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Introduction
Atmospheric chemistry is a scientific discipline which has grown significantly over the
past few decades, because of the concerns that growing emissions of pollutants could have
severe consequences for humankind. Although the major chemical compounds present in
the atmosphere were identified long ago, it is only during the second half of the 20th
century that the complexity of chemical processes was highlighted and carefully
investigated. Laboratory studies, field campaigns and modeling studies have helped
elucidate the mechanisms that, for example, control the oxidizing power of the atmosphere
or the formation and fate of aerosol particles. In recent years, research has emphasized the
role of atmospheric chemistry in the global environment, and specifically the impact of
global air pollution on climate change. The important issue of air quality, initially
considered as a local or regional problem, is now regarded as a global problem.
Emission and deposition across the land-atmosphere interface are crucial processes for the
functioning of the Earth System. Many types of vegetation emit volatile organic
compounds, some of which may lead to the formation of secondary organic aerosol
particles. These aerosols may then act as cloud condensation nuclei, which can, in turn,
affect cloud characteristics and precipitation, both of which have feedbacks on the
vegetation. These effects can change the growth of and the emissions from vegetation,
leading to the intriguing possibility that the vegetation and the atmosphere are linked in a
feedback loop that operates through local and regional climate. Emissions of volatile
organic compounds also affect the chemistry of the atmosphere, since these compounds are
continually being removed via oxidation to water-soluble compounds. The primary
reaction is with the hydroxyl radical (OH), sometimes called the detergent of the
atmosphere due to its importance in oxidizing a range of compounds. Thus, surface
emissions from vegetation are also critical in controlling the oxidizing capacity of the
atmosphere.
Long-lived biogenic and anthropogenic gases such as nitrous oxide, methane, or
halogenated organic compounds can be transported up to the stratosphere, where they
become a source of ozone-depleting radicals. Reduction in stratospheric ozone leads to
enhanced fluxes of ultraviolet radiation with potential damaging effects on living
organisms, including humans. Finally, the release of nitrogen oxides, carbon monoxide,
different biogenic or anthropogenic hydrocarbons and sulfur compounds affects the
oxidizing power of the atmosphere, and specifically the budget of tropospheric ozone (O3)
and of the hydroxyl radical. Wet and dry deposition of gaseous species and aerosol
particles at the Earth's surface affects biogeochemical cycles, both on land and in the
ocean, with potential consequences for surface emissions of biogenic gases, and indirect
effects on the climate system.
The chemical composition of the atmosphere is determined by several factors, including
surface emissions, boundary layer exchanges, large-scale advection, shallow and deep
convection, chemical and photochemical transformations, wet scavenging and dry
deposition. Numerical models have been developed to simulate the global distribution of
chemical compounds in the atmosphere, to quantify the global and regional budgets of
these species, and to assess how their abundance could evolve in the future in response,
for example, to anthropogenic forcing. These models can be viewed as mathematical tools
that attempt to replicate the complex processes that occur in the atmosphere or, more
7

generally, in the Earth system. Different types of models are being used to study the
behavior of chemical compounds in the atmosphere. Forward models derive the
atmospheric concentration of chemical species for prescribed initial and boundary
conditions. Surface fluxes (emissions and deposition) that are discussed in this volume,
are typical examples of surface boundary conditions. Inverse modeling techniques, using
similar models together with observations of atmospheric compounds, can be used to
constrain surface exchanges. Deviation between predicted and observed quantities often
reveals the insufficient understanding of some processes, and generates new research
activities.
The quantification of the atmospheric budget of chemical compounds requires that all the
above processes be accurately established. Laboratory studies have provided quantitative
values of chemical rate constants and absorption cross sections that are needed to estimate
atmospheric sources and sinks of chemical species. Field campaigns have provided
detailed information for identifying important chemical and physical processes and for
estimating local or regional atmospheric budgets. Models have been developed to
synthesize information provided by laboratory studies and field measurements, to
quantify global budgets and to assess how these budgets have been changing and will
continue to do so in response to human activities. The success of atmospheric modeling
depends directly on our understanding of both gas phase and heterogeneous chemical
processes in the atmosphere and of the land/atmosphere and ocean/atmosphere interfaces.
The goal of the school was to gather young scientists from different disciplines, in order
to address current issues in the field of surface emissions and modeling of the changes in
the composition of the atmosphere. Since a large number of chemical compounds, gases
and particles, had to be considered, the tutorials, discussions and training focused on the
following themes: (1) Emissions and deposition of gaseous compounds, (2) Emissions of
aerosols, (3) Development of chemical schemes for studies of regional and global changes
in the composition of the atmosphere, (4) Modeling of changes in the composition of the
atmosphere, (5) Impact of changes in the atmospheric composition on vegetation and
humans.
During the school, working groups were organized, and these groups discussed and
reported on the presentations given by the teachers, as well as on the short presentations
and posters presented by the participants. In order to improve access to education and
information in the fields related to Atmospheric Chemistry, the ACCENT Network is
considering the development of internet-based tools for a better access to basic concepts
and current research concerning both surface emissions and modeling of the atmospheric
chemistry. Additional working groups were formed during the summer school, to discuss
the benefits of developing such web-based tools. These could be e-learning modules (i.e.
on-line interactive tutorials), or e-working modules (i.e. interactive tools for data analysis,
comparisons and research results exchanges). The e-working type of module was
determined as the most valuable by the participants. This report summarizes the
discussions which took place within these summer school working groups.
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Program of the school
Tuesday, September 11
C. Granier: Introduction of the school
P. Ginoux: Natural emissions of aerosols
J. VanAardenne: Anthropogenic emissions
Organization of working groups
Wednesday, September 12
J. VanAardenne: Future emissions and Scenarios
C. Liousse: Emissions from biomass burning
P. Ginoux: satellite observations of aerosols
P. Monks: chemical schemes in atmospheric chemistry
Thursday, September 13
P. Monks: Observation techniques in atmospheric chemistry
C.Liousse: Anthropogenic emissions of aerosols
C. George: multiphasic chemistry
P. Monks: Intercontinental transport of pollutants
Round Table chaired by P. Ginoux and C. Liousse: what do we know /
don’t know about aerosols?
Friday, September 14
G. Brasseur: chemistry-transport models (1)
C. George: Chemistry/Production of organic aerosols
G. Brasseur: chemistry-transport models (2)
J. Burrows: The use of satellite data in atmospheric chemistry
A. Guenther: Natural Emissions of hydrocarbons
Saturday, September 15
G. Brasseur: the history of ozone discoveries
A. Mieville: the GEIA/ACCENT emissions portal
Monday, September 17
S. Solomon - Climate Change and Atmospheric Chemistry (1)
I. Isaksen: Use of models to study the past evolution of the atmospheric
composition
D. Fowler: Impact of gaseous pollutants on ecosystems
C. Honoré: Forecasting of atmospheric chemistry
Participants: status of the discussions within the working groups
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Tuesday, September 18
S. Solomon - Climate Change and Atmospheric Chemistry (2)
D. Fowler: the atmospheric cycle of nitrogen
M. Kanakidou: Modeling of aerosols
Round table chaired by S. Solomon: The IPCC reports
Wednesday, September 19
M. Beekmann: Use of inverse modeling to evaluate emissions
M. Kanakidou: Particles and health
I. Isaksen: Changes in air quality in different areas of the world
S. Turquety: Use of satellite data / assimilation and inverse modeling
M. Kanakidou: The e-learning module on remote sensing
Thursday, September 20
Summary of the discussions within the working groups
Conclusions of the school
End of the school
Copies of most lectures are available on the GEIA web site (www.geiacenter.org). A list of
the posters and short presentations given by the participants is given in the Annex page 59.
Several posters are available as PDF files from the GEIA web site.
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1. Report on lectures on emissions
Matthieu Cazaunau, Odile D’Argouges, Claudia Rivera, Ying Xie
Lectures by Paul Ginoux, John VanAardenne, Cathy Liousse, Alex Guenther,
Aude Mieville and posters given by the participants
Introduction
Emission inventories describe the direct release of gases and particles to the atmosphere at
specific geographic locations during specific times. The deterioration of air quality along
with climate change underscores the need for better estimates of emissions from natural
(i.e., biogenic) and anthropogenic sources. The key goal of building such improved
inventories is to provide better information for the scientific research community and
policy makers. Inventories generated by different methods will vary in reliability and, as a
result, also will vary in cost. The relationship between cost and reliability for various
methods is illustrated below in Figure 1. The most appropriate method for a given
application should be chosen based primarily on user needs.

Source sampling
Emission model

c
o
s
t

Emission factor approach
surveying
Material balance

extrapolation

Reliability
Figure 1. The relationship between cost and reliability for various methods used to build
emission inventories.
Anthropogenic Emissions
Anthropogenic emissions are all related to human activities such as industry, transport, and
agriculture. These are typically divided into three categories:
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•
•
•

Mobile sources include aircraft, locomotive, on and off-road vehicles, and
shipping.
Point sources are individual large emitted with tall stacks high above ground level
Area sources are aggregations ground level residential, industrial, and agricultural
activities over extended areas that individually are not large emitters.

