analysis of ECMWF is the natural choice. However, one may argue that the GEMS
system is not the ideal choice for all purposes, and complementing GEMS with other
problem-specific analysis systems is useful. Examples are:
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*

Kalman filter or 4D-Var analysis systems in which initial concentrations and
emissions (fluxes) are optimised simultaneously.

*

Analyses in two dimensions (potential vorticity, potential temperature). Such
systems are computationally cheap, they allow account to be taken of the
complex correlations between species, and this approach is especially powerful
to exploit sparse data sets such as the MOZAIC aircraft observations of ozone
and CO.

*

Analysis with chemical box models on trajectories, with similar characteristics
(useful for analysing campaigns).

What data is currently missing, what are the data requirements?
The IGACO report gives a comprehensive overview of this issue. A few issues will be
highlighted below from a data assimilation perspective.
Satellite data: (see also ESA Capacity report).
*

Operational satellites and long-term availability are to be preferred. Setting up
operational systems like GEMS is a major effort and is meant to be a long-term
commitment. Stable data supply is an important requirement for success. For
reanalysis purposes (trend analysis) the availability of long-term satellite data
sets with well-documented instrument calibration is also crucial.

*

Near-real time availability of data for operational analyses. The requirements
may vary to within half an hour for air-quality monitoring to within days for
long-lived tracers, depending on the assimilation setup.

*

Multiple observations per day. The requirement on the time between
observations for air-quality purposes is a topic which is presently under debate.
It is an important point to motivate future geostationary satellite missions
versus low-Earth orbit missions.

*

Satellite data post ENVISAT/Aura. Dedicated air quality observations are
lacking and METOP, NPOESS, NPP are not designed specifically for
tropospheric chemistry and air quality monitoring applications. Note that
GEMS will become operational in 2009.

*

Data for the troposphere (air quality) is still sparse and not well validated.
More work is needed to improve the retrievals, to validate the retrievals with
independent observations. Dedicated air-quality and tropospheric chemistry
missions may provide important input to operational atmospheric composition
analysis and forecast systems.

Earth-based data (ground, aircraft, balloon)
*

Long-term stable high quality data sets are needed. Aspects are: common
standards for calibration and retrieval; use for satellite and assimilation
validation; stations at locations where they are most needed (tropics, SH,
remote + polluted areas).

General issues
*

Biases (systematic retrieval errors) are the first concern, since they can be
disastrous for the performance of the assimilation. Simple biases may be easily
accounted for by applying bias corrections. More complex biases need to be
characterised (by the retrieval teams) and removed as much as possible before
the assimilation.
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*

A measurement should have a definite positive impact on the analysis and
forecast: The error (precision) of the observation should be smaller or at least
comparable to the error of the forecast to have a significant impact. Note that
this is a statement for observations averaged over the model forecast error
correlation length scale.

*

The impact of an assimilated data set is often indirect. Examples are: changes
in the wind field due to ozone observations; changes in emissions due to
concentration observations; changes in chemical A due to observations of
chemical B. In these indirect cases requirements are typically much higher than
for direct (univariate) applications. The requirements therefore are strongly
dependent on the application.

*

OSSEs (Observations system simulation experiments) are an important tool for
testing the impact of (future) satellite (and other) instruments and for
estimating quantitative requirements. One should however realise that setting
up and performing OSSE experiments is non-trivial and time consuming.

Are models good enough?
Stratospheric ozone assimilation
Chemical data assimilation work performed in the past years has largely focussed on
ozone. Some of the findings of this work are given below.
*

There are a large number of satellite instruments measuring ozone, but only
small fraction is assimilated operationally. Measurements from, for example,
SBUV, TOVS, MIPAS, GOME, SCIAMACHY, TOMS are available for
reanalyses. A consistent assimilated ozone data record from 1979 (or even
earlier) until the present based on these existing satellite observations is very
valuable.

*

Total ozone is measured accurately by UV-Vis spectrometers like TOMS,
GOME, SCIAMACHY and OMI. The latest retrievals claim accuracies of the
order of 2 %.

*

There is still a lack of tropospheric ozone estimates of proven quality, derived
from satellite observations. Realistic tropospheric analyses may be obtained by
combining total ozone observations, stratospheric profile observations and a
well-tuned data assimilation scheme. Retrieval improvements are needed
specifically with respect to troposphere.

*

Dynamical features in the lower stratosphere and total column ozone anomalies
are well represented by ozone models driven by meteorological fields from
modern NWP models.

*

Medium-range forecasts of ozone and clear-sky UV (anomalies) is useful up to
7 days in advance, also for extreme events like sudden stratospheric warming.

*

The impact of the assimilation of ozone observations on the dynamics of NWP
models needs to be investigated further. High quality ozone data and a good
ozone model is required.

*

Existing NWP reanalysis and operational data sets often show a too fast
overturning in the stratosphere (Brewer-Dobson circulation), too small tracer
lifetimes and too much ozone entering the troposphere. This issue is crucial for
atmospheric chemistry modelling. The overturning is influenced by aspects
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like the treatment of stratospheric sounder data and the assimilation approach
chosen.
These findings are also relevant for chemical data assimilation in general.
General remarks on modelling
All ingredients of the models are characterised by considerable uncertainties.
*

Sources and sinks: Sources are often based on yearly-total emissions, with
added simple time variation. What is needed is a detailed temporal description.
Deposition velocities vary largely between models.

*

Convection, vertical transport and boundary layer mixing are very important
aspects for air quality and troposphere and the chemistry free troposphere.

*

Three-dimensional transport, see for example, Brewer-Dobson issue mentioned
above.

*

Chemistry (e.g. hydrocarbon chemistry largely unknown, heterogeneous
processes)

A discussion of model uncertainties is beyond the scope of this short overview.
Concerning the modelling of sources initiatives exist to improve e.g. the description of
accidental emissions (from fires). These initiatives have been stimulated in part by the
development of operational assimilation systems.
What are the differences between meteorological and chemical data assimilation?
A few aspects related to this question.
*

Chemical data assimilation is a field that has just started and a lot of work
needs to be done before maturity of the field can be claimed. This is in contrast
to meteorology where data assimilation is forming the backbone of present-day
forecasts.

*

Meteorology is very much an initial value problem, while chemistry is
determined by boundary conditions, emissions and removal processes.
Improvements in the weather forecast can be achieved by a more accurate
specification of wind, temperature, pressure, moisture. In “chemical weather” a
better forecast is achieved by especially a more accurate description of the
sources and removal processes.

*

Meteorological time scales of relevance are of the order of days. For chemistry
there is a much wider range, from decades (CO2) to seconds for very shortlived radicals. Residence times of species and (wet and dry) removal time
scales vary enormously from one species to the next. Also spatial scales have a
wider range: detailed air-quality forecasts are determined on the hemispheric
scale down to the scale of individual streets. Often a hierarchy of models is
introduced to describe these global, regional, urban and street-level scales.

*

Related to the first point it has been argued that a combined initial value and
boundary condition (source) estimation is important for optimal forecast
performance in air quality. This is an extension of the initial-value only
assimilation approaches used in meteorology. Inverse modelling techniques
may be of use to improve the description of sources and sinks.
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*

The chemical system is very stiff. This manifests itself in strong error
correlations between the species and even singular covariance matrices and the
impact of observations is dependent on the species measured. Measurements of
one trace gas in general will strongly influence several other related species in
an advanced assimilation approach like the Kalman filter or 4-D Var. More
work is needed to develop practical assimilation approaches that account for
these chemical correlations.

*

The availability of useful satellite observations of the tropospheric composition
is still relatively limited and retrieval algorithms need further development and
validation. Meteorological satellite observations are more mature.

*

The Earth-based observation system (e.g. sondes, surface observations,
aircraft) is much more organised in meteorology than in atmospheric chemistry.

Possible issues and questions to be discussed at the workshop
A few suggestions are listed below.
*

Satellite observations: what are requirements from a data assimilation
perspective, and what can be done to enhance the post ENVISAT/Aura
monitoring capabilities?

*

Surface networks and long-term measurements (aircraft, balloon): What is
needed for assimilation/monitoring. What data sets can/will be assimilated?

*

How good or useful are present-day satellite observations of the tropospheric
composition (gases, aerosols) for air-quality and chemical weather
applications? How can we improve the sampling and accuracy?

*

Need for auxiliary data sets: cloud/aerosols/surface reflectivity for trace gas
retrievals, fire observations and on-line emission modeling for the models. Is
this need satisfied by the future observing capability or by a more synergetic
use of existing observations?

*

Is the meteorological assimilation approach suitable for chemical weather
applications / air-quality forecasts? Should a meteorological 4-D Var initial
field estimation be complemented by independent assimilation approaches
such as source estimates (inverse modeling), 2-D analyses? Can sources and
sinks and other optimization parameters be included in a combined dynamicschemistry assimilation model?

*

Is there a need for a more coordinated data assimilation activities (dedicated
real or virtual centers e.g. in Europe) concerning the Earth system as a whole?

*

Staff issues: the effort in data assimilation is very minor compared to cost of
satellite projects. Even in the GEMS example there are only a few persons
involved in the actual coding/assimilation work in each of the four sub-projects.
The large number of observational data sets available seems to motivate
investing in people working on chemical data assimilation. There is a lot of
work to be done.

50

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

Challenges in Integrating Observations using
Atmospheric Chemistry Reanalysis
Lecture to the ACCENT/WMO Workshop on Data Assimilation: Group 2
Martin G. Schultz
ICG-II, Forschungszentrum Jülich, Germany

Definition of the term “atmospheric chemistry reanalysis”
Before starting a discussion on the challenges involved in an atmospheric chemistry
data assimilation system for reanalysis purposes it is important to find a suitable
definition for the term “reanalysis” and to find out whether its meaning differs from the
common understanding of this term in the meteorological community. It is probably
easiest to define this term through its main objectives:
The objective of a chemical reanalysis is to reconstruct the spatial and temporal
distribution of the atmospheric composition over a given time interval and to understand
the underlying causes for the observed variability and trends.
By improving the knowledge on the processes driving the inter-annual and seasonal
variability, chemical reanalyses can contribute to the assessment of important global
change issues related to the atmospheric composition such as:
*

air pollution ranges among most frequent causes for illness and death;

*

air pollution causes damage to crops and natural habitats; and

*

changes in oxidizing capacity affect lifetime of greenhouse gases.

For large parts of the world, air pollution issues are more relevant on somewhat longer
time scales as the long-term exposure is generally more detrimental to human health,
animals and plants than singular events with exceptionally high concentrations [WHO,
2003]. As a consequence, atmospheric chemistry reanalysis is a very valuable method to
inform policy makers and environmental agencies about atmospheric composition
change, particularly if it is constrained by sufficiently dense and frequent observational
data of high quality.
The different types of available composition data may also serve to define the different
time scales for which reanalyses are desirable (Table 1). If we restrict the term
reanalysis to numerical simulations with data assimilation, then its application will be
limited to the period after about 1990 in the stratosphere and after 1995 in the
troposphere, when satellites begun to provide observational data with global coverage
thus supplementing the existing ground-based networks for in-situ and vertical profile
data. However, as substantial changes in the tropospheric chemical composition were
recorded already in the decades before the 1990s [Staehelin et al., 1994], there is strong
interest in understanding these trends and in assessing the different causes for
composition variability and change. Due to the scarcity of observational data during this
period, the only means to obtain a consistent picture of the atmospheric state is to
perform forward model simulations with carefully designed constrains on the boundary
conditions (emissions, meteorological fields, and stratospheric concentration trends) and
to assess the quality of these model simulations in a manner as objective as possible.
Such simulations have recently performed in the framework of the European project
“Reanalysis of the tropospheric chemical composition over the past 40 years” (RETRO),
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and the title of this project suggests including this kind of study in the definition of the
reanalysis term for atmospheric chemistry studies.
Table 1. Time scales for atmospheric composition reanalyses and the type of observations
available
Time scale

Available observations

climate scale c (millennia)

ice cores, sediments

climate scale d (centuries)

firn, sediments, historic observations

decadal (20th century; period of strong rise in scattered inhomogeneous observations
emissions)
latest decade (post 1995)

scattered observations and satellites

short-term (field campaigns)

extensive data for limited area and time period

Issues for decadal re-analysis
In the following I will focus mainly on reanalysis aspects concerning the troposphere
and on the decadal time scales. The most prominent feature during these times are the
strong emission changes, which occurred first in the northern hemisphere mid latitudes
in Europe and North America and now mostly in sub tropical latitudes on the Asian
continent (Figure 1). Arguably the most important factor controlling the (inter-annual)
variability of the tropospheric composition are the dominant large-scale weather
patterns such as the El Nino Southern Oscillation (ENSO) or the North Atlantic
Oscillation (NAO).

Cummulative NOx emission by country groups
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Figure 1. Regional NOx emission trends from 1960 to 2000 from the TNO TEAM data base
generated in the RETRO project
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It is unclear at present whether the atmospheric composition may already be affected by
the beginning impact of climate change. Other issues which rank high on the political
agenda and are related to this topic are the atmospheric brown cloud phenomenon with
severe health and radiation impacts, and the different aspects of hemispheric transport
of air pollution, which is now being addressed in a special task group formed in
December 2004.
Atmospheric chemistry reanalysis will aid two different types of environmental
monitoring, namely compliance monitoring on the one hand and research monitoring on
the other hand. While the first one is more concerned with obtaining an accurate
description of the magnitude of change, the second one places a stronger emphasis on
understanding the different processes which lead to the observed changes. Both types of
reanalyses are needed in order to inform policy makers about the success or failure of
existing air quality regulations and about the potential options to mitigate future
changes.
Re-analysis of the stratospheric chemical composition
Although the main part of this report is dedicated to the chemical composition of the
troposphere, one should not neglect the potential for chemical reanalyses in the
stratosphere, where a much longer data record exists from satellite instruments and
where more experience has already been gained regarding chemical data assimilation.
The major issues for stratospheric composition change are:
*

ozone depletion, particularly near the poles;

*

ozone and aerosol trends and their implications for UV radiation at the surface;

*

water vapour trend;

*

cooling and associated dynamical changes; and

*

significance of stratospheric changes as an early warning signal for global change
(the so-called "miner‘s canary").

Available observational records include
*

scattered ground-based and aircraft or balloon measurements;

*

ozone sonde network;

*

satellite measurements since 1978 (examples are LIMS (NIMBUS 7, Aug 1978May 1979), SBUV I, SBUV II, SBUV III, SAM, SAGE, HALOE (UARS, 19912005), CRISTA, MIPAS, MLS, HIRDLS); and

*

an uncoordinated network for aerosol observations

Since 1991 the Network for Detection of Stratospheric Change (NDSC) attempts to
coordinate and harmonize stratospheric measurements, which has helped greatly to
advance the scientific understanding of stratospheric changes. Examples for recent
analyses of long-term stratospheric changes are provided in Figures 2 and 3. A more
comprehensive description of stratospheric composition data sets and their analysis is
given in the WMO assessment reports (e.g. WMO, 2002).
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Figure 2. Column ozone trend in the midlatitude northern hemisphere and derived from
different model simulations (without data assimilation) [Chipperfield, 2003].
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Figure 3. Analysis of stratospheric aerosol trends and variability based on long-term LIDAR
measurements (courtesy V. Mohnen, WMO)

Trend analysis of the tropospheric chemical composition based on observational
data
In spite of recent advances in atmospheric chemistry modelling and data assimilation,
the primary means for detecting and quantifying the tropospheric composition
variability and trends remain the “unperturbed” observational data sets. Past efforts of
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this kind were based on longer time series from a network of global surface stations
[Novelli et al., 1998] or on a careful statistical analysis of ozone sonde data at locations
with sufficiently frequent sampling [Logan, 1999].

Figure 4. Wintertime trends in the background ozone concentrations observed at three
European mountain-top stations. Courtesy C. Ordonez, PSI.

More recently, trend analyses were performed on decadal data records from mountain
sites (Figure 4) or on the extensive data sets from measurement programmes on
commercial airliners (Figure 5).

GASP (1975-1979)

MOZAIC (1994-2000)

Lower stratospheric ozone trend (MOZAIC-GASP)
Altitude as isentropes above 2 PVU tropopause

Figure 5. Geographical coverage of upper tropospheric and lower stratospheric measurements
from commercial airlines’ passenger aircraft during the 1970s (GASP, upper left) and
1990s (MOZAIC, lower left) and the seasonal NH midlatitude lower stratospheric
ozone trends derived from these data (right). Analysis performed by C. Schnadt, ETH
Zürich, in the RETRO project.
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With the combination of GOME and SCIAMACHY data it has now also become
possible to detect and quantify trends in the NO2 column density from space, thereby
pointing out apparent inconsistencies in bottom-up emission estimates (Figure 6).

Figure 6. Column NO2 retrievals over China from GOME and SCIAMACHY (left; courtesy A.
Richter and J.P. Burrows, IUP Bremen) and bottom-up estimates of NOx emissions
for China and Asia (right; courtesy D. Streets)

Modelling studies within the RETRO project and elsewhere indicate that the longerterm changes in the tropospheric chemical composition are primarily caused by changes
in precursor emissions, although some observational data sets might reflect other global
change aspects such as trends in the lower stratospheric composition or dynamics of
stratosphere-troposphere exchange (see also Figure 10 below). It is important to realize
that the relationship between cause and effect is rarely linear in atmospheric chemistry.
As an example we can use the impact of precursor emission changes on tropospheric
ozone concentrations. While there is on the one hand a direct (but non-linear)
relationship between the magnitude of NOx and VOC emissions and the increase in
regional ozone concentrations, enhanced precursor emissions may also alter the balance
between photochemical production and chemical loss of ozone over more remote areas,
thereby extending the chemical lifetime of ozone and thus sustaining higher
concentration levels over a wider region [Auvray et al., 2006]. Other factors influencing
the chemistry of the atmosphere include changes in UV radiation or temperature and
humidity changes. At this point there is only very little knowledge about the magnitude
and sign of the impacts from such climate-change related factors [Stevenson et al.,
2006].
The four grand challenges
In order to define the main challenges for atmospheric chemistry reanalysis, we will
have to take a look at the status quo in four areas which constitute the fundamental
ingredients for atmospheric chemistry reanalysis:
* Data sets;
* Data access, - formats, - standards, data bases;
* Models; and
* Assimilation methods.
Each of these topics involves many different aspects and would deserve much more indepth discussion than is possible in this report. Some of this discussion will take place
during this workshop.
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All of these seemingly technical issues also have important social and psychological
aspects, which must be recognized in order to ensure a successful implementation of
strategic aspects concerning the global system of observations, the management of
observational data bases, and the development of numerical models and data
assimilation techniques. The realisation of some of the ideas formulated in the IGACO
strategy report [WMO, 2004] will require substantial changes in the working habits of
different groups, for example by forcing these groups to adapt new software tools and
engage in new collaborations across disciplines. In order to overcome the natural
resistance to such changes, the implementation strategy must be convincing and offer a
clearly recognizable “return of investment” to operational centres, but in particular also
to research groups at universities or research laboratories (a clear case in point is the
issue of free unrestricted access to data and software tools). Without a better
exploitation of synergies between operational and research activities progress in global
environmental monitoring will be slowed down and limited. Most science groups lack
the resources to engage in longer-term systematic data assimilation activities, while
operational centres tend to be less adventurous in testing new concepts and ideas.
Observational data sets for tropospheric chemical composition monitoring
This section contains a brief and necessarily incomplete survey of the observational data
available to constrain decadal scale chemical reanalysis. A more comprehensive
overview about tropospheric composition measurements is provided in the IGACO
strategy report [WMO, 2004]. Here, the emphasis is placed on data coverage over the
past decades, but it is clear that a qualitative change occurred between 1995 and 2000
with the beginning of space-borne observations of the tropospheric composition. An
important point that will come up later is the meaning of the term “available” in this
context. Several research-level data sets, in particular from earlier years, are either not
digitized or stored only on some local computer systems without any metadata
description or community access.
Ozone
There are some historic measurements of surface ozone concentrations from Montsouris
and Pic du Midi dating back to the 19th century [Volz et al., 1988]. In spite of their
uncertain accuracy and precision these data clearly provide a strong foundation for the
claim that ozone concentrations increased strongly over the 20th century. For example,
the measured values never exceeded 40 ppbv, which must nowadays be considered a
normal background concentration. Some profile observations of ozone were made
before World War II in Switzerland, but systematic observations in Europe and the US
only started in the 1960s. With the ozone sonde network and regular monitoring at
surface sites through regional authorities and international programmes such as GAW
(since 1989) and EMEP (since 1980), a quite substantial data set has been obtained in
the midlatitude northern hemisphere since the early 1980s. Monitoring in Asia began
only around the year 2000, and there are still very few data for regions such as Africa or
the Indian sub continent. Since 2000, a network of Southern Hemisphere Additional
Ozone Sondes (SHADOZ) provides at least some information from these regions. One
big problem with local- and regional-scale air quality monitoring data is that these data
are often not publicly available or scattered across many different web sites in different
languages and with different data standards and formats.
Few aircraft campaigns were carried out before the 1970s. Such research missions have
become more frequent, larger and internationally coordinated after about 1990.
However, with the unsecured future of the NASA Global Tropospheric Experiment
(GTE) programme one cornerstone activity in this area may not be available much
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longer. A lot of value can be obtained from regular measurements from commercial
aircraft, even though these programmes generally carry less instruments and sampling is
mostly limited to major flight routes and the upper tropospheric/lower stratospheric part
of the atmosphere (vertical profiles are however sampled during takeoff and landing).
The major routine aircraft programmes so far were GASP (1978-1979), MOZAIC
(since 1994), the Japanese activity on JAL airliners, and CARIBIC. In contrast to the
first three, CARIBIC carries more instruments but flies less often.
Up to now there are no validated satellite products with vertical profile information in
the troposphere available (sampling of the troposphere is generally only possible in
nadir mode) and the retrievals are mostly limited to the tropospheric column content,
which is generally derived via some differencing method (a large stratospheric
contribution must be subtracted from the total column signal). This method was first
developed with TOMS total column and SBUV stratospheric profile data (Fishman,
1997). There are also data products being developed based on retrievals from GOME,
SCIAMACHY, or OMI.
CO
On the global scale, CO measurements were mostly restricted to surface measurements
and occasional aircraft campaigns for a long time. The MOZAIC programme provides
some CO observations since 2001. Satellite observations of CO were explored with the
MAPS mission in 1994 and have become a continuous data set with the MOPITT
instrument since 2000. SCIAMACHY, TES, MLS, IASI, and AIRS also provide (or
will provide) opportunities to retrieve the tropospheric column content of CO, but the
data products from these instruments are still in development stage.
NOx
Since NO2 became a regulated substance in Europe, local and regional authorities have
performed regular measurements of this compound. Unfortunately, the threshold
requirements for these measurements are so low that these data are often of little value
to the research and data assimilation community. Some surface stations exist with good
and longer-term data records, but these are sparse and concentrated mostly in Europe
and North America. Even less information is available on the vertical profile of NOx,
which is generally obtained only in intensive research aircraft field campaigns except
for the period between 1995 and 1996 when routine UT NOx observations were made
in the NOXAR programme. Since the GOME instrument operated on ERS-2, retrievals
of the tropospheric NO2 column content became possible, and have since been extended
to data from SCIAMACHY and OMI. Due to the short chemical lifetime and the diurnal
cycle of emissions of this species, the horizontal and temporal resolution is an important
aspect in measuring NO2, and the current global observing system is clearly not
adequate to capture this variability. This will make it very difficult to use the existing
NO2 observations in a chemical reanalysis.
NMVOC
There are hundreds of different volatile organic compounds with different chemical
lifetimes and oxidation products present in the atmosphere, and the observational data
set is even more limited than for NOx. Only very few longer time series exist for some
compounds (i.e. benzene, toluene) from local and regional air quality monitoring
networks and at least one GAW station (Hohenpeissenberg). Free tropospheric
observations are only available from research aircraft flights (in particular from the
NASA GTE programme) and more recently from CARIBIC. With the exception of two
secondary VOCs (formaldehyde and possibly glyoxal), space observations of NMVOC
species are not possible and global coverage of these observations is therefore not
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achieved. Of particular importance for tropospheric ozone are the very reactive VOC
species emitted from vegetation (e.g. isoprene and terpenes). There are far too few
observations of these compounds, and this limits our ability to constrain the emission
fluxes from the biosphere and thus to assess the relevance of these emissions for the
global tropospheric ozone budget.
Aerosols
The measurement system for atmospheric aerosols currently includes various
uncoordinated networks of ground based in situ aerosol monitoring stations (continuous
and non-continuous, size segregated mass and chemical composition measurements)
operated by national or regional monitoring programmes such as EMEP (Europe) or
EPA-STN, IMPROVE (USA). Most countries have established air quality criteria and
operate some kind of monitoring network for Particulate Matter (PM 10 or PM 2.5).
Furthermore, regional and global networks of Aerosol Optical Depth (AOD)
measurement stations exist, which are operated by the GAW community, the Baseline
Surface Radiation Network (BSRN) of the World Climate Research Programme
(WCRP), NASA/ AERONET, PHOTONS, AEROCAN, DOE/ARM, GMA and
SKYNET. In addition to direct sun photometer or shadow-band radiometer observations
there are ground-based aerosol LIDAR networks operated by several regional
programmes including EARLINET, NASA MPLS, NDSC and individual members of
GAW.
General issues concerning the longer-term data sets needed for decadal reanalysis
There are several issues associated with all data sets of the tropospheric chemical
composition, which must be overcome in order to make good and efficient use of these
data for decadal-scale reanalysis. Most of these issues have been described in the
IGACO strategy report [WMO, 2004] and in other documents created for example in
the context of the European GMES initiative. The main problem areas are:
*
consistency;
*
instrument drift;
*
change of instrument/operator/procedure;
*
cross-calibration/comparability;
*
spatial coverage (horizontal and vertical);
*
spatial and temporal resolution;
*
accuracy and precision;
*
specificity; and
*
continuity.
I will not describe these problem areas in more detail, but only make a comment on the
last point in this list: Continuity of space observations for the tropospheric column
content of ozone, and NO2 seems to be ensured until after 2012 with GOME-2 on
Metop, and CO column measurements will likely continue with the planned instruments
on NPP and NPOESS. Nevertheless, the quality and spatial resolution of existing
instruments on ENVISAT and EOS-Aura will not be reached with these operational
satellite instruments, and there is thus a clear and urgent need for a new and improved
dedicated tropospheric chemistry mission in the 2010 time frame and beyond. For the
purpose of monitoring air quality and assimilating tropospheric column contents of
ozone, NO2, and formaldehyde, the concept of a geostationary platform might offer
significant advantages provided that sufficient spatial and spectral resolution can be
offered across a large enough field of view.
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Data access and data bases
Whenever the use of observational data is discussed, a recurring theme is the
unsatisfactory access to the various existing operational and research data sets. Too
many different data bases with different versions of the same data sets exist, and data
sets are provided in very different formats and under various access policies. Clearly, a
strong effort on harmonisation is required here. Care should be taken to avoid a
situation that occurred in the reporting of emissions under the UNFCCC, where data
providers are obliged to submit their data to various different agencies with different
format requirements.
It is also important to “bring data to the users”, i.e. to make metadata readily available
with different search options and to provide access to the data as easily as possible with
standardized and well documented formats. It must be recognized that the use of
different data sets requires a fair level of understanding how the observations were
taken and what the limitations are of each method. This aspect is often limiting the
integrative use of multiple data sets in individual research groups and could to some
extent be overcome by the definition of a standardized metadata description including
information on the data accuracy, precision, and possible systematic errors.
Some recent initiatives within RETRO and GEMS have started to address these issues,
but a much greater effort is needed to have a lasting impact. Within GEMS, a table of
available data sets for validation of model results across all activities with content and
contact information was compiled by C. Textor, UPMC. A demonstration for a userfriendly searchable database of surface and ozone sonde observations has been
developed by NILU in the RETRO project (http://nadir.nilu.no/retro). The experience
from RETRO indicates that important problems still need to be solved, in particular
regarding the necessary knowledge of data quality and control of dataset versions. For a
sustainable solution to these problems, a transition from the present “snapshot
databases” to dynamic systems with direct links to data providers must occur.
The quality of model simulations
The quality of data assimilation and in particular of a (decadal) reanalysis is limited not
only by the amount and quality of the available observations, but also by the level of
sophistication achieved by the numerical modelling tools applied. While regional and
global models of the atmospheric composition have reached a certain degree of maturity
over recent years, there are still a number of problems associated with these models,
which must be solved in order to make the models fully qualified for assessment
purposes. To some extent, these problems are related to the insufficient development of
community standards for objective model evaluation, which makes it difficult to
pinpoint specific deficiencies and relate these to potential causes. In the following I will
describe some example results from recent model intercomparison activities and then
summarize some evolving standards for the evaluation of atmospheric chemistry models.
In November 2005, ACCENT organized a multi-model comparison in support of the 4th
assessment of the IPCC, whereby some 20 atmospheric chemistry models were run with
prescribed emission scenarios and greenhouse gas forcings. The results from this
intercomparison have been described in a number of papers, which are currently in
press or under review. Here, I will focus on the analysis of the tropospheric ozone
budget, which was led by D. Stevenson. Figure 7 shows the annual zonal mean cross
section of tropospheric ozone from all the models participating in the base case
experiment. While the general signature of the ozone distribution (with concentrations
increasing from the surface to the tropopause and somewhat lower concentrations in the
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tropics compared to midlatitude regions) is captured by all models, there are some
fundamental differences between the model results. The concentration levels of free
tropospheric ozone in the tropical zone vary by at least a factor of two indicating a
substantial influence of the parameterisation of deep convection in the models
[Stevenson et al., 2006]. Another aspect worth mentioning concerns the analysis of
ozone photochemistry, which differs markedly in particular in tropical latitudes with
high emission fluxes of biogenic VOC species. While most models predict a net
formation of ozone under these conditions, some models arrive at a net destruction. One
can easily imagine that such differences can have important consequences when
emissions are included in the data assimilation operator or when the models are used in
inverse mode to estimate emission sources.

Figure 7. Annual zonal mean cross sections of tropospheric ozone simulated by 18 different
models using the same emission data and similar boundary conditions. Results from
the ACCENT/IPCC Photocomp experiment. Figure courtesy D. Stevenson,
Edinburgh.

Another example for systematic differences between models is presented in Figure 8.
Here, wintertime surface ozone concentrations from the five models participating in the
RETRO project are reproduced. Since all of these models were run with the same
boundary conditions in terms of emissions and meteorological fields, the spread of
results observed in Figure 8 must be due to differences in the model formulations. It
should be noted that all of these models had been evaluated independently before the
project, and that some models produced significantly altered results when they were run
with the common RETRO boundary conditions rather than with their original input data.
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Figure 9 displays the different 40-year trends of the chemical ozone lifetime and the
residual ozone flux from the stratosphere into the troposphere for three of the RETRO
models, which were run over the complete ERA-40 time period. While the response of
the ozone lifetime to the trend in emissions and potential changes in meteorology is
rather consistent, this cannot be said about the trend and variability of the stratospheric
ozone influx. Here, the models give very different answers which are related to the
individual methods for prescribing the meteorological data and the stratospheric ozone
boundary conditions. As a consequence of the different stratospheric ozone influx, the
RETRO models also produce different wintertime trend signals at the European
mountain stations described above (Figure 10). Taken together, these examples
highlight the need for a careful characterisation of the individual models including the
entire set of parameterisations and boundary conditions.

