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Overview & Recommendations

Impact of Climate Change on Air Quality
4™ ACCENT Barnsdale Expert Workshop

1. Executive Summary

Climate change is already upon us — the first 2007 IPCC Scientific Report provides near
certainty that it is happening together with ample evidence to show that it is induced by
human activities. Climate change is a consequence of the increased concentrations of
CO; and other radiatively active trace gases together with particulate matter in the
global atmosphere. The overall effect is to entrap energy in the lower atmosphere,
increasing the average surface temperature, increasing the intensity of the circulation
and probably changing the general pattern of the weather systems themselves, with
direct consequences for us who live on the surface.

Air quality depends the trace gas emissions from the biosphere and from human
activities, the chemical reactions which govern the concentrations of trace species in the
atmosphere, and on the temperature and the weather systems.. All these processes will
be affected by the changes in temperature and circulation, so air quality is likely to be
subject to appreciable changes as well. And this is added to the probable increases in
human-produced emissions due to the necessary increases in industrial activity as we
attempt to cope with the Earth's ever increasing population.

While some qualitative effects of climate change on air quality can be imagined, the
detailed response for any particular place or region is far from clear. In the future, the
majority of the parameters within the models used to encompass our understanding of
air quality will change as the climate changes, as will the emissions and the land use
which governs many of them. Whether the models which have been developed and
tested within the present climate are flexible enough to cope with the changes is,
necessarily, an open question. Thus much intensive research work, both observational
and modelling, will be required to ensure that our understanding keeps pace with the
changes so that, if possible, more extreme consequences can be predicted and possibly
avoided.

It was within this context that the ACCENT 4™ Barnsdale expert workshop on the
Impact of Climate Change on Air Quality (CCAQ) was initiated. The workshop was
held under the auspices of six ACCENT groups: Access to Emission Data, Access to
Laboratory Data, Aerosols, Remote Sensing from Space (AT2), BIAFLUX, Modelling,
and Transport and Transformation of Pollutants (T&TP). The meeting was held at the
Barnsdale Hall Hotel in Rutland on Monday to Wednesday, the 5™ to the 7™ of
November 2007. Some 45 experts attended. (Appendix 1).

The meeting was organised around four discussion groups, addressing the major areas
of concern. The workshop (4ppendix 2) started with a plenary talk on each topic. The
major part of the meeting was taken up with group discussions, the participants
reassembling to consider the recommendations from each group. The speakers, chairs,
rapporteurs and participants received detailed instructions to try to ensure that the
discussions were as productive as possible (Appendix 3). The following conclusions and
recommendations emerged from the three discussion groups.
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1.1 Investigating changes in photo-oxidants, precursors and feedback
mechanisms

1.1.1  Emissions

* Scenarios should be developed which not only take into account actual and direct
future anthropogenic and biogenic emissions but which also try to implement
downstream human-induced changes related to emission control and land-use
change.

* In situ and remote measurement techniques for the analysis of the whole range of
biogenic VOCs (i.e. isoprene, monoterpenes, sesquiterpenes) should be developed
in order to give a longer term perspective on change in the oxidative environment.

* Emission inventories for biogenic VOCs should be improved both on the spatial
and temporal scale and be expanded to include speciated terpenoids of higher
carbon number.

* Usage of satellites to assess both natural and biogenic emissions of VOCs (e.g. via
oxidation products) should be seen as a key tool in detecting directly climate
induced responses with influence on photo-oxidants.

* Potential emissions in hitherto remote regions, for example new shipping routes in
the Arctic ("North-West Passage") should be explored and their long-range impact
on the European and US boundary-layer concentrations should be fully explored.

* Usage of in situ and remote measurements to observe land-use change related to a
warmer climate (due to natural processes and anthropogenic activities (bio fuel
production/sequestration) should be integrated fully with biogenic emissions
inventories.

1.1.2  Chemical processes

* Continuous measurements of tracer compounds should be used for determination
of changes related to the long term trends in reactivity of the atmosphere by in situ
and remote techniques. Potential candidates are:

- peroxides and their precursors,
- HCHO,

- PAN,

- organic nitrates, and

- oxygenated VOCs

* Development of improved structure activity relationship (SARs), to model
degradation pathways and reactivities especially for the higher molecular biogenic
compounds, such as terpenes and sesquiterpenes are required.

* Development and validation of Arrhenius expressions for rate constants over
wider temperature ranges than at present is needed.

* Investigation of reaction rates of RONO, (organic nitrates) with higher carbon
number.

* Investigation  of  exact reaction pathways of alkoxy radicals
(isomerisation/degradation).

* Development of atmospheric chemistry models (regional and global) capable of
handling reactions at increased temperatures, say up to 40 °C.
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1.1.3  Dynamics

* Combination of satellite and ground-based observations to detect changes in
dynamic processes in the atmosphere.

* The use of explicit models to explain and forecast air pollution issues, rather than
adapting numerical weather forecast models for this purpose.

* Knowledge of the vertical distribution of air pollutants and information on
boundaries between different lower layers of the atmosphere and exchange
processes should be improved.

* The use of continuous vertical observation platforms should be enforced and
extended to reactive photochemical species. Examples are: long-term aircraft
campaigns (e.g. CARIBIC), balloon soundings, zeppelins, and the use of high-
tower networks.

1.1.4 General

Heat wave events, such as those experienced in Europe in 2003, can be important in
guiding our thinking and understanding of photochemistry in future climates [Schar et
al., 2004]. Observations in such events are limited to only those made continuously and
those where there is serendipitous coincidence of short-term activity with extreme
event.

* The European capacity to undertake responsive and short-term detailed
observation and modelling campaigns of extreme pollution episodes should be
enhanced.

1.2 Investigating changes in surface-atmosphere interactions

1.2.1 Oceans and ice

* To better predict the impact of climate change on polar and especially Arctic air
quality, improved modelling of sea ice dynamics is required. Measurement
campaigns and a continuous monitoring of surface halogen and O3 concentrations
are recommended to complement satellite data.

1.2.2  Soils

* Future research should address extreme events that are likely to affect soil water
content significantly such as floods and droughts, as these are predicted to occur
more frequently.

* Freeze-thaw events are known to trigger spring-time N,O emission pulses, and as
permafrost recedes there is likelithood that wider areas will be affected by this
phenomenon, warranting further studies.

* More field data are needed to demonstrate whether wetland CH4 emissions are
already responding to climate change, and more generally the global CH4 budget
should be better understood and quantified.

* Integrated research efforts should bring together different scientific communities
and projects that are currently focusing, with too little interaction, on fields as
wide-ranging as satellite data, remote sensing and process understanding.

1.2.3  Vegetation

* Since major global change factors such as CO,, O;, drought and temperature are
known to influence the biogenic source strength of VOCs, the short- and long-
term responses of VOC emissions to each factor and to their combinations are
required as a priority.
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* To better quantify national and global source strengths of VOCs at present and in
future, it is crucial to develop spatially resolved vegetation/land-use and
speciation maps at different spatial scales, forming a reliable basis to assess future
projected changes. Spatially and temporally disaggregated hydrometeorological
data are also needed to quantify biogenic emissions.

* An improved understanding of species specific compensation points in vegetation
for NH3 and oxygenated VOCs for dominant plant species and land management
in the model domain is necessary. Coupled predictive meteorological - VOC
emission - air chemistry - transport models should be developed for studying the
impact of biogenic sources on air quality, incorporating biogenic processes on
shorter timescales, for application on small as well as larger spatial scales.

* For the assessment of ozone damage to vegetation, and feedback effects on trace
gas exchange, there clearly is a need to develop a new assessment tool based on
ozone uptake by plants, rather than the currently used AOT40 exposure approach.

1.2.4  Land use changes: biomass burning, urbanization, agriculture

* The response of biomass burning to climate change needs to be quantified.
Research is needed on the net climatic and air quality impacts of biofuel
production and use within the framework of integrated studies.

* As major land use changes are expected in the tropics, current and future trends of
biogenic VOC emissions from tropics and their speciation should be assessed. In
all these research areas, improved land use datasets (finer spatial resolution, better
speciation) are required both for present conditions and projected changes.

* As megacities develop and since current global estimates of anthropogenic VOC
emissions are based on data from very few selected countries from the northern
hemisphere, speciated anthropogenic VOC emissions globally need to be
quantified at different spatial scales, more particularly in developing countries.

1.2.5  Atmospheric processes: turbulence, energy partitioning, hydrometeorology

* At present the consensus on effects of climate change on the frequency of
summer-time air quality episodes is that the frequency will increase, but there are
many uncertainties, and studies to tackle this issue need to integrate many of the
aspects, including increased urbanization to agricultural land use changes, and the
need for speciated anthropogenic and biogenic VOCs data to coupled
meteorological-emission-chemistry-transport models. At the ecosystem level, a
better understanding of chemical reactions on vegetation surfaces and inside the
canopy air space is needed.

1.3 Investigating changes in aerosols and their precursors

Air quality and climate science questions meet on regional scales, and it is on
these scales that key questions of boundary layer dynamics, convection, and
stability and cloud processes and their simulation, including formation, frequency,
extent and precipitation, must be better understood. For example processing of
aerosols by clouds and wet deposition requires accurate prediction of the cloud
and precipitation frequency and amount.

1.3.1  Inorganic aerosol

* Work is needed on to identify current and future trends in nitrate aerosol
distributions which depend on the free ammonia availability as well as
temperature.
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* An improved understanding of the roles of sulphur and nitrogen in the formation
of organic aerosol is needed to establish the effect on SOA of changing NOy and
SO, emissions. This is an important topic for the legislator.