Anthropogenic emissions depend heavily on development and technology, economic
growth, population, and abatement regulations by sector in the study area. The main
emitted species include both gases (CO, CO2, SO2, NOx, VOCs) and aerosols such as
sulfate, nitrate, black carbon and organics.
There are large uncertainties in the emission inventories because of the assumptions
involved in developing them, especially in the estimation of emission factors from very
limited measurements and of fuel consumption and types mainly in developing countries.
As a result, individual inventories need to be evaluated by inverse modeling, satellite
observations, and in situ measurement.
Biogenic Emissions
Biogenic emissions are emissions produced by living organisms or biological processes.
The majority of the VOC emissions in the atmosphere come from biogenic sources. About
400 biogenic VOC species have been identified. Major components are isoprene (40%)
and methanol (15%), with the remaining still largely uncharacterized. In an effort to
overcome these uncertainties, a number of laboratory and in-situ experiments have been
performed as illustrated in posters. Modeling is also a tool that can be used to better
understand the emissions of canopy, as presented in a poster .
Biogenic emissions can have both positive and negative feedbacks on the climate:
consequently, there are large uncertainties in the predictions of future impacts. As with
anthropogenic emissions, there are different ways to estimate biogenic emissions and the
choice of the method will depend on the purpose of the study. Two posters present studies
using satellite datasets for regional emissions estimates.
Biomass Burning
Biomass burning is considered to be the burning of living or dead vegetation. It is
important to keep in mind that biomass burning is not only a natural process, since it is
mainly human activities. The burning process depends on biomass density and type,
combustion efficiency, and meteorological conditions. The majority of the biomass
burning is associated with savanna burning, followed by forest, biofuel, and agricultural
burning. For savanna, combustion is generally more complete, generating relatively more
CO2 and black carbon. Whereas for tropical forest, combustion is relatively incomplete,
emitting relatively more CO and organics. The source region of biomass burning is mainly
Africa, South Asia, and South America. Nowadays, satellite observations are used to
locate fires and estimate their extent: a few uncertainties result from this use (pixel
resolution, cloud cover, but also the choice of fire product determining burnt area
distribution (burnt areas versus active fire pixels). There are also large uncertainties in
estimating a few emission factors from very limited measurements, biomass density and
combustion efficiency. The height of the plume rise, another critical parameter to be
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estimated, has attracted the attention of several recent studies. Because of these
uncertainties, validation of biomass burning inventories is essential.
Other Emissions
Other emissions that have not been specifically addressed in the other categories include
mainly emissions from oceans, volcanoes, and dust storms. Characterization of these
emissions also presents challenges.
Databases
To facilitate the use of emission inventories for the research community, GEIA/ACCENT
has created a portal with the compilation of existing emission inventories. Through the
ECCAD database, they also provide ancillary data such as population and vegetation maps
to help build models and databases.
Conclusions
There are large uncertainties remaining in both anthropogenic and biogenic emissions, so
field measurements, inverse modeling, and comparison between different methods are
essential to validate emission inventories.
References
Lectures
• P. Ginoux: Natural emissions of aerosols
• J. VanAardenne: Anthropogenic emissions
• J. VanAardenne: Future emissions and Scenarios
• C. Liousse: Emissions from biomass burning
• C.Liousse: Anthropogenic emissions of aerosols
• A. Guenther: Natural Emissions of hydrocarbons
• A. Mieville: the GEIA/ACCENT emissions portal
Posters
#1 E.M. Assomoi: Regional climate in Africa and anthropogenic impacts
#8 A. d’Angiola: On-road Mobile Emissions Inventories for Metropolitan Buenos Aires
#15 G.T. Feig: Disturbance and vegetation properties effect biogenic nitric oxide
emissions from an arid Kalahari Savanna
#19 S. Gromov: Estimation of spatial heavy metal emissions in Russia using top-bottom
approach
#20 C. Hardacre: Wetlands, methyl halides and the ozone layer
#38 J. Ryder: Modeling chemistry and transport within forest canopies
#46 O. D. Yay: Biogenic VOC Emissions Estimation by Using the Global Land Cover
Characteristics Database
#47 K. Zemankova: Estimation of Biogenic VOC Emissions in the Czech Republic
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2. Report on lectures on chemical processes
François Bernard, Manuel Dall’Osto, Lelia Hawkins, Ozan Devrim Yay
Lectures by Paul Monks and Christian George and posters given by the participants
Chemical schemes in Atmospheric Chemistry
The lecture described the main features of the atmospheric oxidation chemical
schemes, the roles of the OH and HO2 radicals, the role of the nitrogen oxides, the
production and destruction of ozone in the troposphere, and nightime chemistry, in which
the nitrate radical NO3 plays an important role. The role of the halogen chemistry in the
high latitude regions was also discussed.
The lecture showed that the basic oxidation pathways of simple Volatile Organic
Compounds (VOCs) are well known and many VOCs have been quantified in urban areas,
but emissions estimates still have large error bars for primary and secondary pollution
compounds. The relationship between NOx, VOC and tropospheric O3 concentrations is
known well enough to advise local urban areas about the most effective way to lower their
own O3 pollution emissions. Tropospheric chemical schemes for oxidation and photolysis
are understood enough to relate HO2 concentrations to OH concentrations. The dominant
role of NO3 in nighttime oxidation chemistry, as well as the sink of NOx as HNO3, is well
known.
One of the major gaps in tropospheric chemistry is the speciation of anthropogenic
and biogenic VOCs as well as their specific oxidation pathways. Correct modeling of OH
concentrations and the future oxidizing capacity of the atmosphere will not be possible
without more information on these VOCs. New observations of the polar atmosphere
indicate large fluxes of bromine and iodine to the atmosphere, though the cause and the
consequences are not known. These compounds have implications for tropospheric O3
levels, heavy metal deposition rates, and NOx and HOx chemistry. Finally, the potential
change in BVOC emissions due to climate change and possible feedbacks are a topic that
is being studied, but is still very uncertain. Preliminary studies indicate that increased
temperatures will enhance VOC emission from many plants and the effect of increased or
decreased surface humidity is not well known.
An isoprene mechanism for low-NOx regimes was developed in a poster. Emphasis was
given to the relation of the chemistry to the initial conditions. A Preliminary study of
atmospheric degradation of polycyclic aromatic hydrocarbons with ozone was discussed in
a poster. The determination of pseudo-first order rate constant of PAH (Benzo[a]pyrene
and Dibenzo[a,1]Pyrene) coated silica particles with ozone has been done. Another poster
showed that VOC oxidation rates are dependent structure in terms of both steric hindrance
(slower with larger molecules) and reactive surface (faster with larger molecules) though
the steric hindrance effect dominates in many cases, especially with respect to ozonolysis
of alkenes.
Two posters discussed the emissions of BVOCs and their interaction with ozone. In one
study, plants emitting monoterpenes and isoprene were exposed to ozone. The stomatal
flux of ozone was shown to be directly proportional to the stomatal conductance but ozone
uptake was higher in the monoterpenes emitting species, underlining reaction between
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ozone and monoterpenes emitted. Another study looked at the protective role of
isoprenoids emitted by plants in episodes of high ozone levels. Results show that the ozone
uptake is directly proportional to the stomatal conductance and increasing in the presence
of isoprenoids. This implies that foliar damage is reduced in the presence of isoprenoids
confirming the antioxidant role of isoprenoids. One study presented as a poster focused on
the determination of diurnal variations of VOCs (i.e. frequent quantification) to find trends
and relations to sources (anthropogenic or biogenic). The results of the study aim to
contribute to model validation.
Chemistry and production of organic aerosols
Defined as a liquid or solid particle suspended in a gas, Secondary Organic Aerosol (SOA)
is formed through gas-to-particle conversion of organic compounds resulting of submicron
particle formation (Dp<1 µm). Gas-to-particle conversion occurs during the oxidation of
biogenic and anthropogenic VOCs leading to the formation of low-vapor pressure
compounds able to condense to form SOA. New particle formation is described according
to three main theories involving heteromolecular nucleation between sulfuric acid and
organic vapors. Concerning particle phase analysis, recent studies showed the presence of
low molecular weight compounds (more oxygenated) as well as the occurrence of larger
compounds, such as oligomers, probably due to liquid phase oxidation.
Nevertheless, key scientific questions needs to be investigated. Majors SOA precursors
have been identified and studied individually. To get more realistic conditions, a multicomponent approach has to be done utilizing smog chamber experiments where working at
lower concentrations of precursor VOCs is necessary. Another gap emerging is aerosol
aging. Once formed, particles will be submitted to chemical transformation due to
condensation and/or heterogeneous reaction onto the surface enhancing the importance of
multiphase chemistry processes that need to be determined. Another emerging topic is the
effect of organic species on cloud droplet formation where chemistry-cloud processing
could be an important pathway of aerosol formation that needs to be also examined.
Finally, involvements of secondary organic aerosol on regional and global scales require
more realistic models in order to evaluate their impact on air quality and climate change.
Posters focused on the production of organic aerosols and their composition. One poster
discussed measurements of brown carbon, which displays high concentrations in winter
and spring in Europe due to wood burning and agricultural fires. Secondary production is
most responsible for brown carbon in the summer months. The aim of another poster was
to identify the sources of particles (PM10 and PM2.5) in Belgrade based on some
characteristics and trajectory models. The main sources were found to be traffic and
industrial heating.
The composition of organic particles is important for understanding sources of organic
aerosols and is tightly correlated to CCN activity. One poster discussed one way to define
composition, by functional group such as carbonyl, amine, alcohol, aromatic, and saturated
or unsaturated aliphatic carbon-carbon. A poster discussed the formation of secondary
organic aerosols from the oxidation of myrcene.
Another poster discussed the reaction of ozone with C6 biogenic volatile organic
compounds. Chemical characterization of SOA formed from the ozonolysis of 3Z-
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hexenylacetate in smog chamber. Chemical composition has been determined using two
instruments, which allow the confirmation of the presence of oligomer in the condensed
phase. In another study, heterogeneous reactions of NO2 and O3 with PAHs were shown to
be an important pathway for SOA formation and for the production of possible toxic
organic molecules. Reactivity of PAHs varies widely across measured compounds.
Intercontinental transport of pollutants
The atmosphere is affected by air pollution over many scales. Long-term data shows an
increase in the atmospheric “background” for ozone due to long range transport of ozone
and its precursors in addition to chemistry processes. With a combination of the
fingerprints and of the air trajectories, it is possible to track the plumes transported over
long distances. Upwind emissions directly affect the concentrations; therefore,
uncertainties in emissions lead to uncertainties in transported pollutant estimates. One
important example to this is the uncertainty in biomass burning estimates. Most of the
North Atlantic troposphere can be considered to be “polluted”. NOx emission perturbations
generally exert a stronger influence on surface ozone than NMVOC and CO, except in
Europe where NMVOC emission perturbations are equally important. CO exhibits a more
straightforward relationship seasonally than ozone. This leads to interesting questions are
the fate of species during long range transport. What happens for the chemistry during the
long range transport?
One of the posters discussed the intercontinental transport of pollution to the US and their
seasonal changes, exhibiting the effect of both European and Asian emissions.
References
Lectures
• P. Monks: Chemical schemes in atmospheric chemistry
• P. Monks : Intercontinental transport of pollutants
• C. George: Multiphase Chemistry
• C. George: Chemistry of organic aerosols
Posters
#2 F. Bernard: Myrcene oxidation : ozonolysis and reaction with OH radicals
#5 T. Carey: Chemical characterisation of Secondary Organic Aerosol formed from the
ozonolysis of (3Z)-hexenyl acetate
#6 M. Cazaunau: preliminary study of atmospheric degradation of polycyclic aromatic
hydrocarbons with ozone
#13 S. Fares: Isoprenoids emission and their interaction with ozone uptake in forest
species
#14 S. Fares : The protective role of isoprenoids emitted by plants in episodes of high
ozone levels
#21 L.N. Hawkins: Organic functional groups in submicron aerosol by FTIR
measurements in Gulf of Mexico during TEXAQS/GoMACCS 2006
#22 K. Jardine: The exchange of oxygenated VOCs between plants and the atmosphere
#26 H. Lukacs, Seasonal trends and possible sources of brown carbon based on two-year
aerosol measurements at six sites in Europe
#27 M. McGillen, Description, validation and utility of a structure-activity relationship
(SAR) for the gas-phase ozonolysis of aliphatic alkenes and dialkenes
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#30 K. Miet, Heterogeneous reactivity of O3 and NO2 with pyrene and two of its
derivatives adsorbed on atmospheric model particles
#31 P.K. Misztal, Diurnal dynamics of selected VOCs over Macchia canopy vegetation
measured by two PTR-MS instruments
#32 C.C. Moberg, Seasonality of intercontinental air pollution on a regional basis
#33 V. Novakovic, High PM10 and PM2.5 concentrations episodes analysed by air back
trajectories
#40 I. Steinberga, PM10 Pollution Analysis and Forecasting in Riga, Latvia
#41 D. Taraborrelli, An isoprene mechanism suitable for low-NOx regimes

3. Round table on aerosols chaired by C. Liousse and P. Ginoux
Agathe Poirson, Kai Zhang, Trevor Carey,
Hajnalka Lukacs and Anke-Elizabeth Roiger
Introduction
The study of aerosols is very important for atmospheric research, in particular because
they play a non-negligible part in air quality and climate.
The round table focused on what we know and don’t know about aerosols. Firstly we
asked the public to make a list of what is known and unknown in this specific domain.
Questions were then raised debate took place with the audience.
What we know
SO2 emission + oxidation
Heterogeneity of emissions
Fossil fuel:
Anthropogenic fine mode/biogenic
(dust+sea salt) coarse mode
Injection height
Biogenic sources
EPA standards

What we don´t know
Temporal variation of emissions
Emission factor for a few chemical
species
Deposition on snow: effect in the Arctic
Heterogeneous reactions
Internal mixing of aerosols
Characterization of BC
Size distribution, hygroscopicity change
from source to receptor=> change optical
and chemical properties
Anthropogenic dust sources
SOA,VOC and chemical scheme,
importance for climate
Health effects of aerosol

