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I. EXECUTIVE SUMMARY

   
The International Global Atmospheric Chemistry (IGAC) Project, under joint 

sponsorship of the Commission on Atmospheric Chemistry and Global Pollution 
(CACGP) of the International Association of Meteorology and Atmospheric Sciences 
(IAMAS) and the International Geosphere- Biosphere Programme (IGBP), was 
created in the late 1980s to address growing international concerns over rapid changes 
observed in Earth's atmosphere. The past decade of international research, much of 
which was initiated and coordinated within IGAC, has greatly increased our 
understanding of the chemical composition of the troposphere, the fluxes of chemical 
components into and out of the troposphere, and the processes controlling the 
transport and transformation of chemical components within the troposphere 
(Brasseur et al., 2003). Through a large number of projects and activities, IGAC has 
created a worldwide community of scientists, enhancing international cooperation 
towards understanding global atmospheric chemistry.    

Much of IGAC s research efforts during its first decade were directed towards 
assessing the effects of anthropogenic emissions on the background atmosphere 
( background atmosphere defined here as the present-day atmosphere in areas some 
distance away from the emission source regions).  While questions remain concerning 
the point at which observed global/regional mean trends in component concentrations 
(signal) unambiguously rise above background natural variability (noise), it is now 
well recognized that human activities have perturbed the chemical composition of the 
atmosphere on local, regional, and global scales.  These perturbations arise from        
1) emissions from fossil fuel/bio fuel combustion and other industrial processes,             
2) anthropogenic enhancements of biomass burning, and 3) increases in the lofting 
and transport of mineral dust through human-induced land-use changes.  On regional 
scales, air pollution (defined here as elevated pollutant concentrations and deposition 
fluxes resulting from anthropogenic emissions) is a serious and growing problem in 
many parts of the world.  In the industrialized mid-latitudes of the Northern 
Hemisphere, elevated concentrations of ground-level ozone and particulate matter are 
of concern from a human health perspective.  Moreover, the world s major 
agricultural regions are co-located with industrialized population regions in the 
northern mid-latitudes.  As a consequence, the impacts of regional air pollution on 
world food production can be significant.  In other regions of the world, such as 
tropical and extra-tropical Asia and Africa, anthropogenic emissions (which are 
already quite high) are projected to increase substantially in the coming decades as a 
result of the increasing energy and food demands of a growing population.  In 
addition, the development and growth of mega-cities (cities with populations >10 
million and high population densities) and urban agglomerations (a large core city 
with surrounding satellite cites which together act as a large point source in a region) 
will necessitate their consideration in studies of regional and global atmospheric 
chemistry.  The past decade of international research has clearly revealed a large 
number of atmospheric chemistry issues facing society as well as the challenges of 
studying and managing an integrated Earth System.   

These issues and challenges were discussed within several IGAC symposia and 
workshops between 1999 and 2002.  From this series of discussions several key issues 
of climate and air quality over large regional and global scales emerged:  
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1. What is the role of atmospheric chemistry in amplifying or damping climate 
change?   
1.1. What are the relative roles of stratosphere-troposphere exchange, 

anthropogenic and natural precursor emissions, in situ photochemical 
processes and tropospheric transport in controlling O3 and its effect on 
climate change?  

1.2. What are the distributions and properties of aerosol particles and their direct 
radiative effects on climate? 

1.3. What are the effects of aerosol particles on clouds, precipitation, and regional 
hydrological cycles?  

1.4. How will changing emissions and depositions of gases and aerosol particles 
affect spatial patterns of climate forcings? 

2. Within the Earth System, what effects do changing regional emissions and 
depositions, long-range transport, and chemical transformations have on air 
quality and the chemical composition of the planetary boundary layer? 
2.1. What are the export fluxes of oxidants, aerosol particles, and their precursors 

from continents (e.g., mega-cities, biomass burning, desert dust) to the global 
atmosphere? 

2.2. What are the impacts of intercontinental transport on surface air quality? 
2.3. How will human activities transform the cleansing capacity of the future 

atmosphere?   