1.3.2  Organic aerosol

* Organic aerosol is important as the sources, chemistry, pathways and
biogenic/anthropogenic balance will all respond to future changes in climate
change. Furthermore, it is an important component of local air quality and
regional aerosol, where between 30-70 % of submicron PM may be organic in
nature. Therefore, they present one of the biggest challenges to impacts of climate
change on air quality through aerosols. Considering the many uncertainties in the
understanding, and the likely increase with climate change, much work is required
to elucidate the fundamental processes involved in the formation, processing and
precipitation of organic aerosols.

1.2.3  Ultrafine particles

* Whilst the current metric is PM; there is growing evidence that ultrafine particles
are important from a human health perspective [Donaldson et al., 2006]. Ultrafine
particle formation is observed widely in many areas, however, this is very
sensitive to changes in ambient conditions and is highly non-linear with
temperature. Considering the potential effects of ultrafine particles on human
health, detailed work is needed on their formation and processing.

1.2.4  Aerosols and clouds

* Improved representation of clouds and precipitation processes in global and
regional climate models is much needed as well as a better knowledge of aerosol
cycling due to cloud and precipitation processes.

1.2.5  Bioaerosols

* Bioaerosols may well be important sources of ice nuclei and the atmosphere could
well be an important pathway for disease and allergen transport via aerosol
particles. Little is known about bioaerosols and their behaviour in the atmosphere.
However, as biological assay methods improve this will be an important area for
needed research.

1.4 Building observation and modelling systems to cope with future change

1.4.1  In-situ monitoring

So there are a number of recommendations to make for promoting the implementation
of common air quality and climate change infrastructures.

* Encouraging the current initiatives devoted to a better understanding of the
possible links between air quality and climate change and promoting their
development. Beyond this objective, they should help to establish common
measurement and modelling practices and databases, worthwhile for both
communities. This is precisely the stake of the project GEOMON funded by the
6" framework program (www.geomon.eu ).

* Informing and involving users, especially policy makers, who could help support
the development of operational networks for monitoring climate change species
by, perhaps, providing a regulatory framework.

* Developing synergies around a key common issue for air quality and climate:
atmospheric aerosols. Better knowledge of aerosol compounds properties is
crucial for elaborating relevant control strategies in both fields.

11



12

1.4.2

Impact of Climate Change on Air Quality

Enhancing synergies for the measurement of vertical profiles that are sought by
air quality and climate change scientists. Lidars, sonde networks could be
designed for both, as well as measurement campaigns based on aircrafts and
balloon measurements. This would the raising and highlighting of common issues
and developing links between the experts and scientists involved.

Satellite data

The recommendations are as follows.

%

1.4.3

Implementing a satellite earth-observation infrastructure based on both GEO
(geostationary) and LEO (low earth orbit) approaches. The former is required for
air quality purposes which require the monitoring of dedicated areas with a high
temporal resolution (as in-situ supersites). Probably one satellite of each type
(GEO and LEO) would be enough for Europe, extended to 2 LEO and 3 GEO for
the world.

Improving some instruments such as GOME2, especially in terms of
spatial resolution. Currently it is about 80 km % 40 km, and a resolution of
20 km x 20 km can be reached for a better representation of air quality species.

Filling in the technological gap that should hold from 2012 to 2020 between the
ENVISAT and post-Met-Op systems. This is necessary for the improvement of
CO; and CH4 global monitoring.

Promoting integrated coupled approaches by data assimilation with in-situ data
and models that will allow taking the best benefits from satellite data.

Modelling

Modelling is considered as an important approach for air quality assessment especially
if it is combined with measurements. It is also the only available mean for simulating
future climate, pollution events and for understanding their relationships. Some
recommendations for increasing confidence in modelling for policy making applications
are as follows.

*

Reducing uncertainties in coupled systems (air quality and climate) with a better
description of dynamics and chemical processes (vertical exchange, cloud
chemistry, aerosol properties, urban meteorology) ;

Controlling uncertainties describing input parameters in terms of probability
distribution functions ;

Improving emission description and quantification, especially biogenic emissions
that are particularly sensitive to climate change ;

Developing ensemble systems for focused topics (extreme events for instance) to
define the range of possible model responses and assess modelling uncertainties ;

Promoting integrated approaches linking climate, biosphere and atmosphere
systems for a better description of fluxes and concentrations.
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2. Introduction to the 4th Barnsdale Expert Workshop

2.1 Climate change

Climate change is already upon us — and, although two swallows do not make a summer,
the current sequence of the highest average annual temperatures since records began, as
well as the apparently more frequent occurrence of events linked to extreme weather,
provides ever more convincing evidence of its occurrence. The first 2007 [PCC
Scientific Report provides near certainty that it is happening together with ample
evidence to show that it is induced by human activities. The two subsequent 2007 [PCC
reports indicate the likely dire consequences in the medium and long term. The sceptics
have largely disappeared — critics now maintain that the reports are too conservative and
the deterioration will be on us sooner, and with worse consequences, than the reports
predict.

Climate change is a consequence of the increased concentrations of CO, and other
radiatively active trace gases, such as CHy, O3, CFCs etc. and also particulate matter in
the global atmosphere. The effect is to reduce the infrared radiation emitted from the
Earth into space, cooling the stratosphere and warming the troposphere. Energy is thus
trapped within the lower atmosphere and the surface temperature rises to restore the
quantity of energy emitted to space. Thus the steady state, in which energy received
from the sun roughly equals the loss of energy by radiation into space, is maintained
and the earth again remains at a roughly constant, but increased, temperature. However
the effect of entrapment of energy is not just on temperature. The weather systems
transfer energy through the atmosphere from the tropics towards the poles and the
energy contained in these systems must pass through a lower channel in the troposphere
with probable consequent increases in the intensity of weather events. In addition, the
changes in surface temperatures and energy transfer are probably changing the general
pattern of the weather systems themselves, with direct consequences for us who live on
the surface.

The immediate short and medium effects of climate change in the temperate regions of
the planet are likely to be warmer winters and longer periods of very hot weather in
summer. There is likely to be a general increase in the amount of water vapour in the
atmosphere which will probably lead to changes in rainfall patterns, and more intense
episodes of rain and wind in some areas. However, while it seems as if, where there is
presently enough water there will, at times be too much; it is likely that, thanks to the
changed circulation patterns, where there is a scarcity of water, there will be too little!

2.2 Response of air quality to climate change

Air quality depends on the weather systems which circulate the air from place to place,
the trace gas emissions from the biosphere and from human activities and the chemical
reactions which govern the concentrations of trace species in the atmosphere. All of
these processes will be affected by the changes in temperature and circulation which
will result from climate change, so air quality is likely to appreciable changes as well.
Some of the possible effects are as follows.

* Warmer winters may well reduce the high pressure stagnation periods which lead
to serious winter pollution.

* Warmer summer temperatures and lengthened growing seasons may increase the
production of biogenic compounds, which may result in increased photo-oxidant
production.

13
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* Long hot periods in summer are likely to increase photo-oxidant pollution
episodes such as that suffered in parts of central and western Europe in 2003.

* Changes in land use, resulting both from climate change itself and the economic
responses to it, will bring changes in both biogenic and human-produced
emissions.

* Any increases in storm frequency will increase the flash frequency of lightning
and the production of NOy.

* Increased temperature combined in some areas with lower rainfall will increase
the incident of serious forest fires and peat burning, increasing the release of
pollutants, sometimes on a global scale.

* Increased CO, will, for some plant species, reduce the stomatal openings, thus
reducing the uptake of pollutants such as ozone. This may be good for the plant,
but will maintain an increased concentration of ozone in the air.

And all this added to the increases in human-produced emissions due to the necessary
increases in industrial activity as we attempt to cope with the Earth's ever increasing
population!

2.3 Understanding future air quality

While some of the qualitative effects of climate change on air quality can be imagined,
the detailed response for any particular place or region is far from clear. Our experience
of present air quality is encompassed within models that use emission estimates,
chemical reaction schemes and our knowledge of plant processes, all within a
meteorological framework, to predict concentrations of trace substances and aerosols.
To try to ensure reasonable results, the predictions are compared with values obtained at
observation stations. However, with such an under-determined problem, it is not
possible to validate the models in any mathematical sense. Nevertheless the majority of
models work reasonably well within the present context.

In the future, the majority of the parameters within the model will change as the climate
changes, as will the emissions and the land use which governs many of them. Whether
the models which have been developed and tested within the present climate are flexible
enough to cope with the changes is, necessarily, an open question.

Thus much intensive research work is required to ensure that the chemical schemes
encompass the changing mix of trace substances and aerosols, that the parameters
describing biosphere-atmosphere interactions cope with changing conditions of
temperature and humidity and with new biogenic species, and that the models
themselves are flexible and are tested under suitable conditions. In addition the input
information such as land-use data, biogenic emissions and human-produced emissions,
need reviewing and updating as the changes develop.

Finally, it should not be forgotten that the atmospheric sciences have always been and
will continue to be observation-driven. As the impact of climate change on air quality
increases, it will be through observations that the inadequacies in our understanding are
revealed. Thus observational networks and campaigns, together, with improved
instrumentation, are essential if the necessary scientific understanding of the
atmospheric environment is to be maintained and improved.
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2.4 CCAQ Barnsdale Workshop

It was in the context of understanding these expected changes in air quality that the
ACCENT 4™ Barnsdale expert workshop on the Impact of Climate Change on Air
Quality (CCAQ) was initiated. The workshop was held under the auspices of six
ACCENT groups: Access to Emission Data, Access to Laboratory Data, Aerosols,
Remote Sensing from Space (AT2), BIAFLUX, Modelling, and Transport and
Transformation of Pollutants (T&TP). The meeting was held on Monday, Tuesday
and Wednesday, the 5%, 6™ and 7™ of November 2007. Some 45 experts attended
(Appendix 1).