The questions:
1) Can we separate climate and air quality?
In general, the audience agreed to say that we cannot separate these two domains because
they are intimately linked, even if limiting aerosols to improve air quality will badly affect
the climate, as someone indicated.
2) Are biomass burnings anthropogenic, biogenic or both?
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The first answer was that biomass burning is mostly anthropogenic because it is linked to
human activities. But rapidly, it was objected that in some cases the question is more
complicated, like for burning due to hot cars parked in forests. Another example which has
been proposed is that in California for example, there are many problems linked with
droughts, which may be due to climate evolution, which increases the number of fires, and
this is difficult to define if it is anthropogenic or natural.
It is important to know how to estimate future emissions; for the past we already have
some historical data sets. It was mentioned that the increase of population will increase the
biomass burning but in fact, this is false for the Tropics because most of the population
lives in cities.
In conclusion, it was said that it was not very interesting to discuss whether or not biomass
burning is natural or due to human activities, except for the political solutions that could be
established in the future.
Finally, the debate raised two other questions: are we able to control anthropogenic and
natural emissions and what is the difference between pre-industrial and current biomass
burning and their impact?
3) How can we integrate in-situ measurements of megacities into global modeling?
It was proposed to suggest to make more measurements in megacities, in order to obtain
more detailed data sets, to increase the number of places where measurements are made,
and to improve the resolution of the models which depends on the studied species. It
would also be possible to integrate high resolution emissions if the temporal resolution is
improved. It was noted that transport modeling should be improved.
4) Who pollutes whom?
This question had been raised in the lecture just before and it was obvious to everyone that
the best response to this question was “everybody”. More particularly, we know that
Europe pollutes Asia and is polluted by North America, which are polluted by Asia.
5) What may be the consequences of switching from fossil fuel to biofuel?
The first point is that it depends on which type of biofuels we would switch to. It also
depends on the way the biofuel is produced. To answer this wide question, it will not be
enough to just consider car emissions but all the agricultural processes which are behind
the production of biofuels.
6) How can we reduce radiative forcing with the help of aerosols?
The first proposition was to inject sulfates in the stratosphere in order to reduce the solar
radiation on Earth. But we do not know precisely what the consequences would be.
Moreover, the cost would be very high, and we do not know the risks of such an injection.
Another proposition was to use satellites to block the light from the Sun. But this
experience would be very expensive as well. It would be more interesting to find a longterm solution, because greenhouse gases such as CO2 will remain in the atmosphere for
years. Finally, a very important question was raised: which temperature would we want on
Earth? Which temperature would be the best? And who would take this decision?
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4. Report on school lectures on climate, impacts and history
Idir Bouarar, Marcela Cornejo, Sergey Gromov, Kolby Jardine
Lectures by Susan Solomon, David Fowler, Guy Brasseur and Maria Kanakidou
Introduction
As noted in this section, the history of ozone provides a particularly good illustration of the
evolution of understanding of atmospheric chemistry, role of emissions and strategies to
mitigate adverse impacts. Chemistry and climate interactions also are part of the ozone
history, with many other chemicals and sources contributing to the complex
interconnections and resulting adverse impacts.
History of Ozone
Ozone was discovered nearly 160 years ago accidentally through the odor emitted from
electrical discharge systems. Much discussion about the chemical nature of ozone
followed, as well as about the concepts of ozone and antozone. Soon the chemical identity
was elucidated and quantitative methods for measuring it were developed. Later it was
revealed that ozone occurred naturally in air. Dobson revolutionized understanding of
atmospheric ozone by creating the first ozone photospectrometer and made latitudinal and
seasonal ozone column measurements around the world. His key finding was that ozone
columns are the highest in the high latitudes and in the summer. However, this finding
was not consistent with the new proposed Chapman mechanism for ozone production and
destruction driven by photochemistry since this mechanism would predict higher
concentrations of ozone in the tropics rather than at the poles. The high ozone observed in
higher latitudes was soon attributed to large scale meridional circulation. Evidence began
to gather that most of the ozone was not near the surface and a large effort was initiated to
measure the vertical ozone profile. The peak in ozone concentrations was eventually
agreed to be at about 22-25 km. However, the vertical profile measurements showed much
lower ozone concentrations compared to those calculated from the Chapman mechanism.
The Nobel Prize was awarded to scientists that attributed the difference to catalytic ozone
destruction by substances like NOx, HOx, CFCs, etc.
Soon after, a large decrease in the ozone concentrations occurring in Antarctica in early
spring was discovered. It was eventually proposed by Susan Solomon and others that the
ozone loss is due to heterogeneous photochemical reactions involving ClOx and NOx on
the surface of polar stratospheric clouds. Once the Montreal protocol banning CFCs was
signed, CFC concentrations and therefore ClO decreased and stratospheric ozone now
appears to be recovering. Maintaining high altitude ozone is important for protecting
people and the environment from harmful UV radiation. In contrast, too much ozone at
ground level is not good for human health and environmental welfare.
Around the same time that stratospheric ozone chemistry was becoming better understood,
it was discovered that near the surface, NOx, VOCs, and sunlight lead to the production of
tropospheric ozone. This ground level ozone leads to considerable oxidative damage. The
trends of ground level ozone concentrations are significant, with the highest levels being
recorded in the so called developing countries such as China. While some anthropogenic
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pollutants such as CFCs can be phased out without a large impact on the global economy,
others like the ozone precursors NOx and VOCs and the dominant greenhouse gas CO2
which are associated with the combustion of fossil fuels are much more tightly coupled to
economic growth. Thus a major dilemma currently exists for mankind. The major
processes that currently lead to economic proliferation also lead to a deterioration of
climate and air quality.
Chemistry Climate Interactions
Model simulations have forecasted an increase of 1.5° - 4.5° in surface temperature in
2500. Greenhouse gases (CO2, CH4, N2O, O3…etc) are mainly responsible of this global
warming because of their increasing concentrations in the troposphere and their long
lifetime. Nitrous oxide (N2O) is an important greenhouse gas in the troposphere, about
300 times more powerful per molecule than carbon dioxide (CO2). In addition, N2O in the
stratosphere leads to the catalytic destruction of ozone. While the ocean contributes about
25% of the atmospheric nitrous oxide, the Eastern South Pacific also is a hotspot for N2O
emissions as shown in a poster. CO2 concentrations have increased by 30% over the past
70 years and these increases are mainly due to fossil fuel emissions.
In contrast, CO2 emitted by biofuels has been recently fixed from atmospheric CO2 and, as
a result, biofuels fuels have been considered to be “carbon neutral”. However, the land use
conversion of the forest is not taken into account in this assessment and these connections
are being studied. For example, as shown in a poster, in the Midwest of the United States,
the use of petroleum is well documented and its use was compared with biofuels
combustion calculating the “carbon payback” as the number of years of biofuels
production and use required to payback the carbon released by converting different types
of tropical land cover.
Aerosols could also have an important impact on the climate system through their direct
effects on the radiative forcing and their indirect effects on the lifetime and brightness of
clouds, as discussed in a poster. However, their impact on the global scale is still uncertain
because of their short lifetime, plus the complexity associated with variability of aerosol
size and composition distributions. Depending on the aerosols’ wavelength extinction
coefficients and the ambient relative humidity, one poster showed that aerosols have
variable radiative impacts at local and global scales.
Interconnections between climate and chemistry have become a major subject of
discussions since the discovery of the ozone hole in Antarctica in 1983. The stratospheric
ozone concentrations near Antarctica are now half of what they were before 1950 during
early spring. Many observations have established the human origin of the gases
responsible of this ozone hole. CFCs have increased by a factor of 100 in the stratosphere
due to anthropogenic emissions. Many countries have adopted the Montreal protocol
dedicated to reducing the emissions of the CFCs but their concentrations remain high
because of their long lifetimes. Ozone depletion is also due to other halogenated
compounds. CFCs are being replaced by other compounds including HFCs that are
reactive to OH radicals and therefore have a much shorter atmospheric lifetime. A
growing bank of these compounds is forecasted for the future but the timing of recovery of
the ozone layer remains uncertain.
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Changes in Air Quality in Different Parts of the World
Of great concern over Europe are the short duration ozone episodes near the surface where
concentrations can go above 100 ppbv. Emissions of SO2 have been decreasing since the
1980s as indicated in a poster. In both Europe and the USA, traffic emissions of ozone
precursors contributes up to 30% of the ozone production near the surface in some areas.
According to models, ship emissions greatly enhance ozone concentrations near coastal
areas as exemplified in the Eastern North Pacific. Because of its rapidly growing economy,
China has doubled its energy consumption since 2000, converting this country into a net
importer of fossil fuels. This has led to China into becoming a major emitter of pollutants
to the atmosphere. In addition, the production of NO2 shows a large seasonal variation,
with values much higher during winter than in summer. Ozone at the surface has
increased by more than 50% since 1980. On some days in many polluted cities, aerosol
concentrations are so high that visibility is greatly reduced.
Impact of Anthropogenic Emission on Ecosystems
The impact of anthropogenic emissions on human health and ecosystems can be described
in terms of direct effects, ecological effects and indirect effects.
Direct Effects
Direct harmful effects on plants are caused by excessive ozone concentrations, with
AOT40 (accumulated dose over a threshold of 40 ppb) being one parameter used to
represent dangerous levels. These ozone effects manifest themselves as leaf injury and/or
decreasing crop yields. Measurement data and modeling results show increasing high level
ozone episodes in Europe and increasing ozone levels around the world.
Forests are directly adversely affected by sulfur dioxide emitted mainly from larger point
sources. While these emissions have been considerably reduced in Europe and the US,
control of SO2 is still a concern for some developing countries. Reduction in biomass
production and decline in forest health are also directly linked to higher pollution levels.
Ecological Effects
Acidification of ecosystems results from increased levels of sulfuric and nitric acids
associated with emissions of SO2 and NOx. These acids are brought into contact with
terrestrial and aquatic ecosystems through wet and dry deposition processes. The buffering
capacity of surface waters and soils can help mitigate these effects. However the
interactions are complex and need to be better understood.
Excessive deposition and uptake of nitrogen by ecosystems also lead to deterioration of
ecosystems. These processes result in changes in biodiversity (in particular, in seminatural plantations) and prevalence of certain microbiological activities, as well as higher
outflow of nutrient elements. Decreasing of ecosystem quality and alteration of natural
processes can result, as is illustrated in a poster.
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Indirect Effects
Ecosystems can be affected indirectly by changes in the climate such as shifting water
supply due to changes in precipitation and increase in weather anomalies. These effects
could potentially decrease the stability of ecosystems, result in flora changes, increase
ecological threats like fires and insect diseases, and cause disappearance of species. These
climate changes can also affect agriculture and related human activities such as food
production industry and traditional land-use.
Discussions were related to our capacity and available knowledge: Do we have enough
understanding to predict possible changes in ecosystems? And would some feedback be
possible from changing ecosystem to climate.
References
Lectures
• S. Solomon - Climate Change and Atmospheric Chemistry (1)
• S. Solomon - Climate Change and Atmospheric Chemistry (2)
• D. Fowler: Impact of gaseous pollutants on ecosystems
• G. Brasseur: History of ozone discoveries
• M. Kanakidou: Particles and health
• I. Isaksen: Changes in air quality in different areas of the world
Posters
#4 G. Capes: Biomass burning and dust aerosol in West Africa: Highlights from the
AMMA SOP0 experiment
#7 M. Cornejo et al: N2) distribution along the eastern South Pacific (12º - 55ºS)
#24 M. Johnston: Environmental impacts of large-scale biofuels production
#28 P. Massoli: The optical properties of aerosols as measured by cavity rng-down
extinction spectrometry during TeXAQS-GoMACCS 2006: selection of case studies and
their implications for air quality and climate
#34 G. Pigeon: The optical properties of aerosols as measured by cavity rng-down
extinction spectrometry during TeXAQS-GoMACCS 2006: selection of case studies and
their implications for air quality and climate
#43 V. Vestreng et al: Twenty-five years of continuous sulphur dioxide emission reduction
in Europe
#44 S. Wochele et al: Eutrophication and acidification of German forest ecosystems due to
atmospheric N deposition

5. Round table on climate change chaired by S. Solomon
Martin Menegoz, Sandra Wochele, Catherine Hardacre, James Ryder,
Paola Massoli and Vigdis Vestreng
The round table on ‘Chemistry and Climate Change Mechanisms’ was organized with the
purpose of identifying atmospheric chemical processes that might drive the future climate
in a continuously changing environment. The working group selected several discussion
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topics thought to be potentially important for climate in the future. For each of them, the
state-of-the-art knowledge on the basis of the last IPCC report (2007) was presented, and
open questions were proposed for the round table discussion. Particular emphasis was
given to the assessment of positive and negative climate feedbacks, in order to have a
sense of the potential of each topic to have a large impact on a global scale, and therefore
relevance for climate. Another aspect of the discussion was the need, availability, and
feasibility of proper strategies for measuring such possible changes to better understand
and quantify their impact. The open discussion saw significant involvement by all summer
school participants in giving hints and opinions on what could affect climate in the near
future and how we can realistically measure the effects and control the impacts.
Discussion Topic 1 – presented by Martin Menegoz
Which are the main indirect effects of aerosols on climate?
Atmospheric aerosols can be emitted directly at the surface of the earth, but can also be
produced by heterogeneous phase chemical reactions in the atmosphere. Both of these
aerosol types can be natural or anthropogenic. During this round table, we firstly present
the main impacts of aerosols on climate, and then we focused on aerosol indirect effects.
Aerosols can absorb and scatter solar radiation. They can also absorb, scatter and emit
thermal radiation. These effects represent a significant forcing of the earth’s climate, called
direct effect. Aerosols also act as cloud condensation nuclei (CCN) and Ice Nuclei (IN), so
they determine thermodynamic and optical properties of clouds. Impacts of aerosols on
climate through the modification of cloud properties are called indirect effects. The main
effects are listed in table 1.