Addressing these global research questions will require international coordination 
and collaboration since the atmosphere knows no political boundary.  The 
international atmospheric chemistry community and their interdisciplinary partners 
will need to:   

accurately determine global distributions of both short and long lived 
chemical components in the atmosphere and document their changing 
concentrations over time. 

provide a fundamental understanding of the processes that control the 
distributions of chemical components in the atmosphere and their impact on 
global change and air quality. 

improve our ability to predict the chemical composition of the atmosphere 
over the coming decades by integrating our understanding of atmospheric 
processes with the responses and feedbacks of the Earth System.   

With this knowledge decision-makers should have the tools necessary to develop 
judicious policies to manage the health of our atmosphere and its role in global 
change.  Enhanced outreach to the public will be vital to ensure that the new 
knowledge results in changes in public attitude, policy and legislation.  
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II. INTRODUCTION

   
Over the past century, humanity has been altering the chemical composition of the 

atmosphere in an unprecedented way, over an astonishingly short time. World wide 
emissions from growing industrial and transportation activity and more intensive 
agricultural practices have caused widespread increases in atmospheric concentrations 
of photochemical oxidants, acidic gases, aerosols, and some toxic chemical species. 
Many of these air pollutants are known to have detrimental impacts on human health 
and/or natural and managed ecosystem viability. Furthermore, higher fossil fuel 
consumption coupled with agriculturally driven increases in biomass burning, 
fertilizer usage, crop by product decomposition, and production of animal based food 
and fiber have led to increasing emissions of key greenhouse gases, such as carbon 
dioxide, methane, and nitrous oxide. The net effects of the build up of radiatively 
active trace gases and the changing burden of atmospheric particles appear to be 
responsible for much of the climate trend observed during the 20th century, 
particularly the warming over the last few decades [IPCC, 2001]. Predicted impacts of 
climate change include disruptions of agricultural productivity, fresh water supplies, 
ecosystem stability, and disease patterns. Significant increases in sea level and 
changes in the frequency of severe weather events are also forecast. The resulting 
effects of all these stresses on biogeochemical cycles could exacerbate changing 
atmospheric composition and result in further effects on climate. If current trends are 
unchecked, much more significant warming is predicted, potentially driving a wide 
range of perturbations in other components of the climate system.  

Twenty years ago, scientific programs addressing global tropospheric chemistry 
and the issues described above were in their infancy. Almost no observations of 
tropospheric composition on a large scale were available, many chemical 
transformation mechanisms were unknown, and global atmospheric chemistry models 
were rather crude. The past decade has seen global atmospheric chemistry research 
blossom. We have learned much about the global cycles (sources, transformations, 
and sinks) of most important atmospheric chemical species. Existing satellite 
observations have provided a wealth of data regarding the chemical composition of 
the stratosphere, and new satellite instruments probing the troposphere have recently 
been or are about to be launched. Multi platform process studies of atmospheric 
chemical processes have been conducted on an unprecedented scale. Global chemical 
transport models can now simulate with some success the distribution of key 
tropospheric chemical species, and are capable of simulating future global 
atmospheric composition scenarios. Furthermore, short lived, radiatively active 
substances such as ozone and aerosols are now incorporated as active constituents in 
most global climate models. As scientific understanding of the elements of 
atmospheric chemistry has been developed, the necessity of understanding the linkage 
between atmospheric composition and other components of the earth system has been 
realized more explicitly. Ten years ago, the concept of having an "earth system" level 
view was a rather abstract idea. Feedbacks between, for example, changing climate 
and changing terrestrial emissions, or changing climate and atmospheric chemical 
composition, were not included in models.  Now, we are on the threshold of a more 
quantitative understanding of the role of atmospheric chemistry in Earth s system 
processes and of developing strategies to integrate that knowledge into a predictive 
capability. 
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Global tropospheric chemistry and the issues described above have received 
growing attention not only from the members of the scientific community, but also 
from decision makers in governments and industries. With society's increased 
recognition of the importance and value of the environment, the relation between 
atmospheric chemistry research and environmental policy design has been growing 
substantially over recent decades. In some cases, international treaties to reduce 
emissions have been enacted and actions to protect the global environment have been 
taken. Major challenges remain, however. Although substantial advances have been 
made in understanding fundamental processes in the chemical system of the 
atmosphere, our predictive capability remains limited in spite of its importance for 
informed decision making. The uncertainties in our forecasts of air quality and 
climate change are still high.  In addition, new and challenging problems at the 
chemistry weather, chemistry climate, and chemistry ecology interfaces are 
emerging and will require much attention in the future.  