The aims of the CCAQ Workshop were:
* to identify and review the key uncertainties in ascertaining the likely effects that

the changing climate will have on air quality, on regional, local and urban scales;
and

* to provide a basis for future collaborative research priorities in this area.

The meeting was organised around guided discussions on four topics:

Topic 1 Investigating changes in photo-oxidants, precursors and feedback
mechanisms, with changing temperature and land use.

Topic 2 Investigating changes in surface-atmosphere interactions with changing
temperature and land use.

Topic 3 Investigating changes in aerosols and their precursors with changing
temperature, humidity and land use.

Topic 4 Building observation and modelling systems to cope with the interactions
of air quality and climate change.

The groups were asked to consider the following points in their discussions.
- Each topic should consider the effects of changes in emissions, due to changes in
temperature, meteorology and land use.

- While emphasis will be on investigations of potential future changes, topics may
include a consideration of the previous hundred years or so.

- The main issues should be emphasised, within the framework of the Strategy on
Air Pollution and the new exceedance limits to be imposed.

- Topics should include large scale modelling, simulating changing meteorological
fields, as well as detailed modelling and experimental process studies.

- If possible, some attention should be given to how to assess the controls and
feedbacks in natural and anthropogenic emissions

The CCAQ workshop (dppendix 2) started with a plenary session in which there were
invited review papers on each topic. Each was followed by a short response by the
Chair of the particular group who formulated the questions to be discussed by that
group.

The groups then separated. The discussions within the groups were managed through
"voxboxes", short contributions to the topic under discussions.

The final combined plenary session was devoted to reports from the Rapporteurs of
each of the Groups and to a general discussion on future directions.

Prior to the meeting, the Speakers, Chairs and Rapporteurs had received detailed
instructions to facilitate productive discussion (Appendix 3). Each expert participant was
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asked to submit a short illustrated account of their contributions for publication in this
report. The main burden at the meeting fell on the Rapporteurs who, with help from the
Chairs, summarised the discussion and formulated the recommendations.

2.5 The arrangement of the report.

The essential part of the report is the contributions from the four Rapporteurs, giving the
recommendations of their respective groups. The reader can then obtain a perspective of
each discussion topic from the accounts of the topic overview lectures. The final section
contains the written contributions from the individual participants.

It is hoped that from the report, the reader will experience a flavour of the meeting itself,
as well as obtaining a clear impression of the necessary development of the field in the
near and medium future.

Some group photographs of the participants are appended (4dppendix 4).
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3. Investigating changes in photo-oxidants, precursors and
feedback mechanisms, with changing temperature and
land use

Rapporteur's summary from Group 1
Rapporteur: Stefan Reimann

Empa, Swiss Federal Laboratories for Materials Testing and Research, Laboratory for Air
Pollution and Environmental Technology, CH-8600 Duebendorf, Switzerland

Group 1 Participants: Alastair Lewis (Chair), Solena Turquety (Plenary Speaker), Stefan
Reimann  (Rapporteur),  Ekatarina  Batchvarova, = Tony  Cox, Russ  Dickerson,
Paul Monks, Stuart Penkett, Oksana Tarasova, Rosa Salvador, Mihalis Vrekousis.

Plenary lecture: section 9; participants' contributions, section 10.
3.1. Introduction

Climate change induced by emissions of anthropogenic greenhouse gases is gaining an
ever increasing level of attention, both within the scientific community and from
political stakeholders. The effect of increasing concentrations of greenhouse gases on
temperatures and meteorological systems is already covered in a comprehensive way in
the IPCC Fourth Assessment Report (AR4). However, the changing climate will also
affect the content of reactive trace gases and particles (relevant to air quality)
throughout the total atmospheric column. Therefore Group 1 of the Barnsdale 2007
meeting explored possible connections between climate change and photo-oxidants
levels, identified relevant processes and gave the recommendations for their future
investigation.

The overall working hypothesis is that rising temperatures have the potential to create a
more reactive, photo-oxidative environment. This statement is based on the fact that the
rates of chemical reactions are generally known to be higher with increasing
temperatures via the so-called "Arrhenius Equation". Furthermore, emissions of
biogenic reactive gases, which are participants in ozone formation processes (i.e.
isoprene, monoterpenes), will be higher in a warmer climate. These general tendencies
can however be enhanced or lowered by non-linear effects and by competing
temperature-dependant processes such as deposition at surfaces. Second order changes
of the biogenic emission can occur due the changes of the plant species for particular
regions or due to anthropogenic changes of the land-use.

) dynamics
photo-oxidants chemistry climate change
emissions

Figure 3.1.  Key processes which define the behaviour of photo-oxidants, precursors
and feedback mechanisms in a warmer climate.
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Furthermore, changes in atmospheric dynamics may be induced by a warmer climate,
and these may include both transport patterns and the exchange between the different
layers of the atmosphere (e.g. stratosphere — troposphere exchange).

Group 1 has identified three key processes, emissions, chemistry, and dynamics, which
are involved in the impact of climate change on photo-oxidants, precursors and
feedback mechanisms (Figure 3.1). These three processes will be discussed within three
separate sections, followed by recommendations regarding future observation platforms,
laboratory studies and model approaches to cover changes in the atmospheric
composition and dynamics in a warmer climate.

3.2. Changing emissions in a warmer climate

Anthropogenic emissions of precursors have been subject to regulation in developed
nations since the interaction of NOy and VOCs in the production of ozone and other
photo-oxidants was first elucidated in the 1950s [Haagen-Smit, 1952]. This has led to a
stabilisation or small reductions in peak ozone concentrations within summer pollution
events in Europe and other regions. However the response seen in continental ozone
levels is not linear with respect to those of the precursors. This illustrates the strongly
non-linear behaviour of the atmospheric chemical system. As illustration of the actual
state-of-the art Figure 2A shows that, notwithstanding the substantial reductions of NOy
and VOCs that occurred in Switzerland between 1993 and 2006, the correlation of O;
with the temperature is still almost identical. For the Baltimore area, USA, on the other
hand, peak ozone values decreased after a short term and substantial reduction in NOy
due to regulation from power plants (Figure 2B).
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Figure 3.2. A: Concentrations of O; vs. temperature during summer in Zurich, Switzerland,
1993 and 2006. B: Differences in 8-h maximum values in Baltimore, USA, between
1987-02 and 2003-06.

In spite of the different response of emission abatements the figure shows a well-
established phenomenon of more elevated Os concentrations formation with higher
temperatures in summertime regardless of location. This is an important issue regarding
O; behaviour in a warmer climate. A possible scenario could be that although emissions
of anthropogenic precursors will be lower, a part of this positive development could be
compensated by higher biogenic emissions due to the warmer climate.

Another important issue related to emissions in a warmer climate, which can be due to
both natural and anthropogenically induced land-use change: model results for the
Eastern US show that plant species will shift northwards and therefore the predominant
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maple trees, which are moderate isoprene emitters, will possibly be replaced by oak
trees with relatively high emissions of isoprene (Figure 3.3).
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Figure 3.3. Potential effects of increasing temperature on tree species in eastern USA
[McKenney-Easterling ef al., 2000].

Similarly, anthropogenic activities may also affect biogenic emissions for example
when natural ecosystems are displaced by species for carbon sequestration or for bio
fuel production (e.g. palm oil trees). In both cases emissions of the respective areas may
change, with follow-on influences on regional air pollution. An important issue in this
respect is that information about emissions of biogenic VOCs (i.e. isoprene and
terpenes) remains patchy both in respect of emissions from specific plant species and
from different regions of the world. Especially, knowledge about emissions and
behaviour of the fast reacting sesquiterpenes should be improved. For biogenic
emissions and their degradation products, satellites are able to fill important gaps
especially for global coverage of emissions and for locating hot-spot areas [Millet et al.,
2006; Wittrock et al., 2006]. This development should be reinforced.

In general, instruments and models will have to be adapted to document the changes for
air pollution induced by climate change. Scenarios should be developed which do not
only take into account actual and potential future emissions but also try to indicate
human induced changes related to emission control and land-use change.

3.2. Changing chemical processes in a warmer climate

Ever since the occurrence of heavy smog episodes in the urban environments of the
west coast of the USA in the 1950s, it has been well-known that air pollution is not only
caused by primary pollutants but also by their atmospheric degradation. Indeed
secondary air pollution, such as elevated ozone during summer and high concentrations
of secondary aerosols in winter has become more important than primary pollutants,
such as SO,, heavy metals and POPs. As an example Figure 3.4 shows a model
calculation of very high O; concentrations distributed over large regions of Europe
during the summer 2003. Furthermore, higher concentrations of PM,s have been
observed during higher temperatures both in winter and summer, although this is only
partly represented by model calculations. These particles could provide additional
surfaces for heterogeneous reactions which then could change the reactivity. For
example, it has been observed that NO, on TiO; surfaces produces more reactive nitrous
acid (HONO).

19
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In general high temperature events such as the "heat-wave summer" 2003 in Europe
have the potential to be used to test actual models for their suitability to simulate air
pollutants within a future warmer climate.

Figure 3.4. Ozone distribution during the heat-wave summer 2003 in Europe.

Specific chemical markers should be measured continuously to assess changes of the
atmospheric composition and its ability to transform emissions ("oxidative capacity").
Examples of specific tracers are partly oxidised compounds such as formaldehyde
(HCHO), organic nitrates, peroxyacetylnitrate (PAN), or peroxides. Furthermore, ratios
of VOCs and oxidised VOCs can be used as tracers to deduce specific processes such as
tropospheric ozone decline in the Arctic [Boudries ef al., 2002] or the importance of CI-
radical reactions relatively to OH-radical reactions [Hopkins et al., 2002].