Effects

Description

Albedo effect

More numerous cloud
particles

Cloud’s lifetime

Smaller clouds particles

Thermodynamic effect
(mixed-phase clouds)
Glaciation indirect effect
(mixed-phase clouds)
Riming indirect effect
(mixed-phase clouds)

Smaller cloud droplets
delay the onset of freezing
More ice nuclei increase
the precipitation
efficiency
Smaller cloud droplets
decrease the riming
efficiency

Radiative forcing
perturbation at surface
(W/m2)
badly known
(-0.5 to -1.9)
badly known
(-0.3 to -1.4)
Unknown
Unknown
Unknown

Table 1 : Main aerosol indirect effects
When human activities emit small particles (e.g. industrial sulfates) into the atmosphere,
clouds formed contain more and smaller droplets. This induces two main effects: clouds
albedo increases, reflecting more solar radiation; this is the first indirect effect. Because
droplets are smaller, formation of precipitation is slower, which causes the cloud’s lifetime
to be longer; this is called the second indirect effect. Other effects concerning mixed-phase
clouds were discussed. In a general point of view, everyone agreed that all these effects are
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very badly known and we have to be very careful representing theses effects in climate
models. During the round table, we also discussed aerosol semi-direct effects: Absorption
of solar radiation by soot may cause evaporation of cloud particles. Soot can also decrease
the albedo of snow-covered surfaces. Theses two last effects are also very badly known.
More studies, both experimental and numerical need to be carried to quantify more
accurately aerosol indirect effects.
Discussion Topic 2 – presented by Sandra Wochele
In what way will Land Use Change affect Climate Change?
Changes in land use and coverage can occur in two different forms: transformation of
natural ecosystems to areas for anthropogenic use, and changes of anthropogenic surfaces.
Due to the increase in population, more and more natural ecosystems are transformed into
arable land and pasture. Primary effects of land use/cover change are a change in the
surface albedo and in the evapotranspiration. Agricultural land has a higher albedo than
e.g. a forest. Changes in evapotranspiration and in the fluxes of latent and sensible heat
due to a change in land cover will modify the surface energy and moisture budgets,
directly affecting temperature, precipitation and atmospheric circulation.
In many countries natural ecosystems are burned down to be transformed into arable land,
setting off significant emissions of CO2, CO and NOX to the atmosphere. Re-vegetating the
burned areas with crops, rice or grass leads to a change in the biogenic source for
greenhouse gases (GHG). The transformation of e.g. forests into arable land leads to the
loss of a major CO2 sink; the change from a meadow into rice paddies creates a major
source for CH4 (IPCC 2000). Depending on the type of crop plant, e.g. corn, erosion and
loss of fertile soil is an upcoming issue. A change in land cover can also have an effect on
the production and uplifting of dust in the atmosphere, leading to an increase in the aerosol
load with consequences on optical depth and radiative forcing. Furthermore, a changing
climate will also have a negative feedback effect on the land use, due to necessary
adjustments to e.g., prolonged or stronger drought and rainfall episodes.
The round table discussed the potential effect of artificial islands on the surface albedo.
The general conclusion was that the transformation from water to land surfaces should be
negligible. It is more likely that the change of the sources and sinks of GHG will influence
the global climate. An interesting question raised was how the conversion of crop into
other plants for biofuel production would increase the isoprene emissions, and therefore
affect the BVOC chemistry. Another important topic discussed in the round table dealt
with the land use change in third world countries, where the necessity of development is
often in open conflict with the policies suggested to contain climate change. This is a
delicate issue for the complicated political and socio-economical aspects involved, for
which realistic mitigation strategies are difficult to find and apply.
Discussion Topic 3 – presented by Catherine Hardacre
Ocean Acidification: Are there feedbacks to climate change?
Increased atmospheric CO2 levels have been shown to lower the pH of the ocean by 0.1 pH
units; it is predicted that by 2100 the pH could be further lowered by as much as 0.5 units.
Such increased acidity of the ocean is thought to affect the calcification processes of
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marine organisms such as molluscs, corals, phytoplankton and zooplankton. In the long
term this could even impact deep water habitats which rely on surface ocean processes.
Figure 2 illustrates some of the processes which could be affected by ocean acidification
and the feedbacks that might occur.

Some of the points/questions raised during the discussion of this topic were:
• Future IPPC reports should include ocean acidification
• There is a lack of information on the effects of acidification on marine organisms what will be affected and on what timescale?
• Are sulfate emissions from ships important? – probably not compared with large
scale process of CO2 absorption
• Are past records used to look at past acidification events? – yes, but more work
needed!
• Is fresh water acidification from atmospheric CO2 a problem? – probably small
compared with other processes e.g. acidification from soil acids.
• What are the important interactions between ocean acidification and climate
change, e.g. how will climate be affected by reduced C deposition to the sea floor
and is this significant?
• How much will ocean acidification contribute to radiative forcing?
• Where is the tipping point for ocean acidification?
• If sea levels rise, how will this affect ocean acidification?
Discussion topic 4 - presented by James Ryder:
Is lightning a significant mechanism in climate change?
The production of trace gases, such as NOx, by flashes of lightning has not yet been fully
described. NOx has a strong effect on the tropospheric concentration of ozone, and hence
lightning events will contribute to the greenhouse effect.

28

The measurement of lightning effects presents practical challenges! Estimates for the
amount of NOx produced by lightning flashes range from a lower limit of 0.9 Tg(N)/yr to
an upper limit of 220 Tg(N)/yr. A modeling sensitivity test was conducted which narrowed
the likely limits to between 0 Tg(N)/yr and 20 Tg(N)/yr. A further modeling study recently
suggested a 3-8 Tg (N)/yr range which may account for a 10% difference in tropospheric
ozone budget (about 30 Tg).
A further question is whether an increase in global temperatures will increase lightning
incidents. A modeling study suggested that every 1°C of warming will be accompanied by
a 5-6% increase in global lightning frequencies; though an other model study went further
to predict an increase in activity of 40% for the same 1° C temperature change.
One of the issues raised was the relative importance of lightning versus aircraft emissions
towards the production of tropospheric ozone. Aircraft emissions were estimated at about
0.52 Tg(N)/yr, which is probably therefore less than that of lightning, though knowledge
of the regional concentration of both lightning incidents and aircraft activity will be
important to quantify this further. The other main discussion point was the difficulty in
parameterize lightning events – measurement studies have suggested that lightning may be
dependent on more factors than simply local rainfall and temperature. Most members of
the round table agreed that further efforts should be made to quantify and simulate
lightning effects in lower atmosphere studies.
Discussion Topic 5 – presented by Paola Massoli
The leveling of atmospheric methane: could it become off-balance?
The discussion topic concerning methane was based on the fact that CH4 is more abundant
in the Earth’s atmosphere now than at any time (now 148% above pre industrial levels,
IPCC, 2007). It is known that methane is 21 times a more effective GHG than carbon
dioxide, with obvious impacts on global climate. Major sources (fossil fuel and biomass
burning, wetlands, ruminants) and sinks (soil uptake, atmospheric reaction with OH) for
methane are known, yet many of the processes determining the balance between how
much of the gas goes into the atmosphere and how much is stored are still uncertain. The
last IPCC report showed that atmospheric methane has decreased since the early 1990s,
and remained relatively constant since 1999. It is not completely clear if the observed
leveling is due to 1) decline in emissions or 2) increase in the methane destruction due to
change in chemistry processes. Furthermore, it is not predictable if a steady decline will
continue or if future changes in emissions could kick-off a new era of increasing methane
levels, with obvious consequences for climate. During the round table we discussed
possible reasons for both hypothesis 1) and 2), and tried to assess what could throw the
entire methane budget out of balance and on what time scale as well as what really matters
for the global picture. The suggested factors that might affect the methane balance and the
open questions for each of them were:
1) Human-induced: a major part of the observed decrease in atmospheric methane is likely
due to a reduction of anthropogenic emissions. Is this likely to be different in the future
due to possible increases to take place in e.g., developing countries? How would this affect
the global methane budget?
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2) Role of wetlands: could wetlands release more methane in the future? Could the
extension of wetland surfaces increase due to climate change such as through change in
rainfall patterns?
3) Plant-made methane: researchers announced that plants exhale methane, but scientists
are closing in on the amount of methane potentially released globally by plants. Yet
independent confirmation of the basic discovery and its mechanism remains uncertain, and
discrepancies between observations and satellite data in the tropics need to be explained
4) Release of methane from permafrost melting: possible long term effect?
5) The clathrate gun hypothesis: an unknown, possibly very large quantity of methane is
trapped in ocean sediments as a solid clathrate, or methane hydrate. One source estimates
the size of the methane hydrate deposits is ten trillion tons. Theories suggest that should
global warming cause them to heat up sufficiently, all of this methane could again be
suddenly released into the atmosphere. But this would require a significant raise of the
ocean temperature (5 °C), and it is not predicted that this would happen, not even in the
long term.
6) Change in OH concentration: OH may have increased slightly in recent years, causing
atmospheric methane concentrations to level off. This might have a significant impact on
atmospheric concentrations of H2O, but also for CO and NOx, for which oxidation via OH
is a major sink in the atmosphere.
Discussion Topic 6 – presented by Vigdis Vestreng
The dilemma in improving air quality and climate change simultaneously
The background for this topic is that the challenge to reduce anthropogenic releases of
greenhouse gases (GHG) and air pollutants to the atmosphere calls for an integrated
scientific approach, but this is in reality not (always) the case. Separate research
communities focus often on either air quality or climate change issues. This situation
might lead to unexpected and unwanted effects of measures proposed and policy formed to
reduce air pollutants and GHG. Recent examples from the literature of possible effects of
measures are presented and quantified. Also the question of so called ‘geoengineering’ is
brought up for discussion.
1) The effect of reduced sulfur releases: Sulfur dioxide emissions in Europe have
decreased by 73% the last 25 years in response to policy efforts to enhance air quality. The
global direct radiative effect of sulfate aerosols is negative and estimated to -0.40 (±0.20)
Wm-2 (IPCC, 2007), hence reduced sulfate concentrations have led to a reduction of the
cooling effect of sulfate aerosols. Local responses to a radiative effect are yet uncertain.
The global climate response to an entire removal of anthropogenic sulfate aerosols was
calculated by a model study: it showed that the globally averaged surface temperature and
amount of precipitation could increase in less than a decade by 0.8 K and 3% respectively;
the radiative heating would be of 1.4 Wm-2.
2) The effect of transition from fossil- to biofuel: A recent paper calls for further life cycle
assessments of the production and use of biofuels. The effect of increased use of synthetic
N fertilizers to produce crops for biofuels such as biodiesel from rapeseed and bioethanol
from corn was evaluated. The increased N2O releases to the atmosphere might contribute
as much as or more to global warming than cooling by fossil fuel savings/reduced CO2
emissions. Health effects of change in fuel structure were also studied: changing from
gasoline to E85 (85% ethanol fuel, 15% gasoline) may increase ozone related mortality,
hospitalization, and asthma by about 9% in Los Angeles and 4% in the United States. It
was also shown that it is unlikely that E85 would improve air quality over future gasoline
vehicles.
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3) Could geoengineering solve our dillema? In a review of geoengineering proposals to
cease global warming, it was reported that climate scientists have shown new willingness
to study the pathways by which the Earth might be deliberately changed. It was for
example proposed to introduce 1-2 million tonnes of sulfur into the stratosphere every
year, to produce long-lived (1-2 years) sulfate aerosols and contribute to climate cooling (0.75 Wm -2 per Tg S in the stratosphere). The stratospheric loading would need to be 5.3
Tg S to offset a doubling in CO2. Several questions remain; is this environmentally safe,
without significant side effects?