Beginning in 1999, as part of IGAC s integration and synthesis of a decade of 
tropospheric chemistry research (Brasseur et al., 2003), a series of discussions and 
workshops (see section VIII) was held to define the atmospheric chemistry research 
challenges for the next decade.  These discussions are summarized in the two research 
themes and seven research questions described in the following section (III).  There 
are many overlaps in the measurements and modeling needed to address the seven 
questions. This can clearly be seen in the Approach outlined here after each 
question.   Although the primary foci of IGAC continue to be the composition (gases 
and aerosols) and chemistry of the atmosphere, the research themes and questions 
recognize that the atmosphere, hydrosphere, biosphere and pedosphere form an 
interacting system whose components collectively determine the future evolution of 
our planet.  The research efforts to address the questions outlined here will thus at 
times require coordinated projects with other components of IGBP and the other 
partners of the Earth System Science Partnership (ESSP).   More specifically, many of 
the research questions outlined here require an understanding of the exchange of 
chemical species between the atmosphere and the adjacent surfaces.   These interfaces 
are the major foci of the new IGBP core projects SOLAS (Surface Ocean Lower 
Atmosphere Study) and iLEAPS (Integrated Land Ecosystem Atmosphere Process 
Study), IGAC will need to work closely with these projects to bring the combined 
scientific expertise to bear on question.  Several of these linkages are listed in section 
IV.  Finally, section V discusses the implementation strategy for the new IGAC.  
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III. SCIENTIFIC QUESTIONS

  
Theme 1  -  What is the role of atmospheric chemistry in amplifying or 
damping climate change?   

During the past decade the atmospheric chemistry research community has 
identified and quantified the distributions of a number of radiatively-active 
substances.  However, in most cases, the level of scientific understanding in the 
calculated radiative forcing of these various substances is still extremely low (IPCC, 
2001).  A major theme of IGAC will be to reduce the uncertainties in the calculated 
radiative forcing of the climate system and to understand the role of atmospheric 
chemistry in amplifying or damping climate change.      

Figure 1. Anthropogenic and natural factors causing a change in radiative forcing 
from year 1750 to year 2000. (IPCC, 2001).   

Part of the uncertainty associated with the calculated radiative forcing by various 
components is in defining the background atmosphere and the natural variability of 
this background.  The "background" atmosphere, despite decades of research within 
IGAC and other programs, is still not clearly defined.  Normally it has been taken to 
describe the chemistry of remote regions of the atmosphere, free from human 
influences.  One of the lessons of past atmospheric chemistry research is that such 
regions apparently no longer exist - even the remotest regions, such as the central 
Pacific and the polar stratosphere show substantial influences from anthropogenic 
emissions at least for part of the year.  Many attempts have been made to simulate 
pre-industrial atmospheric chemistry, but these modeling studies are highly uncertain 
and vary widely in their results; pre-industrial trace gas measurements are too sparse 
and (mostly too uncertain) to allow a reliable assessment to be made.  It is also 
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unclear whether the changes in climate need to be accounted for in defining the 
background state of atmospheric chemistry versus anthropogenic changes.  Changes 
in circulation patterns (source-receptor regions) and rainfall, for instance, can have 
substantial effects on various aspects of atmospheric chemistry.  Furthermore, the 
natural variability in circulation and emissions patterns, which can be quite complex, 
needs to be taken into account in defining the range of states which can qualify as 
"background".  Nevertheless, a "reference state" is needed in order to define the 
current and future changes brought about by human activities, and to be able to put 
this in a clear socio-political context.  Furthering our understanding of the background 
state of the atmosphere and its natural variability will be (whether formally or 
informally) an underpinning activity within all of the future IGAC projects.    