In a warmer climate, models will possibly have to be adjusted to cover the new
temperature range. Figure 3.5 shows the example of modelled vs. measured O;
concentrations in the United Kingdom. Modelled and measured values are in good
compliance under moderate temperatures. However, during the days with highest
temperatures, the model tends to underestimate actual Os levels.

Whilst some of this disagreement may be due to a mismatch between emissions and
those that are generated from model inventories, it is important to consider alternative
sources of potential disagreement. Chemical kinetics are the basis of atmospheric
chemical models, so the Arrhenius parameters, where appropriate and applicable, need
to be re-examined to cover an environment with higher temperatures. Secondary effects
have to be taken into account in addition; it is for example possible that as temperatures
rise, direct photolysis may be hindered by increasing cloud cover due to higher
evaporation. As it will not be possible to measure the reactivity and degradation
pathways for all biogenic VOCs with complex structures such as the sesquiterpenes, the
investigation of structure activity relationship (SARs) and their subsequent inclusion
into chemical models is a necessity. The final aim would be to include this information
into global chemistry-climate models.
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Figure 3.5. Poor model simulations of ozone in high temperature periods (summer 2003, UK).

3.3. Changing dynamics in a warmer climate

Meteorological processes will be influenced by changing climatic conditions. Examples
of this phenomenon are the possibility of increased numbers of hurricanes in the US,
less winter precipitation as snow fall or a higher probability of heavy rain events in
Europe. Furthermore, ocean currents could be influenced by warmer surface water,
which then has a feedback onto the climate (e.g. possible weakening of the Gulf
Stream). Furthermore, the rate of exchange between different layers of the atmosphere
and (e.g. polluted boundary layer — free troposphere — upper troposphere — stratosphere)
1s an important feature which has a potential influence on the composition of the
atmosphere.

The main application of numerical models which cover dynamic processes in the
atmosphere is the weather forecast. However, these models are not necessarily the best
option for modelling or forecasting air pollution, since they are generally interested in
optimising dynamic parameters (temperature, humidity, wind fields) rather than
chemical parameters. For air quality applications, specific information such as the
detailed description of the boundary layer has to be presented in a much better way. In
other words: predicting extreme weather is probably not the best tool to be used for
prediction of the chemical composition of pollution events within future climate.

Natural or anthropogenic land-use change has the potential to influence dynamic
processes in the atmosphere. In the western Mediterranean the interaction between
marine air masses, land surface (heat and moisture exchanges), and atmospheric
pollution (aerosols affecting nucleation), within the sea-breeze circulations can work as
a threshold-dominated system. In this system, modest changes in land use and/or air
pollution emissions along the coastal areas can change the properties of the air masses
and modify the summer storm regime inland. The critical threshold is the height of the
cloud condensation level (CCL) of the airmass within the breeze with respect to the
height of the coastal mountain ranges [Millan ez al. 2005].

This situation affects the coasts of north Africa, the Iberian peninsula, southern France
and southern Italy, and suggests that land use perturbations, accumulated over historical
time and accelerated in the last 30 years, may have induced changes from an open
monsoon-type rain regime in the past, with frequent summer storms over the coastal
mountains, to one now dominated by closed vertical recirculation and fewer storms. In
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the current situation the water vapour remaining in the air and the air pollutants then
follow the return flows of the breezes aloft and accumulate over the sea (Figure 3.6).
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Figure 3.6. Averages of water vapour measurements for August 2000. Water vapour is
considered as a tracer for air masses recirculated by the coastal wind system. A: The
day product derived at 10:30 UTC emphasises areas where the deep orographic-
convection develops at the seabreeze fronts. B: The day plus night product shows
the average at 10:30 UTC plus 22:30 UTC, with areas over which water vapour
accumulation occurs.

Ground-based measurements and soundings have been used for decades to detect
dynamic processes in the atmosphere, and satellites have been used for weather
prediction. It is only relatively recently that their potential for detection of dynamic
processes related to air pollution transport has begun to be exploited.

To detect changes in dynamics related to climate change, a combination of ground-
based measurements and satellite observations should be used. Both of these approaches
have their advantages and should be used in combination. /n situ observations normally
have the advantage of providing long-term historic data sets and being relatively
reliable in terms of availability and comparability of the data sets. However,
geographically distant regions can strongly influence an in sifu measurements series
through changing transport patterns (i.e. horizontal advection). This becomes important
if long-term changes from specific sites are analysed on the assumption of stable
dynamic conditions and regional representativeness. Figure 3.7 gives an example of two
long-term data sets of O3 from two European mountain sites (JFJ: Jungfraujoch (CH)
and KHMS, Kislovodsk High Mountain Station (Russia). At Jungfraujoch Os exhibits a
tendency to grow, whereas at Kislovodsk the trend is negative, especially in 90s. Data
analysis in combination with trajectory clusters showed that, in comparison to
Jungfraujoch, Kislovodsk was mainly influenced by air masses from the Mediterranean
and European Russia, where emissions of precursors are thought to have been reduced
more drastically than for western Europe. For the case of JFJ most of arriving air (52 %
of cases) originates in eastern USA and spends much time over Atlantic. In this case the
trend in the source areas and changing advection patters are the central in interpreting
ozone trends rather than local and regional precursor trends.
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Figure 3.7. O; trends at 2 European mountain sites (JFJ: Jungfraujoch, Switzerland; KHMS:
Kislovodsk, Russia ).

Satellite-based observations provide global coverage but spatial and temporal resolution
is limited. Furthermore, long-term availability is not ensured. An example of the
satellites application to detect changes in dynamics is given in Figure 3.8. Analysis of
25-year TOMS (Total Ozone Mapping Spectrometer) data has been used to define the
position of the Subtropical and Polar Jets [Hudson et al., 2006]. Analysis shows that in
eastern USA, Baltimore, the occurrence of the subtropical jet stream has increased,
while the occurrence of the polar jet stream has declined. As the subtropical jet stream
condition is mostly related to stagnant weather conditions, air pollution has a higher
tendency to accumulate.
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Figure 3.8. Percent of days when polar and subtropical jet streams are within 200 km of
Baltimore.
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3.4. Recommendations

3.4.1. General recommendation

Heat wave events, such as those experienced in Europe in 2003, can be important in
guiding our thinking and understanding of photochemistry in future climates [Schar et
al., 2004]. Observations in such events are limited to only those made continuously and
those where there is serendipitous coincidence of short-term activity with extreme
event. Therefore, the European capacity to undertake responsive and short-term detailed
observation campaigns should be enhanced to provide a capability to predict future
events using the best available instruments and models.

3.4.2. Specific recommendations

1. Emissions

%

Scenarios should be developed which not only take into account actual and direct
future anthropogenic and biogenic emissions but which also try to implement
downstream human-induced changes related to emission control and land-use
change.

In situ and remote measurement techniques for the analysis of the whole range of
biogenic VOC:s (i.e. isoprene, monoterpenes, sesquiterpenes) should be developed
in order to give a longer term perspective on change in the oxidative environment.

Emission inventories for biogenic VOCs should be improved both on the spatial
and temporal scale and be expanded to include speciated terpenoids of higher
carbon number.

Usage of satellites to assess both natural and biogenic emissions of VOCs (e.g. via
oxidation products) should be seen as a key tool in detecting directly climate
induced responses with influence on photo-oxidants.

Potential emissions in hitherto remote regions, for example new shipping routes in
the Arctic ("North-West Passage") should be explored and their long-range impact
on the European and US boundary layers should be fully explored.

Usage of in situ and remote measurements to observe land-use change related to a
warmer climate (due to natural processes and anthropogenic activities (bio fuel
production/sequestration) should be integrated fully with biogenic emissions
inventories.

2. Chemical processes

%

Continuous measurements of tracer compounds should be used for determination
of changes related to the long term trends in reactivity of the atmosphere by in situ
and remote techniques. Potential candidates are:

- peroxides and their precursors,
- HCHO,

- PAN,

- organic nitrates,

- oxygenated VOCs.

Development of improved structure activity relationship (SARs), to model
degradation pathways and reactivities especially for the higher molecular biogenic
compounds, such as terpenes and sesquiterpenes are required.

Development and validation of Arrhenius expressions over a wider temperature
range is needed.
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* Investigation of reaction rates of RONO, (organic nitrates) with higher carbon
number.

* Investigation  of exact reaction pathways of alkoxy radicals
(isomerisation/degradation).

* Development of atmospheric chemistry models (regional and global) capable of
handling reactions in higher temperature range.

3. Dynamics

* Combination of satellite and ground-based observations to detect changes in
dynamic processes in the atmosphere.

* Use of specific models to explain/forecast air pollution issues, rather than tuning
numerical weather forecast for this purpose.

* Knowledge of the vertical distribution of air pollutants and information on
boundaries between different lower layers of the atmosphere and exchange
processes should be improved.