6. Report on school activities: lectures on modeling and forecasting
Ariela d’Angiola, Lucas Garcia, Vigdis Vestreng, Katerina Zemankova
Lectures by Guy Brasseur, Ivar Isaksen, Cécile Honoré ,
Maria Kanakidou and Mathias Beekmann
Modeling – philosophy and definition
The general philosophy of modeling is to mathematically represent established
fundamental laws to predict the behavior of a system. Modeling is an abstraction and
simplification of reality and it captures limited aspects of complex systems focussing
exclusively on certain issues. Simulation models create virtual copies that allow exploring
possible changes in the parameters without creating catastrophic and irreversible effects in
a real scenario. They generate knowledge but do not create new concepts.
There are two basic types of models. Diagnostic models analyze and help to understand
particular problems, whereas Prognostic models are able to predict the behavior of a given
situation.
Methods and elementary equations
The presentation by of Guy Brasseur gave an overview of chemical transport modeling.
Models representing the Earth system are based on fundamental equations as momentum,
thermodynamics and continuity. In chemical transport models we can find additional
formulations describing the evolution of atmospheric composition over time due to
emissions, chemical reactions, deposition and transport. This set of equations does not
have analytical solutions and has to be solved using numerical methods such as finite
difference methods, finite volume methods or spectral methods.
There are three essential methods to represent transport within the modeled domain. The
Eulerian approach describes a whole defined grid. On the other hand, the Lagrangian
approach characterizes the properties of an air parcel, while the Semi-Lagrangian apporach
is a combination of these two as it transposes air parcel’s coordinates to a grid. Depending
on the level of model horizontal or vertical resolution we can divide models into several
groups as shown in Figure 3. As indicated with the arrows, computational costs increase
with the level of model detail/accuracy.
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Figure 3: Summary of model types
• Box (compartment) models:
understand the principles of feedback cycles;
simplified models for chemistry studies
• 0D (point) models:
detailed analysis of the chemical scheme for a given situation;
analysis of sensitivities
• 1D column models:
development of parameterisations
• 1D Lagrangian (trajectory) models:
transport studies
• 2D (Eulerian) models:
zonal mean state of the atmosphere (often in stratosphere)
• 3D (Eulerian) models:
detailed description of multiple processes in time and space
Uses of chemical transport models
As shown in the presentation by I. Isaksen, sets of 10 atmospheric models have been used
to study trends in past and present atmospheric composition and its impact on climate and
air quality.
Principal attributes of aerosol modeling was presented by M. Kanakidou. The lecture gave
a broad overview of formation processes (condensation, nucleation, coagulation),
transformation processes (heterogeneous and homogenous reactions, internal and external
mixing of aerosols) and removal processes (wet and dry deposition) applied in the models.
Special attention was given to coupling with global circulation model and formation of
secondary organic aerosols (SOA).
A real example of an operational air quality assessment was presented by C. Honoré
showing successful prediction of the 2003 heat wave in Western Europe using the Prev´Air
model. This system generates and publishes daily air quality forecasts and maps of
photochemical and aerosol pollution resulting from numerical simulations from the models
CHIMERE and MOCAGE on different spatial scales. Kriging method is applied to
determine the representativity of monitoring stations and to provide direct/real-time
corrections of the modeled results based on observations, e.g. overestimation of O3.
Data assimilation and inverse modeling
The purpose of inversion techniques in chemistry transport models is to ultimately
improve and update emission inventories by comparing simulated and measured
concentrations assuming that uncertainties are larger in the emission inventories than in the
CTM. As presented by M. Beekmann, the main goals of inverse modeling are the
validation and improvement of available emissions estimates. Estimates of higher accuracy
would yield improvements of model results. Inverse modeling establishes a general
observation-based methodology for estimating atmospheric parameters and presents an
alternative to bottom-up approaches for emission inventorying.
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General issues
A few general subjects were presented by the lecturers as well as tackled during the group
discussions that are worth mentioning.
Modeling studies should be complemented with observations, either as a mean of
validation or for direct improvement of their results through data assimilation techniques.
Improvement of chemical pathways and multiphase chemistry is needed as well as better
parameterization of sub-grid processes. Ensemble forecasting, e.g.. studying a particular
scenario using different models or simulating various situations using one model; is a good
way of to look at sensitivities in results. Special attention should be given to UTLS (Upper
Troposphere Lower Stratosphere) transport and to the importance of atmospheric
chemistry within a climate system. Finer horizontal model resolution leads to
improvements in estimation of surface concentration distribution and is important for
impact studies with threshold values. However, the resolution is often limited by
computational speed and cost.
Posters
Students’ research work on atmospheric modeling and forecasting presented in the form of
posters was divided into two main groups. The first group consisted of studies where the
models were employed to better understand selected mechanisms at various scales. The
second group focused on model validation where results of simulations were compared to
sets of measurements (either from specific experiments or from fixed measurement
networks) to assess the quality of the model and its inherent ability to describe a given
system.
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7. Report on school activities: lectures on observations
and use of data
Anne Boynard, Isabelle DeSmedt, Claus Moberg, Manasvi Panchal
Lectures by Paul Monks, John Burrows, Paul Ginoux,
Solène Turquety, Alex Guenther and Maria Kanakidou
Introduction: observation techniques in atmospheric chemistry
There are three observation systems; ground – based, aircraft and satellites. The lectures
discussed several examples of these systems:
- Ground based (FTIR, Open path FTIR, DOAS, MAX – DOAS, LIDAR, RADAR, etc.).
- Networks (NDSC network, AERONET network, IDAF network, SHADOZ network
etc.).
- Laboratory measurements (Gas chromatography Mass spectrometer (GCMS) GC-flame
ionization detection (FID), and GC-electron capture detection (ECD), proton transfer
reaction mass spectrometry (PTR-MS), Chemi-luminescence method, cavity ring-down
spectrometer, etc.), thermo-optical method, ionic chromatography, ICPMS…
- Combustion chamber measurements for emission factor
- Airborne measurements (Research and Operational aircraft).
- Unmanned airborne vehicles (UAV) (Sondes, balloons, etc.).
- Satellite measurements (TOMS, GOME, SCIAMACHY, OMI, GOME 2, MOPITT, TES,
ACE-FTS, MIPAS, IASI, SPOT-VGT, PARASOL, MODIS, AQUA-Train…).
Ground-based systems:
The lectures emphasized the advantages of these types of observations: they provide longtime series, and intensive measurements at a high temporal resolution of a large number of
chemical compounds can be performed. However, stations providing measurements are
sparse, they provide only information on local conditions, and the observations cannot be
considered as representative of more regional conditions.
Aircraft systems
Observations made on board aircraft provide a good representation of the vertical
distribution of the compounds measured. Observations made by aircraft have also a very
good time resolution. However, such observations are sparse, expensive and the number of
species that can be measured can be somewhat limited.
Satellite observations
The best advantage of satellite observations is that they provide a very good global
coverage over rather long periods of time. The spatial resolution of the observations has
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greatly improved over the past few years. However, spatial observations are limited to a
rather small number of species, more particularly in the troposphere, and they are
extremely expensive.
Depending on science questions to be addressed, one needs to identify which method of
observation system will provide the accurate answer and thus there is a need to integrate
the observation systems.
Satellite observations
Non-linear interactions characterize the sun-earth-atmosphere system. Climate change and
air quality are therefore impossible to forecast in a global model without constraints, input
and verification provided by observations of the atmosphere. Thus, in many ways,
observations and observation systems are leading our understanding of climate, weather,
air quality and other atmospheric processes.
The nature of human interactions with Earth’s atmosphere has a big impact on the types of
atmospheric observations that are needed. Increasing global population results in a net
increase of emissions of pollutant gases. In turn, tropospheric chemistry and air quality are
determined by among other factors, the concentrations of NOx, VOCs, SO2, halogen
species and aerosols present in an air mass. Atmospheric pollution is not a local effect,
indeed long-lived species are transported all around the globe. The feedbacks of this
increasing pollution are not fully understood and need to be observed; only from high
quality observations can we begin to develop a robust scientific understanding of these
systems. To understand the atmospheric response to these anthropogenic impacts, accurate,
high resolution measurements through all four dimensions are needed (zonal, meridional,
vertical and temporal). Further, we need these measurements for a large number of species
and with global coverage.
Satellite instruments like GOME and SCIAMACHY have proven their capability to
monitor the tropospheric composition. With the DOAS technique or the optimal estimation
method, columns of molecules having a sharp spectral signature can be derived from
measured earth backscattered irradiances. Tropospheric NO2 has been successfully
retrieved with GOME and then SCIAMACHY measurements over more than 10 years,
allowing the determination of trends. In particular, emissions levels in China show a strong
increase. CO and CH4 are retrieved in the infrared with SCIAMACHY or IASI
instruments. Isoprene, which is the most abundant biogenic VOC does not exhibit a sharp
feature in the UV which would allow to retrieve directly its columns by the DOAS
technique. However, the retrieval of CH2O is possible and these columns can be used to
constrain isoprene emissions in models by an inverse modeling approach.
In the future, the observation of the troposphere by satellites should be continued and
improved. The time resolution of observations needs to be increased, either by increasing
the number of low-earth-orbit satellites (high spatial resolution but poor temporal
frequency of observation) or by launching geostationary satellites (which can make
temporally continuous observations, but exhibit very low spatial resolution, especially at
high latitudes). The best solution would be to combine these two techniques. The spectral
resolution of satellite-based sensors also needs to be improved to allow good quality
retrieval of minor trace species.
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Satellite observations of aerosols
The lecture discussed several observation systems that are currently used for the
measurements of different aerosol characteristics:
• AERONET network is a ground based network for aerosol measurements.
• Satellite based observations of aerosols are made with different satellites:
-AVHRR – oldest, lowest resolution
-TOMS
-MODIS
-CALIOP : – newest, highest resolution, more products
-PARASOL – newest, highest resolution, more products
• Horizontal spatial resolution is better than vertical scale by means of satellites
observations.
• Satellite observations for aerosols require contrast with respect to background.
• Aerosol optical depths per size classes can be measured using satellite
measurements. More recently, secondary products can be also derived (e.g. single
scattering albedo product, vertical extinction coefficient distribution…).
Satellite data, assimilation and inverse modeling.
Continuous observations are required in order to improve our knowledge of surface
emissions and their impact on atmospheric chemistry. Several satellite missions dedicated
to tropospheric chemistry have been launched in the past decade, providing observations
with global horizontal coverage and a good horizontal resolution for several key species,
including CO, NO2, and ozone. However, these observations are limited in their vertical
resolution; thus chemical transport models are necessary for analysis of the dynamical and
chemical processes involved.
Data assimilation and inverse modeling are methods used to study the transport and
sources of pollution in the troposphere. Data assimilation helps adjust model simulations
using observations whereas inverse modeling allows a top-down adjustment of emissions
(or other model parameters). Both are mathematical methods that utilize a priori
information to constrain and improve model performance. In the framework of inverse
modeling this corresponds to emission inventories and, for data assimilation, to
atmospheric concentrations, with the observations, taking into account the uncertainties
inherent to both the model and the observations.
Level 2

Level 3

Data assimilation

Inverse
modeling
Total CO emissions
(EDGAR inventory)