Figure 8. Comparison of wintertime ozone concentrations at 1000 hPa simulated by the five
global tropospheric chemistry models in the RETRO project.
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Figure 9. Decadal changes in the tropospheric ozone lifetime (in days, left) and the net influx
from the stratosphere (in Tg/year, right) from four models in the RETRO project

Figure 10. Wintertime ozone trends from three European mountain stations (see Figure 5) and
simulated concentrations for these locations from three RETRO models

Objective evaluation of models
As demonstrated by the examples above, current atmospheric chemistry transport
models in forward mode can reproduce many signatures of atmospheric pollution, but
the quantitative agreement among each other and with observational records often
remains relatively poor. In order to further advance our understanding of the
atmospheric chemistry system and to better assess the impact of parameterisation
changes on the simulation results, objective and quantitative methods must be
developed for assessing the model performance. Due to the vastness of the parameter
space in the atmospheric chemistry system and the tight coupling between species and
between chemistry and transport, it is quite challenging to design simple aggregate
measures which allow a characterisation of a specific model configuration with a
reasonably small set of numbers or skill scores.
In regional air quality forecasting and in recent global multi-model experiments (i.e.
ACCENT/IPCC, RETRO, GEMS), a number of different diagnostics have been
identified, which elucidate different aspects of model performance:
*

mean bias and absolute deviation;
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*

slope and offset from linear regression (bias and systematic under- or
overestimation);

*

correlation coefficient and also rank correlation coefficient for data with nongaussian distribution;

*

root mean square errors (AQ models);

*

combined into Correlation and relative standard deviation (Taylor plots);

*

figures of merit (i.e. ratio of area below simulated concentrations over area under
envelope of simulated and observed concentrations);and

*

success in capturing extreme events and analysis of time lags for such events.

All of these diagnostics can be combined with the definition of model quality objectives
(MQOs) and the computation of skill scores. This is a powerful approach for assessing a
model’s performance in multiple ways with one standardized method. Because there is
still little awareness of this approach, I will briefly explain the main concept and
describe the challenges associated with it.
MQOs and model skill scores
The underlying idea of the model quality objective and skill score method is borrowed
from the QA/QC procedures for observational monitoring systems. At first, one has to
define a specific target and specify the error margin which can be accepted as tolerable
(threshold criterion). This model quality objective (MQO) will be specific for a certain
aspect of the model, and it will be important to define a common set of such objectives
on which the community can agree upon. One example from the RETRO project is
shown in Figure 11. Here, the seasonality of free tropospheric ozone concentrations
should be tested based on multi-year ozone sonde observations from 11 stations,
predominantly from the northern mid latitudes. In a discussion among the modelling
groups, a consensus was reached that in light of the overall uncertainties a suitable
MQO would be a 30 % deviation from the monthly mean values. Thus, for each
simulation year and each sonding location, 12 data points were compared, and a skill
score was derived from simple counting of the number of successful model predictions
(Figure 11). The results from this exercise for a pressure level of 500 hPa are shown in
Table 2. It is obvious from this table that some models are better suited to simulate the
seasonal cycle of ozone in the northern hemisphere midlatitude free troposphere than
others. A more detailed analysis of the skill scores also revealed that there might be
some systematic errors in all models’ regarding the Asian monsoon circulation (or
potentially a problem with the measurements?), because the skill score of all models
was much lower for the Japanese ozone sonde stations than for other locations. Also,
one model showed reasonably good results for the northern hemisphere stations, but
failed entirely to reproduce ozone concentrations at all altitudes in the southern
hemisphere (at Lauder). Potentially one could make use of such systematic deviations to
define weighting factors for computing more robust ensemble mean values and to better
constrain the ensemble error in multi-model experiments.
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Figure 11. Illustration of the procedure to obtain a model skill score from the analysis of
monthly mean concentration fields
Table 2. Model skill scores of the five RETRO models for monthly mean ozone concentrations
at 11 ozone sonde stations at 500 hPa. The model quality objective was defined as a difference
of 30 %. Model results were sampled at the days of the observations.
pTOMCAT

LMDz
INCA

MOZECH

UiO

TM

model
mean

1997

0.60

0.95

0.76

0.89

0.95

0.83

1998

0.61

0.91

0.81

0.89

0.92

0.83

1999

0.55

0.92

0.76

0.90

0.93

0.81

2000

0.58

0.99

0.73

0.94

0.97

0.84

Mean

0.59

0.94

0.77

0.91

0.94

0.83

As mentioned above, it is important for the success of such methods that the research
community defines suitable model tests and quality objectives which take into account
the strengths and weaknesses of the existing observational data sets and are tailored to
specific targeted issues. Due to their strict mathematical formulations and their ability to
reveal interdependencies in the atmospheric chemistry system [Chai et al., 2006] data
assimilation methods may help to develop such tests and evaluation criteria.
Greatest uncertainties in (global) CTM modelling
As demonstrated above, considerable inter-model differences remain in the description
of the tropospheric chemical composition, and the existing models show different skills
in reproducing the available observations. Some of these differences are related to the
degree of maturity a model has reached, which generally reflects the amount of work
that has gone into the validation of this model and the “tuning” of parameters to obtain
the best possible results. An unbiased test of the model quality is only possible with new
independent data sets testing aspects of a model which had not been constrained before.
This highlights the specific value of comprehensive (research aircraft) field campaigns
where a lot more parameters are measured than in routine observations. Clearly a lot of
value can be expected from a systematic reanalysis of all existing aircraft campaigns
where models should be run in a consistent set-up with a consistent set of boundary
conditions and the best available meteorological reanalysis fields. A great help for such
undertakings is the recent development of a metadata base for aircraft data (at ETHZürich), which includes the flight tracks from all research aircraft flights after 1996 and
can therefore be used to sample the model results along the flight path and correlate the
observed and simulated concentrations in a meaningful way.
Although this has been done before, it might be useful to briefly summarize the main
uncertainty areas in current model parameterisations for atmospheric chemistry:
*
diffusive and convective transport (including STE);
*
NMVOC and heterogeneous chemistry;
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deposition and washout;
emissions; and
aerosol processes (e.g. SOA).

Some of these issues may also be related to the affordable horizontal and vertical
resolution in which these models can be run. Numerical weather prediction has
demonstrated a noticeable improvement of the predictive skill when the resolution is
increased, and the same can thus be expected for atmospheric chemistry models.
However, as these models are very demanding in computing resources and much fewer
resources are dedicated to this task, the resolution increase of atmospheric chemistry
models will generally lag behind that of NWP systems.
Main uncertainties concerning emissions
Since the emissions of aerosol and ozone precursors constitute one of the most
important factors in determining the atmospheric composition variability and trends, the
uncertainties regarding the estimates of emission fluxes merit a brief separate discussion
here. The main challenges related to the assessment of emission changes and their
impact on the atmospheric composition are the following:
*
overall uncertainty (accuracy);
*
trends and homogenized time series;
*
variability estimates (temporal patterns); and
*
scale dependencies.
While a lot of work has gone into the assessment of anthropogenic emissions for
example in association with the UNFCCC, there are still considerable uncertainties
regarding the specification of emission factors (e.g. black carbon or CO). Changes in
national reporting standards or in the methods for estimating emissions lead to
substantial inhomogeneities in the time series of these emissions, and some ad-hoc
smoothing must be applied in order to generate useful data sets for atmospheric
chemistry modelling (see report on RETRO emissions, D1-6, in preparation). Specific
attention should also be given to emissions from vegetation fires, biogenic VOCs and
lightning, which are all highly variable and constitute important terms in the budgets of
several important trace species. As an example, Figure 12 shows the interannual
variability of vegetation fire emissions estimated in the RETRO fire emission data set
[Schultz et al., 2006, submitted]. Recently, inverse modelling studies have become
available which may provide some independent estimates of regional emission fluxes
and their variability. However, at present the differences between these studies are still
rather large, and it is unclear to what extent the errors diagnosed as deficiencies in the
emission inventories are rather to be attributed to errors in the model parameterisations
of transport and chemistry.
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Figure 12. Interannual variability of emissions from open vegetation burning from the RETRO
inventory

Reanalysis studies with data assimilation
Since I am no expert in data assimilation, I will leave a discussion of the strengths and
weaknesses of different assimilation techniques to the working groups. Nevertheless, I
would like to complement this overview presentation with a few examples of successful
attempts to assimilate chemical composition data into chemistry transport models. From
the perspective of defining the needs for longer-term reanalysis it should be made clear,
however, that up to now no multi-year assimilation of atmospheric constituents is
available with the exception of assimilated column ozone content in the ERA-40
meteorological reanalysis. One of the first longer chemical reanalysis simulations is
planned in the GEMS project (http://www.ecmwf.int/research/EU_projects/GEMS/). In
some cases, longer-running operational forecast systems may also be exploited as
reanalysis studies, provided they have used a uniform model version and assimilation
approach throughout sufficiently long periods. Such operational forecasting systems are
typically applied only for regional-scale air quality purposes.
Figure 13 shows an example how different choices for constraining the model chemistry
may influence the simulation of reactive nitrogen oxide concentrations [Chai et al.,
2006]. Given that nitrogen oxides play a fundamental role in controlling tropospheric
ozone, the selection of control variables for NOx will also influence the quality of the
simulated ozone fields.
Figure 14 provides an example for a stratospheric data assimilation and highlights the
potential of this method for obtaining a more complete picture of the atmospheric
composition state than can be obtained from the available observations alone. However,
as there are always some a-priori model component and retrieval assumptions involved
in the derivation of such results, it is extremely important to intercompare the results
from different models (ensemble approach) and to also assess the impact of specific
retrieval algorithms.
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Figure 13. Data assimilation results of using different control variables in assimilating NOy for
one specific flight during the NASA GTE TRACE-P field campaign [Chai et al.,
2006].

Figure 14. Example for data assimilation in the stratosphere (GOME data for November 1999).
Courtesy H. Eskes, KNMI

Some key issues regarding chemical assimilation
Due to the general limitations of atmospheric composition observations (see above), the
question must be asked whether we do have adequate data to perform a meaningful
chemistry reanalysis, or what would be required in order to improve the situation. An
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important aspect in this regard concerns the definition of future tropospheric chemistry
satellite missions, which must be initiated in a timely manner in order to ensure the
continuity of the observational record. The atmospheric chemical system is tightly
coupled across very different time scales, and it is important to carefully evaluate the
consequences of this for chemistry data assimilation. This problem also related back to
the definition of the optimal sampling strategy for atmospheric chemistry observations,
and there should probably be more theoretical studies performed to assess the strengths
and weaknesses of different spatial and temporal sampling approaches. Some important
questions in this respect are as follows.
*

What are the sampling frequencies that are actually needed to fully support
chemistry data assimilation on different spatial scales?

*

Is there a distinct advantage of a geostationary platform with possibly halfhourly measurements over a suite of LEO instruments, which could provide
fewer samples per day but with nearly global coverage?

*

How can one achieve the optimum balance between horizontal and spectral
resolution versus sampling frequency or revisit time?

*

Should one place more emphasis on additional observables (i.e. different
wavelength ranges) or on the accuracy of the retrievals (i.e. the signal to noise
ratio and spectral width)?

*

Another question concerns the optimum use of in-situ data for the reanalysis:
what kind of data should be used in the assimilation and what should be held
back for verification?

During the preparation for this workshop, in a discussion between the working group 2
chair, the rapporteur, and the speaker, we also wondered about the impact of limited
resources for chemistry data assimilation, and we identified three major factors which
inhibit a more wide-spread application of this technique for model evaluation,
forecasting and reanalysis:
*
education;
*
data availability/-access/-formats; and
*
computing and manpower resources.
Improvements are needed on all three aspects if the enormous potential of chemistry
data assimilation shall be realized in the foreseeable future.
Conclusions: Stepping stones into the future
Instead of summarizing the main points addressed in this presentation and thereby
repeating myself, I would like to conclude with a personal view on the most pressing
needs for chemistry data assimilation in the next decade:
*

observation system;

*

new tropospheric chemistry satellite missions and their sampling strategy
(GEO, LEO, resolution, instrument characteristics) must be defined;

*

ground-based networks with supersites (integration of GAW, EMEP, etc. with
regional and local air quality networks);

*

regular aircraft flights (IAGOS etc.);

*

data bases and tools;

*

joint consolidated data bases driven by user needs;
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*

harmonization of metadata, data formats, and data access;

*

harmonization and more objective methods for assessing model performance;

*

institutional aspects;

*

strong collaboration between operational centres and science groups;

*

increase the educational efforts on chemistry data assimilation and the user
community;

*

dedicate computing and human resources to this field;

*

model development;

*

continued model integration (earth system models) in particular with regard to:
stratosphere-troposphere coupling
gas-phase and aerosol coupling
global and regional coupling
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Source/Sink Attribution through Inverse Modelling at Climate Scales
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 3
Philippe Bousquet
Laboratoire des Sciences du Climat et de l’Environnement, IPSL-CNRS-CEA-UVSQ , France

Summary
Methods, results and limitations of source/sink attribution of long-lived carbon species
through inverse modelling of atmospheric transport and chemistry are presented. This
contribution is a summary of the plenary presentation given at the WMO/ACCENT
workshop.
Introduction
The aim of inverse modelling of atmospheric transport and chemistry is to optimize
sources and sinks of trace gases using atmospheric concentration measurements.
Sources and sinks are linked to concentration measurements by a chemistry-transport
model (CTM). The main objective of data assimilation is to optimize the evolution of 3D variables such as temperature, geopotential, precipitation or ozone. In this context,
the initial state of the atmosphere is of primarily importance. For inverse modelling, one
further step is performed because an optimized fit to concentration evolution is obtained
by adjusting surface fluxes causing concentration changes after being transported and
possibly chemically transformed. The main focus is therefore transferred from the
atmosphere to the surface. In this paper, we give a general (but not comprehensive
overview of inverse modelling methods, results, and issues from global to regional
scales. A focus is put on the carbon long-lived gases such as carbon dioxide (CO2),
methane (CH4), and carbon monoxide (CO).
Inverse methods
Most inverse studies now use 3-D eulerian CTM within various inverse frameworks
[Bergamaschi et al., 2005; Bousquet et al., 2000; Enting et al., 1995; Gurney et al.,
2002; Hein, et al., 1997; Houweling et al., 1999; Petron et al., 2004; Rayner et al.,
1999; Rodenbeck et al., 2003]. Dispersion lagrangian models are also used for regional
inversions [Manning et al., 2003; Vermeulen et al., 1999]. One major hypothesis of
inverse studies is the unbiased characteristic of the different errors (model, observations
and fluxes). Generally, variables are also supposed to follow normal statistical law. As
problems are usually under-constrained (less observation content than unknowns),
inversions are often regularized with prior information on sources and sinks, under the
so-called Bayesian approach [Enting, et al., 1995]. In this case, inventories and processmodels producing a first guess of spatial and temporal patterns of sources and sinks can
be used. Bayesian approach provides the mathematically optimal source configuration
for an otherwise underdetermined problem. Additional constraints can also be applied
such as statistical models or filters to limit the use of prior information or the
amplification of noise through the inverse procedure. Inverse procedure generally
minimizes a cost function J against a vector of unknowns x (using [ide, et al., 1997]
formalism):
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H is the Jacobian matrix (observation operator), containing the sensitivities of modeled
concentrations as a function of the different source locations. R is the variancecovariance matrix of observations. Formally, model errors should be included in R. B is
the variance-covariance matrix of prior information. y is the vector of observations
Using few flask measurements, first inversions inferred annual fluxes at global or
continental scale. Then, taking benefit of the enlargement of the atmospheric network,
monthly fluxes were retrieved over large regions (e.g. North America) using monthly
observations. These inversions assumed that spatial patterns are constant within each
large region, creating possible aggregation errors (see limitations). Recently, several
groups started to solve fluxes at model resolution [Carouge et al., 2006; Rodenbeck et
al., 2003]. As a focus was put on land biosphere budgets, continuous measurements
appeared and developed over the continents, especially in North America and Europe.
Synoptic variability contained in these observations starts to be integrated in inverse
models to retrieve CO2 fluxes at different time and space resolutions. All these
inversion approaches have been integrated in various inverse procedures [Bousquet et
al., 2000; Chevallier et al., 2005; Peters et al., 2005; Rayner et al., 2005]. Most
inversions performed so far directly calculated the optimal solution as the minimum of J.
x a = x b + (HT R 1H + B 1 ) 1 HT R
A = (HT R 1H + B 1 )

1

(y

Hx b )

1

This so-called “matricial approach” was sometimes used in relation with an adjoint
model of the CTM in order to efficiently compute the Jacobian matrix H, especially
when solving fluxes at model resolution. Recently, new methodological developments
occurred with ensemble Kalman filters [Peters et al., 2005] and 4DVAR variational
procedures [Chevallier et al., 2005], in order to handle much larger systems due to
larger flux space (model resolution solving) and larger observation space (use of
satellite retrievals). Using satellite retrievals and solving surface fluxes at model
resolution make the inverse problem comparable in size to numerical weather forecast
systems [Houweling et al., 2004].
The introduction of chemically active species in inverse procedures introduces nonlinearities. Iterative schemes have been set up either by “colouring” tracers in full or
linearized CTMs [Petron et al., 2004] or by treating separately chemical production and
loss in a linearized CTM with prescribed oxidants [Hein et al., 1997]. This was applied
for CH4 and CO. Finally, the coupling of CTM and surface models calculating fluxes
from processes has started, at least for CO2. In a near future, these CCDAS (Carbon
Cycle Data Assimilation Systems) will optimize land model parameters against all
available information (satellite retrievals of land surface, atmospheric concentration
measurements, land measurements) [Rayner et al., 2005].
Some of the results obtained in recent years
Most inversions used ground-based in-situ measurements to infer surface sources and
sinks. Fluxes retrieved at global and hemispheric scales appear to be more robustly
retrieved than regional fluxes [IPCC, 2001]. The sparseness of observations, especially
within the tropics and Siberia, does not allow robust regional CO2 natural fluxes to be
inferred. For instance, a large CO2 sink was found over NH lands [Bousquet et al.,
2000; Ciais et al., 1995] but its partition between North America and Eurasia is still
controversial [Bousquet et al., 2000; Fan et al., 1998; Rodenbeck et al., 2003]. Inverted
tropical fluxes are the most uncertain. However, inverted European CH4 anthropogenic
emissions at country scale have proved to help constraining bottom-up inventories
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[Bergamaschi et al., 2005]. European CO2 flux is seen as (small) sink by several
approaches but still with large uncertainties [Janssens, et al., 2003]. No agreement yet
was found on the partition of 2003 heat wave anomaly in Eurasia between inversion
studies (P. Peylin, personal communication.).
Inter Annual Variability (IAV) is more robustly retrieved than long-term fluxes. For
CO2, Global flux IAV is larger over lands as compared to oceans. A tropical dominance
in the variability is found linked with natural oscillations (El Niño, NAO) climate
forcing (precipitation, temperature), volcanic activity or biomass burning. IAV in the
northern hemisphere can be large also but only for some period (e.g. 1997-98, 20022003) [Bousquet et al., 2000; Rodenbeck et al., 2003]. Although inversions do not
directly provide information on the underlying processes, comparison of inverse results
with climate variables or process-based models (bottom-up) give insights on possible
mechanisms explaining sources and sinks variability. For instance, Rodenbeck et al.
[2003] showed that the main driver for global CO2 flux variability is the contrast El
Niño/la Niña. [Peylin et al., 2005] showed that a negative trend inferred in austral ocean
CO2 fluxes could be explained by changes in ocean mixed layer depth. Optimisation of
CH4 emission IAV appears to be very sensitive to the estimated OH variations
[Bousquet et al., 2005; Krol and Lelieveld 2003; Prinn et al., 2001] and to possible new
source by plants [Keppler et al., 2006]. There is some agreement on the fact that
wetland and biomass burning largely control IAV of CH4 emissions [Butler et al., 2005;
Langenfelds et al., 2002]. However the relative contribution of these two sources to
IAV is still controversial [Dlugokencky et al., 1996; Dlugokencky et al., 2003;
Langenfeld et al., 2002; van der Werf et al., 2004; Wang et al., 2004]. Partly explaining
the disagreement, there is no convergence yet in the amplitude of OH variations. This
also explains that the variability of global CH4 source is still controversial between ~± 8
TgCH4/yr [Dentener, et al., 2003] and ~ ± 20 TgCH4/yr [Bousquet, et al., 2006].
Recent results by Bousquet et al. [2006] showed that a dominance of wetland variability
(verses biomass burning) is compatible with independent bottom-up IAV estimates.
Satellite retrievals have been used in inverse procedure for CO (MOPITT) suggesting
regional inconsistencies in inventories, as an underestimation of emissions in Asia
[Petron, et al., 2004]. CH4 inversions based on SCIAMACHY retrievals [Frankenberg
et al., 2005] have just been performed, challenging our understanding of present CH4
budget: SCIAMACHY CH4 columns show spatial patterns that are not compatible with
present inventories and CTMs [Bergamaschi et al., submitted]CO2 retrievals from AIRS
showed good results in reproducing zonal-mean seasonal cycles [Engelen et al., 2004].
Potential of future CO2 observations from OCO has also been studied, and a large
sensitivity of inverse results to biases in retrievals was found [Chevallier et al., 2006].
For CO2, Satellite retrievals were shown to potentially improve sources and sinks
estimates if they can achieve 1-2 ppm precision objective with no bias at a weekly scale
and 8x10° resolution. This requirement relaxes to 5-6 ppm when fluxes are regionally
averaged [Houweling et al., 2004].
The use of isotopic data (e.g. 13CO2, 13CH4) was found to bring additional constraint on
fluxes only if discrimination are well known, which is not the case at present[Bousquet
et al., 1999]. Proxy tracers were used to extract fossil CO2 fluxes from total fluxes (e.g.
14
CO2, SF6 or CO). 14C showed very good potential but measurements remain
expansive[Levin et al., 2003]. Other proxies have shown to put additional uncertainties
in the system, such as OH reaction for CO or measurement precision and density for
SF6[Rivier et al., 2006].
First results of Carbon Cycle Data Assimilation Systems (CCDAS) showed that
atmospheric measurements could help constraining some parameters of a land biosphere

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

73

model. Net primary production appears to control atmospheric CO2 IAV, whereas
decadal changes are more controlled by heterotrophic respiration. Uncertainty in net
fluxes are dominated by uncertainty in long-term storage efficiency of soil carbon
[Rayner et al., 2005].
Lagrangian approaches were also developed at regional scales. Based on 3-D backtrajectories calculated with lagrangian dispersion models (LPDM), [Manning, et al.,
2003] and [Vermeulen et al., 1999] analysed continuous observations at one site
(respectively Mace-Head in Ireland and Cabauw in the Netherlands) in terms of
regional sources and sinks using (respectively) simulated annealing and truncated
singular value decomposition. Multi-tracer inversions are important to consider for
active species with linked reactions (e.g. CO and CH4 through OH). Recently, [Butler,
et al., 2005] performed a joint mass-balance inversion of CO and CH4 observations to
assess surface emissions of these two tracers. Finally, some inverse frameworks directly
estimate uncertainties of the inferred fluxes. Usually these uncertainties are
underestimated because all causes of errors are not included in inverse procedures (e.g.
transport model error). Some inter-comparison studies (e.g. TRANSCOM experiment
[Gurney, et al., 2002]) have used several models to estimate the so-called model-error.
Recent 4-D VAR methods do not provide directly uncertainties in the retrieved fluxes,
but an estimate of uncertainties can be calculated through the iterative minimisation of
the cost function.
Limitations and issues
The main limitations of inverse modelling come from the fact that any systematic error
(bias) in one component of inverse frameworks (observations, CTMs, prior information
or inverse procedure) will convert into biases in optimized sources and sinks. Therefore,
a close analysis of possible systematic errors is necessary before interpreting inverse
model results. Some of these limitations lead to challenging issues that we try to discuss
briefly below.
Aggregation error
In many inversions performed so far, fluxes were aggregated over large regions with
prescribed spatial patterns based on biogeochemical models or inventories. Only one
scalar value is adjusted in the inverse procedure. This procedure implies that error
correlations of 1 are assumed between model cells of each large region. Error reduction
is rather large in this case. If the spatial distribution is wrong, an error is made called
aggregation error [Kaminski et al., 2001]. Solving fluxes at model resolution avoids
aggregation error but transforms the inversion into a largely underconstrained problem
with a small error reduction at pixel level. Additional information in the flux space need
to be filled in the inversion procedures.
Additional constraints in the flux space
Populated variance covariance matrices are a way to add information in the flux space.
Rodenbeck et al., [2003] were added error correlations based on a correlation length
(soft constraints). Recently other error correlation structures based on biogeochemical
models and climate forcing were developed. Statistical tools base on maximum
likelihood also appeared [Michalak, et al., 2005]. Filters were also added to prevent
unrealistic short-term variations of fluxes. These approaches are based either on
constrained on month-to-month differences in fluxes or to truncations of the
decomposed Jacobian matrix [Peylin et al., 2002], or to different error structures applied
depending on the time scales of the fluxes (day, month, IAV, [Rodenbeck 2005]). More
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work is necessary to validate these different approaches and more objectives methods to
populate variance-convariance matrices are still missing.
Model versus observation errors
Observation error can be split into instrumental error and representativeness error,
which includes all errors due to the inability of the model to reproduce one given
observation. Generally instrumental error is much smaller than representativeness
errors, which can be transport model error, chemistry scheme errors, or scaling errors
(point location measurements verses. large model cell of a few tens of km). These issues
have been addressed and quantified so far by using and comparing different CTMs (e.g.
TRANSCCOM experiment [Gurney et al., 2002] or EU-EVERGREEN and EUAEROCARB projects [WG-1, 2004]). However, the model spread of these studies is
only a lower bound and partial estimate of model errors. Selection of stations and of
data of each station included in inverse frameworks has also been tried to limit model
errors, using meteorological data or other measured species such as 222-radon [WG-1,
2004]. Although promising, these approaches do not prevent us from improving
transport in the planetary boundary layer and large-scale convection in CTMs.
Prior information errors
At regional scale, inversions have proven to have the capacity to question bottom-up
inventories, but only for some well-constrained regions [Bergamaschi et al., 2005;
Gurney et al., 2002]. For instance, recent inversions of CH4 emissions revealed
disagreement with inventories for Germany that have been recently revised, and are
now more in agreement with the inverted estimate. For CO2 however, there is little hope
that anthropogenic emissions can be verified by inverse modeling considering the
already small uncertainty of these emissions as compared to natural exchange of carbon
[WG-1, 2004].
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Introduction
MOCAGE is the comprehensive 3-D CTM of Météo-France, covering the planetary
boundary layer, the free troposphere and the stratosphere. It offers several optional
configurations with varying horizontal and vertical geometries, as well as chemical and
physical parameterization packages. It is currently used for several applications, with
recent examples in different fields: transport [Josse et al., 2004; Lee et al., 2004],
deposition [Michou et al., 2004; Nho et al., 2004], chemical weather forecasting
[Dufour et al., 2004] and data assimilation [Cathala et al., 2003; Pradier et al., 2006;
Massart et al., 2005]. The model can be used with two assimilation systems. Based on
variational assimilation, the first system named MOCAGE-PALM aims at being one of
the federating assimilation tools for the French chemistry community. With this tool, we
evaluate the 3DFGAT assimilation of MIPAS ozone using HALOE ozone data and
ozone-sondes data as the reference independent dataset. The second assimilation system
is based on a suboptimal Kalman filter and was mostly used to assimilate the
Measurement Of Pollution In the Troposphere (MOPITT) carbon monoxide data.
Examples and results obtained with these different systems are presented in this report.
Scientific activities
The MOCAGE-PALM assimilation system
As a part of the FP5 European project ASSET, CERFACS and Météo-France have built
together an assimilation algorithm using the Météo-France MOCAGE model and the
CERFACS PALM software. Since any assimilation algorithm can be viewed as a
sequence of elementary operations, or elementary components that exchange data
[Lagarde et al. 2001], PALM manages the dynamic launching of the coupled
components (forecast model, algebra operators, I/O of observational data, etc.) and the
parallel data exchanges. The MOCAGE-PALM assimilation system now offers several
configurations combining different MOCAGE configurations and assimilation schemes.
Currently, assimilation studies are realized with MOCAGE in a configuration covering
the globe with a 2° × 2° horizontal resolution. It has 47 or 60 hybrid ( ,P) vertical levels
from the surface up to respectively 5 or 0.1 hPa. The meteorological forcing fields
(horizontal winds, temperature, humidity and surface pressure) are provided by the
Météo-France operational analyses or by the ECMWF operational analyses, both
produced with a 4-D var assimilation suite. Note that the top boundary of the MétéoFrance analyses is 5 hPa, which require the use of 47 levels configuration of MOCAGE.
Various chemical schemes are available within MOCAGE. Among them, the linear
parameterization developed by [Cariolle and Déqué, 1986], used in its latest version
(v2.1, Cariolle personal communication 2005) is well adapted to evaluate the production
and loss rates of stratospheric and upper tropospheric ozone, and needs little computing
time compared to other more comprehensive chemical schemes.
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Data sets
ENVISAT/MIPAS
The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument
was launched as part of Europe's environmental monitoring satellite, ENVISAT, in
2002. The MIPAS data has a good global coverage extending vertically from 68 km
downward to 6 km with 3 to 8 km resolution. In this report, we use the MIPAS ozone
products provided by the version 4.61 delivered by the D-PAC (German Processing and
Archiving Centre) of ESA.
TERRA/MOPITT
The measurements of the MOPITT instrument [Drummond and Mand, 1996] is onboard
the Terra platform and has been monitoring global tropospheric CO from March 2000 to
date. These data have been intensively validated [Barret et al., 2003]. The pixel size is
22 km × 22 km and the vertical profiles are retrieved on 7 pressure levels (surface, 850,
700, 500, 350, 250 and 150 hPa). The maximum likelihood method, used to retrieve the
MOPITT CO, is a statistical combination of the measurements and a priori information
[Rodgers, 2000]. The retrieval profiles are characterized by their averaging kernels
which give information on the vertical resolution of the measurements. In particular, the
Degree of Freedom for Signal (DFS), which is the trace of the kernels matrix, indicates
the number of independent pieces of information from the measurements. It depends,
via the surface temperature, on the latitude and the alternating day/night. During
daytime over the tropics, the DFS is about 1.8 [Deeter et al., 2004]; this insures that
MOPITT provides two independent pieces of information located in the lower and in
the upper troposphere. Furthermore, in this study, we only consider daytime MOPITT
CO (Version 3) retrievals at 850 and 150 hPa with less than 40 % a priori
contamination to insure a consistent and good quality of the dataset [Emmons et al.,
2004]. MOPITT CO data have averaged within boxes of 0.5° × 0.5°.
Tropospheric CO data assimilation
The global chemistry and transport model MOCAGE is also used to investigate the
contribution of transport to the carbon monoxide (CO). It is constrained with the CO
profiles provided by the MOPITT instrument through a sequential assimilation
technique based on a suboptimal Kalman filter [Khattatov et al, 1999].
The data assimilation technique is applied with an assimilation window of one hour. It
consists of a sub-optimal Kalman filter that uses the model forecast at the beginning of
this window as the background field, with an explicit calculation of the forecast error
variance. The basic equation follows the optimal interpolation equation of Lorenc
[1986]. This equation combines a horizontal interpolation to the geographical location
of the observation, a vertical interpolation to the retrieval pressure levels, and an
application of the corresponding MOPITT averaging kernels. For more details see
[Lamarque et al., 1999; Khattatov et al., 2000; and Pradier et al., 2006].
Using the results obtained, we will present in section 3.3 two different studies within the
troposphere. The first point is dedicated to the intercontinental transport of CO over US
and Europe during summer 2004 and the second is a study on the CO budget over W.
Africa.
Scientific results and highlights
Results from the MOCAGE-PALM
Analyses of ozone from the MOCAGE-PALM system assimilating MIPAS data were
used inside the inter-comparison part of the FP5 European project ASSET. This was a
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good exercise to explore the quality of our analyses. Two configurations were retained
to participate to the comparison. Both were based on the meteorological fields from the
Météo-France operational analyses with the restriction of a model roof localised at 5hPa.
The first uses linear ozone chemistry with the 2.1 version of the Cariolle scheme
[Cariolle and Déqué, 1986; Cariolle personal communication 2005]. Usually, this
chemistry scheme is used to first test and design the assimilation of new data sets or to
reanalyses data over long periods. The second configuration includes a detailed
representation of stratospheric and upper tropospheric chemistry, based upon the
REPROBUS chemical scheme [Lefèvre et al., 1994] which takes into account
heterogeneous chemistry on polar stratospheric clouds [Carslaw et al., 1995; Lefèvre et
al., 1998]. Both analyses were compared to those from several system like the ECMWF
operational assimilation system, the DARC/Met Office system both assimilating
MIPAS data and the KNMI system assimilating SCHIAMACHY data (see [Geer et al.,
2006] for more details).