* The use of continuous vertical observation platforms should be enforced and
extended to reactive photochemical species. Examples are: long-term aircraft
campaigns (e.g. CARIBIC), balloon soundings, zeppelins, and the use of high-
tower networks.
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4. Investigating changes in surface-atmosphere interactions
with changing temperature and land use

Rapporteur's summary from Group 2
Rapporteur: C.R. Flechard

Soils, Agronomy and Spatialization (SAS) unit, INRA, 65 rue de St-Brieuc,
35042 Rennes, France

Group 2 Participants: David Fowler (Chair), Bill Collins (Plenary Speaker), Chris Flechard
(Rapporteur), J. Neil Cape, Pierre Cellier, Giacomo Gerosa, Claire Granier, Mari Pihlatie,
Kim Pilegaard, Andreas Richter, Rainer Steinbrecher

Plenary Lecture: section 9; participants' contributions, section 11
4.1. Introduction

The plenary presentation on the effects of climate change on ozone exchange and
feedbacks into the carbon cycle was given by W. Collins on behalf of S. Sitch, and a
detailed account of the talk is to be found in this report. The presentation set the scene
for much of the ensuing discussion in the group and, although focussing on the
interactions between tropospheric ozone and surface/atmosphere processes, many
generic issues raised here were relevant for a wide range of atmospheric species, both in
terms of emissions from and deposition to the Earth’s surface. Rather than organizing
the group discussions around the various atmospheric compounds in succession, the
vox-box presentations and discussions were held during different sessions focussing
first on the component parts of the biosphere i.e. oceans and freshwater, ice and snow
surfaces, soils and vegetation, and then on cross-cutting issues and mechanisms at work
when considering land use changes and atmospheric processes.

4.2. Oceans and freshwater/ice/snow surfaces

Polar boundary layer chemistry

Changes in patterns of sea ice formation and melting in the Arctic have been shown to
affect polar tropospheric chemistry. For example, severe ozone depletion episodes
(ODE) have been observed in springtime over sea ice and more rarely over coastal
regions of the Arctic (Figure 4.1), and are linked to elevated concentrations of bromine,
leading to depleted concentrations of total gaseous mercury. The complex chemistry
involves emission bursts of bromine from preferentially fresh sea ice, possibly
involving frost flowers, and subsequent reaction with ozone, to form BrO and HOBEr.
The reaction of gaseous mercury with BrO and HOBFr is thought to be the main pathway
of atmospheric mercury depletion, which leads to enhanced dry deposition of oxidized
mercury onto snow and ice and enhanced bio-accumulation in the polar ecosystem.
Episodes of enhanced BrO (events) are typically triggered in small areas and then
“explode” to larger regions, and the effect is local or regional rather than global. As
multi-year ice coverage decreases, the probability for frost flowers / first year ice will
increase, which may favour bromine explosion events, although direct evidence for a
role of frost flowers in Br release has yet to be produced. Similar processes are likely to
occur in the Antarctic, but whether halogen emissions increase or decrease in future
remains uncertain.
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Figure 4.1. Spring-time ozone depletion episode at Barrow (W. Simpson, personal
communication, based upon NOAA/ESRL/GMD data).

Increased anthropogenic interferences in the Arctic are likely in future, including
industrialization (e.g. oil drilling), increased transport and ship emissions, as sea ice
cover recedes and new navigation routes open up (e.g. the NW Passage). Enhanced dry
deposition of black carbon could significantly decrease the albedo of polar ice and thus
accelerate melting. Increased anthropogenic emissions into the Arctic boundary layer
have the potential to interfere with the halogen chemistry during ODEs, e.g. by
changing the pH. However, the timing of emissions (summer time) and ozone depletion
(spring) is somewhat out of phase.

Oceanic emissions

Dimethyl sulphide (DMS) emissions by oceans are a function of concentration in
surface seawater and of wind speed and surface regime (smooth, rough, breaking),
where the rough regime accounts for 70 % of situations. Seawater concentrations are
expected to increase with temperature, giving rise to increases in emissions, but there is
no consensus on the future evolution of surface winds, so that changes in DMS
emissions are uncertain. Similarly, marine aerosol originate in sea salt being generated
through the action of wind across the sea surface, and the response of the emission to
wind speed is highly non-linear, so that predicting changes in wind speeds becomes
crucial in assessing the response of marine emissions to climate change. The
contribution of anthropogenic nutrients and eutrophication needs also to be considered

Recommendations

To better predict the impact of climate change on polar and especially Arctic air quality,
improved modelling of sea ice dynamics is required. Measurement campaigns and a
continuous monitoring of surface halogen and O3 concentrations are recommended to
complement satellite data. The analysis of existing data from. the POLARCAT project
for example would help elucidate the impact on climate.

4.3. Soils

While soils are sources and/or sinks of a wide range of compounds including NO, N,O,
CH4, O3, VOCs, NH3 and dust, the impact of climate change on soil processes relevant
for air quality is likely to be most important for oxidized nitrogen compounds and
especially NO with its role as a major precursor of photochemical oxidant production.
This was reflected in the predominance of vox-box contributions on NO emissions by
soils. However, the greenhouse gas N,O was also discussed as being another major

27



28 Impact of Climate Change on Air Quality

nitrogen loss with environmental consequences in the nitrification/denitrification cycle,
with soil humidity dictating to a large extent whether NO or N>O emission dominates.

NO and N,O emissions

Recent studies in European forests (e.g. the NOFRETETE project) indicate that the
fraction of available N in soil emitted as NO/N,O increases with the eutrophication
level, and that NO emissions by soils within coniferous forests are higher than in
deciduous forests. The measurements confirm that NO emissions increase non-linearly
with temperature (Figure 4.2), so that higher NO losses can be expected in future
climates if soil moisture remains constant. The predicted altered precipitation patterns
and intensified occurrence of droughts and floods make it more difficult however to
assess whether NO or N,O emission would increase most, given that most NO emission
occurs below 60 % water-filled pore space (nitrification-dominated) and most N,O
emission occurs above 60 % water-filled pore space (denitrification-dominated). At
natural sites with a low atmospheric nitrogen input, increased soil organic matter
mineralization with increasing soil temperature may in time outweigh atmospheric
deposition in supplying available N to the root zone, so that in a warming context,
oxidized nitrogen emissions would be less limited by the level of nitrogen deposition.
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Figure 4.2. Environmental controls of NO and N,O emissions by forest soils: results of the
NOFRETETE project [Pilegaard et al., 2006]. WFPS: volumetric fraction of water-
filled pore space in soil.

Model NO emission estimates differ widely nationally, regionally and globally and
most of the modelling is empirical, in coupling emissions to temperature and soil water
and nitrogen parameters. The development of process-based models to quantify regional
emission of NO is limited by the lack of a full understanding of the mechanisms of NO
production and consumption in soils and the soils and atmospheric data for up-scaling in
time and space. For agricultural areas, farm input data and farming practices impact
heavily on the accuracy of model predictions. The timing of fertilizer application
especially is crucial, since soil moisture determines the type and intensity of soil
microbiological activity, and since the farm manager’s decision to apply fertilizer on
any given day is often a function of the weather and of soil moisture itself.

CHy emission and oxidation

With receding permafrost at northern latitudes and increasing boreal areas of wetland,
CH4 emissions are expected to increase with increases in air and surface temperature.
The effect would be compounded by a lengthening of the emitting season, and by a
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reduction of the CHy4 oxidation capacity of boreal forest soils if soil available N follows
an increasing trend, either through increased atmospheric N deposition or enhanced soil
organic matter mineralization.

Recommendations

Future research should address extreme events that are likely to affect soil water content
significantly such as floods and droughts, as these are predicted to occur more
frequently. Freeze-thaw events are known to trigger spring-time N,O emission pulses,
and as permafrost recedes there is a likelihood that there would be wider areas affected
by the phenomenon, warranting further studies.

More field data are needed to demonstrate whether wetland CH4 emissions are already
responding to climate change, and more generally the global CH4 budget should be
better understood and quantified. Integrated research efforts should bring together
different scientific communities and projects that are currently focusing, with too little
interaction, on fields as wide-ranging as satellite data, remote sensing and process
understanding.

4.4. Vegetation

Terrestrial vegetation represents an active interface between soil and atmosphere, acting
as a source or sink of many atmospheric trace species including NO,, O3, SO,, N;O,
CH4, VOCs, NHj3 and aerosols. For vascular plants much of the exchange is regulated
by stomatal conductance, which will respond to changes in temperature, soil moisture,
water vapour pressure deficit and vegetation type or land use. The pollution climate also
affects stomatal functioning and leaf surface chemistry.

Changes in stomatal conductance

The temperature response of stomatal conductance (Gs) depends on which side of the
optimum temperature for plant growth (T,p) plants are growing. In southern Europe for
example, future summer-time temperatures are likely to exceed Top for a higher fraction
of the time and thus result in an increased temperature stress. For example, the 2003
European heat wave and drought, regarded widely as a forerunner of future years, has
provided evidence of reduced stomatal uptake of ozone in a long-term study in Italy,
where the dry deposition flux to vegetation was reduced by half over the growing
season as compared to a normal year (Figure 4.3). Conversely, at northern latitudes
temperatures during the growing season would move toward T, increasing stomatal
conductance. In addition, the lengthening of the growing season at mid and high
latitudes would increase the seasonally-cumulated evapo-transpiration and fluxes of
trace gases.

Increasing CO, concentration is also expected to reduce stomatal conductance, thereby
limiting the dry deposition of NO,, SO,, O3 and contributing to an elevation of
boundary layer O; concentration. The general effect of elevated CO, would be a
reduction of O; uptake by and damage to plants, although the increased boundary layer
O; concentration and increased plant exposure might exert a negative feed-back on
stomatal conductance, the extent of which is uncertain. A consensus has emerged that
assessments of plant productivity reductions due to O; must be made through
quantification of stomatal flux, rather than using an accumulated exposure above
threshold concept (AOT40), the response of which to climate change is misleading.
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Figure 4.3. Reduction in seasonal (cumulative) O; dry deposition to a Holm oak forest in Italy
during the 2003 heat wave and drought, compared with a normal year (2004)
[Gerosa et al., 2008].

Biogenic emissions of trace gases

Global emissions of volatile organic compounds (VOCs) are dominated by biogenic
sources, which respond to both climate and land use changes. Biogenic VOC emissions
peak in summer in response to elevated temperatures, predominantly (two thirds of the
emissions) over forested areas (Figure 4.4), but the speciated source strengths of e.g.
isoprene, monoterpenes, sequiterpenes and oxygenated VOCs are dependent on tree
species, highlighting the need for digital tree species maps with high spatial resolution
to be used in modelling.