Figure 4: Scientific use of satellite observations: Inverse modeling and data assimilation
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The two main methods for inverse modeling are the optimal estimation (i.e. analytical
solutions assuming linear approximation) and the adjoint method (i.e. the numerical
minimization of cost functions). Inverse modeling is more accurate with the adjoint
method because the horizontal and temporal resolution is better, though it can be difficult
to apply this method to forward-running models.
Data assimilation is undertaken using variational and sequential methods. The variational
approach adjusts the initial conditions using a given set of observations and assuming no
model error. It is commonly used for the reanalyses of model simulations. The sequential
approach uses observations at time t to constrain model field at time t and is better suited
for the adjustment of model simulations in near real time.
An ultimate challenge is to combine inverse modeling of emissions and data assimilation
in an operational system integrating observations and atmospheric chemistry, all in the
hope of longer-range chemical forecasts with greater accuracy.
Measuring and modeling biogenic emissions from terrestrial ecosystems.
Biogenic VOC (BVOC) plays an important role in tropospheric chemistry. There are a
large number of BVOCs but two compounds dominate BVOC emissions: isoprene and
methane. Methane has a long lifetime and is well mixed in the atmosphere. It is therefore
relatively easy to determine its annual global emission rate. On the other hand, isoprene is
short living and highly variable in time and space, it is therefore much more difficult to
derive its global emission rate. Estimates of the above-canopy fluxes and a global model
are needed to derive global isoprene emissions.
Different methods exist to study BVOC emissions. The first type is the enclosed method.
One leave or a whole branch is enclosed in an area, the inflow and outflow concentrations
are measured and a mass balance equation is used. The same technique of enclosure can be
applied to the whole boundary layer, but chemical processes and horizontal advection need
to be taken into account. Enclosure measurements of isoprene emission rates are local and
need to be extrapolated to the whole above-canopy domain with models. Furthermore, they
can change the isoprene emission by stressing the plants.
The second type of measurement is tower-based micrometeorology systems (canopy scale)
and aircraft-based micrometeorology systems (landscape scale). There are three 3
micrometeorological flux techniques: Eddy flux tehcniques, variance measurements and
vertical gradient technique. The method will be chosen according to the possible options,
the accuracy needed, the budget available and the level of expertise required. In addition to
these measurement methods, inverse modeling can be used to characterize isoprene
emissions over larger spatial scales and inside the canopy.
These flux measurement are included in the MEGAN model to estimate the global
emissions of BVOC. MEGAN is a global model with a resolution of 1km. The emission
rate of isoprene and other BVOCs into the above-canopy atmosphere is the product of
three terms: the emission factor (emission of a compound at standard conditions), the
emission activity (emission response to change in conditions) and the emission efficiency
(production and loss inside the canopy). In MEGAN, 5 plant functional types of emission
factors are considered. They have been determined via high resolution satellite
observations (30m) for the US or with MODIS data for the rest of the world. The emission
activity factor depends on the canopy environment (e.g. temperature, CO2 levels, etc.).
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CO2 levels can have a direct and indirect effect on isoprene emissions. For example,
increasing CO2 levels can reduce isoprene emissions by plants but global warming can
increase the abundance of isoprene emitters. The global feedback of increasing CO2 is not
perfectly understood because the effects are very diverse and observations are needed to
constrain the model. For example, satellite observations of the isoprene oxidation products
like CH2O and CO should be used to provide constraints on global isoprene emission.
E-learning module on remote sensing
The lecture gave detailed information on the E-learning module which has been developed
within the ACCENT network. This e-learning module focuses on the remote sensing of
NO2. The module has the following characteristics:
- the module focuses on graduate, undergraduate students studying Physics and Chemistry.
- it covers introduction to basic physics behind remote sensing, radiative transfer and
retrieval procedures.
- it has a brief description about satellite instruments and satellite measuring techniques.
- there are exercises related to each topic.
- it is not a book and cannot replace one as everything cannot be included in e-learning.
- further development can be done on similar basis using CO emissions if anyone is willing
to participate.
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8. Report on an e-working module on anthropogenic emissions
Eric-Michel Assamoi, Aline Gratien, Lisa Neef,
Katarzyna Sobotka, Francesco Uguccioni
Introduction
Emissions of gases and particles into the atmosphere may stem from anthropogenic
processes (i.e., as a result of human activities) or natural process (i.e., not resulting from
human activities). Understanding impact of both natural and anthropogenic emissions is
an important because cost-effective control strategies must take into account the relative
strengths from all sources, not just those of anthropogenic origin. However, since the
processes and inventory development processes are quite different for anthropogenic
versus nature emissions, the e-learning/e-working modules will need to address these
emissions separately. This section focuses completely on anthropogenic emissions.
During discussions with the other groups, it was realized that substantial thought needs to
put into both module content and module for\mat (i.e. the “look and feel” of the modules),
and that the format should the same for all the modules. This led to the development of a
separate group tasked module format/design, with content being addressed in this and
other content sections.
These anthropogenic emissions module discussion begins with a description of the overall
vision and intended use (i.e., the aim and philosophy) of the module. Much of this first
part general discussion of the aim and philosophy of the module is applicable to other
modules as well. The second part of the discussion outlines the recommended content for
the anthropogenic module in detail.
Aim and Philosophy of the Modules
The e-learning/e-working modules should aim to be introductions to the topics and based
on basic knowledge of physics and chemistry on the part of the user. This module, as well
as the others, should have the following goals:
• The acquisition of a broader and deeper knowledge of the subject, beyond what is
commonly known.
• Retention of the main information through interactive exercises.
• Exchange of information and experience, via a commenting forum, as well as links
to scientific groups who study anthropogenic emissions.
The suggested target groups should be:
• University-level students of environmental and atmospheric sciences with a basic
background in physics and chemistry. The module would then be a source of
additional information, in support of what is learned in university classes.
• PhD students whose work is related to the topic of anthropogenic emission and
would like to enrich their knowledge about this topic.
• Other interested people with a knowledge of basic physics, who want to learn about
the topic.
• Researchers who want to enhance their knowledge of “the big picture” and/or who
seek communication with other scientists working on anthropogenic emissions.
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An important element of the module should be the building of connections between
research groups. In order to achieve this, a special section should be included, containing
links to the groups that use emission estimations, or who model or measure anthropogenic
emissions, as well as further reading. A special forum, where information can be
exchanged and discussed, would also be very valuable. Feedbacks and comments on the
module’s content are also desired, but should not be visible for ordinary users.
The module should also be continuously updated in order to keep the information current.
It should be designed such that maintenance and updates are relatively simple, to make it
easy to transfer responsibility for module maintenance to changing people. In this way,
when the module project funding expires, the module could be associated with a university
or other institution, which would then maintain it.
Overview of the Content of the E-Learning Module
Sources of Anthropogenic Emissions
Gases or particles are anthropogenically emitted by mining, agriculture, industry,
transportation (vehicular, aircraft, roadway), construction, fuel consumption, and waste
management. Estimates of the distributions and amounts emitted should be included, as
well as information on temporal variations. Examples of these should be surveyed,
including hyperlinks to outside sources which describe them in more detail. Examples of
sources to discuss include:
• Release of pollutants during the refining processes in coal mining
• Use of fertilizer and pesticides in agriculture, which pollutes soils and water
• Release of gases and dust into the atmosphere by industry
• Release of greenhouse gases by lesser-known anthropogenic sources, such as
domestic ruminants and rice agriculture
Types of Emitted Compounds
The module should cover the (wide) range of important gases and particles that are emitted
anthropogenically. It is not only the relative amounts of total emissions that should be
discussed, but also the chemical nature of the emissions, their reactivities and their
temporal and spatial distributions.
The major pollutants emitted into the atmosphere are:
• Oxides of Nitrogen
• Volatile Organic Compounds (VOCs)
• Carbon Monoxide (CO)
• Sulfur Compounds
• Particulate Matter (PM10, PM2.5, etc.)
The major greenhouse gases emitted anthropogenically are:
• Carbon Dioxide (CO2)
• Methane (CH4)
• Nitrous oxide
Other important trace gases to discuss include:
• Molecular Hydrogen (H2)
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• Water Vapor
• Ozone
Emissions of NOx are already detailed in the already-existing e-learning module on remote
sensing of NO2 (http://dev1.nilu.no/moodle/at2/exerciseTutor/
ExerciseModule.htm?/moodle/at2/at2-els_NO2/at2-els_NO2.htm) which contains the
spatial distribution of NOx emissions (regions and countries), as well as exercises. The
same thing could be done for the other pollutants and greenhouse gases listed here.
The following is an example discussion for molecular hydrogen. Molecular hydrogen (H2)
is one of the most abundant trace gases in the atmosphere, with a globally averaged mixing
ratio of approximately 530 ppb. However, limited attention has been paid to the sources
and sinks as well as to the role that H2 plays in atmospheric chemistry. Interest has recently
grown since H2 is regarded as a key component in the future energy chain. Anthropogenic
sources of H2 include combustion of fossil fuel, biomass burning, oxidation of methane
and oxidation of non-methane hydrocarbons (mainly isoprene).
What happens to the emissions when they enter the atmosphere?
The different compounds emitted in the atmosphere can react with different oxidants in the
atmosphere before deposition. For example, the major recognized oxidants for organics in
the troposphere are OH, NO3, O3 and the halogens. The gases can also be photolyzed. The
module should discuss some of the general chemical reactions and the thermodynamic
consequences associated with each gas (and particles), as well as what is not yet known.
Here is an example, again using H2. Soil uptake is the dominant sink for atmospheric H2
and is modeled to contribute approximately 80% to the total removal, with the remaining
part being degradation by oxidation with OH-radicals. Due to the larger continental area,
the sink strength of the Northern Hemisphere (NH) is larger than that of the Southern
Hemisphere (SH) resulting in higher mixing ratios in the latter. Little is yet known about
the biogeochemical cycle of hydrogen, its emissions into and removal from the
atmosphere, and to a large extent this is due to the limited number of measurements
performed to this date. For the most part hydrogen observations have been sporadic and
they have often been limited to remote background sites.
Projections for the Future
For each gas and aerosol type, the module should discuss the existing theories and
predictions for future emissions. For example, it is important to discuss how emissions
will change as the supply of fossil fuels diminishes, the global temperature rises, and the
emissions of greenhouse gases are reduced in order to mitigate the effects of climate
change.
The following is an example discussion for H2 in the future. A future wide-spread use of
hydrogen and the expected Earth surface temperature rise might significantly alter the
sources and sinks of atmospheric hydrogen. It is therefore crucial to quantify and monitor
the present day global and regional distribution of molecular hydrogen, and to analyze its
budget and the recent trends of its atmospheric concentration before these changes occur.
Initial studies suggest that a hydrogen economy may bring both atmospheric benefit and
danger, although especially the results concerning possibly negative effects on the
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atmosphere are ambiguous.
A Survey of Available Inventories
The module also should include a survey of available inventories at both the global and
regional scales. The main anthropogenic inventories already available on the ACCENT
website are on a global scale : POET, RETRO, EDGAR3.2FT2000, CO2 Andres and al.,
GEIA v1 and AMAP-Mercury. These inventories are described briefly here to illustrate
how the survey can be developed.
POET Global emissions of gases from anthropogenic sources (17 species) have been
estimated at 1o ! 1 o spatial resolution for the period 1999-2000 with annual time
resolution. Anthropogenic emissions are based on national activity (e.g. fuelwood
combustion per year) and data provided by statistics from the UN and the IEA
(International Energy Agency) is used to derive emission factors (e.g. kg CO/kg fuelwood
combusted per activity) and grid maps for spatial distribution of the emissions within a
particular country.
RETRO Data sets of anthropogenic emissions (24 species) were generated at 0.5 ! 0.5
degree spatial resolution, covering the period 1960 to 2000 with monthly temporal
resolution. These emissions are derived from the TNO database as well as the VERITAS
inventory of international ship traffic emissions.
EDGAR 3.2 FT2000 Global anthropogenic emissions for the year 2000 for 7 species at
1!1 degree spatial resolution with annual temporal resolution. Data sets were provided by
the EDGAR3.2 inventory (Olivier and Berdowski, 2001) and National Inventory Reports
to the UNFCCC. Emission factors have been used for those countries for which
information on emission reduction was available and in general these emissions factors
have been taken from the CRF emission data files which are part of the National Inventory
Reports (UNFCCC).
CO2 One degree latitude by one degree longitude data sets from fossil fuel consumption
and cement manufacture were produced for the years 1751 to 2003 with annual time
resolution. National estimates of carbon emissions (available from CDIAC) were
combined with 1!1 degree data sets of political units and human population density (GISS
data sets) to create the new 1!1 degree carbon emission data sets.
GEIA V1 GEIA provides global emission inventories on a 1!1 degree grid, with annual
temporal resolution for 15 species and monthly resolution for NOx and SO2. The data
periods depend on each compound, but vary between 1970 to 2000. This compilation of
emissions inventories is different from the ones listed above because many scientific
groups have taken responsibility for developing it.
AMAP-Mercury These inventories cover the nominal years 1995 and 2000 with annual
temporal resolution. Data sets were derived from national emission estimates and other
mercury emission inventories (e.g. EMECAP for Europe) at 0.5!0.5 degree spatial
resolution. Population distribution datasets were used as surrogates for spatial
distributions.
As can be seen, the method of construction for each is different. Inventories differ both in
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the data sources used (consumption and emission factors) and components which they
study. In the majority of cases, emission factors are derived from published literature, but
in others they are obtained during measurement campaigns. In general, though, the
inventories were produced using population density charts on a 1!1 degree scale. All of
these aspects will need to be included in the surveys provided in the modules.

9. Report on an e-working module on emissions of aerosols
Gerard Capes, Gregor Feig, Killian Miet, Velibor Novakovic
Introduction
The introductory page for this e-working module should describe why aerosols are
important and briefly describe the four main topics: Sources and types, Effects, Sinks, and
spatial and temporal variability.
These four topics will be covered in greater depth in the subsequent pages. From each of
these sections there should be a link to pages that cover the topic in more depth.
The pages that will convey the main information should be fairly limited in text and should
have lots of figures or interactive diagrams. The pages should follow the outline provided
in the introduction.
Topic 1: Aerosol Types and sources
Aerosols can be divided into primary and secondary aerosols and also into at least three
major source types: natural, biomass burning, and anthropogenic. It might be best to have
one section on secondary aerosol that includes various sources.
Primary natural aerosol includes three major types : mineral dust, sea salt and biological
particles. A section on mineral dust should include maps of source regions and discussion
on saltation. There should be additional discussion on advection across and deposition to
ocean and nutrient poor regions such as the Amazon. This could be linked to more
discussion on effects including importance as a source of nutrients for ocean and rainforest
ecosystems. A section on sea salt should include an explanation of bubble bursting
generation of sea salt aerosol. This should be linked to an effects section discussing the
importance of sea salt as CCN. The primary biological particle section should describe the
various source types (e.g., fungal spores, bacteria, viruses, pollen) and be linked to an
effects section that discusses health effects including allergies and disease transfer.
The biomass burning section should include satellite imagery showing the extent and
variability of smoke plumes. There should be a section on the composition of these
particles including the relative contribution of black carbon (BC) and organic carbon (OC).
This section should be linked to a section providing information on how the different
phases influence radiative properties.
A section on anthropogenic emissions should provide information on the major sources
including mobile and stationary combustion sources, industrial and agricultural dust

43

generation. There should also be sections discussing the production of primary BC and
OC, the production and processing of Anthropogenic SOA, sulfate, nitrate and ammonia
components of aerosol and the role of photochemical smog. This section should have links
with the module on anthropogenic emissions.
Secondary Organic Aerosol (SOA) topics include Biogenic SOA from vegetation and
DMS from marine organisms. Both of these topics should link to a discussion of possible
feedback couplings involving these natural emissions and climate.
Topic 2: Aerosol effects
This section should include both radiative and health effects. Radiative effects section
should describe how aerosols affect the radiative balance of the atmosphere. The health
effects of aerosols should include PM10, PM2.5, PM1.0 regulations and discuss the cost of
health effects and excess deaths. This could include a link to WHO website.
Topic 3: Aerosol sinks
Aerosol sinks include dry deposition and wet deposition. This section should include
information on the relative importance of dry and wet deposition and how this varies for
different types of aerosols. The mechanisms controlling wet and dry deposition should be
described along with the role of key environmental variables. This could include the ability
of particles to be cloud condensation nuclei.
Topic 4: Spatial and Temporal Variability
This topic should describe the magnitude and distribution of aerosol spatial and temporal
variability. This should include a discussion of the factors controlling these variations and
how they will respond to land-use and climate change. The relative contribution of sources
and sinks to this variability should be described.