Figure 1. Mean of analysis minus HALOE differences, normalized by climatology, for the
period July-November 2003. The MOCAGE-PALM assimilation results are in light
blue with solid line for the Cariolle chemistry scheme and with dashed line for
REPROBUS one. (See Geer et al. for more details).

Figure 1 gives the bias of the analyses against HALOE ozone normalized by a
climatology. For most of the stratosphere, biases between the analyses and HALOE are
between -10 % and 10 %. The bias is uniform at all latitudes and, by examination of the
monthly statistics (not shown), uniform in time. The MOCAGE-PALM analyses are
similar to the others in this region.
In the lower stratosphere (100 hPa to 50 hPa), analyses are biased (typically 10 %
higher) compared to HALOE, but reach 50 % at 100 hPa in the tropics. There are large
variations between the different analyses. However, MOCAGE-PALM results are
generally closer to HALOE observations compared to the other analyses.
In the troposphere (below 100 hPa), some analyses have quite substantial biases when
compared to ozone soundings (not shown). MOCAGE-PALM Cariolle v.2.1 analyses
have a positive bias, particularly in the tropics probably due to the version v.2.1 of the
Cariolle scheme. The MOCAGE-PALM Reprobus run does include upper-tropospheric
chemistry. These analyses are quite successful in minimizing bias against ozone sonde.
At high latitudes in the southern hemisphere, at levels between 100 hPa and 50 hPa,
there are variations in the performance of the analyses, which in general overestimate
the ozone amount. These discrepancies come mostly between September and November
2003 and can be explained by the analyses' ability to capture the development of the
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ozone hole. Figure 2 shows the time evolution of the analysed ozone over the South
Pole compared to sonde observations at 68 hPa. The ozone depletion began at around
the beginning of September, progressing to almost complete ozone destruction by early
October. MOCAGE-PALM analyses using Cariolle v.2.1 capture the ozone destruction
in October using a simple parametrization of heterogeneous ozone depletion.
MOCAGE-Reprobus analyses achieve a good description of the full ozone destruction
using a detailed description of heterogeneous chemistry.

Figure 2. Comparison of analyses and ozonesondes at the South Pole, 68 hPa over the period
August-November 2003. The MOCAGE-PALM assimilation results are in light blue
with solid line for the Cariolle chemistry scheme and with dashed line for
REPROBUS one. (See Geer et al. for more details).

As a conclusion, in the stratosphere, the MOCAGE-PALM analyses are very closed to
the other analyses of the ASSET intercomparison part, both using linear or Reprobus
chemistry. In the upper troposphere, the MOCAGE-PALM Reprobus analyses are better
than others compared to ozone sondes thanks to upper-tropospheric chemistry included
in the chemical scheme.
Transport of tropospheric CO using assimilation
Using the results obtained with the system described in the section 2.3, we present two
different studies within the troposphere. The first point is dedicated to the
intercontinental transport of CO over US and Europe during summer 2004 and the
second is a study on the CO budget over western Africa.
The first example presents the effect of the assimilation of CO in MOCAGE CTM
during a special event of intense fires over Canada. It was during the ICARTT/ITOP
experiment which took place between US and EU and lasted 1 month (between July
15th and August 15th, 2004). The second example is dedicated to the improvement of
tropospheric CO distribution from MOCAGE evaluated by comparing the model results
(with and without assimilation) with the MOPITT CO concentrations observed during
the analysed period (from March 15th, 2001 to April 30th, 2001, and also with
independent in situ CMDL and TRACEP observations. This study has been published in
details in Pradier et al [2006].
During summer 2004, the European Intercontinental Transport of Ozone and Precursors
(ITOP) was conducted as part of ICARTT [Fehsenfeld, 2006]. Several scientific teams
from Germany, France, the UK and the US carried out aircraft measurements of
chemical species concentrations between N. America and Europe were involved in this
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experiment. The aim of this project was to better understand the mechanisms of
pollution chemistry within up-lifted air exported from North America to Europe.

Figure 3. Distribution of CO (ppbv) at 500 hPa for top: MOPITT and bottom: MOCAGE with
assimilation.

The campaign took place between July 15th and August 15th, 2004. Strong wildfires
over North America and Canada occurred with a high variability both in space and time
and created rich pollution air plumes reaching the coasts of Europe and releasing
numerous species in the atmosphere. The summer of 2004 was one of the strongest fire
seasons on record for Alaska and Western Canada. During this campaign, MOCAGE
was used to provide chemical forecast and analysis to help defining the experimental
aircraft flight plans. Figure 3 presents the MOPITT CO compared to the results of its
assimilation into MOCAGE distribution during the period July 24th to July 27th, 2004.
The strong CO over North America is quite well reproduced by the model with
assimilation for this period. Conversely, because the source inventory of the model was
not adequate for this period, the results of the model without assimilation (not shown)
were quite different compared to the observations. The MOPITT CO assimilation
allowed us to make CO analyses in order to forecast much better the distribution of CO
during this experiment for defining more precisely the experimental flight plans.
Future outlook
The measured distributions of the long-lived species (N2O, CH4, and CO) will be
compared to the outputs from the three-dimensional chemical transport model
MOCAGE covering both the troposphere and the stratosphere. The aim is to assimilate
into the MOCAGE-PALM system both CO nadir-viewing measurements from MOPITT
and CO limb-viewing measurements from the AURA/MLS instrument in order to
optimally study the TTL after studying and correcting probable data bias.
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Atmospheric Composition Forecast, Ground Truthing, Model
Evaluation and Data Availability/NRT Data Delivery
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 1
Harald Berresheim
Meteorological Observatory Hohenpeissenberg
German Weather Service (DWD), 82383 Hohenpeissenberg, Germany

Summary
Global and regional surveillance of international agreements such as the Kyoto and
Montreal protocols require a concerted early warning system for impacts on global and
regional climate and air quality. Implementation of the development of sophisticated
models with data assimilation including ground-based networks (e.g. GAW,
AERONET) require identification of use and application of data, optimization of data
exchange, and continuous forecast evaluation and improvement. Assimilation of
atmospheric composition data (aerosol, trace gases) into operational forecast needs to be
solidly founded by international agreements (via WMO and other agencies) similar to
systematic development of meteorological weather forecasting (NWP) initiated some 40
years ago. National meteorological and environmental agencies should collaborate
synergistically to issue early warnings on global and regional scales, e.g. long-range
advection of pollution and health risk situations, and their human, environment, and
economical impacts, respectively.
Introduction
In the EU project GEMS (Global and Regional Earth System Monitoring Using Satellite
and In-Situ Data – http://www.ecmwf.int/gems/research/EU_projects/GEMS) global
and regional chemical weather forecast models using satellite data assimilation will be
implemented at ECMWF to become operational by 2009 [Berresheim and Flentje,
2005]. This requires the integration of air chemistry and aerosol observations from
various networks and data sources with the models, i.e. operational assimilation of
global data and subsequent evaluation of the results.
Data use
DWD in collaboration with KNMI provides a global UV index forecasting service (EU
project PROMOTE) including O3 column forecast (e.g. including extreme situations
with ozone miniholes / streamers). However, the forecast is not systematically evaluated
or improved by independent model evaluation (only on-site comparisons from users at
UV measuring stations and their respective governmental agencies). UV forecasting
may be significantly improved by assimilated aerosol model input which is still lacking.
A major improvement in NWP accuracy should be achievable when expanded to
aerosol data assimilation (e.g. AOD, aerosol composition, scattering), mainly with
respect to visibility forecast (applications for air traffic safety, tourism, etc.), predictions
of radiation / heat balance, stability of the atmosphere, and cloud formation /
precipitation efficiency). Early warnings concerning, e.g. long-range advection of fire
emissions and mineral dust aerosol coupled with moisture growth and chemical ageing
of transported aerosol should be achievable based on implementation of
parameterizations derived from further scientific research such as GEMS.
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Methods of O3 satellite measurement and ground truthing with respect to column and
profile retrievements have significantly matured over the last 20-40 years (e.g.
corrections of TOMS data algorithm based on the harmonized Hohenpeissenberg
Dobson and ozone sonde records). Ozone data are not only essential for UV and
summer smog conditions but are also critical in the upper troposphere for better
predictions of heat and radiation transfer since ozone is also an important greenhouse
gas.
On a national basis it is important for meteorological agencies to synergistically
collaborate with environmental agencies. Information on the transboundary flow of air
pollutants and climate related components of the atmosphere must be inherently
processed in global NWP operated by national meteorological agencies. Global model
forecasts should feed into regional forecasts including specific meteorological and
health-related composition warnings for small scales (regional, local) with
corresponding warnings issued by environmental agencies (e.g. exceedences of O3, NO2,
or fine particle standards).
Data availability
In GEMS, DWD as model evaluator represents the interface between model
development and the data providing ground based networks GAW and NDSC/ozone
profiling stations. It is essential to establish a close interaction with the individual
stations many of which have long delivery lag times for providing data to the respective
GAW data centres (WDCGG, WDCA, WOUDC). Delivery lags may occur for many
reasons (political, property rights, scientific publishing, restrictions in instrumental,
funding, or personnel resources). Feedback to data providing stations and officials must
be organized with efficient dialogue. DWD has issued a GAW letter [Berresheim and
Flentje, 2005, see Appendix] and has also drafted an information about GEMS and
chemical weather forecasting addressing the GAW community (to be published in a
GAW newsletter; see Appendix).
An international GAW technical training program at Zugspitze / Hohenpeissenberg
(GAWTECH) with regular contributions by DWD is conducted on a quarterly annual
basis focussing on measurement techniques for specific atmospheric constituents.
However, such services should be followed up in twinning partnerships and continuous
mentoring programs. Mainly for lack of resources (personnel, financial) these have not
yet been realised.
With respect to data delivery large delay times for many GAW stations still hamper the
visibility and efficiency of the GAW network to achieve a ground truthing and model
evaluation reference. However, with respect to surface O3, CO, and perhaps NOx and
AOD measurements data delivery could be relatively fast (near real time). Timely
delivery of O3 profile data is very different with respect to different communities (e.g.
fast for NILU, SHADOZ, slow down to no open access, e.g. NDSC; the same holds for
AOD data from EARLINET). For model evaluation a data delivery within one to two
months to a common data centre should be possible (within GEMS such a centre could
be set up at DWD as indicated in the address letter to the GAW community mentioned
earlier). Both the data centre and the data providers need to define quality levels to be
assigned to the data. For regional air quality forecasts data from GAW supersites such
as Hohenpeissenberg including a much broader list of parameters (e.g. VOCs, PAN,
H2O2, etc.) should be delivered in NRT during model test periods, either for model
reanalysis or as direct model input for validation.
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Future outlook
Joining CTM and NWP to an operational "chemical weather" forecast is the goal of
GEMS and other user-oriented programs such as PROMOTE. Case studies need to be
identified to demonstrate the usefulness and efficiency of such a compact system in the
framework of GAW/IGACO [e.g. Pace et al., 2006, 2005; di Sarra et al., 2001].
Collaboration between meteorological and environmental agencies need clear
collaborative agreements and regulations. In GEMS and beyond DWD intends to
promote air composition data availability and use interfacing DWD and ECMWF with
the GAW, AERONET, and NDSC communities.
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APPENDIX: Draft letter to GAW community and GAW letter #30
Dear Colleagues,
In 2005 the European Union has signed the contract for a project called GEMS: "Global
and regional Earth-system (Atmosphere) Monitoring using Satellite and in-situ data".
The project is conducted under the leadership of the European Centre for MediumRange Weather Forecasts (ECMWF, Reading, UK). The GEMS consortium of 30
partners includes national meteorological and environmental agencies and research
institutes. The goal is to develop a global operational medium range forecast /
assimilation capability for atmospheric dynamics and composition exploiting all
available satellite data and in-situ data. Near-real-time data availability from GAW
stations will be a key element in validation of the model forecasts for greenhouse gases,
reactive gases, and aerosols. Furthermore, the GEMS project will produce global
retroactive analyses to assess the impact of changes both on global and regional scale,
examining extremes as well as means. Availability of high-quality long-term data sets
from GAW stations and data centres and their use for model validation will be one of
the most important elements in making this task successful.
The Global Atmosphere Watch network will play a key role for the success of this
project which in turn will strongly boost GAW even further into a global spotlight as a
key in-situ atmospheric surveillance network. GEMS will significantly promote GAW's
reputation and, for the first time, actively operationalize the use of GAW data for global
chemical weather forecasting under the aspects of climate change and health effects
induced by anthropogenic air pollution.
The German National Meteorological Service (Deutscher Wetterdienst, DWD) is a key
validation partner in GEMS interfacing GAW in-situ data with outputs from three
global chemistry transport models operated by ECMWF. DWD's major task in the
GEMS project and in the post-project operational phase will be to regularly gather insitu monitoring data from as many GAW stations as possible in near-real-time, i.e.
ideally on an estimated monthly or bimonthly basis, as well as from the GAW data
centers for model validation. Initially, the validation will focus on O3, CO, NOx and
spectral AOD of the years 2003 and 2004, later the list of species will be extended.
More details will be sent to you later by DWD. The DWD contacts are Prof. Dr. Harald
Berresheim
(PI)
(harald.berresheim@dwd.de),
Dr.
Harald
Flentje
(harald.flentje@dwd.de)
with
cooperation
by
Dr.
Wolfgang
Fricke
(wolfgang.fricke@dwd.de) and Hans Claude (hans.claude@dwd.de). Continuous
feedback to data providers will be intended via access to the ECMWF website and
directly to DWD.
Therefore, I ask all of you to support the GEMS project by making your complete data
available to DWD as near to real-time and with as much quality-control as possible.
Once again let me emphasize that this new acitivity will be a unique chance for the
GAW community to further uplift its worldwide public and political recognition. More
information
can
be
found
on
the
GEMS
website:
http://www.ecmwf.int/research/EU_projects/GEMS/ as well as the GAW website.
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General Climate Radiation Greenhouse Gases Trace Gases Aerosol Precipitation Analyses Trends Causes

Towards an Operational Chemical Weather Forecast: GEMS and
GAW
Harald Berresheim and Harald Flentje, Meteorologisches Observatorium
Hohenpeißenberg
Martin Schultz, Max-Planck-Institut für Meteorologie, Hamburg
The surveillance of global climate change is a main task of GAW. It is composed of
three co-ordinated elements: 1. monitoring, 2. scientific analyses / identification of
trends and 3. predictions and alerts. Within the scope of the ongoing international
development of the GAW programme the third phase becomes increasingly important,
in which the observational data and the scientific understanding are also applied for an
operational forecast of air quality and climate change on global and regional scales. The
additional integration of atmospheric chemical data is expected to improve the weather
forecast itself, particularly the prediction of precipitation and radiation. According to
estimates by ESA and EU, suitable provisions could reduce expenses for damages
caused to the environment by about 1 billion € per year. Therefore, this year the EU
launched a comprehensive project to develop chemical weather forecasting based on
observations from satellites and data from GAW (and other networks) to become
operational by 2009. The project is called GEMS (Global and regional Earth-system
(Atmosphere) Monitoring using Satellite and in-situ data). About 30 European research
institutes and national weather services (e.g. DWD) are involved in GEMS, which is coordinated by the European Centre for Medium Range Weather Forecast (ECMWF).
This GAW letter is meant to provide a short overview of the project, detailed
information
is
available
on
the
GEMS
website:
www.ecmwf.int/research/EU_projects/GEMS/.
In GEMS, atmospheric models which at present are operated independently shall be
combined into an Integrated Forecast System (IFS) as outlined in Figure 1. In the first
phase, different models are implemented at the ECMWF for the individual work
packages Aerosol (AER), Greenhouse Gases (GHG) and Global Reactive Gases (GRG).
Next, case study reanalyses are separately performed and evaluated with data from
global networks (e.g. GAW, AERONET). Based on the observations, deficiencies of
individual models shall be identified and corrected eventually leading to a best choice
for the IFS. The coupling of the single atmospheric modules incl. assimilation,
parameterisation and forecasting of global distributions of particles and trace gases will
take place at ECMWF. Based on the global model output, the Regional Air-Quality
(RAQ) task will forecast regional/national distributions of gases and particles, perform
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evaluations and assess the forecasts with respect to climate and health aspects. While
only column values from satellites enter the assimilation, spatially and temporally
higher resolved observational data from ground stations, sondes and also aircraft- and
ship-campaigns will be required to evaluate the model simulations. In the beginning, the
project will concentrate to a limited number of key parameters like O3, CO, NO2, SO2,
CO2 and NH3 as well as scattering and absorption of radiation by aerosol particles. Later
on more species will be added consecutively.

Figure 1. Relation of the Integrated Forecast System (IFS) to the GEMS Modules Aerosol
(AER), Greenhouse Gases (GHG), Reactive Gases (GRG) and Regional Air-Quality
(RAQ) as well as relevance of observational data (GAW and other networks,
satellites) and utilisation of the model results. GAW data are used for evaluation of
the model analyses and forecasts to eliminate deficiencies in the models.

To illustrate an operational forecast of the large scale trace gas distribution, Fig. 2
shows a carbon monoxide (CO) simulation of the coupled chemistry-climate model
ECHAM for 18 November 2001. During this episode which was investigated in detail
during the CONTRACE campaign (http://www.pa.op.dlr.de/contrace) an air mass loaded
with exhaust gases from fossil fuel combustion in Canada/USA is transported across the
northern Atlantic to Europe. The involved processes – frontal uplifting, rapid large scale
transport and subsidence – episodically lead to intercontinental exchange of pollutants
within a couple of days. An accurate prediction of the transport pathway and
intermediate chemical processing requires regionally representative measurements of
trace compounds, as compact in space and time as possible. In other cases like the
sporadic transport of Saharan dust towards Europe, the prognostic skill substantially
depends on realistic wind profiles, atmospheric turbidity observations and the
representation of microphysical processes (e.g. sedimentation, coagulation) in the
models. Global relatively coarse-resolved forecasting simulations as in Figure 2 are
initialised and driven by real-time data and subsequently serve for higher resolved
modelling of air-quality down to regional scales of a few km width (e.g.
http://www.eurad.uni-koeln.de). In order to inspect and improve the global and regional
models, GEMS will activate comprehensive evaluations using data from international
networks as GAW, AERONET and EMEP.
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Figure 2. Example of a chemical weather forecast: Carbon monoxide (CO) distribution at the
700 hPa level for 18th November 2001, 0600UTC, simulated with the chemistryclimate model ECHAM. CO from fossil fuel combustion sources in North America
is transported to Europe along the outlined trajectory. Traversing a high pressure
ridge over Greenland the air mass is lifted up to (and above) the displayed 700 hPa
level.

harald.berresheim@dwd.de
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THOR – an Operational and Integrated Model System for Air
Pollution Forecasting, Management and Assessment from Global to
Local Scale
Contribution to the ACCENT/WMO Workshop on Data Assimilation; Group 1
Jørgen Brandt, Jesper H. Christensen, Lise Marie Frohn, Camilla Geels, Kaj M. Hansen
and Carsten A. Skjøth
National Environmental Research Institute, Department of Atmospheric Environment,
Frederiksborgvej 399, 4000 Roskilde, Denmark

Summary
The THOR system is a highly integrated model system, capable of performing
forecasting of meteorological and chemical weather for the general public as well as
assessment and management for decision-makers in general. It consists of several
meteorological and air pollution models, developed at NERI during the latest decades
and is capable of operating for different applications and at different scales. The main
purposes of the THOR system are air pollution forecasting, nowcasting, emission and
traffic reduction scenarios and retrospective analyses. The system provide accurate and
high-resolution three-days forecasting of weather and air pollution from regional scale
over urban background scale and down to individual street canyons in cities – on both
sides of the streets. The coupling of models over different scales makes it possible to
account for contributions from local, near-local as well as remote emission sources in
order to describe the air quality at a specific location - e.g. in a street canyon or in a park.
The system is presently operational for several cities in Denmark and is used for
information and warning of the public in cases of high air pollution levels and for policy
management (e.g. by emission reduction or traffic scenarios) of many different chemical
compounds. The system is also applied in connection with the urban and rural
monitoring programs in Denmark where the model results and measurements are used
together via integrated monitoring to obtain the best available information level
concerning the atmospheric environment and effects. Furthermore, the system is
capable of forecasting air pollution from accidental releases as e.g. nuclear power plants,
industrial sites and fires. In this paper the concept of the system, data flow and
individual models will be described shortly. For examples of model output and
validations, see http://thor.dmu.dk.
The THOR Integrated Model System
The general concept of the THOR model system, illustrated in Figure 1, is to form a
basis for an open framework of model integration. Not only atmospheric models are
included in the system, even though these models form the core of the framework, but
also e.g. models for human exposure, marine models, terrestrial models, and socioeconomic models. The basic framework idea is the operationalisation of data flow and
communication between these different types of models, input data, measurements,
results, visualisations as well as the communication of results to end-users and decisionmakers. Besides modelling the chemical weather [e.g. defined in Lawrence et al., 2005],
the operationalisation of communication means that the system should in principle be
ready (operational) to provide results that can be used to answer (any) specific questions
or problems related to the atmospheric environment, without inventing the data flow
every time a new problem arises.
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Figure 1. A schematic diagram of the models/modules in the operational THOR system and
data flow within the system (blue lines).

The system was initially developed in the summer of 1998 based on already existing
models [Brandt et al., 2001a; 2001b; 2001c; 2003] and has been running operational
since then. At present the system includes global meteorological data from either NCEP
or ECMWF used as initial and boundary conditions for the numerical weather forecast
models Eta [e.g. Janjip, 1994; MM5v3 Grell et al., 1995]. The weather data is used to
drive the air pollution models, including the different versions of the Danish Eulerian
Hemispheric Model, DEHM (Christensen, 1997), the Urban Background Model, UBM
[Berkowicz, 1999b], the Operational Street Pollution Model, OSPM [Berkowicz,
1999a], the accidental release model, DREAM [Brandt 1998; Brandt et al., 2002], the
Gaussian plume model, OML [Løfstrøm and Olesen, 1994; Olesen, 1992] and others.
Results from the air pollution models are implemented and used e.g. in models for
human exposure, marine models, and economic assessment of impacts on human health
via dose-response functions and valuation. The weather forecast model Eta and the air
pollution models DEHM-REGINA, UBM and OSPM are presently running
operationally four times every day, producing three days weather and air pollution
forecasts from European scale, over urban background scale to urban street scale. For
every forecast, more than 3000 visualizations are produced for quality analysis and a
subset of this information is provided to the public via the Internet, local radio, TV, and
newspapers. In the following, the individual models are shortly described. The ozone
forecasts from the THOR system was compared with forecast data from other forecast
systems in Europe in Tilmes et al., [2002] showing good performance.
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Meteorological models
Two different mesoscale numerical weather prediction models are used as
meteorological drivers for the model: the MM5v3 model or the Eta model. Global
analyzed meteorological data available from 1979 to 2004, used as input to the MM5v3
mesoscale modelling system, are obtained from the European Centre for Medium-range
Weather Forecasts (ECMWF), while global analyzed- and forecast data from the
National Centres for Environmental Prediction (NCEP) available for the period from
August 1998 to present is used as input to the Eta model or the MM5v3 model. Data
from NCEP global circulation model are the starting point for nearly all weather
forecasts in the USA, and for many forecast systems in Europe. The setup and the
application of the Eta model in the THOR system is documented in Brandt et al.,
[2004a; 2004b].
DEHM-REGINA
The weather forecast is used as input to the photochemical version of the long-range
transport air pollution model the Danish Eulerian Hemispheric Model (DEHMREGINA) (Christensen 1997; Frohn et al., 2002) producing air pollution forecasts on
regional background scale (e.g. the greater European scale). The operational version of
the model calculates transport, dispersion, deposition and chemistry (including
photochemistry) of 63 chemical compounds. A chemical scheme based on the EMEP
scheme with 63 species and 120 chemical reactions is included in the model. Three of
the species are particulate matter, PM25, PM10 and TSP, including primary and
secondary aerosols (NO3, SO4 and NH4) as well as sea salt. The model has been tested
in a model intercomparison exercise [Loon et al., 2004]. The emissions are based on a
combination of the GEIA (Global Emissions Inventory Activity), the EDGAR
(Emission Database for Global Atmospheric Research), the EMEP emissions (European
Monitoring and Evaluation Programme) as well as data from Danish data bases. The dry
deposition velocities of the species are based on the resistance method. The wet
deposition is parameterized by a simple scavenging ratio formulation with different incloud and below-cloud scavenging.
DEHM is in general based on a set of coupled full three-dimensional advectiondiffusion equations with two-way nesting capability to obtain high resolution over
limited areas. The original model covers the majority of the Northern Hemisphere,
including currently two coupled nests covering Europe and Northern Europe,
respectively. The horizontal resolution in the mother domain is 150 km × 150 km, and
the nesting factor is three giving a resolution in the first nest of 50 km × 50 km and in
the second nest of 16.67 km × 16.67 km. The first nested grid is a sub grid of the EMEP
50 km × 50 km grid. The vertical discretization is defined on an irregular grid with 20
layers up to ~15 km. The advection is solved numerically using an Accurate Space
Derivatives scheme with non-periodic boundary conditions for the horizontal advection
and a finite elements scheme for the vertical advection. The diffusion is solved using the
finite elements scheme [Christensen 1997, Frohn et al., 2002].
Four other versions of DEHM exist: 1) DEHM-CO2, including atmospheric transport
and biogenic and anthropogenic fluxes of CO2 [Geels et al, 2004], 2) DEHM-Hg - a
mercury version, including 14 mercury species [Christensen et al., 2004], 3) DEHMPOP, which is presently including -HCH [Hansen et al., 2004], and 4) DEHM-Sulfur:
SO2, SO4 and lead [Christensen, 1997].
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Urban Background Model, UBM
Meteorological data from the weather forecast and air pollution concentrations from the
long-range transport model are subsequently used as input to the Urban Background
Model, UBM, calculating the urban background air pollution based on emission
inventories with a spatial resolution down to 1 km × 1 km. The UBM model is suitable
for calculations of urban background concentrations when the dominating source is the
road traffic. For this source the emissions take place at ground level, and a good
approximation is to treat the emissions as area sources, but with an initial vertical
dispersion determined by the height of the buildings. The applied emission data have to
be provided on a grid with the same resolution as used in the model. The concentrations
calculated by the model include NO, NO2, NOx, O3, CO, benzene and particles.
Contributions from the individual area sources, subdivided into a grid with a resolution
down to 1 km x 1 km, are integrated along the wind direction path assuming linear
dispersion with the distance to the receptor point. Horizontal dispersion is accounted for
by averaging the calculated concentrations over a certain, wind speed dependent, wind
direction sector, centred on the average wind direction. Formation of the nitrogen
dioxide due to oxidation of NO by ozone is calculated using a simple chemical model
based on an assumption of photochemical equilibrium on the time scale of the pollution
transport across the city area. This time scale governs the rate of entrainment of fresh
rural ozone. The model is described in detail in Berkowicz [1999b]. The model is e.g.
run operationally for the central city of Copenhagen and for the city area of Aalborg,
Denmark, and the results of these calculations are published on the Internet four times
each day.
Operational Street Pollution Model, OSPM
The output from the urban background model is used as input to the Operational Street
Pollution Model, OSPM, producing the air pollution concentrations at street level at
both sides of the streets in cities. The OSPM model is a parameterized semi-empirical
model making use of a priori assumptions about the flow and dispersion conditions in a
street canyon. In the model, concentrations of exhaust gases are calculated using a
combination of a plume model for the direct contribution and a box model for the
recirculating part of the pollutants in the street. Parameterization of flow and dispersion
conditions in street canyons was deduced from extensive analysis of experimental data
and model tests. Results from these tests have been used to improve the model
performance, especially with regard to different street configurations and a variety of
meteorological conditions. The model calculates air concentrations of NO, NO2, NOx,
O3, CO, benzene and particles in the street canyon at both sides of the street. Depending
on the meteorological conditions, the air pollution concentration levels can be very
different at the two sides of a street, due to the circulation of air in street canyons. The
OSPM has been successfully tested for many different cities in the world. For a detailed
description of the model, see Berkowicz [1999a]. In Figure 2, examples of home pages
providing information to the public about forecasted air quality are given. The air
quality forecasts are carried out using the THOR system.
The DREAM model
The weather forecast also drives the Danish Rimpuff and Eulerian Accidental release
Model, DREAM (Brandt et al., 2002), used in connection with accidental releases at
regional scales as e.g. the Chernobyl accident. DREAM is a combined Lagrangian and
Eulerian model, where the Lagrangian part handles the initial near-source transport and
dispersion (up to ~300 km from the source) and the Eulerian part calculates transport

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

95

and dispersion in an area covering e.g. Europe. The model can be applied for describing
any accidental release from power plants, industrial sites, natural and human made fires,
etc. Recently, the model was setup and applied for a large fire at a fire-works storage
building in the city of Kolding, Denmark.