Biogenic VOC emissions have also been shown in treatment studies to be sensitive to
drought and elevated CO, and O;, but plants may evolve over time and adapt to a
gradually changing environment, so that their actual response to climate change may
differ from that predicted on the basis of such studies held over much shorter periods of
time.

The influence of vegetation on N>O and CHy4 emissions remains globally uncertain. For
NH;, the stomatal compensation point in vegetation increases exponentially with
temperature, approximately doubling for every 5 to 6 K increase, so that an increase in
atmospheric NH3 concentrations is also expected in future. However, although a better
mechanistic understanding of surface/atmosphere NHj3 exchange has been achieved over
the last 20 years, the link between fertilizer application or atmospheric N deposition and
the actual compensation point of agricultural or natural ecosystems has yet to be
resolved quantitatively and applied spatially across landscapes in the modelling domain.
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Figure 4.4. Seasonal variability of biogenic and anthropogenic VOC emissions in three
European countries (adapted from Friedrich e al., 2007). Note the 10 %
enhancement of the summer-time emission peak during the 2003 heat wave as
compared with the inter-annual mean for 1997-2001.

Leaf surface wetness and chemistry

Much of the atmospheric load of gaseous and particulate pollutants is removed by dry
deposition to rough terrestrial surfaces including vegetation. Leaf surface wetness
strongly influences the dry deposition of NHj;, SO,, HNO; and other water-soluble
species, by reducing the canopy resistance or lowering the canopy compensation point
and enhancing uptake by water films. A temperature increase displaces thermodynamic
equilibria towards the gas phase and thus reduces the potential for dry deposition to wet
surfaces. Further, the response to climate change of spatial and temporal patterns of
vegetation wetness distribution is highly uncertain; precipitation events may be less
frequent but more intense, followed by faster evaporation and longer dry spells; dewfall
patterns may be altered; droughts and floods may occur more frequently but in different
geographical locations, so that the net effect on regional or global dry deposition, and
on the atmospheric lifetime of trace gases and aerosols, is difficult to predict.

Recommendations

Since major global change factors such as CO,, O, drought and temperature are known
to influence the biogenic source strength of VOCs, the short- and long-term responses
of VOC emissions to each factor and to their combinations are required as a priority.

To better quantify national and global source strengths of VOCs at present and in future,
it is crucial to develop spatially resolved vegetation/land-use and speciation maps at
different spatial scales, forming a reliable basis to assess future projected changes.
Spatially and temporally disaggregated hydrometeorological data are also needed to
quantify biogenic emissions.

An improved understanding of species specific compensation points in vegetation for
NH; and oxygenated VOCs for dominant plant species and land management in the
model domain is necessary. Coupled predictive meteorological -VOC emission - air
chemistry - transport models should be developed for studying the impact of biogenic
sources on air quality, incorporating biogenic processes with high frequency time steps,
for application at small as well as larger spatial scales.
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For the assessment of ozone damage to vegetation and feedback effects on trace gas
exchange, there clearly is a need to develop a new assessment tool based on ozone
uptake by plants, to replace the currently used AOT40 exposure approach.

4.5. Land use changes: biomass burning, urbanization, agriculture

Global changes in land use are expected to occur, primarily as a result of climate change
and of the projected increase in world population, both through biogeochemical
processes and human management. Land use change will also impact back on climate
and on air quality through emissions of greenhouse gases, VOCs and aerosols. The
group discussions focused on biomass burning, urbanization and agricultural changes,
which are detailed here, but other topics were also mentioned, including for example
changes in shrub abundance in Alaska and the uncertain effect on biogenic emissions.

Biomass burning

Biomass burning is a large source of pollution, which has changed historically and will
change as a function of land-use and climate. Biomass burning could be larger in the
future as a result of more frequent droughts, but changes in forest management also
need to be taken into account. Over the 20™ century CO, emissions from fires are
estimated to have decreased in the northern hemisphere and to have increased in the
southern hemisphere, especially in S. America and in Africa (Figure 4.5), primarily as a
result of changes in land and forest management.

An accurate assessment of global areas burnt today as well as predictions for the future
are necessary, but the type of vegetation is also important because it determines the
speciation of emissions. For example, carbon dioxide emissions from savanna burning
and from forest fires are rather similar per unit area, but for other chemical species
emissions factors very different for savannah and forest. As the spatial distribution of
vegetation depends on climatic conditions, the accuracy of the quantification of past and
future changes determines our ability to assess the impact of biomass burning on air
quality.
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Figure 4.5. Historical changes in global CO, emissions from fires. Estimates are shown for the
first (left panel) and last (right panel) decades of the 20th century [Mieville et al.,
2008].

Urbanization

Megacities have become an emerging chemistry-climate issue during the second half of
the 20™ century, with many examples across the globe of reduced air quality and
visibility, appreciable health effects from elevated concentrations of particulate matter
(PM), O3 and NO,, and ecosystem damage by emissions of sulfur and nitrogen oxides,
NH; and VOCs. Although the effect of urbanization is not currently included in GCMs,
the conversion to urban land cover also creates urban heat islands associated with
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considerable warming [Christensen et al., 2007]. Increasing amounts of air pollution are
transported from megacities to the regional and global scales, and will alter spatial and
temporal patterns of precipitation, hydrology, temperature and sunshine. Non-linear
feedbacks of climate change on the emissions and air quality in megacities and their
surroundings are to be expected in the future. Key issues also include the poorly
quantified dry deposition rates in cities and the changes in wet deposition downwind.

Agriculture

Land use changes related to agriculture and the need to feed a growing global
population are poorly quantified, but will have a large impact on land-atmosphere
exchange. The recent development of biofuels caused by dwindling global fossil fuel
stocks and increasing oil prices, and the loss of tropical forests to palm oil and soybean
farming, are examples of socio-economic and political drivers of land use change that
are extremely difficult to quantify in future scenarios. From a mechanistic viewpoint,
most of the knowledge in current land-atmosphere exchange models is based
predominantly on data from mid to high latitudes with relatively little data for the
tropical regions.

Recommendations

The response of biomass burning to climate change needs to be quantified. Research is
needed on the net climatic and air quality impacts of biofuel production and use within
the framework of integrated studies. As major land use changes are expected in the
tropics, current and future trends of biogenic VOC emissions from tropics and their
speciation should be assessed. In all these research areas, improved land use datasets
(finer spatial resolution, better speciation) are required both for present conditions and
projected changes.

As megacities develop and since current global estimates of anthropogenic VOC
emissions are based on data from very few selected countries from the northern
hemisphere, speciated anthropogenic VOC emissions globally need to be quantified at
different spatial scales, more particularly in developing countries.

4.6. Atmospheric processes: turbulence, energy partitioning, hydrometeorology

Contributions to the group on surface/atmosphere exchange have demonstrated that
most of the processes which regulate emission/deposition fluxes are very climate
sensitive. Temperature in particular strongly influences chemical reactions as well as
biological mechanisms and determines the aqueous/gaseous/aerosol partitioning, while
playing a role in the control of stomatal conductance in plants. Broadly, it could be
argued that most emission terms may be expected to increase with likely changes to
climate and land use, while most deposition terms would decrease, but there are
exceptions to this pattern.

Atmospheric turbulence determines the maximum exchange rate between vegetation
and the atmosphere and the vertical mixing of pollutants in the boundary layer, so that
any change in turbulence patterns will affect the frequency and duration of air quality
episodes. Another effect of a theoretically enhanced turbulence within the trunk space
of forest canopies would be of an increased O; deposition to the forest floor, an
enhanced NO emission and a reduction of the vertical NO, gradient. Future changes in
surface winds are however a matter of continued debate and there is a large uncertainty
on the potential impact of turbulence on air quality and on the re-suspension and

deposition of aerosols over land, as well as on the gas and aerosol exchange over oceans.
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Climate-related episodes such as droughts, floods, heat waves and storms are on the
increase globally [Christensen et al., 2007] and are of special interest not only for air
quality, but also for the partitioning of energy and hydrology. If drier summers, higher
vapour pressure deficits, higher temperatures and elevated CO, and Os all combine to
reduce stomatal conductance and evapo-transpiration, a higher fraction of the incident
precipitation may leave the ecosystem in runoff rather than to the atmosphere, with a
potentially increased flood risk. Model simulations by the UK Met Office have shown
that the magnitude of the O; effect on transpiration is 25 % that of the CO, effect [Sitch
et al., 2008].

Recommendations

At present the consensus on effects of climate change on the frequency of summer-time
air quality episodes is that the frequency will increase, but there are many uncertainties,
and studies to tackle this issue need to integrate many of the aspects presented in this
report (Figure 4.6), from increased urbanization to agricultural land use changes, and
from the need for speciated anthropogenic and biogenic VOCs data to coupled
meteorological-emission-chemistry-transport models. At the ecosystem level, a better
understanding of chemical reactions on vegetation surfaces and inside the canopy air
space is needed.
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Figure 4.6. The coupled climate system with biosphere/atmosphere feedbacks (P. Cox and
W. Collins, personal communication).
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5. Investigating changes in aerosols and their precursors
with changing temperature, humidity and land use.

Rapporteur's summary from Group 3
Rapporteur: Hugh Coe

University of Manchester, UK
Plenary Lecture: section 9; participants' contributions, section 12.