   

Figure 2: There is a large natural variability in the stratospheric aerosol optical 
depth due to the eruption of volcanoes.  Natural variability is an important 
characteristic of essentially all variables describing the Earth system.  

The research activities within IGAC that address these issues have been divided 
into four questions covering emissions and deposition of gases; the processes 
controlling the distribution of ozone and its precursors; the sources, sinks, 
distributions and properties of aerosol particles and their direct radiative effects on 
climate; and the effects of aerosol particles on clouds, precipitation, and regional 
hydrological cycles.  
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Question 1.1 What are the relative roles of stratosphere-troposphere 
exchange, anthropogenic and natural precursor emissions, in situ 
photochemical processes and tropospheric transport in controlling ozone 
and its effect on climate change?   

Background

 
During IGAC-I there has been great progress in increasing the coverage of ozone 

observations (mapping and climatology) and in elucidating processes affecting its 
photochemistry and transport.  Much of the advance is due to campaigns sponsored 
within IGAC activities.  In addition, models of various scales, from zero-D to 
coupled-global-chemistry-transport (CTMs) have improved our ability to interpret 
observations and to look backward and forward in time.  The in-situ view and 
modeling complement an enhanced global mapping capability provided by a new 
generation of satellite instruments. 

Three areas emerge in tropospheric ozone chemistry as defining issues for IGAC. 
The first, current global tropospheric ozone observations (and related constituents and 
parameters) do not provide adequate spatial, vertical or temporal resolution to 
quantify the processes controlling ozone and its effect on climate change.  The second 
issue focuses on transport processes as sources and sinks of ozone in the troposphere.  
Deep convective mixing and stratosphere-troposphere exchange closely tie this issue 
to SPARC.  Boundary layer exchange and long-range horizontal transport tie this 
issue to question 2.2. The third issue focuses on basic chemical processes related to 
ozone (and other oxidant) formation and destruction.  This third issue is discussed in 
more detail in question 2.2.3 under the broader heading of the cleansing capacity of 
the atmosphere.   

Approach

 

Measurements of Ozone  

Several initiatives during the past decade were aimed at improving the expanding, 
but still incomplete, global picture of tropospheric ozone.  There are several 
approaches needed for global ozone mapping: satellite, in-situ, and modeling.  
Satellite climatologies of tropical and approximate mid-latitude (several month 
average) concentrations were all that was available from space in the early IGAC 
period.  Refinements now provide daily, near real-time tropospheric ozone column 
measurements in the tropics (TOMS, method introduced in 1997) and extra-tropics 
(GOME, launched in 1995).  Coverage and accuracy are sometimes limited and 
clouds and aerosol particles are known interferences in the retrievals.  A new 
generation of ozone sensors (three on NASA's Aura plus ESA's SCIAMACHY) will 
be operational during Phase II of IGAC, along with CO and methane column 
measurements from MOPITT and other instruments.  The community will benefit 
from the data but also be challenged to use it to maximum advantage.  Models that 
assimilate some of the space-based data are developing; some predictive capability is 
anticipated. 

Generally speaking, satellites will provide column ozone (and other trace gas) 
amounts.  In-situ measurements should be an IGAC activity in two respects.  Ozone 
combined with other chemical measurements in campaigns will be required to better 
define the photochemical budget of ozone and the interaction of chemical and 
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dynamical processes within a given regime.  Vertical profiles from soundings and 
commercial aircraft at regular locations and intervals are needed.   For example, a 
network of regular ozonesonde launches records large-scale variability, stratosphere-
troposphere exchange (STE) of ozone, pollution layers, convective transport, seasonal 
and interannual variations, along with vertical structure.  In-situ measurements on 
commercial aircraft (MOZAIC and CARIBIC) are also providing routine vertical 
profiles at major transportation hubs. 