Figure 2. Examples of home pages providing information to the public about forecasted air
quality calculated using the THOR system. Left figure includes data for the city of
Aalborg and the right figure includes data for city of Copenhagen. The street colours
indicate the level of air quality.

Ongoing developments
Ongoing developments of the system include implementation of different data
assimilation techniques for ground based and satellite data in order to improve the air
quality forecasts and retrospective model runs at different scales. Tests have e.g. been
made using an O.I. algorithm (see Frydendall, 2006) and with a 4-D var algorithm
(Zlatev and Brandt, 2006).
The DEHM-REGINA model together with the OML model forms a basis for assessing
costs from air pollution related impacts on human health via the use of dose-response
functions and valuation. Residuals from model runs with and without specific sources
(e.g. a power plant) are combined with exposure-response functions to give the impacts.
Valuation of the different responses allows estimate of the damage (or "cost").
Currently, comparisons with results from the EcoSense software developed within the
ExternE methodology for Danish conditions are carried out. This setup within the
THOR system facilitates estimation of costs related to e.g. one specific power plant or
industrial unit and will - once completely developed - form a powerful basis for
management.
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Multiple Applications of Advanced Assimilation and Inversion
Techniques
Contribution to the WMO/ACCENT workshop on Data Assimilation: Group 1
Hendrik Elbern
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Aachener Strasser 209, 50931 Cologne, Germany

A need for advanced monitoring
Monitoring the chemical state of the atmosphere and assessment of processes, which
impact on its cpmposition and trends is not neccessarily constraint only to observations
or remote sensing retrievals. Rather, gridded analyses allow for combination of multiple
data sources, including models and standardized analyses. The frequently enunciated
need to combine models with data, is adressing this issue. The desire is being driven by
pressing scientific and societal needs to understand the behaviour of the earth system as
a whole, as well as by the rapidly increasing amount of observational data becoming
available, much of it from space-borne platforms. The large diversity of measurements,
as given in terms of different parameters, which are distributed in time and space and
observed with various techniques and accuracy, must be composed to a consistent
picture of the atmosphere. A necessary, but not sufficient, condition to deliver this
maximum benefit and effectiveness in their final interpretation is the use of numerical
models. Activities along this direction are in the very heart of earth observation research,
chemical state/weather forecasts and trend assessments.
Further incentives to combine models with data is that major advancements can be
expected in our scientific understanding of the variability, dynamics and interactions of
all climatologically important components of the earth system through the constant
confrontation of models, which rest on theory and first principles, with reality, as
provided by earth observation data.
Contribution to public and policy issues
There are currently manifold activities to harmonise observations on both global level
( most prominently GAW, IGOS) and European level (GMES, PROMOTE, EEA
activities). Protection of the environment starts with providing capacities to monitor it,
and proceeds to invest our theoretical knowledge in modelling efforts to simulate and
predict the evolution of critical parameters.
However, it is also recognised that both existing information sources, data and models,
are not adequately exploited in the particular area of environmental applications. The
transfer from data to information is often hampered by the lack of coherence and
consistency in the diversity of data sources. The multiplicity of stakeholders with partly
conflicting interests will likely reinforce accountability for scientific results and calls for
the most stringent validation of information. Hence, the concept of “mutually assured
observations” is to be upgraded by “mutually assured information products”. This in
turn results in a sounder basis and broader acceptance for policy-setting and decisionmaking, aiming at sustainable development, environmental assessment and protection,
risk reduction from environmental degradation, and early warning measures.
A general contribution to scientific issues
The claim for coupling models with data in a mathematically sound fashion inevitably
calls for Inverse Modelling as the pertinent discipline. More precisely, there is a dual
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requirement in confronting models with data: Either numerical models are to be used to
assimilate meteorological and atmospheric chemistry observations, creating a
dynamically consistent and complete "movie", which is of optimal quality in some
objective sense of estimation theory. This means, it cannot be claimed, to provide for
the truth, but for the most probable state of the system under observation, given all
available information. Or alternatively and of similar importance, we want to be given
an indication, if observations and models do not fit together: This means, our
information basis is inconsistent within predefined margins. Estimates of this kind rest
on the accuracy of the data errors, which must be provided a priori with the data.
Specific contributions to scientific and routine forecast issues
Several projects use data assimilation techniques in space and time as methodological
approach, where models are an integral part of the assimilation algorithm. There is a
three-fold effect when using an advanced data assimilation method: filtering the signal
from noisy observations, interpolation in space and time, and completion of state
variables that are not sampled by the observation network. While a decade ago this
techniques was regarded primarily as a means of providing initial conditions for
numerical weather prediction models, advanced assimilation applicability is perceived
in a much more comprehensive way today. These include,
*

the classical objective of estimating complete parameter fields from sparse data by
chemical and physical laws,

*

estimates of forcing fields acting on the system under investigation

*

estimates of scientific hypotheses,

*

estimates of parameters in the physical laws,

*

design of optimal observation system configurations, and

*

solution of mathematically ill-posed modelling problems.

Four applications deserve particular mentioning:
1. Data validation
Models can further serve to establish the space-based/in situ observation linkage, as
both are complementary and mutually reinforcing. While in situ measurements
indispensable for satellite data validation, they are rarely available with sufficient
spatial density necessary to cover the globe. Validation of satellite data or assessments
of systematic discrepancies from isolated in situ observations can on a larger scale only
be performed by specific applications of inversion algorithms.
2. Field experiments
As outdoor experiments are not exactly replicable and other processes cannot be
eliminated in a natural environment, advanced inversion techniques, along with
comprehensive observations, allow for the numerical reconstruction of a consistent
picture of both the process under investigation and all other impacting effects.
3. Climate signal detection
Filtering of climate signals from noisy archived data is not only dependent on, say, the
definition of a footprint method, but also on the error margins of the analysis. Advanced
inverse modelling techniques will have the potential to reduce error ellipses of the
analyses and identify the positions of their major axes, which indicate specific
sensitivities. This allows for an earlier detection of climate signals, when exploiting
archived analyses of optimal quality.
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4. Chemical weather forecasts
Data assimilation and Inverse Modelling serve to provide better initial values and
parameters like emission rates for more skilful chemical weather forecasts. In fact,
routine operations serve to continuously improve related parameters, substituting lack of
observation sites by temporal extensions. Also covariances and other directly
assimilation related parameters can be further précised.
A special issue is the present and potential role of space borne sensors for atmospheric
chemistry issues mentioned above.
As an example for air quality monitoring, an aerosol data assimilation example is given,
where first results from a combined AATSR and SCIAMACHY retrievals [Holzer-Popp,
DLR] are assimilated (Figure 1). It can be shown by withholding in situ data under
satellite footprints for validation, that the satellite data improve the assimilation results
considerably in these areas.

Figure 1. Particulate matter PM10 forecast for 14.07.2003, 10:30 with the University of
Cologne EURAD model, where fire emissions over Spain were observed, but
withheld to the simulation, due to lack of knowledge. (top left). In situ observations
and SYNAER PM10 retrievals (top right). 3D-var assimilation result only with in
situ observations, (bottom left), and with combined in situ and satellite retrievals
(bottom right).
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A special point is the selection of the parameter to be quantified. Given typical forecast
failures, it answers questions of the type, which parameters are poorly known in
strength and, at the same time, have such a fatal impact on the predictive skill. More
quantitatively, we have to address the parameters, for which to some first order a
product of “paucity of knowledge” x “impact on the forecast”. In atmospheric
chemistry this can be generally claimed for
*

emission rates,

*

deposition velocities, and

*

planetary boundary height and stability structure

From these, the first two can be addressed by advanced spatio-temporal chemical data
assimilation algorithms directly, while the latter is a meteorological issue. This
interference of models and assimilation algorithms with different scope clearly indicates
the need for a quite comprehensive system to be built.
Quality assurance
There are strict quality criteria to be enforced, however. Assimilation procedures must
be shown theoretically to have no biases and the error variance must be minimal. Spacetime data assimilation algorithms which comply with this requirements, that is, which
provide for a Best Linear Unbiased Estimates (BLUE), are the four-dimensional
variational data assimilation procedure and the Kalman–filter. The latter is said to act as
a filter, while the former is said to have smoother and filter properties. Both algorithms
require high computational resources, which are for the latter algorithm, in its full form,
still insurmountable. Assimilation algorithms of minor complexity may still serve for
some initial value improvements. For more in depth analyses and for applications as
enumerated above, they should be replaced by algorithms with the BLUE property.
As Inverse modelling seeks to present analyses on some regular grid, given irregularly
distributed data, numerical models must be of Eulerian or semi-Lagrangian type.
Otherwise another interpolation would be mandatory, allowing for further loss of
information and consistency.
Apart from compute resources, advanced inversion algorithms require a substantial
amount of work for their development. Different mathematical disciplines serve for the
theoretical foundation and the provision of guidelines for the development. These
include
*

functional analysis and control theory: Models are the underlying basis to
relate one parameter at some time and location to another parameter elsewhere
at another time, to satisfy the completeness property. In order to exploit such
dependencies quantitatively for assimilation with smoothing property,
differential forms of the model must be developed, that is, a tangent-linear and
an adjoint version must be made available.

*

stochastic differential equations and filtering theory: Any information must be
made available together with its errors margins. In the algorithms this is
encoded in terms of various error covariance matrices. Apart from rating the
quality of data, this enables us to judge, whether various observation sources,
model information, and probably added statistical knowledge are in
consistency.

*

numerics and scientific computing: As the models are generally complex, the
state variables having a high dimension and the matrices formally being the
square of the state dimension , straight forward implementations of the
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inversion algorithms do not apply. Rather compression and minimisation
techniques must be used to attain a tractable problem size for today’s
computational platforms.
Further challenges for inversion techniques with real world atmospheric applications
will also include improved cloud water, - ice and water vapour analyses. This will
enforce major efforts in the development of large scale non-gaussian, non-linear, and
discontinuous optimisation methods with and without constraints. Suitable methods are
devised, theoretically justified, and applied in low dimensional science and engineering
problems.
Nevertheless, pertinent data assimilation properties, following some mathematically
rigorous optimality criterion should be taken as mandatory. Most popularly Best Linear
Unbiased Estimators (BLUE) are selected, which in the realm of spatio-temporal data
assimilation would point toward the development of a 4dimensional variational data
assimilation technique or a Kalman filter.
Further recommendations
Beyond the formal decision of what algorithm is to be selected further issues which are
to be considered in the future, partly quite evident, include:
*

data assimilation should be extended to aerosol chemistry

*

data assimilation algorithms should account for non-Gaussian, even
multimodal probability density functions

*

more use of targeted observation algorithms, which provide an estimate of the
most valuable observation configurations

*

a posteriori evaluation algorithms for

*

assimilation / inversion result, resulting in analysis errors,

*

model output statistics, which identifies typical errors,

*

Selective error covariance matrix optimisation, which separately assesses the
observation error covariances of different types of observations or retrievals or
sensors,

*

chemically coupled background error covariance matrices

It should be noted however, that implementation of these ideas require intense training,
implementation, and validation work.
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Propagation of Errors in Physical Data into Predictions of
Atmospheric Chemical Composition
Contribution to the WMO/ACCENT workshop on Data Assimilation: Group 1
Øystein Hov
Norwegian Meteorological Institute, PO Box 43 Blindern, NO-0313 Oslo, Norway
also: Dept of Geosciences, University of Oslo, Norway

Time scales of environmental problems related to atmospheric chemical
composition
What is the right time scale of integration time for the analysis or forecasting of air
pollution compared to medium range weather forecasting? The answer to this question
depends on the environmental issue.
*
*
*
*
*
*
*
*
*
*

Acidification of soils and waters – ecosystems: seasons to multiannual.
Terrestrial eutrophication – ecosystems: seasonal to multiannual.
Marine eutrophication – ecosystems: seasonal to multiannual.
Ground level ozone - human health: hours and days.
Ground level ozone - forests and crops: growing season.
Particles - human health: hours to long term.
Health and ecotoxic effects - heavy metals: long term.
Health and ecotoxic effects – POPs: long term.
Regional climate change: years.
Regional UV change: years + day-to-day variability.

Air quality problems can in principle be abated (towards atmospheric sustainability),
while weather forecasting reflects the variability in the natural physical environment
(even though eg climate change and land use changes modify the natural variability in
the weather). The medium range weather forecast time period is typically up to 10 days.
This length of time is not particularly relevant for atmospheric composition changes
except for the relationship between air quality and human health and to some extent also
for exposure of agricultural crops to air pollution.
Errors in the physical parameters have a different significance and impact on the overall
value of the prediction in a in a chemical transport model compared to a numerical
weather prediction model forecast. This is illustrated in the table below.
In a CTM forecast, stagnant wind conditions are of particular concern eg in winter
pollution events, while in weather prediction it is particularly important to forecast wind
at very high speeds since life and property then may be at risk. Accurate determination
of wind direction is important for a good calculation of source-receptor relationships in
particular close to emissions from one or a few point sources, while in NWP the sources
of heat, water vapour and momentum all have the character of wide-spread area-sources.
In atmospheric chemistry, the length of the dry periods between precipitation events is
particularly important for the transport distance of water soluble species, and not so
much the precipitation intensity or rate itself. In NWP, precipitation intensity is an
important parameter. The table also shows many other examples; convection is of
particular importance in a CTM because convective processes ventilate the boundary
layer efficiently bringing pollutants into the free troposphere where transformation and
removal times often are quite different from those in the PBL. In a NWP, convection is
important in particular for the prediction of heavy rain showers and lightning.
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Parameter

CTM

NWP

Wind speed

Stagnant conditions

High wind speeds

Wind direction

Essential for source-receptor
relationships

Not so important

Precipitation

Length of dry periods; low intensity
rain

Heavy rain

Temperature

High temperatures – fast reactions
and large biogenic emissions

High and low temperatures,
freezing

Clouds

Type, location, lifetime

Cloud cover

Convection

boundary layer ventilation

Precipitation

Boundary layer mixing Important
height

Not so important

Specific humidity

Important for [OH]

Not so important

Ground surface

Important for specific humidity,
deposition, biogenic emissions

Important for fluxes of heat,
momentum, moisture

Chemical transport models, dependence on meteorological data
The quality of chemical transport model calculations depends on the following main
groups of data:
*

model formulation (grid resolution, numerical methods, parameterizations),

*

the physical data for winds, clouds including convective clouds, and
precipitation, as calculated by some kind of state-of-the-art mesoscale, synoptic
scale or global scale weather prediction or global circulation models,

*

the quality of the boundary conditions for the chemical tracers (both lateral and
upper boundary), as calculated by a chemical transport model which has a
larger domain, and

*

the quality of the emission data and the description of the chemical
transformation and removal processes

As outlined in the table above, the importance of error propagation from group 2, the
physical data, into chemical tracer calculations is to a large extent overlooked in the
literature, because it is generally believed that modern numerical weather prediction
models have advanced far and that the trust placed in the quality of the weather analysis
and forecast is ”inherited” when chemical tracer calculations are analysed. Also good
observations for the validation of clouds and boundary layer mixing processes are not
generally available, contributing to the weak emphasis on the validity of these
parameters.
For chemical tracers, water vapour, shear in wind speed (giving very different transport
times from a source region to a receptor volume in the free troposphere), convective
activity and cloud cover and type are very important parameters. Water vapour is a key
factor in the determination of the hydroxyl radical concentration, which determines the
lifetime of most atmospheric trace species. Cloud cover and type influenced photolysis
rates significantly.

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

105

Also data group 3, boundary conditions, can propagate important uncertainty into the
interpretation of chemical transport model calculations in that ill defined upwind
boundary conditions can be a dominant component in the distribution of long lived
species like CO and NOy far into the interior of the model domain. The method used is
not really well defined if it turns out that factors outside of the domain can be dominant
in explaining the concentration distributions of chemical tracers in the model. For data
group 4, emission data, the surface emissions are the driving force for the concentration
of chemical tracers.
It is difficult to balance a model development appropriately. The sophistication of the
various model elements should approximately reflect the quality of the underlying
physical or chemical data (resolution in time and space for instance). Also the model
should resolve the spatial and temporal distribution of the phenomenon to be analysed.
This means that the model results should not depend too much on ill defined initial or
boundary conditions.
The quality of CTM results as evaluated through comparison with measurements
depend on error contributions from all four main groups listed above. When errors in
the chemical composition calculations are systematic and significant, usually the
sources of those errors are sought in the emission estimates, or in the chemical
transformation data, or in the boundary or initial conditions. The point here has been to
argue that also the physical data can introduce significant errors in the chemical
composition calculations.
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Chemical Data Assimilation: Choices and Challenges
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 1
William A. Lahoz
DARC, Department of Meteorology, University of Reading, Reading, RG6 6BB, UK

Summary
Chemical data assimilation can add value to observations and models compared to the
information that each supply on their own. However, for proper use its challenging
aspects must be borne in mind. These include the characterization of errors and the
estimation of biases. Furthermore, to implement chemical data assimilation, choices
must be made as to the data assimilation algorithm, the model, and the complexity of
the chemistry component. This contribution discusses choices and challenges in
chemical data assimilation.
Introduction
Data assimilation (DA) seeks to combine observations with output from a numerical
model in an optimal manner. It is a tool based on techniques from estimation and
control theories [Daley 1991]. It is important to the broader community (Numerical
Weather Prediction - NWP, chemical modellers, Earth Observation), but has
challenging aspects; these include: computer resources, observation errors and model
deficiencies.
Historically, much of the development of DA methods has focused on operational
weather forecasting using NWP models. In parallel with those developments, a range of
sophisticated chemistry-transport models (CTMs) have been developed, particularly to
further the study of stratospheric chemistry relevant to ozone depletion. Recent years
have seen the convergence of these two approaches, as ozone is now often assimilated
into NWP models, and DA is now frequently applied to CTMs [IGACO 2004; Lahoz et
al, 2006]
The ASSET (Assimilation of ENVISAT data; http://darc.nerc.ac.uk/asset) project
provides an opportunity to assess the above two approaches. Several ozone analyses
have been produced and the ASSET intercomparison project (ASSIC) compares them to
independent observations and between themselves [Geer et al, 2006]. There have been a
number of previous intercomparisons between the ozone fields in different CTMs
[Bregman et al, 2001; Roelofs et al, 2003], but ASSIC is the first time ozone analyses
have been compared. Results from ASSIC are used to illustrate choices in chemical DA.
A discussion of challenges in chemical DA, partly based on results from ASSIC, is also
provided.
Discussion
ASSIC project
Eleven sets of analyses from seven different DA systems (2 NWP model systems based
on general circulation models, GCMs; five chemical model systems based on CTMs)
participated in the ASSIC project. The DA systems, which use 3-D Var, 4-D Var,
Kalman filter variants, or direct inversion, contain either linearized or detailed ozone
chemistry, or no chemistry at all. All but two of the analysis runs assimilate MIPAS
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height-resolved ozone data; the others assimilate SCIAMACHY total column ozone
data.
Most of the analyses are focused on the stratosphere, but the scope of the ASSIC project
spans from the troposphere to the mesosphere. Analyses are interpolated from their
native resolution onto a common grid and then compared to independent ozone data
from HALOE, ozone-sondes and TOMS, and to MIPAS data (which is assimilated).
Most data, figures and code are publicly available via the project website,
http://darc.nerc.ac.uk/asset/assic.
The ASSIC project compared analyses produced for the period July – November 2003.
This period was chosen because of the availability of high quality MIPAS ozone data.
Statistics were built up from observations minus analyses (O-A) differences. The
statistics were binned into latitude regions, as well as monthly; also for the entire period
18th August to 30th November 2003 (before 18th August 2003, one of the analyses was
not adequately spun up). Because ozone amounts vary by various orders of magnitude
throughout the atmosphere, the statistics were normalized with respect to ozone
climatology [Geer et al, 2006] and displayed as a percentage. In this way, all regions in
the atmosphere are given approximately equal weight.
The ASSIC project focused on various aspects of the statistics of the O-A differences
(biases, standard deviations, and MIPAS evaluation), and on various regions of the
atmosphere where chemistry plays an important role, or models and observations may
be particularly challenged (upper stratosphere and mesosphere, the ozone hole, and the
tropical tropopause). We focus on the overall results that provide a flavour of the
ASSIC project.
Figures 1 and 2 show that throughout the stratosphere (50 hPa–1 hPa), O-A biases are
usually within ± 10 % compared to the HALOE instrument. Similar results are found
against ozone-sondes.
Biases and standard deviations in the O-A differences are larger in the upper
troposphere / lower stratosphere, in the troposphere, the mesosphere, and the Antarctic
ozone hole region. In these regions, some analyses do substantially better than others,
and this is mostly due to model differences. At the tropical tropopause, many analyses
show positive biases and excessive structure in the ozone fields, likely due to
shortcomings in assimilated tropical wind fields and a degradation in MIPAS data at
these levels. In the Antarctic ozone hole, only the analyses which correctly model
heterogeneous ozone depletion are able to reproduce the ozone destruction over the
South Pole (Figure 3). In the upper stratosphere and mesosphere (levels above 5 hPa)
some ozone photochemistry schemes caused large but easily remedied biases. The
diurnal cycle of mesospheric ozone is not captured, except by the one system that
includes a detailed treatment of mesospheric chemistry.
The conclusions drawn from the ASSIC project are that, in general, in regions of good
data quality and coverage, similarly good results are obtained regardless of the DA
method, or the model. This reflects the generally good quality of the MIPAS ozone
observations. Analyses based in SCIAMACHY total column ozone are almost as good
as the MIPAS analyses.
Using analyses as a transfer standard, and treating MIPAS observations as point
retrievals, it is seen that MIPAS ozone is ~ 5 % higher then HALOE ozone in the mid
and upper stratosphere and mesosphere (levels above 30 hPa), and 10 % higher than
ozone-sonde and HALOE ozone in the lower stratosphere (100 hPa – 30 hPa).
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Choices and challenges in chemical DA
Ultimately, the choice of model in chemical DA depends on a range of considerations,
including history, familiarity with a particular approach or cost. If a central concern is
the production of weather forecasts, it makes sense to add ozone (often with simplified
chemistry) to enhance a pre-existing NWP system (e.g. ECMWF). While, if the main
focus is on chemistry, there are strong arguments to build ozone assimilation into a
CTM with sophisticated chemistry, taking the meteorological input as given (e.g.
BIRA-IASB).

Figure1. Colour key for Figures 2 and 3.

Figure 2. Mean of Analysis-HALOE differences, normalised by climatology, and averaged
over 18th August to 30th November. The means are binned into five latitude bins: 90
o
S-60 oS; 60 oS-30 oS; 30 oS-30 oN; 30 oN-60 oN; 60 oN-90 oN. Figure 1 gives the
colour key for the curves. © ACPD.
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Figure 3. Time series of ozone values at 68 hPa and the South Pole. Figure 1 gives the colour
key for the curves. The ozone-sonde measurements are marked by black triangles. ©
ACPD.

If the focus is primarily on ozone itself, an alternative approach is to use a transport
model, driven by pre-existing dynamical fields, in combination with a simplified
chemistry scheme (e.g. KNMI). Another approach is to couple the NWP model to a
chemical module (e.g. BIRA-IASB and MSC Canada). The ASSIC results suggest
similar results are obtained whether one uses a NWP model or a CTM. However, the
cost of the model approaches is very different [Lahoz et al., 2006].
Several challenges are associated with chemical DA [see, e.g. Lahoz et al, 2006, who
focused on stratospheric constituent DA].
While ozone DA has been a key driver in both NWP and CTMs, it has not given as
much benefit as originally hoped in NWP. One key reason is the relatively poor
information content of ozone data available from current operational satellites.
An important area for both NWP and CTM assimilation is the estimation of background
error covariances. This needs to take account of physical and chemical principles, as
well as statistical data; this remains one of the biggest challenges in DA.
Bias is an important issue in DA, and the estimation of biases remains a major challenge.
Observations and models must be confronted to identify and attribute biases. The
implementation of bias correction schemes is an active field of research in NWP and
CTMs.
Models have deficiencies in both transport and chemistry which limit the value of DA.
In particular, it is very difficult for assimilated data to represent processes that act on
timescales much longer than the typical assimilation cycle - e.g. processes of O (weeks
to months).
Although the assimilation of stratospheric constituents will continue to be a strong
activity, an expanding area for future assimilation activities is likely to be air quality.
The experience gained in the assimilation of stratospheric constituents provides a
starting point for tackling the technical problems associated with tropospheric
constituent assimilation. Examples include: accounting for pollution sources at, or near,
the surface; the paucity of global data; constituents being rained out or transported by
convective systems; the need for higher spatial resolution to capture mesoscale
phenomena; and the need to re-assess balance at higher spatial resolution.
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While there is currently a wealth of constituent data from a range of research satellites,
there is a danger that this will diminish just as DA techniques to exploit those data are
reaching their maturity.
Conclusions and outlook
DA has proved invaluable for the use of constituent measurements, particularly in the
stratosphere. It not only enables one to fill in gaps between observations in an intelligent,
and statistically justifiable, manner, but also allows the use of heterogeneous
measurements. The incorporation of a numerical model allows information to be
propagated forward in time, enabling the combination of measurements available at
different times and locations. When properly applied, DA can thus add value to
observations and models, compared to the information that each can supply on their
own. DA techniques also underpin the evaluation of the impact of current observation
types using Observing System Experiments (OSEs), and of future global observing
systems using Observing System Simulation Experiments (OSSEs). Nevertheless, for
proper use, the challenges of DA must be borne in mind.
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The PREV'AIR System for Operational Air Quality Monitoring
and Forecasting over Europe
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 1
F.Meleux1, C. Honoré1, B. Bessagnet1, L. Rouïl1, R. Vautard2, N. Poisson3
and V.-H. Peuch4
1

INERIS, Parc Technologique ALATA BP2, 60550 Verneuil en Halatte, France
2
IPSL / CNRS, Ecole Polytechnique, 91128 Palaiseau cedex, France
3
ADEME, 27, rue Louis Vicat, 75737 Paris cedex 15, France
4
CNRM / Météo France, 42 av. G. Coriolis, 31057 Toulouse cedex 1

Since 2003, the PREV'AIR system has been delivering information about air quality,
dedicated to anyone or organisation interested by the day by day evolution of air quality
as well as by its long term trends, in relation with trends in emission levels. Forecasts
and observation maps of air pollutants - ozone, nitrogen dioxide and particles - are
published on a daily basis on the Internet (http://www.prevair.org). The forecasts are
delivered up to 3 days in advance, at various spatial scales (global, Europe or France)
depending on the pollutant. Additionally, numerical forecast data are available enabling
air quality monitoring qualified associations to run their own air quality forecast or
diagnostic tools at a finer resolution.
Several public organisations are involved in PREV'AIR: INERIS (National Institute for
Industrial Environment and Risks), under the supervision of the French Ministry in
charge of ecology, hosts and develops the PREV'AIR system; delivers daily air quality
information; provides and archives the data. IPSL (Pierre-Simon Laplace Institute) and
CNRM (National Centre for Meteorological Researches) are research institutes, under
the supervision of the National Centre for Scientific Research (CNRS) for IPSL and the
French meteorological office (Météo France) for CNRM. They develop the chemistrytransport models (CHIMERE and MOCAGE, respectively) used within PREV'AIR.
Finally, ADEME (Agency for Environment and Energy Management), under the
supervision of the Ministries in charge of research, ecology and energy, ensures the
gathering, archiving and transmission of real-time air quality data collected locally by
the French qualified air quality monitoring associations, thus building up the BASTER
near real-time database used by PREV’AIR.
Architecture of PREV'AIR
PREV'AIR relies on a chain of numerical tools, such as deterministic air quality
simulation (CHIMERE and MOCAGE) models and meteorological (MM5 and
ARPEGE / ALADIN) models. Some modules ensure the provision of input data to the
system (emissions, meteorology, observations), enabling the extraction and posttreatment of the numerical data computed by the system.
Observed air quality data, such as French near real-time air quality data from BASTER,
are used by the PREV’AIR system, thus enabling (i) to correct the ozone simulations (in
order to build “analyses”) and (ii) to evaluate the ability of the system to forecast air
pollution episodes.
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Figure1. Architecture of the PREV’AIR system.

Analyses Ozone maps
Ozone simulations in Europe and France are subsequently readjusted assimilating
observation data from the monitoring air quality network. The main issue at this point is
to select the most relevant stations in collaboration with the regional related air quality
organisms. The discussion is about the representativity of the measurements sites
regarding the model outline. Then, a combination of the innovations (differences
between model and observation) and a geostatistical interpolation (with a kriging
method) allow us to compute a corrective field from the discrete innovations which is
added up to the raw forecast. The interpolation method used is a simple one with a low
CPU cost, an essential characteristic for being implemented in an operational chain.

Figure 2. Ozone corrective field computed
from model and observation differences on
June 22nd, 2005.

Figure 3. Analysed map and observations
for ozone peaks on June 22nd, 2005
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A map is published every day in the early afternoon, derived from a simulation
corrected with the ozone levels observed in the late morning. This map is then updated
once again at the end of the afternoon (more frequently in case of pollution event) in
order to include the maximum number of observations and thus improve the reliability
of the ozone maps.
A feasibility study has been driven using a similar treatment for aerosol observations. In
that case we essentially deal with urban and suburban stations and the scores are quite
improved. Consequently, an implementation of this new analyse maps for PM10 will
occur in summer 2006 within PREV'AIR.
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A Missing Data Reconstruction Technique for Satellite Measures
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 1
Enrico Pisoni and Marialuisa Volta
University of Brescia, Department of Electronic for Automation, Italy
Summary
Satellite data can be useful in applications where extensive spatial information is needed,
but in the case of sensors working in visible wavelengths, missing data due to presence
of clouds can affect data quality. In this study a methodology for pre-processing sea
surface temperature (SST) data is proposed. The methodology considered is based on a
neural network system. The effectiveness of the procedure is evaluated comparing the
results obtained using a simple interpolation method. After the methodology has been
identified, a validation is performed on 2 different episodes representative of SST
variability. An application of the proposed technique will be in future implemented, preprocessing SST NOAA/AVHRR data to simulate a severe storm episode by means of
the RAMS meteorological model.
Introduction
The presence of lacking data is a common problem when working in environmental
field. This problem can arise due to insufficient sampling, faults in data acquisition,
error in measurements, clouds presence. These issues are even more important when
treating data varying spatially and temporally. Two different approaches have been
proposed in literature to fit missing data, i.e. (a) regression and interpolations models
[Iglesias et al., 2005]; and (b) empirical orthogonal functions [Alvera-Azcrate et al.,
2005].
In this study an Artificial Neural Network (ANN) based methodology for treating
missing data in SST satellite images is proposed, to improve weather forecasting
performances of extreme meteorological events (such as torrential rains) in the Western
Mediterranean Basin. In fact previous works [Millan et al., 1995] pointed out that a key
factor in the formation of torrential rains is the sea surface temperature (SST). It has
also been shown (Pastor et al. (2001)) that the results of mesoscale meteorological
models are highly improved when using SST data obtained by satellites in ’almost real
time’. SST is efficiently measured by satellite sensors (like NOAA/AVHRR) that build
SST maps from collected radiances using the split-window technique. If SST is
obtained by NOAA/AVHRR channels 4 and 5 using atmospheric windows observations,
a relevant problem is the possible presence of clouds in the sensors field of view. This
prevents the satellite from measuring radiances and impedes the automated (real-time)
use of this information in prognostic meteorological modelling systems, that cannot
accept lacking data. For this reason it is necessary to pre-process SST data.
The proposed methodology has been applied to Western Mediterranean Basin for two
different SST episodes, performing a comparison of SST reconstruction by means of (a)
the ANN methodology and (b) an interpolation methodology.
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Scientific activity
In this section the formulation of the NN is presented. To apply the proposed technique
the selected domain is the Mediterranean Sea, divided in 8 areas characterized by its
own and peculiar characteristics, based on geographical, oceanographical and
meteorological criterions (see Figure 1).