5.1 Introduction

Aerosol particles are known to have an deleterious effect on human health and also have
a major influence on the Earth’s radiation budget by scattering and absorbing incoming
short wave radiation and by controlling the microphysical properties of cloud and hence
their reflectivity. Although many scientific questions remain, the roles of aerosols in
both air quality and climate science have been widely studied though the two areas have
tended to be treated rather separately. Climate changes in the future may impact on
aerosols and hence have an impact on air quality. This report summarises the
discussions of the aerosol working group which focussed on the potential importance of
such interactions; identified the main areas where such interactions would occur and
offered a series of recommendations for future research in this area.

The two plenary talks on aerosols were presented by Thorsten Hoffman on the impact
of Climate Change on Secondary Organic Aerosols and by Johann Feichter on Aerosols,
Clouds and Climate Change. The participants presented voxboxes, of which, written
accounts are given in section 12

5.2 Behavioural and social changes

Before considering the effects of changing climate on air quality, the group considered
the effect of changes in behaviour and social patterns on aerosol particle loadings and
air quality. Current world population stands at 6.1 billion people. This is projected to
rise to 8.9 billion by 2050, a 50 % increase (WHO, 2004). Energy use will rise
commensurately with this increase in population, which will certainly increase
particulate emissions and secondary aerosol production without the implementation of
new technologies. There has been a shift in population towards urban areas and an
increasing number of very large, so-called, megacities, leading to far greater numbers of
people exposed to poor air quality. This is likely to increase in the coming decades.

At the present time, most large urban centres are in the mid latitudes in the northern
hemisphere. The major increases in population are likely to occur at low latitudes and it
is expected that in future, the large megacities experiencing air quality problems will be
located in much warmer climates that are exposed to higher levels of radiation. These
changes may well give rise to changes in rate or pathway of photochemical processes
responsible for the formation of secondary aerosol precursor material.

It 1s also expected that as population patterns change and fuel availability alters there is
likely to be a major shift in fuel use. This will have a significant impact on emissions. It
is likely that the use of biofuels will substantially increase. The use of ethanol and other
fuels derived from biomass are increasing substantially and have already led to
increases in grain prices as agricultural production is no longer driven by food
production alone. However, at the present time, particulate emissions from biofuels
have not been well quantified. This needs to be resolved as the emissions profiles are
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likely to be significantly different from fuel oil emissions. The areas of most rapidly
rising population are in the developing world and, at the present time, wood burning is
the main fuel used domestically in these areas. This is likely to continue for some time
to come and will become more important as population rises. Particulate emissions from
wood burning are potentially much higher than those from other combustion sources,
though this varies widely depending on the method of burn. More work is required to
quantify these emissions sources and their toxicity.

5.3 Effects of climate change on air quality

The recent working group 1 report in the fourth assessment of the Intergovernmental
Panel on Climate Change (http://www.ipce.ch/pdfiassessment-report/ard/wgl) provides a
thorough and up to date summary of the likely changes to the Earth’s climate and its
regional variability over the next 100 years. Some of these changes are discussed in
more detail in Feichter’s contribution (section 12). Given that this synthesis of the likely
changes and their associated uncertainty is the most probable picture of climate change
currently available, the group discussed how these predicted changes may affect air
quality in the future.

5.3.1 Increasing global temperature, distribution, changes in annual variations

The IPCC [2007] concluded that global temperature increases in the range 2 to 4.5 °C
are likely with a best estimate of 3 °C, though the increases are highly emission scenario
dependent. However, the warming is expected to be greatest over the land and greater
increases are expected at higher latitudes with increases of between 5 and 6.5 °C
possible. The IPCC also concluded that it was very likely that extreme heat waves will
be become more frequent.

Increasing temperature will lead to increasing volatility of semi-volatile components
and consequently a greater partitioning into the gas phase. Ammonium nitrate is at
present an important component of particulate matter (PM) in many European, Asian
and north American cities. Increased temperatures will lead to an equilibrium favouring
greater partitioning to the gas phase as nitric acid and ammonia. This will decrease the
total PM loading (Figure 5.1) and will shorten the lifetime of both oxidised and reduced
nitrogen in the atmosphere as their deposition is considerably faster than ammonium
nitrate in accumulation mode aerosol [Morino et al., 2006; Dawson et al., 2007].
Primary and secondary organic material is another major contributor to PM in urban
environments and has been linked with adverse health effects. The organic fraction may
partition as the particulate and its precursors age in the atmosphere. Robinson et al.
[2007] showed very large improvements in the regional simulation of the particulate
organic loading if re-volatilization of semivolatile primary material was accounted for
during ageing and dilution. Changes in temperature will significantly affect this
distribution. Secondary organic aerosol remains poorly understood, in particular
anthropogenic organic aerosol are massively underpredicted by models [Heald et al.,
2005], recent work has highlighted several possible formation mechanisms and offered
evidence that oligomeric formation is prevalent [Rudich et al., 2007]. Changes in
temperature may affect both the formation pathways and the partitioning of this material
and hence affect the SOA burden in urban aerosols.

Increases in temperature are also likely to lead to increases in emissions of precursors.
For example, biogenic volatile organic carbon and evaporative emissions of
anthropogenic material are likely to increase. As these substances are processed in the
atmosphere their products may be much less volatile and re-condense. Soil emissions
are known to be highly temperature sensitive and these are also likely to increase. These

37



38 Impact of Climate Change on Air Quality

effects are very poorly quantified over land surfaces and are not known over oceans at
the present time.

Increased temperature will change chemical reaction rates in the atmosphere. For
example, Dawson et al. [2007] used regional model simulations using PMCAMXx
chemical transport model to investigate regional PM changes due to a 2.5 °C increase.
They showed that whilst ammonium nitrate decreased due to volatilization this was
largely offset in summer by enhanced sulfate production in summertime due to the
direct increase of reaction rate at increased temperatures but largely from increased
oxidant concentration (see section 2). Furthermore, the increases in conversion of SO,
to sulphate in the eastern USA have the net effect of decreasing the export of sulphate
and increasing its deposition of the eastern USA, a change in the overall deposition
footprint of sulfur.

Figure 5.1. Average changes in (a) total PM, s (ugm ™), (b) PM, s nitrate, and (c) PM, 5 sulfate
predicted from the eastern US in July using PMCAMXx for a 2.5 K temperature
increase [Dawson et al., 2007].

Nucleation has been observed in boreal forest [Kulmala et al., 2001], coastal [O’Dowd
et al., 2002], and urban environments [Stanier et al., 2004]. Various nucleation
processes have been postulated, many of which are highly temperature dependent. As a
result, reliable predictions of these highly non linear systems are not possible at the
present time.

It 1s becoming widely recognised that bioaerosols are widely present in the atmosphere.
They can act as nuclei for ice crystals and hence influence cloud microphysics. The
atmosphere acts as a medium for transport of bioaerosols and this may be an important
pathway for disease spread.
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Figure 5.2. Examples of biological particles in cloud water (see Flossmann, page 201)

Temperature increases are likely to change bioaerosol production but at the present time
we do not know enough to make projections of future changes and impacts.

5.3.2 Increases in water vapour

As temperature increases, water vapour concentrations in the atmosphere will also
increase. Water vapour increases will lead to increases in HOx and H»>O,. These changes
were discussed in more depth by the Group 1. Their effect on aerosol particles is to
increase the oxidation rates of SO, and NOy to form acid precursors both in gas and
aqueous phases. An example of this is discussed in the previous section. Dawson ef al.,
[2007] conclude that this enhancement in oxidant is most likely to be the main cause of
the enhanced sulphur processing observed.

It is expected that ozone concentrations will also change. The increase in water vapour
will lead to a decrease in background ozone, whilst increases in regional ozone from
pollution plumes are expected to occur. These processes were discussed in more detail
in Group 1 but are relevant here as ozonolysis is a main route for the formation of
secondary organic aerosol (SOA), though the rates and pathways remain poorly
understood at present.

5.3.3 Stability, ventilation and convection

Whilst the IPCC [2007] predicts increases in heat wave events, and at mid latitudes this
implies periods of widespread stagnation such as was observed during the European
heat wave of 2003, there is little clear evidence to suggest that stagnation events will
either increase or decrease in intensity and duration. As was observed during 2003, such
events lead to increases in PM above the guideline limit values. There is some evidence
to suggest that the frequency of stagnation events decreases during the wintertime.
Diurnal temperature variations are predicted to reduce, leading to decreases in nocturnal
stability and hence a reduction in aerosol particulate. However, the evidence for the
reduction in the diurnal cycle of temperature remains rather weak at present. Convective
intensity is predicted to increase substantially in the tropics. This will lead to a reduction
PM at the ground as venting will be increased. Given the geographical distribution of
the global population is expected to change towards the tropics, this may be an
important factor when considering air quality in emerging megacities regardless of
climate change influences.
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5.3 4 Changes in frequency, distribution and intensity of precipitation

Global average precipitation is predicted to increase in all global climate model
predictions of the coming century. As a result the lifetime of aerosols and their
precursors with respect to wet deposition will decrease globally. However, regional
differences are predicted to occur (Figure 5.4). Given that the global distribution of
aerosol particles is not at all homogeneous, the impact on the aerosol burden will be non
linear and a function of both changing emission fields and changing precipitation
patterns.
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Figure 5,4. Predicted spatial distribution of mean seasonal precipitation for December-January-
February (left panel) and June-July-August (right panel) for the period 1979-1993
(top panels) derived from a multiple models using the IPCC A1B emission scenario.
The lower panels show the percentage change in precipitation for the period 2090-
2099 compared with 1980-1999. No shading is shown unless more than 66 % of the
models agree on the sign of the change and the stippling indicates areas where more
than 90 % of the models agree on the sign of the change [IPCC 2007].