Regular soundings are also the only way to derive global ozone trends throughout 
the troposphere.  At WOUDC (World Ozone and UV Data Centre, at Environment-
Canada, Toronto), ozonesonde data are archived for open community use.  During the 
latter stages of the first phase of IGAC, a focused effort to coordinate ozonesonde 
launches in the southern tropics and sub- tropics (SHADOZ = Southern Hemisphere 
Additional Ozonesondes) was successful in adding > 1300 ozonesonde profiles to a 
severely under-sampled region.  Balloons take on greater value when supplemented 
with campaign and satellite observations.  For example, during the IGAC- SAFARI-
92 (Southern African Fire Atmospheric Research Initiative) and NASA TRACE-A 
(Transport and Atmospheric Chemistry near the Equator-Atlantic) campaigns, data 
from more than a hundred ozonesondes were used to evaluate the relative 
contributions of south Atlantic ozone pollution from the two adjacent continents.  The 
WMO's GAW (Global Atmosphere Watch) activity is a mechanism for adding ozone 
sounding capabilities to developing nation observing programs for global change. 
IGAC can also work with IGOS-P (Integrated Global Observing System) to develop a 
more complete global network.  

Measurements of Ozone Precursors  
The budget of tropospheric ozone is controlled primarily by photochemical 

production and loss within the troposphere.  In order to understand and predict the 
trends of ozone, it is essential to have a good knowledge of the distributions and 
budgets of ozone precursors.  The distributions of many key ozone precursors are 
highly variable and inhomogeneous because of their relatively short lifetimes and 
widely scattered emission sources.  For example, the mixing ratio of nitrogen oxides 
(NOx = NO + NO2) can vary by several orders of magnitude, from a few hundred 
ppbv in highly polluted urban centers to a few pptv in the remote troposphere.  Some 
hydrocarbons, particularly naturally emitted hydrocarbons, can vary by similar 
magnitude.  The large variability and lack of knowledge in some important sources of 
NOx as well as hydrocarbons make it difficult to accurately simulate the distributions 
of these ozone precursors in models.  Because the photochemical production of ozone 
is a non-linear function of NOx and hydrocarbon concentrations, ozone budgets 
calculated by models can have large uncertainties as a result of the difficulty in 
simulating the distributions of the ozone precursors.  Thus it is essential to have a 
good knowledge of the distributions and budgets of ozone precursors.  Measurements 
of ozone precursors will not only provide important information on the distributions 
of these components, but also serve as pivotal tests for evaluating model capability.   

In situ measurements of ozone precursors, including NO, NO2, NOy and a large 
number of NMHC, have been highly successful both at ground stations and on aircraft 
during IGAC field campaigns.  In particular, aircraft measurements over remote areas 
such as the Pacific Ocean (IGAC's APARE campaign), the Atlantic Ocean (IGAC's 
NARE, NASA's TRACE-A, and the SAFARI campaigns), and the Indian Ocean 
(INDOEX) have greatly increased our knowledge of the distributions and budgets of 
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ozone and ozone precursors.  These measurements need to be continued.  
Furthermore, concurrent satellite measurements (GOME, TES) of ozone and ozone 
precursors can potentially revolutionize our understanding of the budgets and 
distributions of ozone and ozone precursors by substantially increasing the spatial and 
temporal coverage of data.  Finally, satellite measurements will also provide the 
distributions of key tracers that can help address key scientific questions regarding 
stratosphere-troposphere exchange, which are discussed in the next section.  

Other measurements that need to be emphasized are components that contribute 
significantly to the budgets and distributions of odd hydrogen components, i.e. OH 
and HO2.  Like ozone, these are also pivotal to the cleansing capacity of the 
atmosphere.  Water vapor is an essential component in the production of OH and 
HO2.  Accurate measurements and good spatial and temporal coverage of water vapor 
are still lacking, especially in the upper troposphere and lower stratosphere.  H2O2, 
CH3OOH, CH2O, acetone, and other similar organic compounds have been shown to 
be important sources of OH and HO2 in certain regimes of the troposphere. Satellite 
techniques for observing these components are currently being developed.   

Figure 3. An accumulation of ozone over the south tropical Atlantic Ocean can be 
seen as a year-round feature, shown here for September-October-November.  This 
feature appears in satellite data, aircraft sampling and in soundings (these from 
SHADOZ: http://croc.gsfc.nasa.gov/shadoz). The tropopause is more a "layer" 
than a thin barrier, and dynamical as well as photochemical inputs of ozone appear 
to contribute to the enhanced ozone concentrations.  