Figure 1. Western Mediterranean divided in 8 zones, as considered in this study.

The SST variability is also influenced by the seasons, and so in this study 32 Neural
Network different structures are considered, combining the 8 spatial and the 4 temporal
features. To evaluate results of ANN methodology, an interpolation method is
introduced and applied on the same domain.
Data
Data used in this study for the Spanish East Coast are obtained from the NOAA/NASA
AVHRR Oceans Pathfinder dataset, available at PODAAC website
(http://podaac.jpl.nasa.gov/sst) and derived from the 5 channel Advanced Very High
Resolution Radiometers (AVHRR) on board the NOAA 7, 9, 11 and 14 polar orbiting
satellites.
The available dataset:
(a)

ranges from 1st January 1985 through to July 2003, and is derived from interim
versions 4 and 4.1 algorithms developed by the University of Miami and
explained in Kilpatrick et al. [2001]; and

(b)

is split in two daily passes (ascending daytime pass and descending night time
pass), with three different spatial resolutions (54, 18 and 9 km), and two different
datasets (’Best pixels’, that considers only pixels with high quality flag, and ‘All
pixels’, that retains values regardless of their quality flag).

For this study the descending night-time pass was chosen (cause not disturbed by sea
reflection) and ’All pixels’ dataset (choosing for the identification only data with a good
quality flag). The 9 Km resolution is selected.
Neural network
Artificial Neural Network (ANN) can be used effectively to reconstruct non-linear
relationship learning from training. An ANN model basically consists of processing
elements (called neurons) and connections between elements. Every single neuron
performs a weighted sum of inputs that receives from neighbouring neurons, then uses
an activation function to process data and passes results to following neurons. Neurons
are structured in layers that can be of 3 different typologies: input layer (where input
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data enter the network), hidden layers (where real calculations are performed) and
output layer (where final results are produced). Different possible Neural Network
structures can be used, depending on the architecture of the network (number of layers,
neurons, etc...), the model parameters, the transfer function used. In this study a
cascade-forward network with 2 layers is chosen, characterized by the following
equations:

f ( p) =

S
j =1

a j = TF (

with

OW j a j +

R
i =1

R
i =1

wi pi + c

IW j , i pi + b j )

where:
-

IW and OW are weight matrixes of first and second layer;
w is the weight vector of second layer coming from first layer input;
b and c are network bias weights;
S is the number of neuron of the first layer;
R is the size of input vector; and
TF is the used Transfer Function.

After ANN has been identified, the reconstruction of missing data using ANN is
performed using algorithm shown in Figure 2 (see also following section).
To reconstruct image at time t

Look at previous
images (t-i)

i=i+1

Image at time t-1

Image at time t-2

i=1

i=2

Averaging 8
surrounding
pixels

Averaging 8
surrounding
pixels

Missing values?

Missing values?

Look at previous
images (t-i)

i=i+1

Input for network
Final image

Figure 2. The methodology used to reconstruct missing data using ANN.

Interpolation
To compare NN with another method, and interpolation procedure is introduced. A
simple spatial or temporal interpolation is not feasible, because SST images are very
often characterized by massive presence of clouds. For this reason it is necessary to use
an interpolation methodology that mix spatial-temporal information, i.e. resulting in the
following algorithm:
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(a)

if the missing value is surrounded by measures, the value is reconstructed
averaging the 8 surrounding pixels;

(b)

if the previous step can’t be applied for all pixels at time t, an average is
performed looking at the surrounding pixels not only at time t, but also at time t-1;
then

(c)

the second step is repeated looking more and more in the past until the image is
completely reconstructed.

In Figure 3 a flow-chart of the interpolation algorithm is presented. It’s interesting to
compare Figure 2 (NN method) and 3 (Interpolation method): the main difference is that
in Figure 3 results of the averaging procedure represent final value of reconstructed
pixels, while in Figure 2 results of the same procedure (even if considering other time
steps) are used as input to the network.
To reconstruct image at time t
Image at time t
i=0
Look at previous
images (t-i)

i=i+1

Averaging 8
surrounding
pixels

Missing values?

Final image

Figure 3. The methodology used to reconstruct the missing data using interpolation method.

Scientific results and highlights
Validation
After identification phase (not presented here), a validation procedure is implemented.
ANN are validated analysing two different episodes, selected to be representative of
different SST patterns. To correctly perform validation step it is necessary to use data
not considered in the neural networks identification phase. So the periods selected to
perform the validation phase were:
(a)

from 27.08.89 to 29.08.89, representative of high SST and close to the 04.09.89
severe rain episode; and

(b)

from 11.11.87 to 13.11.87, representative of low SST and close to the 01.11.87
severe rain episode).

The validation is realised considering only pixels for the particular selected episode,
where measures were available (to be able to compare SST measures and reconstructed
data).
In Figures 4 and 5 scatter plots of the validation phase are shown, for each of the
considered episodes.
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Results show good performances for high SST, while for low SST the ANN system
overestimates measures.

Figure 4. Scatter plots between measures and neural network reconstructed values, for
27.08.89 to 29.08.89 episode.

Figure 5. Scatter plots between measures and neural network reconstructed values, for
11.11.87 to 13.11.87 episode.

Comparison between ANN methodology and Interpolation
In this section a comparison between results obtained applying Neural Network
methodology and interpolation methodology is proposed for the 2 considered episodes.
In particular Figure 6 considers the 1989 episode, and Figure 7 the 1987 episode. The
two figures represent differences between ANN and measures (top of Figures) and
Interpolation and measures (bottom of Figures). Reconstruction is performed obviously
only where measures exist and for this reason in the two Figures there are white areas
(where satellite measures were not available). Even if the two methods overestimate
values, in both cases ANN system gives a better reconstruction of missing data.
Future outlook
In this work a methodology to estimate missing data has been identified and applied to
SST/AVHRR satellite measures. In the two analysed episodes, the ANN methodology
gives good results even if, for low SST, reconstructed data overestimate measures.
This methodology will be used to supply to RAMS meteorological model improved
SST data; in fact standard SST in RAMS are monthly values, not able to correctly
represent real sea surface temperature variability.
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Figure 6. Difference (degrees) between neural network reconstructed values and measures (top)
and interpolation reconstructed values and measures (bottom), for 27.08.89 to
29.08.89 episode.

Figure 7. Difference (degrees) between neural network reconstructed values and measures (top)
and interpolation reconstructed values and measures (bottom), for 11.11.87 to
13.11.87 episode.
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Data Assimilation of Chemical Observations
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 1
Philip J. Rasch
National Center for Atmospheric Research, P. O. Box 3000, Boulder, CO, 80307, USA

I have chosen to focus my presentation on three topics that I think are particularly
relevant to data assimilation of trace constituents in the atmosphere.
The first figure, from Rasch et al. [2000], shows results from a global data assimilation
of AVHRR measurements of Aerosol Optical Depth during the INDOEX field
experiment. The figure shows time series of surface concentrations for a single site, in
the Maldives, of the coast of India. A variety of modelled aerosol species are compared
to in-situ measurements of those concentrations.

Figure 1. Kaashidhoo surface aerosol concentrations from the assimilation product at 6 hour
intervals (solid lines), and the CTM without assimilation (dotted lines) compared to
the measured estimates (cross markers with the rms deviation indicated by the
vertical line were provided by D. Savoie and J. Prospero (personal communication,
1999). The black horizontal line shows mean values and 1 standard deviation for
measurements from filter samples provided by G. Cass (personal communication,
1999).
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The solid line in each panel shows the predicted concentration using a model that
included the data assimilation procedure. The dashed line shows a simulation for the
model when the data assimilation procedure was not invoked. The comparison suggests
that there are significant improvements resulting from the assimilation procedure for
Carbonaceous Aerosols and Sulfate. The upper left panel labelled SSLT shows the sea
salt concentrations. Although these concentrations were modelled quite accurately we
are excluding them from discussion. The feature that I would like you to focus on can
be found in the lower left panel, which shows the mineral dust concentrations at the site.
The noteworthy point is that while the species with anthropogenic origin are modelled
reasonably well, mineral dust is modelled relatively poorly, and the data assimilation
procedure actually degrades the simulation. Part of the explanation for this feature is
that dust has a much broader size spectrum and very different sources. The correction
process for mineral dust is degraded because it originates from different locations via an
entirely different process, and the data assimilation procedure cannot see the larger dust
particles, which contribute to a substantial fraction of the aerosol size spectrum for this
aerosol component.

Figure 2. The aerosol optical depth change associated with the data assimilation.

Figure 2 shows the aerosol optical depth change associated with the data assimilation.
Upper panels show modelled AOD, middle panels the AVHRR retrieved product, and
lower panels the difference. The left panels used the assimilation procedure; the right
panels used no assimilation. The largest changes resulting from the assimilation occur
downwind of the Sahara, indicating that there are inconsistencies in the formulation of
the mobilization and transport of dust, and that data assimilation can make a big
difference in regions influenced by dust emissions.
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Figure 3, from Heald et al, [2006] in preparation, compares results from modelled
aerosol optical depths (AOD) to three different estimates of the same quantity from
retrievals at a number of locations. At each location two model calculations are
presented. The left of the two panels shows the modelled AOD using the standard
MOZART wet scavenging scheme. The right panel shows the calculation using a
different wet scavenging scheme (from a related model called MATCH). The retrievals
come from MODIS , MISR, and AERONET products. The two left columns show a few
selected land sites where AERONET instrument packages are located. The two right
columns show oceanic sites. There are a number of important messages to be gleaned
from these figures.

Figure 3.

Comparison of results from modelled aerosol optical depths to three different
estimates of the same quantity, from measurements at a number of locations.

The large discrepancies between the three observed estimates of AOD at these sites, are
possibly larger than the precision and uncertainty estimates typically attributed by the
instrument teams. There are a number of possible explanations for this:
1

poor satellite cloud screening biasing the satellite and ground based retrievals;

2

poor characterization of surface properties (surface modelling) biasing the
satellite retrievals;

3

diurnal variation issues, e.g. Boundary Layer clouds are more extensive in the
morning, resulting in increased scavenging at this time; fires occur more
extensively and burn more strongly in the afternoon, producing larger emissions
at that time. The polar orbiting satellites see each scene only once per day, and
thus miss important components of the diurnal variation of these fields Finally,
there is always the possible of optically thin cirrus contaminating the retrievals..

These discrepancies are worrisome. The retrievals provide our current best global
estimates of the global abundance of aerosols, and their impact on the energy budget of
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the planet. The fact that they differ so much suggests that there is still a great deal of
uncertainty in the amount of aerosol in the atmosphere and their impact on climate. The
space based retrievals routinely report higher AOD over oceanic sites than do
AERONET. These are some of the locations where the three observationally based
estimates of AOD should agree most closely.
Descrepances over continental sites are even larger. For the continental sites (left two
columns) MISR and AERONET agree more closely than does the MODIS retrieval. I
don’t think this would be a surprise to the teams responsible for those instrument
retrievals but it does indicate some caution in required in using MODIS retrievals over
land.
In spite of the uncertainties in the retrievals, the MATCH scavenging algorithms result
in simulations that agree more closely with the retrievals than does the standard
MOZART scavenging algorithms.
Finally, I would like to remind the reader that there are numerous modelling artefacts
common in models today that can influence our ability to use measurements of
atmospheric constituents to understand the earth systems.
An example can be seen in the following figures, which show the latitudinal gradient of
the zonal mean of the surface concentration of a species with many characteristics in
common with CO2 emissions from the biosphere. This species which is emitted and
taken up by vegetation has a strong diurnal and seasonal cycle due to photosynthesis,
respiration and decomposition. These processes can act in tandem with the strong
diurnal and seasonal cycle of boundary layer transports to result in a phenomena that
has been called rectification(see Denning et al [1995]), to produce latitudinal and
vertical gradients in concentration, even though the averaged emissions of the species
over the year are near zero.

Figure 4. Latitudinal gradient of the
annually averaged zonally averaged
surface concentration of a tracer having a
“neutral biosphere source/sink” [Rasch et
al., 2000].

The gradients induced by these processes can influence the characterization of of other
sources and sinks of such species as CO2. These gradients for example will influence
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the estimates of the amplitude of the “missing sink” of CO2 that has received a great
deal of attention in the scientific community interested in the Carbon Cycle.
Figure 4, from Rasch et al. [2006] shows the latitudinal gradient of such a neutral
biosphere, for a variety of permutations of the model. The figure shows the gradient
when the model emissions are varied, by removing the diurnal variation of emissions, or
shifting the phase of the diurnal emissions and boundary layer transports by as much as
6 hours (seen by examining the differences between the upper, middle, and lower panels
of the model), and by varying the numerical methods used to solve the equations of
atmospheric dynamics and transport (see by comparing the solid, dotted and dashed
lines within each panel) used. The results suggest that the solutions are very strongly
influenced by: a) physical processes that we know we have trouble modeling, and b) the
numerical methods used to solve the evolution equations for these trace constituents.
The uncertainty in the gradients that are produced by the model leads to uncertainties in
estimates of an important component of the earth system, namely the biogenic
source/sink of CO2.
The take home messages that I want to leave with you from this presentation are:
*

that we are not yet measuring enough components of the chemical constituents to
unambiguously determine their distribution;

*

that the best of the retrieved products of aerosol optical depth still have many
uncertainties attached to them;

*

that one can show demonstrable improvements in characterizing the distribution of
atmospheric constituents using data assimilation, using independent measurements
that are not part of the data assimilation;

*

that it is easy to demonstrate that the numerical methods that one uses in models to
solve the equations of transport and dynamics still matters; and
•

that relatively small errors can make significant differences in our
interpretation of important characteristics of the earth system. For example an
error of order 3-6 hours in the phase of emission and boundary layer transport
of trace constituents can make dramatic differences in our understanding of
some of the processes important in the Carbon Cycle.
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A Global Fire Assimilation System
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Summary
The construction of a Global Fire Assimilation System (GFAS) is proposed in order to
better assess the impact of vegetation fire emissions on the global budget of gases and
aerosols. The best available satellite products should be integrated into state-of-the-art
numerical models. The GFAS will be a global product, but should produce emission
estimates with sufficient accuracy and adequate resolution in space and time for use in
both global and regional air quality models.
Introduction
Vegetation fire emissions are among the most important contributors to the global
budget of various gases and aerosols, and they affect regional air quality, weather, and
climate [e.g., Brasseur et al., 2004, Liousse, et al., 2004]. Accurate assessment of the
emissions from fires is needed over extended time periods for negotiations of
international emission control regulations (e.g. Kyoto, CLRTAP). Near-real-time
information is required for the forecasting and warning of fire-related pollution episodes.
An increasing number of different satellite data provides information on various fire
properties. However, there are still large uncertainties about the quantification of fires
and their severity. Inconsistencies exist between different satellite data products [e.g.
Boschetti et al., 2004], and there are only few data available in near-real-time. An
integrated effort to synthesize the available information is needed in order to generate
an operational system for accurate global fire emissions monitoring.
Scientific activities
The quantification of fire emissions is based on the assessment of the amount and type
of burnt biomass, the location and duration of the fire, the injection height, and the
emission factors for particular species [e.g. Van der Werf et al., 2006]. Many of these
parameters – or at least their variability – can be estimated from satellite observations
[e.g. Ito and Penner, 2004, Generoso et al., 2003]. The generation of information on
individual fires or of gridded fire emission fields in the required spatial and temporal
resolution from satellite data involves sophisticated retrieval algorithms. These infer fire
properties from raw radiance observations from satellite und must include screening of
clouds and knowledge of land surface parameters. The latter can either be obtained from
climatological vegetation maps, remote sensing, or vegetation modelling.
The combination of detailed information on the spatial distribution of fires from polar
orbiting systems must be combined with detailed temporal information from
geostationary platforms to determine the diurnal variation of the burning activity. The
GFAS will make use of satellite products that provide near-real-time data, like active
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fire products that are based on the thermal signal during burning. Reanalysis of
extended periods can also incorporate information from additional satellite products that
are available with a time lag, for example, burnt area products. At present, only two
systems provide near-real-time analysis and forecast of air pollution due to fire
emissions.
The
active
fire
product
WF_ABBA
(http://cimss.ssec.wisc.edu/goes/burn/wfabba.html) from the geostationary NOAA
weather satellites GOES is assimilated into the RAMS model at INPE/CPTEC in Brazil.
It monitors CO and aerosol from severe fire events over the Americas. The US aerosol
model NRL/NAAPS additionally assimilates the MODIS active fire product within the
US programme FLAMBÉ (http://www.nrlmry.navy.mil/flambe/index.html) to provide
global forecasts of aerosol emissions from fires.
Recently, new algorithms have been developed that directly quantify the fire radiative
power (FRP) from space [e.g. Wooster et al., 2005]. In several field experiments, FRP
has been shown to relate directly to the rate of fuel consumption, which is proportional
to fire emissions. The FRP method thus has the potential to significantly reduce the
uncertainty of fire emission estimates, because it does not depend on specific
knowledge of the fuel load and burning efficiency. EUMETSAT will operationally
generate FRP products from MSG/SEVERI in the near future. While this method
requires further validation and testing, the GFAS would benefit from further
developments of global operational FRP products.
Emission factors for trace gas and aerosol components are hitherto based on
measurements in the field and in the laboratory, complemented with model studies
[Andreae and Merlet, 2001]. More comprehensive and reliable field data characterizing
types (for peat fires, see for example, Turquety et al., [2006] or Heil et al., [2006]) and
quantities of fuel consumed are needed. Differences between flaming vs. smouldering
combustion in typical and extreme fire situations should be investigated. Recent studies
indicate that emission factors can significantly change during the burning season [e.g.
Hély et al., 2003] and this necessitates the development of new parameterisations for
the GFAS. Another important parameter which has until now been mostly neglected in
modelling is the fire plume height. The injection height of fire emissions is, however,
decisive for their dispersal and residence time [e.g. Jost et al., 2004]. Information on the
fire energy together with the atmospheric conditions and possibly additional satellite
observations of plume heights from the NASA instruments MISR/Terra and the spaceborne lidar onboard CALIPSO (to be launched April 21st 2006) will yield more realistic
injection heights in the GFAS.
Strategy
A Global Fire Assimilation System (GFAS) should be constructed from the best
available satellite products. Observational data have to be integrated into state-of-the-art
numerical models. Data assimilation into numerical models provides the most efficient
and consistent method for integrating a large variety of observational data in near-realtime. This is demonstrated by operational systems for numerical weather prediction.
The GFAS must have a flexible structure to allow for continuous improvements when
new parameterisations or more detailed information (e.g. higher temporal or spatial
resolution) becomes available. The GFAS should produce emission estimates with
sufficient accuracy and adequate resolution in space and time for use in regional air
quality models. The development and operation of such a system must also include
extensive validation efforts. The proposed configuration of the GFAS is shown the
figure below.
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Figure 1. Schema of the proposed configuration of the GFAS

An integrated European research effort has been proposed to generate an operational
system for accurate global fire emissions. It should involve space agencies, satellite
retrieval experts, and biosphere and atmosphere modellers from different research
institutes and operational centres. A large integrating project would ensure a successful
construction of the GFAS through intensive collaboration of experts ensuring long-term
continuity. The GFAS will build on strong heritage from ongoing or recent European
Integrated Projects. Initial efforts to build a non-operational version of the GFAS will
already be started within the atmospheric EU project GEMS (Global and regional Earthsystem (Atmosphere) Monitoring using Satellite and in-situ data). The ongoing land
surface European Integrated Project GEOLAND will provide access to high-quality
information on the land surface (e.g. vegetation cover, soil moisture, temperature).
Parallel targeted research and development activities by the European, US and Asian
communities will be pursued, and close collaboration with existing international efforts
will be established (e.g. GCOS, GEOSS, GOFC/GOLD-FIRE, TF-HTAP). A close link
to potential users of the fire emissions assessment and the forecast system will be
established, e.g.. via the land and atmosphere monitoring in GMES.
The GFAS project is based on discussions within the EU Specific Support Action
HALO (Harmonised coordination of Atmosphere, Land and Ocean) and the EU
Integrated Project GEMS.
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Crucial issues Related to Sustainable and Rational Data Provision
Contribution to the WMO/ACCENT workshop on Data Assimilation: Group 1
Kjetil Torseth
Norwegian Institute for Air Research PO 100, 2027 Kjeller, Norway

Several monitoring programmes and research project have currently developed
strategies which address integration of data from different sources. It is crucial that this
is done in a sustainable and rational way, ensuring proper value adding (e.g. knowledge
on data quality, representativity etc), data ownership and property rights, efficiency in
terms of costs and labour requirements for reporting and most importantly contributes to
the continued long-term funding for observations. Due to the complexities involved in
the actual data management and since several initiatives are currently addressing data
provision for assimilation into chemistry transport models, care should be made to
explore collaboration to the extent possible. Relevant activities include; operational and
convention based long-term monitoring (CLRTAP/EMEP, EC/EIONET, WMO/GAW,
others), established EU research programmes (EUSAAR, GEMS, EARLINET-ASOS,
IAGOS), potential new projects (e.g. EUCAARI, GEOMON, and others), as well as
other initiatives towards providing services (e.g. ESA-GSE/PROMOTE). Procedures for
Near Real time provision of data are currently being developed as part of several of
these initiatives, and significant improvements can be anticipated of the next few years.
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Synergistic Use of Satellite Observations: Chemical-Transport Models
and Chemical Data Assimilation
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 2
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Pieter J. M.Valks2, Hendrik Elbern3 and Jörg Schwinger3
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Summary
By blending data from models and observations data assimilation (DA) promises to
increase the available information content and thereby foster scientific applications. On
the other hand, results will inevitably suffer from hidden model and instrumental errors
and limitations. To make sense of assimilated data products, users need additional
measures of accuracy and significance. By discussing two examples of current work at
DLR-DFD on assimilation of remote sensing data, we try to highlight advantages and
caveats when combining models and observational data. The first example considers the
derivation of tropospheric NO2 column densities. The applied method makes use of
chemical transport models to get auxiliary information on the stratospheric and
tropospheric NO2 distribution. Within the troposphere, accurate analysis of NO2
recommends a regional scale air quality model. Our analyses are therefore currently
limited to central Europe. The knowledge of the stratospheric background is another
important factor in the synergistic retrieval process using data from space-based
instruments. We therefore, discuss in the second example the influence of different
assimilation schemes and MIPAS data sets on our stratospheric analyses. While it is
found that assimilation proves valuable even when highly reactive species are
considered results differ, especially in the tropics, both due to the assimilation scheme
used as well as to the quality of input data.
Introduction
When deriving the NO2 content of the troposphere from satellite borne spectrometers
using DOAS (Platt, 1994) two key problems arise: the quantification of the stratospheric
contribution and the calculation of the tropospheric air mass factor (hereafter: AMF).
Several retrieval methods are found in the literature: Velders et al. [2001] apply the socalled tropospheric excess method [Richter and Burrows 2002] and image processing
technique [Leue et al. 2001] to GOME data in order to derive tropospheric NO2
columnar contents. The tropospheric excess method allows one to separate tropospheric
and stratospheric contributions to the total NO2 content under the assumption of a
relatively stable (both in time and space) NO2 distribution over the free Pacific Ocean.
A constraint is that stratospheric (zonal) variability is neglected. To overcome this
problem we derive the stratospheric NO2 column from SCIAMACHY [Bovensmann,
1999] observations at the instruments overpass time by means of the stratospheric CTM
ROSE/DLR [Thomas et al. 2003; Baier et al. 2005] driven by UK Met Office
meteorological wind- and temperature fields [Swinbank and O’Neill, 1994]. The
model’s stratospheric ozone is constrained by sequential assimilation of SCIAMACHY
total column observations. Using a geometric air mass factor the stratospheric NO2 slant
column density (SCD) can be extracted from the NO2 analyses. Eskes et al [2003]
developed a similar approach by using a CTM nudged to NO2 observations. The
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tropospheric column density depends on the instrument’s sensitivity and the actual NO2
content. Following Martin et al. [2002] we use a tropospheric chemical transport model
to correct the instrumental air mass factors with respect to the NO2 profile shape. Our
method uses EURAD analyses/forecasts [e.g. Jakobs et al., 1995] to derive the NO2
profile shape for each satellite observation. We also account for cloudiness, cloud top
height and surface albedo. An error estimate for the resulting tropospheric NO2 column
is determined [Boersma, 2004].
Stratospheric chemical analyses at observation time are a prerequisite for accurate
tropospheric trace gas retrieval. Sequential and variational assimilation into chemistrytransport models has been successfully demonstrated by several former studies
[Khattatov et al. 2000; Erera and Fonteyn, 2001]. To highlight the influence of the data
assimilation scheme and the observational data on assimilation results, we present
preliminary results of assimilation experiments with both sequential and variational
assimilation of MIPAS ESA [Carli et al., 2003] and IMK [Stiller et al., 2002] data
covering the 2003/2004 winter period. The MIPAS (Michelson Interferometer for
Passive Atmospheric Sounding) instrument [Fischer and Oelhaf 1996] on board of the
polar orbiting platform ENVISAT (European Environmental Satellite) was launched in
March 2002. It performs global limb measurements in the near to mid infrared and
enables to retrieve temperature, pressure and trace gas profiles of the middle atmosphere
for night and day conditions.
Scientific activities
Derivation of tropospheric NO2 SCD
In order to consider the variability of the stratosphere we derive the stratospheric NO2
column by means of the stratospheric CTM DLR/ROSE driven by UKMO
meteorological wind- and temperature fields. The original version is described in detail
in Rose and Brasseur [1989]. For the currently used version significant improvements
have been recently made [Baier et al. 2005]. The model covers all relevant gas-phase
stratospheric chemical processes [Sander et al., 2000]. Heterogeneous processes on
polar-stratospheric clouds and on sulphuric aerosols are also included. We define the
model’s tropopause by a potential vorticity of 1.6 PVU or a potential temperature of
380 K.
To account for the daily cycle of NO2 and the nitrogen family in general, the
stratospheric analysis is calculated for exactly the overpass time of the satellite
instrument. Using a geometric air mass factor for the stratosphere, the stratospheric NO2
SCD is extracted from the NO2 analyses. To avoid a bias, the analyses are additionally
scaled to “clean air conditions” by means of a reference sector approach. In order to
gain the tropospheric NO2 slant column the stratospheric slant column is subtracted
from the DOAS total slant column retrieval. The latter is taken from the ESA standard
products; currently SCIAMACHY Version 5.0x. For further details on the total slant
column retrieval the reader is referred to DLR [2002] and DLR et al. [2004].
Chemical stratospheric analysis using MIPAS observations
At the German Remote Sensing Data Centre, the chemistry-transport model ROSE/DLR
is used for sequential assimilation of remote sensing data on a daily basis. We use an
optimal interpolation scheme with error propagation (hereafter called ROSE OI). Within
the AFO2000 project SACADA (Synoptic analysis of Chemical Constituents by
Advanced Data Assimilation) a four-dimensional variational assimilation scheme (4-D
var) has been developed to allow for the assimilation of reactive species as measured by
atmospheric instruments on the European satellite platform ENVISAT [Elbern et al.,
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2005]. This system is currently implemented at DLR for routine application. While the
sequential scheme updates a model first-guess whenever an observation becomes
available, in 4-D var the initial conditions for a 24 hour model forecast are adjusted to
better comply with observations for the whole 24 hour assimilation time window.
Due to different retrieval schemes available, MIPAS data sets differ considerably in
quality and coverage. Therefore, we also investigate the sensitivity of sequential
assimilation results to two different ENVISAT/MIPAS sample data sets covering
October to November 2003.
Scientific results and highlights
Derivation of tropospheric NO2 SCD
The here described synergistic method for derivation of tropospheric NO2 combines the
strengths of space borne spectrometers like SCIAMACHY or GOME and chemical
transport modelling to gain more accurate regional NO2 tropospheric columns for
Europe (see Figure 1). The retrieval takes into account both, stratospheric and
tropospheric NO2 variability, cloud properties, surface height and albedo. The
tropospheric AMF is derived considering height dependent AMFs weighted by the
forecasted NO2 profile shape. Temperature dependency is taken into account, too.

Figure 1. Mean tropospheric NO2 SCD [1015 mol./cm2] as derived from ENVISAT
SCIAMACHY for April 2005. White colour indicates data gaps due to cloudiness
(> 20 %) or snow coverage.

An estimate of the retrieval uncertainty can be calculated from the standard deviation of
the NO2 results plus the corresponding uncertainty of the ROSE NO2 results of about
10 % for middle latitudes. A possible negative bias due to instrumental features is not
included in the error budget. Further analysis shows that the bias for the stratospheric
part remains below 10 %. Tests with a change of the model’s tropopause level from 1.6
to 3 PVU do not show a significant impact on calculated tropospheric NO2 columns.
The simulations reveal a mean difference of about ± 2 × 1013 molecules cm-2 and an
increase of tropospheric levels around 1 × 1013 molecules cm-2 in the area with highest
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NO2 values, well below the uncertainty of the calculated tropospheric
NO2 column [Thomas et al., 2003]. The resulting NO2 product is currently part
of
the
GMES-PROMOTE
service
on
air
quality
monitoring
(http://wdc.dlr.de/data_products/SERVICES/SCIANRT/tropo_no2.html).
Chemical stratospheric analysis using MIPAS observations
In order to examine the influence of different MIPAS data sets on sequential
stratospheric chemical assimilation we applied MIPAS ESA and IMK baseline
observations for October and November 2003. Results clearly improve in all cases
considered when assimilating the MIPAS standard species H2O, O3, HNO3, CH4, N2O
and NO2. Significant differences, however, due to different coverage and quality of
input data (MIPAS/ESA and IMK) are especially evident with respect to H2O in the
tropics. In order to strengthen the consistency of the analysis, results of a 2 diagnostics
were employed to improve the initial background and representativeness errors.
Improvements to model results without assimilation of MIPAS data were quantified by
comparisons to HALOE observations. Results show an rms-error reduction of up to
30 % for the assimilated species. The positive influence of data assimilation is also
found in the analysis error, which significantly decreases where observations are
available. At the end of October and again in early November 2003 observed NOx
concentrations increased rapidly in the mesosphere and upper stratosphere due to
several solar proton events. Nevertheless, assimilation of NOx species proves valuable,
as shown by comparisons to HALOE [Baier et al., 2005].
Additional experiments with sequential and 4-D var assimilation of MIPAS ESA
standard data covering the 2003/2004 winter period show that both assimilation
schemes are able to give improved stratospheric chemical analyses [Baier et al., 2006].
Both assimilation schemes (ROSE OI and SACADA 4-D var) were initialized with
climatological mean fields and driven by UKMO and respectively ECMWF
meteorological analyses. The winter 2003/2004 period was characterized by
anomalously high ozone concentrations over the Arctic. Stratospheric warmings in
December and January led to mean stratospheric temperatures well above the long-term
average. Therefore, the chosen period should prove as a good test case for transport
processes and ozone-related gas-phase chemistry.