10. Report on an e-working module on biogenic emissions
Pawel Misztal, Silvano Fares, Domenico Taraborrelli
The e-working module on biogenic VOC emission measurements could describe the
reason why hydrocarbons are emitted by plants, which compounds are emitted, as well as
the range of approaches and analytical techniques that are used to characterize emissions
over different scales (i.e. leaf, canopy, landscape and regional scale). This should include a
section on analytical methods and another section on flux techniques.
Which compounds are emitted by plants and why?
These compounds are usually referred with the acronym VOC that stand for Volatile
Organic Compound. The compounds emitted by vegetations can mostly be classified in
terpenes and oxygenated organic compounds (OVOCs). The terpenes homologes
compounds that all contain isoprenoid elements, -CH=C(CH3)CH=CH- .
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Plants emit in the atmosphere Biogenic Volatile Organic Compounds (BVOC), and
emissions are estimated at 1-1.5 TgC year-1 on a global scale. These emissions account no
more than 3% of the total carbon exchange between biota and the atmosphere, but they
play an important role in the oxidative chemistry of the atmosphere, consuming hydroxyl
radicals and consequently the lifetime of radiatively active trace gases like methane. Even
more importantly, BVOC may contribute in the presence of anthropogenic pollutants,
namely NOx, to the formation of ozone, photochemical smog, and particulate matter. In
non-stressed conditions, Isoprenoids are the main constituent of BVOC, and forest plant
species are the most important isoprenoid emitters.
Isoprene (2 mehyl-1,3 butadiene) is an hemiterpene with the formula C5H8. It is thought to
be the most emitted VOC globally. The estimate of its annual global emission is on
average 580 Tg/yr. Its emissions affect substantially the atmospheric composition both
near the source area and downwind.
Monoterpenes are 10-carbon atoms very representative emitted by plants, especially oak
species in the regions with Mediterranean climate. Their chemical formula is C10H16 . The
estimate of their annual global emission is 127 TgC/yr. Visual association between their
chemical formulas and the smells they responsible for. For instance limonene <-> citrus.
The most abundant monoterpenes species emitted are Linalool, ",#-pinene, Limonene,
Terpinolene, ",#-Phellandrene, c,t-#-Ocimene, also emitted by pines and several tree
species belonging to the Fagales group. Moreover, a large group of plants evolved the
capacity to store monoterpenes in specialized organs like ducts or glands, and are
massively emitted when these organs are broken under mechanical stress. Also if
monoterpenes emission is lower then isoprene at a global scale, the role in the atmospheric
chemistry for monoterpenes is higher because of the higher reaction time then isoprene
with pollutants like ozone and NOx.
Sesquiterpenes are 15-carbon BVOC and they are synthesized by plants also emitting
isoprene or monoterpenes. Their formula is C15H24 . The most known ones are betacaryophyllene and alpha-humulene. They turn out to be extracted (and probably emitted)
by two plants important for producing beverages. In fact alpha-humulene is extracted from
“humulus lupulus” that is commonly used in brewery and beta-caryophyllene from cloves
also important to make Gluehwein during Christmas time. (This e-working module would
profit from doing the visual association of the chemical structures of these two
sesquiterpenes and one glass of bier and one of gluehwein.). Due to their high reactivity
often higher than monoterpenes, they are very important in the chemistry of atmosphere,
but difficult to measure for their fast reaction with ozone. They have been studied in
southern and central Europe.
A second class of BVOC is represented by the oxygenated hydrocarbons. Methanol is one
of the most abundant indicator of leaf expansion. Other compounds emitted in response of
injury are methyl-jasmonate and ethylene, c-6 compounds from the breakdown of
membrane lipids which are giving the “green leaf smell” after cutting the grass. Again a
visual association between its formula a person cutting the grass is welcome in this eworking module. Acetaldehyde and methyl-butenol. Acetone, CH3COCH3, are emitted in
large amounts by the buds of the conifers.
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Ethene was found to induce defensive reactions within the plants that produce it. It perhaps
more interesting to reader to show that it is also a plant hormone and used to make fruits
like lemons and tomatoes ripe.
The role of BVOC emitted in the atmosphere is very important, also because the metabolic
cost in terms of fixed carbon re-emitted in the atmosphere is relevant. Normally, the
emission of isoprenoids is typical of less evolutionary advanced plants. It was observed
that BVOC protect the plants against oxidative drought and ozone stress. It was found that
BVOC are involved in a mechanism of thermal protection after observing that isopreneemitted leaves were more resistant to the stress. The latter hypothesis was confirmed, and
the role of antioxidant against all oxidative stress was attributed to the BVOCs. The
hypothesis that the lipophylic isoprenoids interact with lipids in membranes strengthening
membranes exposed to the stress was proposed. BVOC may also scavenge pollutants in
the intercellular spaces with direct and indirect reactions and reducing the potential level of
membrane oxidation. It was found that isoprenoids may remove NOx in the intercellular
spaces, thus limiting the signaling cascade which leads to programmed cell death. The
emission of isoprenoids was increased after exposure to high ozone levels in plants of
transgenic Tobacco and Holm oak although other studies observed a limitation to VOC
production probably caused by a biosynthetic limitation of the VOC precursors.
Isoprenoids play a defensive role also against biotic stress. They can deter insects and
herbivore feedings and block the colonization of wounding by bacteria and fungi.
How are BVOCs emitted?
VOCs that are emitted directly have to be separated from the ones stored in pools.
Consequences on the emission dependencies on light and temperature have to be indicated.
A basal emission is usually defined as the emission of a VOC under standard conditions,
eg. T= 303 K. It is assumed a constant quantity but unfortunately this turns out to be not
case. In fact it changes with the season and the age of the plants (phenology). For instance
delay effects have been observed in spring in boreal deciduous forests. The emissions of a
certain VOC do not start significantly until a few weeks of warm spring weather is
experienced by the plants.
Analytical methods
The most commonly used method for quantifying and identifying biogenic VOC is
capillary gas chromatography (GC) with flammable ionisation detection (FID) for
quantification and a mass spectrometer (MS) for identification. This approach is relatively
slow (~30 minutes) but gives both qualitative and quantitative results. To achieve a
detection limit as low as ppt, the sample must be preconcentrated by using
preconcentration systems based on cryogenic or sorbent principles. Some recent variants
of chromatographic instrumentation with better detection and speciation of biogenic
compounds involve gas chromatography-time of flight mass spectrometry (GC-TOF/MS)
or comprehensive gas chromatography-time of flight mass spectrometry (GCxGCTOF/MS)
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Another analytical method is Proton Transfer Reaction Mass Spectrometry (PTRMS), which has been recently widely used for the quantification of many biogenic
volatiles. The advantage of this method is that it is very fast with analysis time in the order
of seconds and with sensitivity in the ppt range. However, this method often requires
combination with other techniques in order to validate what compounds are contributing to
which particular masses. On the other hand, the recent development of the Proton Transfer
Reaction - Time of Flight - Mass Spectrometer (PTR-TOF-MS) enables much higher mass
resolution, thus allowing for the separation and detection of the majority of isobars.
Flux techniques
An estimate of how much of a particular biogenic compound is emitted to the atmosphere
or how much is taken up by plants can be made using a variety of methods, which include:
1. Leaf cuvettes. These include systems that are temperature controlled and connected to a
data acquisition and control system. When included as a component of a leaf gas exchange
measurement system, they can be used for evaluations of photosynthesis, transpiration and
stomatal function of a leaf. Cuvettes can be designed for a variety of plant types include
conifer species.
2. Branch enclosures. These rely on enclosing individual branches of trees with light
transparent Teflon or Tedlar bags. They have the advantage of averaging the measurement
over a larger amount of foliage but generally lack environmental control.
3. Flux towers and airborne systems. Canopy scale flux measurements using tower based
systems can be used to characterize temporal variations while airborne systems can
characterize regional variations. Flux can be determined using the aerodynamic gradient
method, where the concentrations are measured at two or more different heights, or by the
Eddy Covariance (EC) technique, which is the most direct method for measuring the
exchange between the vegetation and atmosphere. The general principle of EC flux is the
covariance of the instantaneous deviation of the concentration and the corresponding
instantaneous deviation of the vertical wind speed. In order to fulfill the requirements for
this method, sensors as fast as 10Hz are normally required. The PTR-MS is suitable for the
BVOC flux determination by EC. In addition, a chemiluminescence Fast Isoprene Sensor
(FIS) can also be used for eddy covariance flux measurements.
Other ideas to be included in the module
During the discussions about the modules, several ideas were suggested for making the
modules more interactive. As a fundamental part of the learning process we find important
to make quizzes related to each topics. For instance a multiple choice questionnaire that
visualize in a funny way how much of certain VOC is emitted globally by vegetation. Two
examples are given below:
Quizzes
1. How much isoprene is emitted every year in term of persons ?
The population of : a. Paris; b. Italy; c. Europe; d. World
Answer: Isoprene is emitted in 580 Tg/yr = 5.8 1011 kg/yr (Guenther et al.(2006)). This
corresponds to about :
~7.73 billion people(75kg)/year ~ the World + another India
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~ 212 million people(75kg)/day > Germany, Italy and France (they could be visualized
with the relative maps or with the relative common stereotypes for each of these
countries.)
~ 8.8 million people(75kg)/hour ~ the population of a fairly big city
The annual global monoterpene emissions correspond to the population of:
a. Europe + USA; b. China + Europe; c. USA + Africa; d. South America + USA
2. Interactive animation
It is advisable to let the reader interact and play with an animation to fix a few concepts in
his/her memory. For instance an animation with the sun rising and setting and the resulting
changing emissions of a tree. Another animation would be to let the reader change
parameters like basal emission, temperature and light intensity and see the effect on the
isoprene emission. Regarding the light intensity, a much more attractive idea would be to
let the reader change the level of cloudiness choosing for instance the number of clouds
over a tree. The exercise could be repeated with VOC stored in specific pools for which
the light intensity does not affect the emissions as strongly as for isoprene.
Parameterizations for such variables like temperature and light intensity should be easily
derived as simplification of relationships presented in the tutorials.
Looking or making fruits ripe: Ethylene, also known as the 'death' or 'ripening hormone'
plays a regulatory role in many processes of plant growth, development and eventually
death. There is a nice web page showing the developmental stages of strawberry correlated
to the ethene concentration
(http://www.ru.nl/tracegasfacility/life_science_trace/plant_physiology/ethylene_during/)