Figure 2. Ozone analyses for January 17th, 2004 from ROSE OI (left frame) and SACADA 4D var (right frame).
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As Figure 2 shows, ozone analyses for the lower stratosphere of both ROSE OI and
SACADA-D var compare in general well. Most significant differences occur in the
tropical latitudes. This finding is corroborated by zonal mean estimates for H2O, CH4,
O3 and HNO3. Especially in lower latitudes OI analyses show a stronger spatial
variability than respective 4Dvar results. Differences in the northern latitudes may be
due to different descent rates. With respect to HALOE observations, 4-D var results are
found superior in most cases. In summary, both OI and 4-D var appear well suited for
prolonged assimilation periods.
Future outlook
So far, two key problems of tropospheric NO2 retrieval have been addressed: the
quantification of the stratospheric contribution and the calculation of the tropospheric
AMF. Two further major error sources are clouds and aerosols. A future top priority
will therefore be a better consideration of clouds. A link to aerosol variability as
analysed by EURAD [Schell et al., 2001] should also be considered. The significant
influence of aerosol type, aerosol optical thickness and vertical aerosol distribution on
the AMF in DOAS sulphur dioxide retrievals have been recently quantified by Thomas
et al. [2005].
Our evaluation of sequential and 4-D var assimilation schemes shows that 4-D var is
superior to OI at least with respect to HALOE 2003/2004 winter observations. A
coming-up set of experiments will prove the possibility to optimally combine OI and 4D var by using analysis errors as diagnosed by OI. Though, 4-D var is currently much
more expensive then simple OI, the method shows great promise due to good scaling
characteristics on parallel processors. SACADA is therefore foreseen for the multisensor assimilation of long-term historic remote sensing observations for the upcoming
ESA projects CHEOPS and PROMOTE.
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Summary
Atmospheric observations from ground based networks are frequently used as input or
for the evaluation of atmospheric chemistry and aerosol models. Both tasks require the
integration of observed data with the models through an interfacing step, either data
assimilation or parameter field merging, respectively, preceded by adequate preparation
of the observations. In order to ensure availability and suitability of the data, effective
mechanisms or forums are required to accelerate and harmonize data delivery to
designated data centres. A closer involvement of observers in ongoing developments
and a straightforward communication system (e.g. web user groups) between data
originators and data users is desirable.
Introduction
In the EU project GEMS (Global and Regional Earth System Monitoring Using Satellite
and In-situ data – http://www.ecmwf.int/gems/research/EU_projects/GEMS) global and
regional chemical weather forecast models using satellite data assimilation will be
implemented at ECMWF to become operational by 2009 [Berresheim and Flentje,
2005]. This requires the integration of air chemistry and aerosol observations from
various networks and data sources with the models, i.e. operational assimilation of
global data and subsequent evaluation of the results.
Requirements for integration
Sub-space atmospheric data sources like surface networks, airborne measurements and
field campaigns, in the first phase of the GEMS project will be used for model
evaluation purposes only. Owing to the large number of modelled parameters, the
evaluation data originates from various instruments, projects, institutions and nations.
The individual data sources each comprise specific quality levels, data formats, data
delivery schedule and restrictions as well as sustainability. In order to integrate all
measurements with the utilized models, to allow for the use of common evaluation tools
and straightforward data/result exchange, the data sets and their delivery need to be
harmonized.
The diversity of data formats used by different communities/networks should be
transferred to an agreed standard format (e.g. CDF) on delivery to the data centres. For
such standard, auxiliary tools like conversion or reading routines can easily be supplied.
In GEMS, the climate and forecast (CT) metadata conventions for the netCDF format
has been selected. From experiences with GAW station contacts, a common data
protocol that protects data originators’ scientific and political interests seems to be one
essential prerequisite to get access to presently retained data. Another bottleneck in the
data flow are data quality concerns of station operators, which particularly limits the
readiness to deliver data in ‘near real time’. Thus, the required and feasible quality level
has to be defined with respect to parameter, location and the time lag of data delivery.
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In case of inability to meet these criteria, questionable data should be flagged instead
retaining the data and assistance should be provided. Different data bases should be
synchronized on a regular basis to avoid redundancies or inconsistencies. This issue is
more critical for reanalysis data than for operationally assimilated data which is updated
regularly. As many networks are funded within projects or for provisional periods only,
it must be taken care that they remain available as continuous sustainable ‘backbone’
data sources - actually a major advantage as compared to satellite data where gaps may
occur during the next decade.
Operational air-quality forecasts have to assimilate observations in ‘near real time’
which means that data must be available within few hours after the measurement. This
requires significant acceleration of data delivery within most observation networks.
Some networks like AERONET (AOD) or ozone sonde profile storage at NILU, already
reached high standards of automation and fast-track delivery, while most data due to
serious reasons are only available months or years after their generation. In many cases
they are even retained at all. For example, only about half of the GAW stations that
measure AOD have delivered data to the responsible data base WDCA. The other
stations hesitate with delivery mostly due to quality or scientific concerns, in these cases
it is mostly problematic to establish a contact with the station operators or accomplish a
direct data transfer. Therefore, an effective mechanism or forum is needed to get in
contact to and either aid or urge station operators or the responsible institutions to fulfil
the GAW protocol. For example, GAW stations may be asked to supply a brief annual
summary of operations including encountered difficulties and should be encouraged to
deliver preliminary data after a certain period.
Future Outlook
It is a decided task of GEMS to aid in addressing data delivery issues. In an advanced
phase of chemical weather forecasting when smaller scales and more complex species
(e.g. VOC) are included, comprehensive data sets from selected well equipped
‘supersite’ stations will be added. Their relevance primarily lies in the application for
sophisticated process studies as a means to improve air-chemistry and aerosol models,
but also in exploring/exploiting the potential of regional air quality models for detailed
forecasts on regional or even urban scale.
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Summary
The goal of this project is to quantify the global budgets of nitrogen oxides (NOx) and
carbon monoxide (CO) using satellite observations of NO2 from the GOME and
SCIAMACHY instrument and of CO from the MOPITT instrument together with the
MOZART-4 global chemistry-transport model. More particularly, the first part of this
study analyzes the different processes which are responsible for the seasonal variation
of the NO2 tropospheric column. The second part of this study focuses on the
application of inverse modeling techniques using CO satellite observations to better
assess the interannual changes in CO sources.
Introduction
Carbon monoxide (CO) and nitrogen dioxide (NO2) both play a key role in tropospheric
chemistry, more particularly on ozone (O3) and on the hydroxyl radical (OH). The
knowledge of CO and NO2 budgets is essential for studies of air quality and climate
change. Over the past few years, satellite observations of the distribution of
tropospheric chemical species have highlighted areas of intense emissions related to
anthropogenic activities, biomass burning or natural processes. These observations have
been used for example to evaluate the long-term trends in tropospheric NO2 over
different areas of the world. Substantial reductions in NO2 tropospheric column have
been observed over regions of Europe and the USA, while a significant increase over
the 1996-2003 period has been observed over the industrial areas of China [Richter et
al., 2005]. Over the past few years, we have developed and implemented inverse
modeling techniques to optimize CO emissions. We first used CO observations from the
NOAA GMD surface network [Pétron et al., 2002], and more recently, we have
implemented a recursive time-dependent Bayesian global synthesis inversion for one
year of CO retrievals from MOPITT [Pétron et al., 2004].
Analysis of the observations of NO2 from GOME
We are currently analyzing the seasonal variation of NO2 tropospheric columns
retrieved from the GOME (Global Ozone Monitoring Experiment) satellite instrument
using MOZART simulations over the period 2001 to 2003. Six industrialized areas of
intense pollution in northern mid-latitudes have been selected, similar to the ones used
in Richter et al. [2005]: USA, central east-coast USA, western Europe, Poland, Japan,
east-central China and Hong Kong. Different strategies for MOZART simulations will
be tested and the model outputs will be compared with GOME and SCIAMACHY
observations: 1) simulations using anthropogenic emissions from the RETRO inventory
[Schultz et al., 2005] including seasonal variations, 2) similar simulations, but omitting
seasonal variations, 3) simulations without taking aerosols into account in the model.
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First comparisons with a simulation not taking into account the seasonal variation of
anthropogenic emissions show good agreement between observed and simulated NO2
columns but with a smaller seasonal amplitude in the MOZART columns.
Inverse modelling of CO emissions using MOPITT observations
We are using MOPITT carbon monoxide retrievals together with the MOZART
chemistry-transport model to optimize anthropogenic surface fluxes of CO. Assuming a
perfect transport model and a weakly non-linear chemistry, the model data mismatch
can be minimized by correcting a set of emission parameters. A Bayesian recursive
synthesis inversion has been implemented to compute corrected flux estimates over 15
large continental regions. We will perform an inversion over the MOPITT observation
period, i.e. 2000-2004. We will use for a priori emission estimates the EDGAR/POET
inventory [Granier et al., 2005]. Our study will focus on the inter-annual variability of
biomass burning emissions, especially in boreal regions and south-east Asia. We will
compare the inversion results with available bottom-up emission estimates.
References
Granier, C., J.F. Lamarque, A. Mieville, J.F. Muller, J. Olivier, J. Orlando, J. Peters, G. Pétron, G.
Tyndall, S. Wallens, POET, a database of surface emissions of ozone precursors, available on
internet at http://www.aero.jussieu.fr/projet/ACCENT/POET.php , 2005.
Pétron, G., C. Granier, B. Khattatov, J.-F. Lamarque, V. Yudin, J.-F. Müller, J. Gille Inverse modeling of
carbon monoxide surface emissions using CMDL network observations, J. Geophys. Res., 107
(D24), 4761, doi:10.1029/2001JD001305, 2002.
Pétron, G., C. Granier, B. Khattatov, V. Yudin, J. Lamarque, L. Emmons, J. Gille, and D. P. Edwards,
Monthly CO surface sources inventory based on the 2000.2001 MOPITT satellite data, Geophys.
Res. Lett., 31, L21107, doi:10.1029/2004GL020560, 2004.
Richter, A., J. P. Burrows, H. Nüss, C. Granier and U. Niemeier, Increase in tropospheric nitrogen
dioxide over China observed from space, Nature 437, 129-132, 2005.
Schultz, M.G., A. Heil, J.J. Hoelzemann, A. Spessa, K. Thonicke, J. Goldammer, A.C. Held, J.M. Pereira,
Global Emissions from Wildland Fires from 1960 to 2000, Global Biogeochemical Cycles, in
press, 2005.

142

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

Operational 2-D var Analysis of Ground Observations in the Swedish
National Environmental Surveillance Programme
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 2
Michael Kahnert
Swedish Meteorological and Hydrological Institute, 601 76 Norrköping, Sweden.

Summary
The main purpose of the Swedish National Environmental Surveillance Programme is to
map critical loads of acidifying and eutrophying chemical components over Sweden,
and to discriminate between domestic and long-range transport contributions.
Computations are performed with the Multiple-Scale Atmospheric Transport and
Chemistry Model (MATCH). Variational data analysis has only recently been
incorporated into the operational process. The analysis system is employed for two main
purposes. (i) The ozone field is determined by analysing hourly ground observations in
conjunction with MATCH photochemistry results. The analysis result is used as input
to the high-resolution MATCH-Sweden model, which is based on using a quasistationary Sulphur-Nitrogen chemistry scheme, and which only takes Swedish
emissions into account. (ii) MATCH-Sweden results are subtracted from MATCHphotochemistry results (obtained with European emission inventories) and from
observations, and the resulting long-range transport (LRT) contributions are analysed.
By adding the MATCH-Sweden results to the analysis results one obtains a highresolution total field of NOx, SOx, and NHx concentrations in air and precipitation. The
LRT and total fields, as well as analysis results for base cations, serve as input to the
MATCH deposition module, which computes critical loads on a high-resolution spatial
scale over Sweden.
Introduction
The Multiple-Scale Atmospheric Chemistry and Transport Model (MATCH)
[Robertson et al., 1999] is used in a wide range of different applications ranging from
emergency alert to photo-chemistry assessments on various scales. Within the scope of
the national environmental surveillance programme assessments of both air quality and
critical loads are conducted on an annual basis. In this context it is of specific interest to
discriminate between the long-range regional background and the local contribution to
the air quality situation as well as to map dry and wet deposition of acidifying and
eutrophying chemical species over Sweden. Data analysis of ground observations has
become an efficient tool to discriminate between regional and long-range contributions.
To assess the domestic contribution to both air quality and the environmental impact of
air pollution, MATCH is applied on a high-resolution grid (11 km) with detailed
national emission inventories. A quasi-stationary sulfur-nitrogen chemistry scheme is
employed. The chemistry is only weakly non-linear, which justifies the use of a
chemistry scheme that accounts for only a subset of the atmospheric contents. The
ozone field is an input parameter to the S-N chemistry scheme. Until 2005, the ozone
field has been determined by entirely relying on measurements from regional
background stations in northern Europe. A plain spatial interpolation of ground
observations has been performed by applying an optimum interpolation (OI) code.
Analogously, the OI method has been employed to determine the long-range transport
(LRT) contribution to concentration in air and precipitation of various components. To
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this end the difference between observations and the results from the MATCH-Sweden
model has been interpreted as the LRT contribution and has been interpolated by use of
the OI code.
Starting in 2006 both the preparation of the ozone field and the assessment of the LRT
contribution is performed by using a two-dimensional variational data analysis (2dvar)
method. The background field is computed with the MATCH photochemistry version
run on a European scale.
2-D var post-processing of MATCH results
One advantage of the new system is that one obtains considerably more reliable results
in data void regions, in particular near the edge of the modelling domain. Another is that
the analysis result is less prone to errors related to regionally unrepresentative
observations. Observation error variances and variational quality control parameters can
be tuned to reduce the influence of or reject unreliable observations.

Figure 1. SO2 concentration field computed with the high-resolution MATCH-Sweden model
(left), the low-resolution MATCH-Europe photochemistry model (middle), and the
high-resolution 2-D var-analysis (right).

Figure 1 shows an example for SO2. The left panel shows SO2 air concentrations
computed on an 11 × 11 km2 grid using Swedish emissions with the MATCH-Sweden
model, employing the S-N chemistry scheme. The middle panel shows a clip-out of the
SO2 concentration field computed on a 44 × 44 km2 grid covering all of Europe with the
MATCH-photochemistry model using European emission inventories. The Swedish
contribution is subtracted from both the photochemistry results and the SO2
observations, the difference is interpreted as the LRT contribution (thus neglecting nonlinear chemistry effects), and the LRT field is analysed. The main idea behind analysing
the LRT instead of the total concentration field is that the LRT field can be assumed to
vary smoothly on a larger spatial scale than the total field, which contains local, smallscale contributions. Subsequently, the high-resolution Swedish contribution is again
added to the LRT analysis result. The resulting high-resolution analysis of the total field
is presented in the right panel. By comparing the middle and the right panel one
observes both the corrections to the background field by the observations and the
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modifications of the low-resolution background field due to high-resolution information
about the Swedish contribution.
In the previous examples the background error covariance matrix was assumed to be
homogeneous and isotropic, i.e. invariant under translations and rotations. For the
analysis of base cations we drop this assumption. To this end we introduce empirical
coast-class correction factors [Lövblad et al., 2004] based on measurements of the
variation of base cation concentrations at varying distance from the coast (see Figure 2,
left panel). By constructing a matrix with these coast-class correction factors on the
matrix diagonal and zeros in the off-diagonal elements one obtains a similarity
transformation that introduces inhomogeneity and anisotropy in the background error
covariance matrix such that the information from the observations is propagated out to
the sea over a larger radius than over land. Since the inversion of a diagonal matrix is
trivial this similarity transformation does not deteriorate the conditioning of the
background error covariance matrix.

Figure 2. Empirical coast-class correction factors (left), Na-analysis with an isotropic,
homogeneous B-matrix (middle), and with anisotropy and inhomogeneity introduced
into the B-matrix by the coast-class correction (right).

The effect of this anisotropy can be seen in the sodium analysis shown in the middle
and right panels in Figure 2, which are based on employing an isotropic and an
anisotropic background error covariance matrix, respectively. In the isotropic case
(middle) the observations induce corrections to the background field that are propagated
isotropically from the observation sites into the surrounding region. By contrast, in the
anisotropic case (right) the propagation of the correction to the background field is
inhibited land-inwards and enhanced over the sea. Thus we efficiently account for the
empirical fact that the representativeness of base cation observations decreases from
coastal sites land inwards.
Future outlook
The current operational analysis system has a number of weak points. We run a univariate analysis with a background error covariance matrix modelled by

[

Bi , j = A exp ( xi

x j )2 / 2

2

],
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or, for base cations, by
B bc = C B CT ,

where C is a diagonal matrix containing the coast class correction factors, and where xi
denote the elements of the state vector. This approach yields analysed fields that are not
consistent with the governing equations. Also, the method is not capable of exploiting
information from one observed species to obtain corrections for chemically correlated
species. It would be desirable to extend the current method to a multi-variate analysis
that employs a background error covariance matrix based on the model’s statistical
properties. This would (i) yield a more “correct” analysis result, (ii) ensure consistency
with the governing equations, which would prepare the analysis code to be extended to
a full 4-D var version, and (iii) allow us to use observations available with high spatial
and temporal resolution (such as ozone) to correct the background field for correlated
species (such as NOx) for which fewer observations are available. One essential
prerequisite for such an extension would be a multi-variate background error covariance
matrix.
Several questions arise.
(i) What methods have been tested so far for determining or modelling B? Is it, for
instance, feasible to use an ensemble-type approach, in which the model’s input
parameters are varied statistically within certain intervals, and the elements of B are
obtained from the resulting field x according to
Bi , j = (xi

xi

) (x

j

xj

).

(ii) If so, what ranges of variation are appropriate for the different uncertainty sources
entering the model?
(iii) A multi-variate 3-D background error covariance matrix has a considerably higher
dimension than a uni-variate 2-D matrix, which will complicate the computation of its
inverse. What numerical approach performs best for inverting/diagonalising large Bmatrices?
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Summary
The Integrated Global Atmospheric Chemistry Observations (IGACO) theme is a
component of the Integrated Global Observing Strategy (IGOS) partnership.
Implementation of the IGACO strategy is led by the Global Atmospheric Watch (GAW)
programme of the World Meteorological Organization (WMO) and it links to several
other WMO programmes, such as the World Weather Watch (WWW) and World
Climate Research Programme (WCRP). It also is a key element in the Global Earth
Observation System of Systems (GEOSS). An international panel of distinguished
experts prepared an IGACO theme report, which was published in September 2004. The
objectives of IGACO can be summarized as:
*

to ensure accurate, comprehensive global observation of key atmospheric gases
and aerosols;

*

to establish a system for integrating ground-based, in-situ and satellite
observations using atmospheric models; and

*

to make the integrated observations accessible to users.

The implementation of IGACO focuses on four themes: IGACO-Ozone, IGACOGreenhouse Gases, IGACO-Aerosols and IGACO-Air Quality and Long Range
Transport of Air Pollution (LRTAP). Each focus is associated with an existing GAW
advisory structure. It will have a secretariat hosted by a major research institute and a
scientific advisory board. The Finnish Meteorological Institute (FMI) hosts the IGACOOzone secretariat.
Introduction
IGACO (Integrated Global Atmospheric Chemistry Observations) is a theme in the
International Global Observing Strategy (IGOS). The IGOS-partnership consisting of a
consortium of 13 major agencies and organizations was formed in the late 1990’s to
harmonize the common interests of the major space-based and in-situ systems for global
Earth observations for advancement of science, policy making, and serving the needs of
the general public. The IGACO Theme Report, prepared by an expert international
group convened by the World Meteorological Organization (WMO) and the European
Space Agency (ESA), was published in September 2004 [WMO, 2004].
IGACO is a strategy for bringing together ground-based, aircraft and satellite
observations of 13 groups of chemical species in the atmosphere. The implementation
of IGACO will be organised in four focus areas: Ozone, Aerosols, Greenhouse gases
and Air Quality / Long-range transport, each linked to the existing advisory bodies of
the WMO Global Atmospheric Watch (GAW) programme. For each focus area, a
secretariat hosted by a research institution in the field will work jointly with the WMO
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office in everyday implementation. The IGACO-Ozone secretariat is hosted by the
Finnish Meteorological Institute with a Memorandum of Understanding with the WMO.
Jointly with the WMO and an ad hoc International Scientific Advisory Panel the
secretariat is preparing an Implementation Plan and later will follow its implementation.
The IGACO structure is shown schematically in Figure 1. The overall coordination of
the implementation will be at WMO, and especially the link to the WMO GAW
Programme is strong, with GAW strategic goals being very similar to those of IGACO.
The implementation of IGACO-O3 will take place in phases, with the first phase lasting
2006-2010, and the second phase from 2010 onwards. Activities in each phase will be
defined taking into account scientific priorities and feasibility aspects.

Figure 1. The IGACO structure. “CAS OPAG on EPAC” stands for Commission of
Atmospheric Sciences Open Area Group on Environment Pollution and Atmospheric
Chemistry, delegate body of the WMO.

Scope and goal of IGACO-O3
The objectives of IGACO-Ozone can be summarised as follows.
1. To improve access to ozone and UV radiation data worldwide. This is the main
high level objective. In addition to the Data Centres such as World Ozone and UV
Data Center (WOUDC) and GAW Station Information System (GAWSIS), there
exist numerous data repositories and web pages, from where ozone data can be
retrieved. Currently, however, the major Data Centres do not contain all data,
especially not satellite and routine aircraft data. Services are also sometimes
difficult to find. From a scientists point of view a well-organised portal with
summary information of each server would be a nice first step towards this goal.
2. To promote the use of standard quality control and documentation in order to
guarantee homogeneous quality of data. Most data providers have sufficient
quality assessment methods in place. However, due to different standards, quality
parameters may differ. Documentation and metadata linking observations to the
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WMO GAW World Reference Standards are also often difficult to find (i.e. not
available in the same place as the data) or do not exist, which makes data
intercomparisons difficult.
3. To develop modelling/assimilation capabilities and tools that can be used for
combining data from different sources when a (three-dimensional time-dependent)
global view of the ozone and UV fields is needed. In addition to the tools, this
requires easy access to data and good understanding of the properties of the
different data sets and models. Although integrated data products are not optimal
for all studies, it is likely that their use in the future - even in near-real-time - will
be in greater demand.
4. To ensure continuity of observations of ozone, related atmospheric constituents
and UV radiation fields. This is a task that requires not only an understanding of
what is needed but also political support. Thus, close communication with entities
who hold the mandate of coordination (such as the GAW Science Advisory
Groups for Ozone and UV, the WMO Space Programme and the Committee on
Earth Observation Satellites), as well as agencies who run the observation stations
and implement space missions is needed (National Met Services and Research
Institutions, ESA, EUMETSAT, NASA, NOAA etc.).
Table 1. Overview of the relation between chemical species and focus areas.
Chemical species

Air Quality

Oxidation
Capacity

Climate

Stratospheric
Ozone Depletion

O3
H2O (water vapour)
CO
CO2
CH4
HCHO
VOCs
N2O
NOx = NO+NO2
HNO3
SO2
BrO, ClO, OClO
HCl, ClONO2
CH3Br, CF3Br, CFC-11, CFC-12,
HCFC-22
aerosol optical properties
actinic flux

Implementation
The IGACO-O3 work is implemented jointly by the IGACO-O3 Secretariat at FMI, the
WMO, the WMO GAW Programme, and the international Ozone and UV research
community represented by the International Ozone Commission. A Memorandum of
Understanding for hosting the Secretariat was signed between WMO and FMI in
October 2005. This agreement covers the development of the IGACO-O3
Implementation Plan, as well as following the implementation during the first five years.
The first task of IGACO-O3 is to develop an Implementation Plan. This document will
describe the tasks required to achieve the goals of the programme. It will discuss the
recommendations in the IGACO Theme Report, as well as list practical implementation
steps with timescales and responsibilities. The work is done by the Secretariat, the
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International Science Advisory Panel reporting to the long standing GAW Scientific
Advisory Group for Ozone (SAG-O3) and in consultation with the research community.
The target date for releasing this plan is end of 2006.
The tasks in the Implementation Plan will be organised following the recommendations
of the IGACO Theme Report. Near-term (first five years, 2006-2010) will be defined,
whereas tasks beyond 2010 will be refined during implementation of first phase tasks.
In February 2006, the ISAP held its first meeting at FMI in Helsinki, Finland. The scope
of IGACO-O3 was discussed with respect to the recommendations of the IGACO
Report [WMO, 2004]. It was concluded that many of the recommendations require
close co-operation and collaboration with other existing agencies and programmes.
In addition to the general discussion, it was also concluded that from the user's point of
view, improvements over the existing system can be achieved with relatively small
effort. As a result, two Pilot Projects were identified to start with practical
implementation of an Integrated and Global system for Ozone observations. These are:
Generation of the Antarctic Ozone Bulletins. Currently, the bulletins require a lot of
manual work in collecting and re-formatting the data as well as in creating high-quality
data products. Many of these steps can be automated, and definition of the tasks has
been started.
Data products for future Scientific Assessments of Ozone Depletion conducted
quadrenially under the auspices of WMO and UNEP in support of the Vienna
Convention on Protection of the Ozone Layer of 1985. The next assessments are due in
2006 and 2010. Similar to the above Ozone Bulletin pilot project, authors of previous
Ozone Assessments will be involved in development of analysis tools and products.
They will be contacted in order to derive user requirements for tools that would improve
access to data needed for the assessment worldwide.
References
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Some Issues about Chemical Data Assimilation
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 2
Richard Ménard
Meteorological Service of Canada, 2121 Transcanada Highway,
Dorval, Qc, H9P 1J3, Canada

Summary
We discuss some questions and issues of chemical data assimilation. Some of these
issues are fundamental and tied with our observation network limitations while others
relates to the usefulness of chemical data assimilation in terms of its application. These
issues were drawn from our experience at the Meteorological Service of Canada.
Assimilation of surface observations
AIRNow observations have been assimilated in the Canadian regional chemical
transport model CHRONOS (Canadian Hemispheric and Regional Ozone and NOx
system) [Pudykiewicz et al.; 1997] since 2003. The AIRNow observation network
covers the United States and Canada with observations stations in urban, semi-urban,
rural and remote areas. Nearly 1500 ground level ozone and about 750 PM 2.5
observations are delivered in real-time each hour, 24 hours a day, and year round. The
assimilation system is based on optimum interpolation [Ménard and Robichaud; 2006].
To validate the analyses, the assimilation is conducted with a subset of the observations
and we use the remaining observations to compare with the analyses. The impact of
ozone analysis on ozone prediction was found to be limited. The sensitivity of
observations on the predicted ozone nearly disappears after 12-24 hours. We note also
that assimilation of ozone produces little changes on precursor species (e.g. NO, NO2)
and a bit more on OH and O. The assimilation of surface ozone observations produces
surface maps of ozone that are valuable for environmental impact assessment. The
average ozone flux over a period of three weeks is depicted in Figure 1.

Figure 1. Average flux of ozone at the surface for the period 7th-30th August 2002.
Left panel no assimilation. Right panel with assimilation of ozone.
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Important differences are noted between free model run and assimilation results, and an
assessment as to weather this difference is important for environmental impact needs to
be made.
How much information or complexity should we keep?
In another experiment, the assimilation was conducted using only transport and no
chemistry. Although these analyses did not produced satisfactory short-term ozone
predictions, the biased and standard deviation was actually smaller than in assimilation
with chemistry. Thus indicating that if the goal is to produce good ozone analyses (or
maps) out of the observations no chemistry is needed.
Another aspect concerns resolution. In order to conduct 4-D Var assimilation
experiments, spatial resolution is often degraded to accommodate computer time and
memory limitations. How well this loss of information (due to reduced resolution) can
be compensated by the additional information provided by observations with the
introduction of data assimilation? The answer to this question depends on the situation.
Although not conducted with the surface assimilation described above, experiments
made with the stratospheric version of the MSC NWP model GEM with online gas
phase and heterogeneous chemistry, showed that horizontal resolution is critical in
reproducing ozone hole, which is not that well captured in a low resolution 4-D Var
assimilation with a CTM.
Issues with unobserved species in chemical data assimilation
One of the most important limitations of chemical data assimilation is the small number
of observed species compared to the number of advected species in a chemical transport
model. This has implications in the construction the multivariate chemical error
statistics. If the error covariance between observed and unobserved species is set to zero,
as a mark of ignorance, it is argued that this is equivalent to have perfectly modeled
species for the unobserved ones. Using the NMC method is also known to
underestimate the error variance in unobserved areas, and this would translate in the
chemical context to underestimate the error variance of unobserved species. The sixhour difference method introduced by Yves Rochon [see Polavarapu et al.; 2004] has
the ability to construct useful error correlations (for all observed and unobserved
variables) but is deficient in the estimation of error variances.
It should also be noted that in a 3-D Var (and 4-D Var) analysis the minimization of the
cost function can be made taking into account only observed species. The contribution
to unobserved species can be deduced offline the analysis using analysis increments of
the observed species (see Menard et al. 2004 for further details).
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Spatio-Temporal Variability of Ozone in East Asia
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 2
Pakpong Pochanart and Hajime Akimoto
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Summary
The ACRP observation team of FRCGC/JAMSTEC has conducted various atmospheric
observation works in East Asia. Two of our main aims are to looking at 1) the spatiotemporal variability and potential effect of regional air pollutions, mainly ozone and
black carbon, from the large-scale anthropogenic sources in East Asia, and 2) transEurasian intercontinental transport of air pollutants from Europe to East Asia. We also
provided the reliable observation database to the model team for their results validation
and further chemical-transport mechanism clarification [Wild et al., 2004]. In this work,
the data from China are reported.
Introduction
To address the regional air pollutions from large-scale anthropogenic sources in China
which have become a well-recognized problem in recent years, investigation of the
regional ozone pollution situation in China has been made based on the established
ozone measurements in mountain regions of China wherein data have neither been
much available nor open to public up to now (Figure 1). This work examines the ozone
seasonal and temporal variations in eastern China using results from both observations
and simulations by regional-scale air quality model.

Figure 1. ACRP monitoring sites in Asia. Locations are plotted over the image of NO2 column
over Asia derived from SCIAMACHY/ENVISAT (Jan 3rd- June 4th, University of
Heidelberg).
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Scientific activities
Ozone data from Mt. Taishan (36 ºN 117 ºN 1524 m) in Shandong Province, Mt.
Huashan (34 ºN 110 ºE 2065m) in Shaanxi province, and Mt. Huangshan (30 ºN 118 ºE
1841 m) in Anhui province in 2004 have been analyzed. In model comparison, results
from simulation using the Community Multi-scale Air Quality model (CMAQ) based on
the Regional Atmospheric Modeling System (RAMS) over East Asian domain have
been utilized [Uno et al., 2005, Yamaji et al., 2006]. The outputs of the simulation in
the boundary layer were extracted for each monitoring location and compared with
observation.
Scientific results and highlights
Figure 2(a) shows ozone variation at Taishan in 2004. In general, the ozone seasonal
cycle with double maximum in spring and fall was observed. The similar seasonal cycle
but with the lower mixing ratios has been observed at Huangshan. The good
correlations among different monitoring sites have been found indicating that the high
ozone mixing ratio events are regional-scale pollution. While trajectory analysis
confirms that the seasonal cycle of ozone in eastern China are primarily due to East
Asian monsoon, many pollution episodes found at the three observatories indicate the
enhanced effect of photochemical production and regional transport within China. The
CMAQ/RAMS model output reproduced the ozone seasonal variation over eastern
China very well at the ground layer at Taishan and Huangshan. The lower correlation
between model and observation is found at Huashan. Other ozone features at our
monitoring sites have been captured reasonably well by CMAQ/RAMS. The large
ozone spikes which are noticed in observation data and diurnal variations of ozone are
also well simulated by model as shown in Figure 2(b). However, it is often found that
CMAQ tends to underestimate ozone at very high mixing ratios (>100ppb). The
relatively good reproducibility by model verifies the regional-scale representatives of
our observatories and make it possible to further clarify the characteristics of ozone
pollution in China.

Figure 2. (a) Seasonal ozone variation at Taishan in 2004 and (b) monthly ozone variation at
Huangshan and Taishan in July 2004 from observation and CMAQ simulation
(CMAQ results provided by I. Uno group of Kyushu University).
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Future outlook
To obtain more information on ozone photochemistry and aerosol characteristics over
near-source (polluted) region, an intensive observation campaign is planned and will be
executed in June 2006 at Mt.Taishan. Data will be open to public as earliest as possible.
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Abstract
Atmospheric CO2 concentrations, retrieved from spectral measurements made in the
near infrared (NIR) by the SCIAMACHY instrument, using a new retrieval algorithm
called Full Spectral Initiation Weighting Function Modified Differential Optical
Absorption Spectroscopy (FSI WFM-DOAS), are compared to ground based Fourier
Transform Infrared (FTIR) data and to the output from a global chemistry-transport
model. Comparisons to CO2 measurements made by the ground based FTIR
spectrometer at Egbert, Canada, reveal a negative bias in the FSI WFM-DOAS columns
of approximately - 4.0 %, though this offset appears to be decreasing with time. Similar
comparisons to the TM3 chemistry transport model show that that the temporal
behaviour of the seasonal cycle is captured well but that its amplitude is over estimated.
From these comparisons, the overall precision and bias of the CO2 columns retrieved by
the FSI algorithm are estimated to be close to 1.0 % and < 4.0 % respectively.
Introduction
Over the last 200 years there has been a dramatic 30 % increase in the concentration of
atmospheric CO2. This is expected to lead to significant future climate change [1]. To
accurately predict the response of our climate requires a full understanding of the
transport and storage of carbon within the carbon cycle. Current understanding of the
global carbon cycle, provided by inverse modelling techniques, estimate the carbon
fluxes by means of chemistry transport models constrained with accurate measurements
of the atmospheric CO2 concentration. Whilst there have been significant advances
using this approach [2] it is still only possible to estimate the carbon cycle fluxes at
continental or ocean basin scales, as the present inversion system is data limited [3].
Satellite observations of atmospheric CO2 concentrations can help reduce the flux
uncertainties and locate unidentified carbon sources and sinks, as they offer greater
temporal and spatial coverage than the current observing network [4]. To improve over
the existing ground network monthly averaged column data, at a precision of 1 % (2.5
ppmv) or better, for an 8° by 10° footprint are needed [5], although regionally this
threshold can be relaxed [4].
In this work, atmospheric CO2 vertical columns are retrieved from SCIAMACHY NIR
measurements using a new algorithm called Full Spectral Initiation (FSI) WFM-DOAS
are compared both to FTIR measurements and to a global chemistry-transport model to
ascertain the quality and accuracy of the retrieval method.
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SCIAMACHY
Launched onboard the ENVISAT satellite, in March 2002, the SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) instrument is
a passive UV-VIS-NIR hyper-spectral spectrometer designed to investigate tropospheric
and stratospheric composition and processes [6]. The instrument measures sunlight that
is reflected from or scattered by the atmosphere, covering the spectral range 240-2380
nm (non-continuously) using eight separate grating spectrometers (or channels). For the
majority of its near polar sun-synchronous orbit SCIAMACHY makes measurements of
the atmosphere in an alternating limb-nadir sequence. In addition the solar irradiance
and lunar radiance are measured using solar/lunar occultation. The vertical column
densities (VCDs), (units of molecules cm-2), of various trace gases, whose absorption
features lie within SCIAMACHY’s spectral range, can then be determined through the
inversion of the logarithmic ratio of the earthshine radiance and solar irradiance via
differential absorption spectroscopy (DOAS) [7]. In this analysis, atmospheric CO2
distributions are determined by retrieving CO2 VCDs from nadir observations made in
the NIR, focussing on a small micro window within channel six, centred on the CO2
band at 1.57 {m. For channel 6, the nominal size of each pixel within the swath is 60 by
30 km2, corresponding to an integration time of 0.25 s. Global coverage is achieved at
the Equator within 6 days.
Full Spectral Initiation (FSI) WFM-DOAS
Since the launch of the SCIAMACHY instrument on-board ENVISAT there is the
ability to measure total vertical columns of CO2 in the near infrared (NIR) using a new
retrieval technique called Weighting Function Modified Differential Optical Absorption
Spectroscopy (WFM-DOAS) [8]. The WFM-DOAS method is based on fitting the
logarithm of a linearised radiative transfer model plus a low-order polynomial to the
logarithm of the ratio of a measured nadir radiance and solar irradiance spectrum as
measured by the SCIAMACHY instrument. An initial assessment of this algorithm’s
sensitivity, described in [9], discovered it is necessary to include suitable a priori
information within the retrieval in order to constrain the errors on the retrieved CO2
columns. Using this premise, a new CO2 retrieval algorithm called Full Spectral
Initiation (FSI) WFM-DOAS [9], has been developed which generates a reference
spectrum for each individual SCIAMACHY observation, based on the known properties
of the atmosphere and surface at the time of the measurement. As the calculation of
radiances is computationally expensive, FSI is not implemented as an iterative scheme
rather each reference spectrum only serves as the best possible linearization point for
the retrieval. Each spectrum is generated using the radiative transfer model SCIATRAN
[10], using several different sources of atmospheric and surface data that serve as input,
the details of which are described in full in [9].
The FSI algorithm is only applied to cloud free pixels, determined using a cloud
detection method outlined in [11], with the retrieved CO2 VCD normalized using the
input a priori surface pressure to produce a column volume mixing ratio (VMR). Only
CO2 VMRs where the retrieval (statistical) fitting error is less than 5 % and which lie in
a range 340-400 ppmv are used. To avoid various instrumental issues that have
hampered retrievals in the NIR channels [12] the raw SCIAMACHY spectra have been
calibrated in-house with corrections applied for non-linearity effects, associated with
analogue-to-digital converter, and also the orbit specific dark current. To improve the
quality of the FSI spectral fits, the latest version of the HITRAN molecular
spectroscopic database [13] has been implemented in SCIATRAN. Unlike other studies
[14], adjustment of the absolute columns values via scaling factors, has not been
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necessary. The advantage of the NIR over the thermal infrared is the sensitivity to
changes in the CO2 concentration in the lowermost part of the troposphere. This is
demonstrated by the FSI averaging kernels (not shown) which peak in the planetary
boundary layer indicating that the FSI algorithm is sensitive to changes in the CO2 near
the surface, i.e. where the carbon sources and sinks occur. An example set of FSI
retrievals is shown in Figure 1.

Figure 1. Typical scenes processed by the FSI-WFM-DOAS

Comparisons to FTIR CO2 measurements over Egbert, Canada
A comparison between the columns retrieved by the FSI algorithm to CO2 columns
measured by a ground based (g-b) FTIR spectrometer has been undertaken to assess
possible biases in the retrieval. This FTIR instrument, run by Environment Canada, is
located at the Centre of Atmospheric Research Experiments (CARE), Egbert, Canada
(44.23ºN -79.78ºE). It is situated within a large rural area, away from background
pollutants, thus rendering it ideal for making atmospheric measurements. Solar
absorption spectra are recorded, in cloud-free conditions, approximately twice each
month using an ABB Bomen DA8 FTIR spectrometer that has an apodized resolution of
0.004 cm-1. Measurements of the CO2 total columns are derived from the recorded
spectra, using two wavelength intervals 2625.35 -2627.06 cm-1 and 936.44-937.18 cm-1,
to an accuracy of 8.9 % (error estimate based on the discussion in [15]). The detailed
methodology of the comparison is dealt with in [16] with the results only summarized
here.
During 2003 there were a total number of 5150 successful cloud-free CO2 FSI retrievals
over the Egbert site. These are illustrated in Figure 2, together with the corresponding
74 g-b FTIR measurements, shown both as VCDs and VMRs. The mean yearly bias of
the FSI CO2 columns with respect to the g-b data is - 4.1 %, with a standard deviation of
3.0 % and scatter of 0.8 %. These results are consistent with the WFM-DOAS results
presented in Dils et al. (2005) [17] who also reported a significant negative bias, though
in this analysis the mean bias is approximately half their reported value. The spread of
the FSI retrievals is quite small (0.8 %) when compared to the scatter of the FITR data
(1.3 %). Normalizing the CO2 vertical columns, using the ECMWF surface pressure,
does not have a dramatic effect only slightly increasing the bias on both grids by about
0.2 %, though the scatter does become almost twice as great. Irrespective of whether the
CO2 columns are expressed as VCDs or VMRs a perceptible seasonal trend (not shown)
of the bias is apparent. The origin of this bias and its seasonal variation has not been
identified. Differences between the SCIAMACY and FTIR averaging kernels may
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account for some of the negative bias whilst the limited number of the g-b
measurements may partly explain its temporal evolution. Nevertheless, this bias does
decreases rapidly in the latter months of 2003, thus a more comprehensive set of FTIR
observations for 2004 is required to see if this seasonal pattern is repeated.

Figure 2. Time series of FTIR measurements and FSI retrievals over Egbert, Canada.

Comparisons to the TM3 chemistry transport model
The TM3 is a global atmospheric tracer model [18], developed by the Max Planck
Institute for Biogeochemistry (MPIBGC), which solves the continuity equation for an
arbitrary number of atmospheric tracers. The atmospheric transport is driven by
National Center for Environmental Prediction (NCEP) meteorological fields using a
model grid of 1.8º by 1.8º with 29 layers. The ocean air-sea fluxes are based on a
monthly pCO2 climatology [19] whilst the natural terrestrial biospheric fluxes were
modelled using the BIOME-BGC model driven with daily NCEP data, using a simple
diurnal cycle algorithm [20]. Anthropogenic fossil fuel CO2 emissions are derived from
the EDGAR 3.2 database [21]. The TM3 CO2 columns have been calibrated to for an
optimal match with in-situ observations made at the South Pole station and with a mean
FSI averaging kernel applied to the model data to account for the increased sensitivity
of SCIAMACHY to the lower part of the troposphere. The model itself, has been
sampled at the exact location and time (using the model’s closest 3 hourly time step) for
each FSI retrieved CO2 column that has passed the quality filter. Both data sets have
then been averaged onto a 1º by 1º grid with the temporal and spatial behaviour of the
CO2 distributions then examined. In this paper comparisons have been made for two
specific regions: Siberia and the Gobi desert. The temporal behaviour of CO2
concentration over the Siberian region is illustrated in Figure 3, with the time series plot
of the monthly averages demonstrating that there is quite good agreement between the
model and the FSI algorithm.
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Figure 3. Comparisons between the TM3 model data (blue lines) and the FSI retrieved CO2
columns (red lines) for the (a) Siberian (left) and (b) Gobi desert (right) regions for
the year 2003. Top Panels: The mean CO2 concentration of each scene. The error
bars on the FSI data represent the standard deviation of the mean. Second panels:
The mean difference between the FSI columns and the TM3 data (equivalent to the
difference between the monthly averages). The error bars represent the standard
deviation of this difference. Third Panels: The CO2 anomaly (i.e. monthly averages
minus the yearly mean). Fourth Panels: The correlation coefficient between the two
data sets. Fifth Panels: The number of TM3 grid points used in the calculation of the
scene means. Bottom Panels: The mean FSI retrieval error of the observed CO2
columns with the standard deviation, which is consistently less than 1 %. Note, at the
time of processing, SCIAMACHY data for August was not available and that for
December there was not enough valid FSI retrievals to perform a sensible
comparison.

The correlation coefficient between the two time series is 0.75 and the TM3 monthly
means lie within the FSI error limits for all but the summer months. The most
noticeable difference is that whilst during the winter months there is excellent
agreement between the model and observations, during the rest of the year
SCIAMACHY detects lower CO2 concentrations. The yearly average of the absolute
difference is 7.3 ppmv (2 %) with the mean of the standard deviations (of the monthly
differences) being 7.6 ppmv. The mean CO2 concentration for the whole year detected
by SCIAMACHY is 371.2 ppmv whereas the model average is 377.5 ppmv. This
suggests a negative bias between the model and FSI retrievals of about ~ 2.0 % (relative
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to the FSI scene mean). The amplitude of the seasonal cycle (peak to peak) is 20.7
ppmv detected by SCIAMACHY is just under three times that of the model (7.9 ppmv)
with both time series agreeing on the timing of the minimum CO2 concentration in July,
though disagreeing on the occurrence of the maximum (April for the TM3 and January
for SCIAMACHY). Similar results were presented by [14] who reported a factor of four
greater amplitude. Inspecting the time series of the CO2 anomaly shows that the
transition from positive to negative, as biospheric photosynthesis exceeds respiration,
begins slightly earlier for the FSI data (late April) than the model (early May). Both
data sets agree on the return crossover in mid-October. Over the Gobi Desert the match
between the TM3 model data and the retrieved CO2 concentrations is excellent with the
correlation between the time series now being 0.95 and with both agreeing on the timing
of the maximum (April) and minimum (July) CO2 concentrations. The CO2 anomalies
are thus in phase and the small difference between yearly means, 374.0 ppmv (FSI) and
377.3 ppmv (TM3) (about 1 %), is most likely due to the increased signal to noise ratio
produced by the high albedo of the desert surface. In spite of the better agreement,
SCIAMACHY still detects a seasonal signal, transported from other regions, which is
just over twice that of the TM3 data (10.1 ppmv to 4.9 ppmv).
Precision and errors
It is important to give some assessment of the accuracy (bias) and precision of the CO2
VMRs retrieved by the FSI algorithm. The mean retrieval (spectral fitting) errors over
the selected scenes is < 3 %. These fit errors are predominantly affected by the signal to
noise ratio of the spectra and thus are strongly influenced by the surface albedo. The
standard deviation of the ‘raw’ (un-gridded) FSI CO2 columns is ~ 3.0 % which seems
consistent with the mean retrieval errors. The mean of the standard deviations, of the
retrieval errors over each scene, is consistently below 1 % implying that FSI spectral
fitting procedure is itself quite precise. The mean root mean square (RMS) error of the
spectral fits is also extremely stable at 0.1-0.3 %. It is difficult to estimate the bias of the
retrieval using FTIR data from only a single ground station. The normalized CO2
columns retrieved over the Egbert instrument have a negative average monthly bias of
approximately - 4.0 %, although this does vary seasonally and decreases dramatically
towards the end of 2003. Without comparisons to other column measurements made at
other locations it is impossible to determine whether this bias is consistent globally or
intrinsic only to the Egbert station. However, comparisons of the FSI retrievals to the
TM3 data suggest a negative bias of about – 2 % with respect to the model, which when
coupled with the – 2 % bias of the TM3 data to the FTIR measurements themselves,
implies that a bias of – 4 % to the true CO2 concentration is probably realistic (assuming
both the FTIR and model data are correct).
Summary
Atmospheric CO2 VMRs have been successfully retrieved from SCIAMACHY
measurements in the NIR using the FSI retrieval algorithm with comparisons to both
ground based FTIR data and to the TM3 global chemistry transport model also
performed. With respect to the measurements made by the Egbert FTIR station, the
yearly bias and its standard deviation of the FSI CO2 VCDs are found to be
approximately - 4.1 % and 3.0 % respectively, with the relative scatter comparable to
the scatter of ground-based measurements themselves. Inspection of the average
monthly biases reveals an apparent seasonal trend, the cause of which has not been
established. Normalizing the FTIR VCDs with the surface pressure does not remove this
bias or its seasonal variation. Intermittent observations by the FTIR instrument and
differences between its averaging kernel and that of SCIAMACHY may partly be
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responsible for these dissimilarities. Comparisons to a global chemistry-transport model,
performed over Siberia and the Gobi desert show good agreement, with the correlation,
between the time series of the SCIAMACHY and model monthly scene averages, being
greater than 0.7. The yearly means are detected by SCIAMACHY are to within 2 % of
those of the model with the mean difference between the CO2 distributions being also
approximately 2 %. The amplitude of the seasonal cycle, peak to peak, however, is
overestimated by a factor 2-3, which as yet cannot be explained. From these
comparisons, the overall precision and bias of the CO2 columns retrieved by the FSI
algorithm are estimated to be close to 1.0 % and < 4.0 % respectively. It also must be
re-stressed that at no stage whatsoever have scaling factors been applied to the FSI
retrieved CO2 VMRs as they have been in other studies. Whilst these results are
encouraging they are still not of the desired quality for inverse modelling. It is hoped
that further improvements to the retrieval algorithm, through better calibration of the
SCIAMACHY data and by improving the quality of the input a priori data used in the
creation of the reference spectra, will overcome this issue in the future.
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Monitoring of Air Quality in the Boundary Layer
and Data Assimilation at Regional Scales
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 3
Marc Bocquet
CEREA, Joint laboratory École Nationale des Ponts et Chaussées, Électricité de France R&D

In the following is given our biased view on what may be the state of the art in air
quality in the boundary layer at regional scale. Then we list what would or could be the
next advances in the field especially related to data assimilation. Several of the ideas
mentioned are illustrated by works recently performed at CEREA.
Modelling of air quality in the boundary layer is not a totally mature subject, except
maybe for photo-chemistry (ozone and its precursors). Therefore data assimilation
techniques are still emerging in this field. A tentative state of the art picture would look
like:
Boundary layer ozone chemistry
Modelling of ozone and its precursors is now a mature subject at regional scale. 48h
forecasts are available. The root mean square of a skilful chemistry transport model is
roughly 20 {g/m3 (and a correlation of about 0.65).
Data assimilation is still evolving, but operational assimilation systems for
photochemistry are running (for instance EURAD platform).
In this context, ensemble techniques are emerging.
Aerosol modelling
Aerosol modelling (with secondary organic aerosols) is not yet fully mature. Modelling
and parameterisations are currently being improved (typical correlation of 0.5 for
particulate matter PM10) for modal and now size-resolved models.
Data assimilation in this context has not been investigated.
Other pollutants
Persistent organic pollutants: modelling is still emerging.
Heavy metals: data assimilation has been tested on insufficient data (Europe).
We expect that future advances will focus on
Satellite measurements: assimilation of NO2 column in the lower troposphere is
currently being tested using regional models. Direct assimilation of ozone in Chemistry
Transport Models (CTMs) is still difficult to achieve. Indeed the best ozone product in a
near future are low troposphere 6 km column (with high related uncertainty) while
boundary layer ozone represents only (about) 15 % of this column.
Ensemble forecast: ozone forecast CTMs are highly tuned. Their performance is
widespread and a gain is expected in estimating what the “best” model is in a given
ensemble (Polyphemus platform).
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Figure 1. Variability of ozone forecasts when changing the physical parameterisations (left)
and the numerical schemes (right) [Mallet and Sportisse, 2006]

Necessary densification of the ground-based network for trace contaminants: heavy
metals, POPs, etc.

Figure 2. Fractional bias between a gaseous elemental mercury average concentration map
simulated with climatic boundary conditions and a concentration map obtained with
partial assimilation of the boundary conditions [Roustan and Bocquet, 2006]

Data assimilation is usually aimed at a better forecasting. This is a strong component of
boundary layer air quality. However the emphasis is much more on inverse modelling
(boundary conditions and especially emissions inventories). Both sequential (deriving
from optimal interpolation and Kalman filtering) and variational approaches (3-D var,
4-D var) are used. The phase space dimension is especially high (grid cells times the
number of species [50 to 300 for aerosols]) and needs reduction techniques (ensemble
filters, reduced rank square root filters).
One also expects new methodological developments in air quality data assimilation. The
boundary layer chemistry is highly non-linear, but the dynamics is essentially nonchaotic. Data assimilation techniques developed for meteorology are therefore not
straightforwardly applicable. Air quality data assimilation resembles more inverse
modelling of the main forcing (emissions). Specific methods (filters, dedicated
objective functions) are expected to help (example: reconstruction of an accidental
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dispersion event using variational assimilation based on the maximum entropy
principle).
With increasing observations and theoretical progress, those methods should apply to
higher and higher resolution data assimilation / inversion, with new emerging problems
such as under-determination.

Figure 3. Left: snapshot of the ETEX-1 simulation (pmch concentration) knowing the source.
Right: corresponding snapshot for the full reconstruction of the event, using only 912
concentration measurements, knowing nothing about the true source [Bocquet, 2006].

As in any chemical inverse modelling/data assimilation problem model error is the
major obstacle to further improvement of the analysis. In boundary layer air quality,
progress is expected obviously from the reduction of error achieved by:
-

a better parameterisation of the turbulent diffusion (Kz), and the boundary
layer

-

a better parameterisation of occasional convection events at regional scale, and

-

refinements in chemical processes / microphysics parameterisations (kinetic
coefficients, wet scavenging, dry deposition).

But also from methodological advances in copping with model error in data assimilation
systems: stochastic sub-grid parameterisation, prior statistical analysis of the error, etc.
Above and beyond regional modelling: long-range trace constituents transport (mainly
in the northern hemisphere): O3, CO, POPs, dust, heavy metals, etc. Subsidence of free
troposphere ozone.
References
Bocquet (2006), High resolution reconstruction of a tracer dispersion event: application to ETEX,
Q.J.R.Meteorol.Soc. (submitted)
Mallet V. and B. Sportisse (2006), Uncertainty in a chemistry-transport model due to physical
parameterizations and numerical approximations: An ensemble approach applied to ozone
modelling, J. Geophys. Res., 111, D01302, doi:10.1029/2005JD006149.
Roustan Y. and M. Bocquet (2006), Sensitivity analysis for mercury over Europe, J. Geophys. Res., 111,
D14304, doi:10.1029/2005JD006616.

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

167

Retrieving Global Sources of Aerosols from Satellite Observations
by Inverting Global Aerosol Model
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Summary
The uncertainty in location and strength of the aerosol emission sources is a major
factor limiting accuracy of global aerosol modeling. Here we describe an effort to
retrieve global sources of atmospheric aerosol from global satellite observations by
inverting GOCART aerosol transport model. Figure 1 illustrates the concept of the
retrieval. In order to implement retrieval of global aerosol fields with original space
(20 × 2.50) and time (20-60 minutes) resolution of (GOCART) model from satellite
observations during extended period of time the algorithm was designed using an
adjoint operation to the aerosol transport model. The approach is illustrated, tested and
then applied to the retrieval of global aerosol sources (location and strength) from a
combination of real MODIS observations. The potential and limitations of applying
developed inverse modeling approach for retrieval of global aerosol sources from
aerosol remote sensing are discussed.

Figure 1. The scheme of the retrieval concept.

Introduction
Knowledge of the global distribution of tropospheric aerosols is important for studying
the effects of aerosols on global climate. Satellite remote sensing is the most promising
approach to collect the information about global distributions of aerosol [e.g. Kaufman
et al., 2002]. However, in spite of the recent advancements in space technology, the
satellite-collected data do not provide yet the required accuracy and details on time and
space scale of the aerosol properties variability. For example, tropospheric aerosol may
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have strong local daily variations, while any satellite needs at least several days of
observations to provide a single global image of appropriate resolution. Also, satellite
characterization of aerosol is limited to daytime clear-sky conditions.
On the other hand, comprehensive global simulations of atmospheric aerosols with
adequate time and space resolution can be obtained using global models that rely on
known meteorological fields and account for aerosol advection by winds and removal
processes. However, the accuracy of global aerosol models is limited by uncertainties in
estimates of the aerosol emission sources, knowledge of atmospheric processes and
utilized meteorological fields [e.g. Kinne et al., 2003]. Therefore, there are diverse
continues efforts on harmonizing and improving aerosol global modeling by verifying
and refining all modeling components.
Here we are an attempt to retrieve (or adjust) aerosol emissions from available
observations by inverting global model. Such approach can potentially improve
modeling because the knowledge of aerosol emission sources is widely recognized as a
major factor limiting the accuracy of global aerosol models.
The concept of aerosol inverse modelling
The inversion techniques have been shown effective for refining trace gas emissions
[e.g. Kasibhatla et al., 2000, Elbern et al., 1997]. However, these techniques (relying on
Jacobi matrices of derivatives) seem computationally unacceptable for inverting aerosol
models because of high temporal and spatial variability of aerosol properties. The
designing an inversion on the basis of adjoint operators appears more appropriate for
global aerosol application. The adjoint techniques are widely used in meteorology and
oceanography for data assimilation [Talagran, 1987] and have been successfully applied
for atmospheric gases inverse modeling applications [e.g. Menut, 2003]. Using adjoint
of model one can calculate the gradient of minimized form with similar computation
requirements to that of the forward modeling. Then the model inversion can be
successfully implemented using gradient methods provided the convergence is
acceptable. Using such approach we developed the algorithm inverting GOCART
aerosol transport model.
The Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model uses the assimilated meteorological data from the Goddard Earth
Observing System Data Assimilation System (GEOS DAS) and provides fourdimensional distribution of aerosol mass at several atmospheric layers (20-30) with
horizontal resolution of 20 latitude by 2.50 longitude. The model calculates aerosol
composition and size distribution, optical thickness and radiative forcing. There are
seven modules representing atmospheric processes: emission, chemistry, advection,
cloud convection, diffusion (boundary layer turbulent mixing), dry deposition, and wet
deposition. The model solves continuity using an operator splitting technique. The
model time step is 20 minutes for advection, convection and diffusion and 60 minutes
for other processes.
In the algorithm the adjoint transport operator was developed by redesigning GOCART
modules for each atmospheric process. Namely, the adjoint operation of advection was
performed by original advection algorithm of GOCART model using signed-reverse
wind fields. The adjoints of local aerosol mechanisms were developed by direct matrix
operations. Specifically, cloud convection, diffusion, dry deposition, and wet deposition
affect only vertical transport of aerosol motion. In the model, for a single time step,
these local processes work independently of each horizontally resolved vertical column.
Such processes can be easily modeled via explicit use of matrices of small dimension
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and the corresponding adjoint operators can be obtained by direct transposition of those
matrices. The employed inversion algorithm treats the strength of aerosol emission at
each global location as unknowns therefore the original emission module of GOCART
model was not used in the algorithm. The inversion algorithm was developed and we
verified by numerical tests that the algorithm accurately inverts the model output, i.e. in
the ideal situation when all time and space variations of all mass for each aerosol
species are observed the algorithm allows accurate derivation of global aerosol
emissions.
Application to satellite observations
The goal of these studies was to develop an algorithm that derives aerosol emissions
from satellite observation. The concept is illustrated by Figure 1. Naturally, satellite
observations (or observations of any other type) have some limitations and cannot
provide the same amount of details as model simulation. For example, passive remote
sensors do not have sensitivity to vertical variability of the aerosol, have time and space
incomplete coverage; have limitations on aerosol type identification. Therefore the
retrieval of all aerosol emissions utilized by GOCART model from satellite
observations is clearly ill-posed problem. In order to overcome that, we have reduced
the number of variables in parameterization of aerosol emissions. Such approach
allowed us to assure uniqueness of the solution and explore the potential of
unsupervised retrieval that distributes the global aerosol emission based only on satellite
observations and transport. Specifically we analyzed a possibility to derive aerosol
emissions from MODIS observations.

Figure 2. Averaged (August 20th-28th, 2000) aerosol sources (107 kg of mass emitted by one
grid box per hour) retrieved from MODIS data.

The MODerate resolution Imaging Spectroradiometer (MODIS) aboard both NASA's
Terra and Aqua satellites provides near global daily observations of the Earth in a wide
spectral range (0.41 to 15.0 {m). These measurements are used to derive spectral
aerosol optical thickness and aerosol size parameters over both land and ocean. The
main available aerosol products include aerosol optical thickness, effective radius of the
aerosol and fraction of optical thickness attributed to the fine mode. The present study
uses the MODIS optical thickness product aggregated to 10 by 10 spatial resolution. The
expected accuracy of MODIS optical thickness | = ± 0.03 ± 0.05 over ocean and |
= ± 0.05 ± 0.15 over land. MODIS provide aerosol retrievals with nearly complete
global coverage every 2 days for cloud-free atmospheric conditions.
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Figure 3. Averaged (August 20th-28th, 2000) aerosol sources of sulfates, black and organic
carbon (107 kg of mass emitted by one grid per hour) assumed in GOCART model.

The possibility to identify aerosol type from MODIS data is also limited. GOCART
differentiate emission and transport for each of at least 11 types of aerosol particles:
sulfate, hydrophilic and hydrophobic Organic Carbon, hydrophilic and hydrophobic
Black Carbon , two size differentiated sea salt bins and four (in some versions of
GOCART up to seven) desert dust size differentiated bins [Chin et al., 2002, Ginoux et
al., 2001]. These aerosol components could be differentiated by such optical parameters
as real part of the refractive index, absorption and particle size. However, as concluded
from sensitivity studies [Tanré et al. 1996], the information content of MODIS data is
insufficient for deriving such detailed information as aerosol absorption and refractive
index, while it allows separating the contributions of fine and coarse aerosol particle
into total optical thickness.

Figure 4. Monthly (August, 2000) carbon emission (g /m2) obtained from combining satellite
hotspots and burned area with a biogeochemical model [Van der Werf et al., 2004].