11. Report on an e-working module on biomass burning emissions
Gaelle Clain, Vijay Kanawade, Lucia Viegas de Barros, Cathy Liousse
Introduction
Human activities – industrial, agricultural, residential, and transportation and natural
activities – lightening induced fires, volcanoes, and extreme temperatures cause vast
quantities of chemical species to be emitted into the Earth’s atmosphere, particularly in the
troposphere. In turn, atmospheric pollution in the troposphere is becomes a global
phenomenon in which local and regional scale emission drive tropospheric chemistry on
hemispheric scale and directly impact on the air quality and climate change. Biomass
burning is estimated as a major source for the global carbon budgets of many trace gases
such as carbon dioxide (CO2), methane (CH4), ozone (O3), carbon monoxide (CO), and
non-methane hydrocarbons (NMHCs) and also fine mode particles in the troposphere.
Both the CO2, CH4 and BC directly influence the global warming on the earth while fine
organic particles mostly induce global cooling. Moreover, changes in oxidizing capacity
relating to CO variability could perturb the growth rates of many greenhouse gases. Thus,
their atmospheric accumulations due to an increase of biomass burning emission will very
likely cause future global climate changes. Observation of how the planet system is
responding to this perturbation is a key to understanding the consequences of both natural
and human induced modifications. On the short term and a local scale, an important
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concern is air quality, whereas on the longer term and a global scale, climate change is an
issue to be addressed.
For a biomass burning to start, there must be bio-fuel, such as wood, plants, leafs, stems,
litter, peat, dry enough to start burning, and a source of ignition, either provided by
lightning, by extremely high temperatures or by humans, accidentally or on purpose. In
densely populated regions, where biomass burnings are well monitored, spatial and
temporal distributions of biomass burning are well documented, but, for the rest of the
world, accurate data on vegetation fires is difficult to obtain. In recent years,
improvements in satellite sensors and bio-geo-chemical models allowed the construction
of a global database that provides monthly data of burned area (e.g. GBA 2000 and L3JRC
products) and then of fire emissions (e.g. the Global Fire Emissions Database version 2
(GFEDv2)). Measurement from space is increasingly viewed as a means to measure
atmospheric composition changes and to control the implementation of environmental
policies. Hence it is an essential factor to consider when evaluating climate changes and air
quality at regional as well as global level.
Structure of E-working module –
In the e-working module on biomass burning emission, we propose to include three main
sections. (i) Introduction – in this section emphasis will be given on background
knowledge of biomass burning emissions, biomass burning types, their spatial and
temporal distribution, and so on. (ii) Estimations – this section mainly comprises
different sensors used to estimate biomass burning emissions e.g. satellite borne
instruments (e.g. MOPITT on EOS Terra Satellite, SCIAMACHY on ENVISAT, TOMS
aerosol index, AVHRR, SPOT-vegetation, MODIS active fire maps, IASI on Metop A
etc.), aircraft observations (SAFARI etc.), ground-based measurements, and laboratory
experiments and methodologies to derive emission inventories (bottom-up, top-down).
Further, emission inventory validation by comparing models with observational data will
be discussed. (iii) Impacts – in this section, various impacts of biomass burning emissions
will be discussed. In particular, impact on air quality and public health, landscape change
degradation of ecosystems, direct radiative forcing by aerosol and greenhouse gases,
indirect radiative forcing by precursors of greenhouse gases, etc. This e-working module
will also be featured by coupling with interactivity with several webpages, discussion
forums, personal contributions etc., which has great importance for policy makers.
An example of the display of the module is given in Figure 5.
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Figure 5: Suggestions for the content of the e-working module on biomass burning
emissions
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12. Report on an e-working module on modeling
Céline Aulagnier, Xiaoyan Jiang, Palmira Messina,
Max McGillen and Lucio de Souza
Introduction
Discussions within this working group led to a consensus that interactivity is central to
understanding the science of modeling. We underline the importance of adding exercises
about general equations used in many models that could be resolved using free
programming languages (e.g. Scilab). We believe this is of particular importance since
information regarding the practicalities of modeling cannot be located in existing books or
websites, where models are generally treated as black boxes.
As an introduction to the e-working modules, we suggest that general information
regarding what a model is, why do we need / use models, etc. The introduction provided
by G. Brasseur would form an excellent basis for the introduction to this module.
Content
As a first step, we present a simple model, where the user is able to produce a more
realistic model by adding more parameters. As an example, the radiation balance model,
presenting Earth without atmosphere is described. This simple model is used to calculate
the average temperature of the Earth, and is found to be highly inaccurate (~-18C).
Subsequently, an atmosphere and the various components that contribute to radiative
forcing is included. Eventually, a more realistic result of approximately 15C should be
approached. Throughout these iterations, the user is allowed to change certain parameters
(e.g. simple changes such as a change in albedo, or more subtle change such as an increase
in CO brought on by biomass burning). Another interesting extension could consist of
running the model using data from different IPCC scenarios.
We propose the following e-learning website structure:
1 – Introduction to modeling
1.1 – What is a model?
1.2 – Why do we need models?
2 – Applications of Models: this could be done using the following links
Air quality forecasting e.g.http://www.prevair.org/fr/prevision_o3.php
Weather forecasting e.g.http://www.cptec.inpe.br/animacao/eta/
Climate prediction e.g. http://www.cpc.noaa.gov/
3 – An example of a physical process and how to describe it in a simple model.
Simple radiation balance model: input radiation, albedo, no atmosphere.
Result: calculate the surface temperature.
But: it’s very cold! (~-18C)
4 – Improving the design of the model.
Atmosphere, greenhouse gases (380 ppm CO2), [CO2], absorption coefficient.
Result: warmer.
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5 – A realistic model (!15C).
Below there is a link to download the SCILAB free language programming and find some
documentation and support to begin programming. Some of the authors have learned
programming with this language, so don’t be afraid, you will make it!
http://www.scilab.org/download/index_download.php?page=release.html
http://www.scilab.org/
6 – Conclusions
It is important to model the important features of a system, with realistic result only being
obtained from true representations of reality.
Figure 6 shows an example on how to discuss resolution issues.

13. Final remarks on the development of e-working modules
Matt Johnston and Roy Wichink Kruit
A working group was formed to consider the structural requirements of a website
dedicated to e-Learning. Our focus was primarily related to aspects of the website that
would be common to all the e-Learning modules developed in the other working groups.
Instead of focusing on content, we addressed such issues as layout, consistency, integrity
and other general concerns. Our recommendations fall into the following categories:
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User Definition
Before developing a website dedicated to e-learning or e-working, one of the most
important things to consider is who the audience will be. Having a clearly defined coreuser is crucial for developing relevant and useful content, and protects against too broad of
a scope, trying to be all things to all people. During our workgroup sessions, we identified
other websites which attempt to teach similar concepts as those proposed during the
summer school (example: http://www.atmosphere.mpg.de/enid/1442). However, even
though these sites covered many topics and were available in multiple languages, these
sites were generally targeted at more novice users. As such, we recommend the
Atmospheric Chemistry e-Learning Website be targeted at more advanced users (i.e. upper
level students, researchers and instructors) and function as a compliment to the existing
GEIA web-/dataportal.
Website Structure
It is very important that the e-learning/e-working website under consideration has a similar
look and feel, regardless of which module the user is in. Similarly, on a site which will no
doubt have many cross-links between modules, it is imperative that the site is easy to
navigate and that the user is always informed which page they are currently viewing. As
for structure, we recommend that the e-learning module on atmospheric chemistry start
with a general knowledge section that explains some basic knowledge about emissions,
transport/chemistry and deposition – at this point it might also be useful to redirect more
novice users to the other, more basic e-learning modules that already exist to explain some
of the basics. This general section should be followed by the more specific sections on
different types of emissions (anthropogenic, aerosol, biogenic and biomass burning
emissions). Finally, because these emissions modules will share common aspects of
modeling, the website’s modeling module should be a separate section.
The Importance of Consistency, Integrity & Quality
As long-term funding is still uncertain, we expect the website will need to be updated
dynamically (similar to wikipedia). However, this update structure could introduce issues
surrounding the consistency, integrity and quality of content. To help balance these
concerns, we recommend a modified wiki format which allows for multiple levels of users.
Basic visitors would be able to read and interact with the e-Learning content. However, if
they register, they would have access to more advanced features such as commenting,
performance tracking on exercises and forum access for questions. There should also be
contributor/instructor-level users who can easily update the content and add new exercises.
Finally, we feel it is important to have a small group of editors/moderators which review
the quality of contributed content. To ensure that the look and feel of the site remains
consistent during dynamic updates, we recommend all modules, pages, and exercises be
created from common templates. This might also make it easier to develop new
subsections in future. To insure integrity, all contributions to the e-learning module should
contain citations, copyrights and journal links. Finally, we feel that quality is paramount.
As the site is being developed, we would prefer to see one or two really good modules than
all six which are incomplete.
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Other General Concerns
We understand that the development stage will consume the majority of the proposed
budget. However, we recommend some small percentage be dedicated to the long-term
editing, administration and maintenance of the site – ideally 5-10 years. It is also important
that we do not try to reinvent the wheel. The development team should first investigate
what kind of e-learning modules already exist and see if cooperation is possible. Finally,
even if you have developed the best website imaginable, it will still not be useful unless
users know it exists. Promotion of the e-Learning website through universities,
conferences and other outlets is therefore extremely important.

14. General conclusions
Claire Granier, Alex Guenther, Paulette Middleton and Aude Mieville
The summer school gathered 58 participants from 22 different countries and 18 lecturers
from 8 countries. The lectures, posters, short presentations by participants and discussions
within the working groups were very fruitful. Many of these are posted on the GEIA web
site (http://geiacenter.org/) The discussions of the future development of e-learning or eworking modules on emissions and atmospheric modeling led to very interesting
suggestions as indicated in the report.
The main characteristics of the modules were discussed, and stimulating ideas for
developing them were proposed:
- The general consistent structure for the modules has been outlined
- The modules should be built as e-working modules, but they should include some tutorial
material
- A link between the modules should be established
- As a first step, one topic should be chosen and the module for that topic developed and
tested
- Each module should include a section on references and one on further reading as part of
the tutorial
The structures that have been proposed and discussed within the school will be further
discussed over the next few months. Next steps in the development of the modules will be
taken within the GEIA project.
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E.M. Assamoi: Regional climate in Africa and anthropogenic impacts
F. Bernard: Myrcene oxidation : ozonolysis and reaction with OH radicals
A. Boynard, Measurements and modelling of IASI tropospheric ozone
G. Capes: Biomass burning and dust aerosol in West Africa: Highlights from the
AMMA SOP0 experiment
T. Carey: Chemical characterisation of Secondary Organic Aerosol formed from
the ozonolysis of (3Z)-hexenyl acetate
M. Cazaunau: preliminary study of atmospheric degradation of Polycyclic
Aromatic Hydrocarbons with ozone
M. Cornejo et al: N2) distribution along the eastern South Pacific (12º - 55ºS)
A. d’Angiola: On-road Mobile Emissions Inventories for Metropolitan Buenos
Aires
O. d’Argouges, Diurnal variations of organic aerosols in a suburban area of
Greater Paris (France): First results of the AEROCOV program
M. Dall’Osto, Aerosol time-of-flight mass spectrometry: characterisation of single
particles from London
I. DeSmedt, Satellite observations of formaldehyde
L.S. de Souza: : GEIA data assimilation for an air quality photochemical forecast
application in Brazil
S. Fares: Isoprenoids emission and their interaction with ozone uptake in forest
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S. Fares : The protective role of isoprenoids emitted by plants in episodes of high
ozone levels
G.T. Feig: Disturbance and vegetation properties effect biogenic nitric oxide
emissions from an arid Kalahari Savanna
S.R. Freitas: : Modeling emission, transport and deposition of biomass burning
gases/aerosols in South America using the CATT-BRAMS model system
S.R. Freitas: Modeling emission, transport and deposition of biomass burning
gases/aerosols in South America using the CATT-BRAMS model system
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different remote sensing instruments?
S. Gromov: Estimation of spatial heavy metal emissions in Russia using top-bottom
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C. Hardacre: Wetlands, methyl halides and the ozone layer
L.N. Hawkins: Organic functional groups in submicron aerosol by FTIR
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K. Jardine: The exchange of oxygenated VOCs between plants and the atmosphere
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and ozone in the Houston area : Simulations with the WRF-CHEM model
M. Johnston: Environmental impacts of large-scale biofuels production
V. Kanawade, Evidence of vertical transport of CO from Measurement of Pollution
in the Troposphere (MOPITT)
H. Lukacs, Seasonal trends and possible sources of brown carbon based on twoyear aerosol measurements at six sites in Europe
M. McGillen, Description, validation and utility of a structure-activity relationship
(SAR) for the gas-phase ozonolysis of aliphatic alkenes and dialkenes
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#29 P. Messina: Data assimilation in a coupled meteorological-chemistry model
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#40 I. Steinberga, PM10 Pollution Analysis and Forecasting in Riga, Latvia
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#42 E. Tzitzikalaki, Seasonal variability of the formation of particle sulfur species
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#43 V. Vestreng et al: Twenty-five years of continuous sulphur dioxide emission
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#44 S. Wochele et al: Eutrophication and acidification of German forest ecosystems due
to atmospheric N deposition
#45 Y. Xie, VOC/NOx sensitivity analysis for ozone production using CMAQ process
analysis for the Pacific Northwest
#46 O. D. Yay: Biogenic VOC Emissions Estimation by Using the Global Land Cover
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#47 K. Zemankova: Estimation of Biogenic VOC Emissions in the Czech Republic
#48 M. Menegoz, A global three-dimensional study of sulfates, black carbon and
dust aerosols
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