Thus, in order to make emission retrieval appropriately constrained the variability of
emission within 24 hours was neglected and the aerosol was assumed as a mixture of
two components (fine and coarse modes). Chemical transformations (used in GOCART
model) of aerosol were neglected in the retrieval. The conducted numerical tests shown
that under such simplifications the emissions of fine and coarse aerosol can be
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successfully retrieved from MODIS observations. The applications of the algorithm to
the real MODIS observations appeared particularly promising for retrieving fine aerosol
emissions. For example, Figure 2 shows the retrieved emission for the period with
significant biomass burning activity from 20 to 28th August 2000. Figure 3 shows the
GOCART emission of fine mode aerosols (sulfates, black and organic carbon) for the
same period. The comparison of Figures 2 and 3 suggests that the placement of the
major retrieved sources agrees with assumptions of GOCART emission in most
locations with few differences. For example, the retrieval shows well-pronounced
sources in the south of the North America and over Indonesian Islands, while GOCART
does not have significant emission in those locations. Comparisons of these results with
carbon emission (Figure 4) obtained from a combination of satellite data and
biogeochemical modes suggest that there were carbon emissions in those locations
during August 2000.

Figure 5. Monthly averaged aerosol sources (107 kg of mass emitted by one grid box per hour)
retrieved from MODIS data (upper panel – February 2001, middle – May 2001,
lower panel – July 2001).

Thus, the global placement of the fine mode aerosol sources retrieved from observations
was coherent with available independent knowledge. That was particularly encouraging
since the developed inverse method did not use any a priori information about sources
and it was initialized under “no aerosol emission” assumption. Also, the method
reproduced two weeks of instantaneous global observations of MODIS with the
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standard deviation in fitting of aerosol optical thickness of ~ 0.04. The optical thickness
during high aerosol loading events of loading was reproduced with the standard
deviation of ~ 48 %. Such agreement between modeling and observation seems to be
quite encouraging given that the principle coherency between models and observations
may be limited by a number of factors. Specifically, optical thickness of fine aerosol
provided by MODIS has limited accuracy. Spatial variability of aerosol can be much
higher than the model resolution. The models have uncertainties in addition to emission
assumptions. For example, there are uncertainties in meteorological data (wind fields, 3
dimensional cloud distribution, etc.). Formalization of atmospheric processes has
limited accuracy due to employed assumptions, numerical instabilities, etc. As a result,
the models prediction can significantly differ from observations even for monthly and
yearly averaged regional aerosol properties [Kinne at al., 2003].
The algorithm was applied to a longer time record of MODIS observations. Figure 5
shows the distribution of the fine mode aerosol global emissions for February, May and
July of 2001. These retrievals can be potentially useful for studying dynamics of global
aerosol emissions. For example, for Central and Southern Africa Figure 5 shows higher
emissions in February and July compare to emissions in May. Such dynamics can be
explained by known seasonality of biomass burning. Also, the retrievals show high
emission over Indian sub-continent in February that agrees with known high level of
pollution in this region during winter. The applications of the algorithm for the retrieval
of coarse mode retrieval was less successful, mainly because of luck of MODIS data
over desert dust sources due to the fact that MODIS retrievals are not performed over
surface with very bright reflectance such as desert dust.
Future outlook
This report described only the first phase of the efforts and further analysis is necessary
for understanding full potential of the method. Specifically, the application of the
method to a longer record of MODIS observations is planned and we expect that the
retrievals will provide a useful input for improving global aerosol sources in chemical
models. Also, at least some of the satellite measurements limitations mentioned above
are expected to be addressed in future studies. For example, a number of MODIS
aerosol algorithm improvements are under developments that are expected to improve
MODIS retrieval over bright surfaces. Moreover, the global emission retrieval can be
applied not only to MODIS data but also to the data provided by other aerosol satellite
sensors, such as CALIPSO, MISR, PARASOL, APS etc. For example, CALIPSO
would add information about vertical variability of aerosol properties. MISR sensor has
multi-angle measurement capability that generally allows retrieval of the larger number
of aerosol parameters and result into more robust retrievals over strongly reflective
surfaces. The satellite instruments with multi-angular polarimetric have even sensitivity
to detailed aerosol properties including such parameters as aerosol absorption and index
of refraction. Correspondingly, the observation from satellites polarimeters may allow
global retrieval to discriminate between emissions of aerosols of different chemical
composition. In addition, using data from multiple satellite sensors as an input to the
global inversion should benefit from spatial and temporal data coverage that should be
improved compare to the coverage of any single sensor.
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Introduction
The growing wealth of remote sensing and in situ measurements of trace gases in the
troposphere provide an unprecedented opportunity to improve our understanding of the
impact of human activity on the composition of the lower atmosphere. In this context,
inverse modeling and chemical data assimilation have emerged as powerful tools with
which to integrate these new data with atmospheric chemistry and transport models. A
significant challenge associated with the use of these techniques is their sensitivity to
systematic errors in both the data and in the atmospheric models. Furthermore, the
estimates derived from inversion analyses can be influenced by the choice of inversion
framework. We will examine here the potential impact of some of these issues on the
inverse modeling of satellite measurements of atmospheric CO. To date, there have
been a number of inverse modeling studies using either surface, aircraft, or space-based
measurements of CO [Bergamaschi et al., 2000; Pétron et al., 2002, 2004; Kasibhatla et
al., 2002; Palmer et al., 2003; Arellano et al., 2004]. The “top-down” emission
estimates from these studies, however, all differ (see Heald et al. [2004] for a review of
some of these differences). Indeed, differences were found between studies using the
same data set. Consequently, much effort is focused on properly quantifying these
errors to enable us to exploit more fully these data.
Current activities
We have begun analyzing the recent measurements of tropospheric CO and O3 from the
TES instrument, which was launched on the Aura spacecraft in July 2004 (see Beer
[2006] and references therein). The TES instrument is providing the first simultaneous,
global vertical profile retrievals of tropospheric O3 and CO. These measurements,
together with the observations of CO and NO2 from other satellite instruments, provide
a valuable dataset with which to better quantify the effects of human activity on
tropospheric O3. We are currently exploring the use of inverse modeling and chemical
data assimilation techniques to better constrain emission estimates of CO and NOx, and
assess the impact of those estimates on tropospheric O3. However, we will focus here on
the impact of model error and choice of inversion framework on estimates of the CO
sources paying particular attention to issues of inversion resolution and non-linearity in
the chemistry of CO.
Inversion framework
Initial comparison of the TES CO measurements with the GEOS-CHEM global
chemical transport model (CTM) [Bey et al., 2001] showed significantly enhanced
abundances of CO in the southern hemisphere during November 2004 (Figure 1).
Similar discrepancies were observed in comparisons of GEOS-CHEM modelled CO
with data from the MOPITT instrument [Drummond and Mand, 1996]. We conducted
an inversion analysis using both the TES and MOPITT data to quantify the CO
emissions for this period as suggested by the observations. Following Jones et al. [2003],
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we employed a linear Bayesian synthesis approach in which we solved for CO
emissions aggregated over the 7 continental regions shown in Figure 2. In the forward
model (the GEOS-CHEM model) we linearized the chemistry by specifying the
abundance of OH, the main sink for CO, on a monthly mean basis. The results of the
inversion suggested that the a posteriori CO emissions in the southern African and
Indonesian/Australian regions are about a factor of two larger than the a priori
emissions in the model, consistent with the enhanced fire activity in this region seen in
the MODIS fire-count data over the same time period (Figure 3). Model simulation of
the CO distribution using the a posteriori emissions agree well with the TES
observations in the southern hemisphere, suggesting that larger than expected biomass
burning is the likely cause of the enhanced CO.

Figure 1. (a) Mean column abundances of CO (1018 cm-2) measured from the TES instrument
for Nov. 4th-15th, 2006. (b) Mean column abundances of CO from the GEOSCHEM model, calculated with the a priori emissions. The modelled fields have been
sampled along the TES orbit and transformed using the TES observation operator.

Figure 2. Source regions for CO specified in the state vector of the inversion analysis.
Emissions of biomass burning and fossil fuel and biofuel combustion have been
aggregated together in the 7 continental source regions. The background CHEM
source represents the production of CO from the oxidation of methane and biogenic
non-methane volatile organic compounds.

In order to assess the impact of initial conditions on the model CO fields, we also
assimilated the CO data into the GEOS-CHEM model. We employed a suboptimal
Kalman filter to assimilate the MOPITT CO profiles from Oct 1st – Nov 15th, 2004,
using the full non-linear chemistry in GEOS-CHEM; the TES data were ingested in the
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assimilation from Nov 4th-15th, 2004. The suboptimal Kalman filter approach was used
by Khattatov et al. [2000] for the assimilation of atmospheric trace gases. Most recently,
this Kalman filter implementation was also adopted by Richards et al. [2006] for the
assimilation of CO measurements from TES. The assimilation significantly improved
the modeled distribution of CO in the southern hemisphere, as was observed in the case
of the inversion analysis.

Figure 3. MODIS fire-counts for Nov. 6th-15th, 2004. Image courtesy of MODIS Rapid
Response Project at NASA/GSFC.

We compared the assimilated CO distribution with that obtained from the forward
model simulation using the a posteriori CO emissions and found that over Indonesia
and southern Africa the a posteriori emissions resulted in higher levels of CO than in
the assimilation. These differences are shown in Figure 4 for the middle troposphere,
and reflect the influence of aggregation errors in the inversion [Kaminski et al., 2001].
In the inversion analysis we aggregated the emissions in the Indonesian and Australian
region, assuming that the spatial distribution of the emissions was correct. The inversion
simply scaled these total emissions to best reproduce the observed CO abundances.
However, in Indonesia and Australia the a priori CO emissions were concentrated in
Indonesia, whereas MODIS fire-count data showed widespread burning in northern
Australia. As a consequence, the emissions in Indonesia are overestimated in the a
posteriori emission inventory.
This example illustrates clearly the potential impact of the emission state representation
on the analysis and, in particular, the importance of performing the inversion analysis at
a spatio-temporal resolution consistent with the variability of the emission sources.
Ideally, the inversion should be conducted at the resolution of the model with the a
posteriori emissions aggregated to the appropriate scales, subject to the information
content of the observations. To do this in a computationally efficient manner, however,
requires the use of an adjoint of the forward model. Studies [Houweling et al., 1999;
Kaminski et al., 1999] have shown the benefits of this approach, but the adjoints of
CTMs are just beginning to become available.
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Figure 4. Mean (Nov. 4th-15th) differences (in ppb) in CO at 5 km between the assimilated
CO distribution and the GEOS-CHEM forward model simulation using the a
posteriori CO emission inventory. Both the forward model simulation and the
assimilation ran from Oct 1st–Nov. 15th, 2004.

In the absence of an adjoint model, it is nevertheless recommended to try to perform the
inversion at the highest resolution possible, given the chosen dataset. An approach is to
first conduct the inversion at coarse resolution and then examine the eigen values and
eigenvectors of the pre-whitened Jacobian [Rodgers, 2000] to determine the extent to
which the selected state vector is resolved in the inversion. Regions that are constrained
well can be further disaggregated to smaller scales, until they are no longer resolved
above the noise. This approach was shown by Heald et al. [2004] to provide a useful
means to guide the disaggregation of the source regions in their inversion analysis of
atmospheric CO.
Another factor contributing to the discrepancies in Figure 4 is that although the regional
scaling factors were calculated using data from Nov. 4-15, 2004, they in fact reflect the
influence of CO emissions from the Sept. - Oct. period as a consequence of the long
lifetime of atmospheric CO. Therefore, biases present in the initial distribution of CO in
the inversion will be manifested in the a posteriori source estimates. To remove these
biases and accurately quantify the CO sources specifically for the Nov. 4-15, 2004,
period it would be necessary to opitmize the initial CO distribution simultaneously with
the sources estimates.
Chemical feedback
In our inversion we linearized the CO chemistry by imposing monthly mean OH fields
in the forward model. Implicit in this approach is the assumption that the feedback on
atmospheric CO of changes in tropospheric OH, associated with changes in the
emissions, would have a small impact on the inversion analysis. We examine here the
potential impact of changes in the OH distribution on the inversion analysis. In this
context, it is important to consider that the abundance of OH depends on tropospheric
O3, which in turn is sensitive to abundances of NOx (NO and NO2). Atmospheric NOx
and CO have similar combustion sources, consequently, an increase in CO emissions
due to biomass burning, for example, will generally be accompanied by an increase in
emissions of NOx.

178

Chemical Data Assimilation for the Observation of the Earth's Atmosphere

To account for the influence of increased NOx emissions from the enhanced biomass
burning in the tropical southern hemisphere, as suggested by the inversion analysis, we
scaled the NOx combustion sources in each region shown in Figure 2 using the scaling
factor obtained from the CO inversion. These scaled NOx emission were then employed
in the model for the CO assimilation. The differences in the assimilated CO distribution
obtained with the a priori and scaled NOx emissions are shown in Figure 5. In regions
where the NOx emissions were significantly enhanced, such as the
Indonesian/Australian region, there were large increases in O3 and OH, which resulted
in a reduction in the assimilated CO over Indonesia/Australia and Southern Africa. The
maximum decrease in CO over Indonesia was about 7 ppb in the middle troposphere,
corresponding to a reduction of 7-10 % of the total CO abundance, but representing
about 20 % of the contribution of emissions from the Indonesian/Australian region to
the total CO abundance. This implies that linearizing the chemistry and neglecting the
enhanced NOx emissions from biomass burning could have introduced a significant bias
in our a posteriori estimates of the CO emissions from the Indonesian/Australian region.
It should be noted that in our analysis we did not consider the influence of enhanced
abundances of aerosols from biomass burning on ozone photolysis, and thus the of OH
production rate. Nevertheless, the results presented here do suggest that simultaneously
optimizing the CO and NOx emissions and accounting for the complete chemical
coupling between the two trace gases would provide a more accurate estimate of the CO
emissions. However, the joint estimate of CO and NOx would require the availability
of a chemical adjoint.

Figure 5. Mean (Nov. 4th-15th) differences (in ppb) in assimilated CO at 5 km due to scaled
NOx emissions.

Summary of results
We have conducted a linear Bayesian synthesis inversion to better quantify continental
emissions of atmospheric CO for November 2004, using the GEOS-CHEM CTM
together with observations of CO from the TES and MOPITT instruments. We have
also assimilated the TES and MOPITT observations in the GEOS-CHEM model using a
suboptimal Kalman filter. The inversion analysis revealed significantly larger emissions
of CO in southern Africa, Indonesia and in Australia, compared to the a priori CO
emission inventory in the model. We found that aggregating the CO emission on
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continental scales introduced aggregation errors in the inversion analysis. For example,
since the spatial distribution of the a priori emissions did not reflect the widespread
biomass burning observed in Australia, combining the Indonesian and Australian
emissions produced an aggregation error in the a posteriori emission estimates for the
region that resulted in an overestimate of the modelled CO distribution over Indonesia,
compared to the assimilated CO. Our results suggest that to properly quantify the CO
sources, the inversion should be conducted at a spatial-temporal resolution consistent
with the known variability of the emissions subject to the information content of the
observations.
We also found that accounting for the increased NOx emissions associated with
enhanced biomass burning in the southern hemisphere resulted in a decrease in the
assimilated CO distribution (driven by increases in O3 and OH). We estimated these
NOx emissions by scaling the emissions of NOx from combustion sources using the
scaling factors from the CO inversion. In the middle troposphere over Indonesia, for
example, the assimilated CO abundance decreased 7-10 % with the scaled NOx
emissions compared to the a priori inventory. This reduction in CO represented about
20 % of the contribution of emissions from the combined Indonesian/Australian region
to the total CO abundance, and suggested that neglecting the influence of NOx
emissions on the CO chemistry could have contributed to a significant bias in the CO
source estimates. As mentioned above, we did not account for the effects of increased
aerosols loading in our analysis, but our results imply that although the CO chemistry
appears simple, properly quantifying CO emissions through inverse modeling will
require a multi-species approach, incorporating observations of CO, NOx, O3, and
aerosols.
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Summary
Novel methods to derive gridded NOx emissions by inverse modelling from combined
data sets of satellite derived tropospheric vertical NO2 columns (from GOME and
SCIAMACHY) and surface data (NO2, O3 from EMEP) have been derived. The use of
these combined data sets allows deriving not only correction factors for a priori
emissions, but also their a priori and a posteriori uncertainty.
Introduction
Remarkable recent progress in satellite measurements of the chemical composition of
the troposphere opens a challenging perspective to use them as an independent source of
information on sources and sinks of atmospheric pollutants. However, the retrieval of
such information from measurement data poses serious methodological and
computational problems, especially in the case of chemically reactive gases. The
primary goal of our work is to develop practical methods that would enable “top-todown” evaluations of NOx emissions with a high spatial resolution (about 0.5 degree)
typical for a continental scale chemistry-transport model (CTM).
Scientific activities
A novel method has been developed which not only enables a computationally efficient
optimisation of a large number of model parameters corresponding to the seasonally
averaged NOx emissions, but also drastically diminishes the need in a priori
assumptions that may lead to uncontrollable uncertainties of the results. The key
features of our method are (i) replacement of a CTM by a set of statistical models
describing the relationships between tropospheric NO2 columns and NOx emissions
with sufficient accuracy, (ii) consistent estimation of uncertainties of the NO2 columns
and the a priori emission data using independent observational data, and (iii) evaluation
of uncertainties of the a posteriori emissions by means of a special Bayesian MonteCarlo experiment which is based on random sampling of errors of both NO2 columns
and emission rates.
Using the CHIMERE CTM for western Europe [Schmidt et al., 2001], we have applied
our method in two successive studies with slight modifications. In a first study, NOx
emissions were inverted over western Europe for summer 2001 [Konovalov et al.,
2005a]. NO2 columns were derived from GOME [Burrows et al., 1999] and
SCIAMACHY measurements [Bovensmann et al., 1999]. Insufficient spatial resolution
of original GOME measurements was preliminary improved by the de-convolution with
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SCIAMACHY data (only available for 2003). Additionally, we used data for the nearsurface NO2 concentrations from EMEP ground based monitoring network.
A second inversion study was performed for summer 2003 for a larger domain covering
the entire Europe, the Mediterranean and Middle East region, using a spatially extended
version of the CHIMERE model [Konovalov et al., 2005b]. Tropospheric vertical NOx
columns derived from SCIAMACHY were used in combination with near surface ozone
observations from the EMEP network.
Scientific results and highlights
The inversion procedure for the western European domain leads to a strong reduction of
uncertainty in emissions averages over a summer (2001) season. While the uncertainty
for a priori EMEP emissions [Vestreng, 2004] is determined as about 1.9 (logarithmic
factor), the uncertainty in a posteriori emissions is reduced to about 1.4. A priori EMEP
emissions are underestimated by several tenths of percent especially over Spain,
southern France and northern Italy (Figure 1). They are overestimated in particular over
southern UK, north-western France, the Netherlands, and intense shipping regions in the
Channel and over the Atlantic. Use of a posteriori emissions in CHIMERE simulations
leads to improved comparison with NO2 surface measurements from the EMEP network
at 15 sites out of 21 (in terms of reduced root mean squired error).

Figure 1. The ratio of the a posteriori to a priori EMEP NOx emissions from combined GOME
and SCIAMACHY NO2 columns and EMEP NO2 surface measurements [Konovalov
et al., 2005a] for western Europe and summer 2001.

From the inversion study for the larger domain, it is seen that the a-priori emissions are
persistently overestimated, in particular, over Great Britain, north-west of France,
Netherlands, Greece, and Iraq, but underestimated over Spain, South of France,
northern Italy, Israel, Northern Turkey, Iran, Lebanon and Israel. Results obtained with
both methods for western Europe are rather similar. Use of a posteriori emissions in
CHIMERE simulations leads to improved comparison with O3 surface measurements
from the EMEP network at 71 % of the sites (again in terms of reduced root mean
squired error). Additional statistical tests prove that the improvement of the agreement
between simulated and measured ozone concentrations is statistically significant.
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Figure 2. The ratio of the a posteriori to a priori EMEP NOx emissions from SCIAMACHY
NO2 columns and EMEP O3 surface measurements for summer 2003.

These results are of large scientific and political relevance. First, they illustrate that
satellite and surface measurement facilities not only allow to document pollutant
concentrations, but also contain relevant information on pollutant sources. Second, they
indicate, in which regions emission cadastres are most likely to be biased. This type of
results allows then to initiate a process of revision of emission data on the one hand, and
of control of the satellite data inversion procedure and modelling skill on the other hand.
Future outlook
Future work on emission inverse modelling will take two directions. First, the temporal
evolution of NOx emissions will be addressed by using the available set of GOME and
SCIAMACHY observations over Europe since 1996. This will allow verification of
EMEP trend estimates for European emissions. Second, we will also try to invert VOC
emissions. This is more difficult than inversion of NOx emissions, as no direct tracer of
these emissions is available. Thus observations of VOC oxidation products have to be
used, such as formaldehyde and ozone (strongly depending on VOC emissions in VOC
sensitive regions).
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Ground-based Continuous Observations
of Greenhouse and Ozone Depleting Gases at a Mountain Site
Contribution to the ACCENT/WMO Workshop on Data Assimilation: Group 3
M. Maione, J. Arduini, L. Belfiore, F. Furlani, U. Giostra, and G. Mangani
Università degli Studi di Urbino “Carlo Bo”, Italy

Introduction
Continuous measurements of 25 non-CO2 greenhouse and ozone gases are carried out at
Mt. Cimone (2160 m a.s.l., northern Apennines, Italy) in the frame of the EU project
SOGE (System for Observation of Halogenated Greenhouse Gases in Europe). The aim
of the activity is to establish baseline concentrations as well as to assess possible source
regions.
Among these, methylchloroform (MCF) was widely used as an industrial solvent during
the second half of the 20th century. The ultimate fate of MCF is evaporation into
atmosphere, where the primary sink is reaction with hydroxyl radical (OH), resulting in
an atmospheric lifetime of 5 to 6 years. A significant fraction of emitted MCF is
transported to the stratosphere, where it is photolyzed, releasing chlorine atoms which
are able to deplete the stratospheric ozone layer. For this reason the Montreal Protocol
banned production and consumption of MCF in developed countries as of January 1st,
1996. Compliance with the Montreal Protocol resulted in a rapid decrease of emissions
and hence in the atmospheric MCF burden, beginning in the early 1990s. In situ
atmospheric measurements are carried out on a world wide scale in order to provide a
reasonable means of both detecting non compliance and estimating actual emissions.
Further, long-term measurements of MCF, combined with the emission estimates and
inverse modelling procedures, are used to infer the average atmospheric OH
concentration. Data, sometime contrasting, on European emissions have been recently
reported by different authors. Further insights on this issue can be provided by the
continuous measurements of MCF at Mt. Cimone. High concentration peaks sometime
observed, together with the analysis of air masses back trajectories, are used in order to
estimate sources on a regional scale.
Instrumentation
MCF is continuously monitored in four European back-ground sites in the frame of the
SOGE (System for Observation of halogenated Greenhouse gases in Europe) network.
The network includes four stations where a number of halogenated hydrocarbons are
continuously monitored: Mace Head (IE), Ny-Ålesund (Spitsbergen, NO), Jungfraujoch
(CH) and Monte Cimone (IT). Two of these stations (Jungfraujoch and Monte Cimone)
are mountain sites, whose location is crucial in assessing the role of specific potential
source regions in Europe. In all stations capillary gas chromatography- quadrupole mass
spectrometry preceded by on-line sampling/adsorption is used. Furthermore, all the
stations are fully inter-calibrated among themselves thanks to the use of “working
secondary standards” currently linked to two absolute calibration scales for halocarbons
which reside at the Scripps Institution of Oceanography (SIO98 scale-SIO, La Jolla, Ca,
USA) and at Bristol University (UB98 scale, University of Bristol, Bristol, UK), for 7
and 14 compounds, respectively. A keen data validation procedure performed on every
single chromatographic peak means that the concentration data released is characterised
by a high level of accuracy.
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Data analysis
MCF concentration data from the mountain site of Monte Cimone (CI) have been
analysed together with those recorded at Jungfraujoch (JU) and Mace Head (MH)
stations (Figure 1).
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Figure 1. MCF observations at three of the SOGE sites.

In order to compare the statistical behaviour of the time series and the characteristic
time scales of the high concentration fluctuations, data have been detrended by a linear
best fit and then filtered using a running average. Window sizes in the running average
have been selected doubling the initial 4 hours period. As expected, standard deviation
of MCF measured at CI and JU stations exhibits higher values with respect to MH
station values (Figure 2), supporting the hypothesis of continental sources for MCF.
More information can be obtained from kurtosis behaviour (Figure 3). Kurtosis values
much higher than 3 are an evidence of intermittence in the time series. MH station
shows values close to 3. Kurtosis for both the mountain stations exhibits a sharp
increase as window size falls below 1.5 days. For the JU station the kurtosis analysis
highlights a 1.5 days time scale for the persistence in the concentration fluctuations. For
the CI station the high variability is shown for time scale in the range between 4 hours
and 1.5 days. Higher values and smaller window sizes for the CI kurtosis in comparison
to JU kurtosis suggest that CI station is more influenced by MCF sources.
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Figure 2. Standard deviation of MCF concentrations measured at the three stations, as a
function of the window size of the running average
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Figure 3. As in Figure 1 but for the kurtosis of MCF measurements at the three stations. The
value of kurtosis for a Gaussian distribution (3) is represented by the dotted line.

Source allocation
In order to localize possible MCF source regions, a back-trajectories approach can be
used. However, the shortness of the characteristic time scale requires a careful backtrajectory reconstruction. Back-trajectories marked by high concentration value
sometimes exhibit a clearly different path respect to previous and subsequent
trajectories (see Figure 4). Figure 5 shows a smoother concentration peak; in this case
the marked back-trajectories are very close to the previous and the subsequent ones.
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Figure 4. Back-trajectories arriving at Mt. Cimone Station from 05/04/2005 to 05/07/2005.
Back-trajectories are calculated every six hours. Red dots refer to the back-trajectory
marked by high concentration values (see Figure 6, case A). Blue dots refer to the
previous back trajectories, meanwhile black dots refer to the subsequent ones.
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Figure 5. As in Figure 4, but referred to the period 05/08/2005 to 05/10/2005, case B in Figure 6.

In our simulations 4 nested grids have been used, in order to obtain a high resolution
grid and a release point height (Mt. Cimone) close to the real one (1650 m. instead of
2165 m.).
Because the small number of high concentration values, more measurements are needed
for a reliable localization of the MCF sources.
Back-trajectories have been calculated using the dynamical model MM5 [4] and the
Lagrangian model FLEXTRA [5,6]. FLEXTRA has been used in backwards
configuration. Back-trajectories arriving at Mt. Cimone are computed backwards in
time for a 48 hours maximum length. In order to increase the orography resolution near
Mt. Cimone, four nested domains have been used with spatial resolutions: 54 km, 18 km,
6 km and 2 km.
Figure 7 shows a comparison between two back-trajectories arriving at the same time at
the Mt. Cimone top. The red dotted back-trajectory used the 3 nested grids MM5
simulation, the blue one used the 4 nested grids simulation (Mt. Cimone top at 1650 m.
and 2165 m, respectively).
After a 12 hours backwards travel the two trajectories split up. Note that this separation
is comparable with (or greater than) trajectories in Figure 5, referring to different time
releases. Back-trajectories have been calculated using the dynamical model MM5 [4]
and the Lagrangian model FLEXTRA [5, 6].
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Figure 6 High concentration peaks of MCF for the episodes simulated above.
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Figure 7. A comparison between back trajectories calculated at different spatial resolution close
to the station on Mt. Cimone.

FLEXTRA has been used in backwards configuration. Back-trajectories arriving at Mt.
Cimone are computed backwards in time for a 48 hours maximum length. In order to
increase the orography resolution near Mt. Cimone, four nested domains have been used
with spatial resolutions: 54 km, 18 km, 6 km and 2 km. However, uncertainties linked to
the back-trajectory approach, especially in presence of a complex orography, are not
negligible.
To overcome problems relates to the back-trajectory instrument, in our simulations 4
nested grids have been used, in order to obtain a high resolution grid and a release point
height (Mt. Cimone) as close as possible to the actual one (1650 m instead of 2165 m).
Moreover, hourly evolution of the PBL height is evaluated by a mass-consistent model
(CALMET) on European scale, starting from hourly meteorological data provided by
344 stations and 55 vertical profiles
To conclude, do the above mentioned uncertainties and to the relatively small number
of high concentration peaks, more measurements are needed for a reliable localization
of the MCF sources (likely to be located in the South of France).
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C. Briefing sheets for Chairs, Rapporteurs, Speakers and Participants
Role of the Plenary Speakers
-

Prior to the meeting, Speakers might wish to consult the Chairman and
Rapporteur of their topic (see below) on the questions that require attention in the
discussions.

-

Speakers are invited to give a comprehensive overview of their respective topic.

-

Within their talk, speakers should identify a number of current issues and
questions that can serve as a basis for the subsequent discussions by all the groups.

-

The question session at the end of the lecture should concentrate on clarifying the
questions which the discussion group should address.

-

Recognising that a comprehensive discussion is to follow, it would be sensible if
speakers refrained from providing definitive answers to the questions they pose!!

-

At or before the meeting, Speakers should provide a written account of their talk,
which should include a list of questions and issues. This will be published in the
proceedings.

Role of the Chairmen
-

Prior to the meeting, Chairs might like to consult with the Plenary Speaker of
their topic (see below) on the questions that require attention in the discussions.

-

Prior to the meeting, you might like to contact some members of your groups to
raise particular issues.

-

In the group discussions, Chairs should endeavour to see that all the questions
posed are addressed.

-

For each question, the Chair should endeavour to ensure that a clear statement
emerges which can be recorded by the rapporteur and can be brought together
with the information from the other sessions to provide a definitive conference
statement on the issue.

-

Prior to the topic discussion, the Chairman should assist the rapporteur for their
topic in putting together the results of the discussion on the topic, for presentation
and subsequent publication.

Role of the Rapporteurs
-

Prior to the meeting, Rapporteurs might like to consult with the Plenary Speaker
of their topic (see below) on the questions that require attention in the discussions.

-

Prior to the meeting, you might like to contact your fellow rapporteurs, to agree a
suitable format for the reports that you will each make.

-

In each of the group discussions, the rapporteur should record the highlights of the
presentations and the main points of the discussion, concentrating on providing
clear statements which include the answers to and suggestions for tackling the
questions and issues raised by the plenary speakers and Chairs. Specific
recommendations for necessary work should be incorporated if possible.

-

For the topic presentation on Wednesday, the rapporteur should put together the
conclusions of the group to provide a clear presentation on the issues and
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recommendations. The aim of the final discussion after the topic presentation is to
consider and clarify the specific recommendations for future work and activities.
-

The final account for publication should include the results, if any, of the final
discussion. It would be helpful if the account contained one or more figures to
illustrate the highlights of the discussion.

-

It would be appreciated if the rapporteurs could work up their final version and
send it to Peter Borrell before the 15th May 2006.

Role of the Participants
-

Prior to or at the meeting, to provide, an electronic version of their likely voxbox
contribution/s, illustrated if possible with one or two figures. The principal
role is to participate! i.e. to contribute to the discussion on the various questions.

-

Contributions should be made as "voxboxes" – five minute verbal contributions
supported by one or two overheads, which are pertinent to the question being
discussed.

-

Participants are welcome, at the discretion of the Chairman of the group session,
to make several voxbox contributions.
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