Northern hemisphere winters show enhanced precipitation at higher latitudes by the end
of the century. This is likely to lead to enhancements in wet removal in these locations,
although if the precipitation events are more sporadic but intense this may not affect the
overall aerosol burden significantly. Conversely, in sub-tropical regions, particularly the
Mediterranean but also areas of central America, Australasia, South America, South
Africa and southern Asia, projected reductions in precipitation lead to longer lifetimes
due to reduced wet removal. Many of these areas are semi-arid and the majority of
models predict extended dry periods in these areas. The Mediterranean region and the
southern US in particular, are areas of high population. It is expected that these areas
will receive higher dust loadings, which are caused by reduced precipitation in regions
of already marginal rainfall. This may substantially increase the PM in these regions,
not least because dust is predominately larger than 1 pm in diameter and are made of
dense material. However, as is discussed in more detail in the by Prospero, section 12,
at the present time the links between climate and land use change and dust generation
are not clear and conflicting data exist. The air quality problems of dust arising from
land use change on regional scales close to large areas of population are largely
unrelated to the major, climatically relevant sources of dust and hence, at present these
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problems appear to be decoupled. The main dust generation regions are currently not
adjacent to major areas of population though this may change in future. More research
in this area is necessary.

Decreases in precipitation are likely to lead to longer and more severe drought
conditions. This may well lead to an increased frequency of wildfires. When this is
coupled with a greater number of people living in such affected areas the risk of
wildfires is likely to increases still further. Biomass burning emits substantial
concentrations of acrosol, which has been demonstrated to have deleterious effects on
human health.

5.3.5 Changes in cloud cover

Cloud cover is predicted to decrease in mid and low latitudes (see Feichter, Figure 1),
whilst small increases are predicted at high latitudes. Photochemical production of
oxidants in polluted regions is likely to increase if cloud cover decreases as the radiative
flux to the surface increases. This will act to increase secondary inorganic aerosol and
will have an influence on secondary organic aerosol production but the pathways
remain unclear. In addition, increased cover of non precipitating clouds will promote
wider scale aqueous processing of aerosols, resulting in an increase in PM. If
precipitation occurs, more localised deposition will take place. This is particularly true
of sulphate but is far less important for nitrate. The chemical and physical processes
affecting inorganic aerosol are relatively well known, however, climate model
predictions of cloud cover are at present very rudimentary and this remains a key
challenge. In contrast, very little is known about aqueous phase processing of organic
material and this is an area of necessary research at the process scale.

5.3.6 Changes in wind speed, gustiness

There is little consensus on changes in wind speed or gustiness from current climate
models. The IPCC [2007] report does note that global climate models do forecast
increases in storm frequency and intensity over the north Atlantic, central Europe and
the southern ocean, though with low predictive skill. Over land areas, dust production
may well increase, but so will ventilation. Associated with increased wind speeds,
model forecasts also suggest high waves in northern European coastal regions. Given
the highly non linear dependence of sea spray production on wind speed [O’Dowd and
De Leeuw, 2007], enhancements in high winds close to populated coasts are likely to
lead to significant increases in urban and regional PM associated with natural sea spray.
Whilst the aerosol is natural, understanding its contribution may well be important when
assessing PM impacts close to coasts.

5.4 Essential points and recommendations

At present, the air quality metric used to assess the abundance of particulate matter on
air quality is the particulate mass (PM). A large number of aerosol sources contribute to
the total PM. Therefore all components of aerosol must, unless proven otherwise, be
considered important and should, if possible, be reduced.

Key processes in the lifecycle of certain aerosol components, for example sulphate and
nitrate, are reasonably well understood and assessments of changes in their influence on
air quality due to climate change are dependent on the ability of regional and global
models to capture dynamical and climatic processes on regional scales. However, what
is not clear is whether sulphate and nitrate represent part of the toxic fraction of urban
PM. Whilst, presently they form part of the aerosol mix that needs to be regulated, it is
not clear whether they are part of the toxic fraction or in some way influence it. This is a
key issue for air quality and health in the coming years. Nitrate aerosol distribution is
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dependent on the free ammonia availability as well as temperature. This needs work to
identify current and future nitrate distributions and trends. However, for other
components (e.g. organics, ultra fine particles and bioaerosols) this is simply not
possible as the basic processes are not well enough understood. An understanding of the
roles of sulphur and nitrogen in the formation of organic aerosol is needed to establish
the effect on SOA of changing NO and SO, emissions. This is an important topic for
the legislator.

Organic aerosol 1is 1important as the sources, chemistry, pathways and
biogenic/anthropogenic balance will all respond to future changes in climate change.
Furthermore, it is an important component of local air quality and regional aerosol,
where between 30 to 70 % of submicron PM may be organic in nature [Allan et al.,
2003; Zhang et al., 2005]. Organic aerosol contributes significantly to global submicron
aerosol [Kanakidou et al., 2005]. Therefore, they present one of the biggest challenges
to impacts of climate change on air quality through aerosols

Whilst the current metric is PM; there is growing evidence that ultrafine particles are
important from a human health perspective [Donaldson ef al., 2006]. Ultrafine particle
formation is observed widely in many areas, however, this is very sensitive to changes
in ambient conditions and is highly non-linear with temperature.

Better knowledge of cloud and precipitation processes is needed, including the chemical
processing organic material. Improved representation of clouds and precipitation
processes in global and regional climate models is much needed.

Bioaerosols may well be important sources of ice nuclei and the atmosphere could well
be an important pathway for disease and allergen transport via aerosol particles. Little is
known about bioaerosols and their behaviour in the atmosphere. However, as biological
assay methods improve this is an important area for new research.

Air quality and climate science questions meet on regional scales. It is on these scales
that key questions of boundary layer dynamics, convection, and stability and cloud
processes and their simulation, including formation, frequency, extent and precipitation,
must be better understood. For example processing of aerosols by clouds and wet
deposition require accurate prediction of the cloud and precipitation fields not the
amounts. This is likely to be an important area of research for some time to come.
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Moussiopoulos, Kjetil Torseth, Robert Vautard, Martin Williams

Plenary Lecture: section 9; participants' contributions, section 13

6.1 Introduction

Links between air quality and atmospheric composition at the ground level on one hand
and climate change consequences on the other hand, are now considered as evident
issues by both scientists and policy makers. The most visible impact of climate warming
in Europe is the increasing ozone background concentrations levels [Meleux et al, 2007,
Hedegaard, 2007, Hedegaard et al, 2007, Langner et al, 2005], and consequently an
increase of chronic exposure and of the number of days when the health protection
thresholds are exceeded. The heat wave that occurred in summer 2003 provides a
appropriate example of the adverse heath effects due to the interaction between high
temperatures and high ozone levels [Vautard et a/, 2005, Schir ef al, 2004]. Changes in
atmospheric properties induced by climate warming (water vapour content for instance)
also influence air pollutant chemistry and transport. Similarly, radiative forcing from
aerosol compounds has an impact on climate, though the positive or negative trends can
still be difficult to highlight for some pollutants (Figure 6.1). Anyway, these interactions
must be considered when defining emission control policies. Future air quality scenarios
cannot be defined in a realistic way, if climate change issues are not considered. The
fact is that: 1) the effectiveness of emission control measures can be counterbalanced by
increasing temperatures (especially for ozone formation), 2) some climate change and
air quality measures may not follow a “win-win” strategy. Diesel engines and wood
combustion issues are well-known examples of such conflicting situations. [DEFRA,
2007, Williams, 2007]. Some modelling exercises designed for assessing the potential
benefits of a coupled approach to air quality and climate change are thought for policy
purposes to be related to the definition of national emission ceilings for the revision of
the EU Directive [IIASA, 2006a, 2006b, Dentener et al, 2006]. It is expected that such a
philosophy will drive the definition of the future regulatory framework as defined in the
international protocols and the European directives.

However, if the relevance of linking air quality and climate change control strategies is
assumed, the need for building observation and evaluation systems that can deal with
both areas arises. /n-situ networks implemented in Europe allow one to assess the
atmospheric composition properties with spatial and temporal coverage that are quite
satisfactory, although they could be improved in some locations. Development of earth-
observation systems can help overcoming these difficulties, so that the atmospheric
composition picture can be improved. Models devoted to air quality and climate
analyses are becoming more sophisticated, and scientifically evaluated through
dedicated projects. Despite their inherent uncertainties and those due to input data,
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model results are considered important enough to be used by policy makers and
scientists for understanding current and future situations. So the tools are here, and
allowing for their strengths and weaknesses, they are mature enough for promoting an
approach that will help building an integrated monitoring system for air quality and
climate.

Figure 6.1. Air quality and climate change pollutants interactions

This section aims at reporting recommendations for the implementation of observation
and modelling systems that can cope with the interactions of air quality and climate
change. The present state has been analysed by the working group, with a special
attention dedicated to the identification of gaps, overlaps, and potential synergies. Issues
related to im-situ, satellite and modelling data have been investigated, and the
conclusions are reported in three sections; however, links between the three types of
data are discussed in each section. The conclusions emphasise gaps that should be filled
in for building monitoring systems integrating all these components.

The species and the parameters that must be monitored are largely known and agreed
through previous initiatives : the IGACO review [IGACO, 2004] and the list established
in the EMEP monitoring strategy for monitoring transboundary air pollution
(http://www.nilu.no/projects/ccc/reports/Monitoring%20Strategy full pdf) — provide  basic
references. So this point is not discussed further but a brief overview of these variables
is given in the annex.

6.2 Recommendations for in-situ monitoring networks

The key point is the capacity building challenge of the implementation of relevant
observation infrastructures for both air quality and climate, based on existing networks.
That means that scientific and structural difficulties need to be overcome.

The most crucial issue is the different levels of development of air quality and climate
change monitoring networks. This heterogeneity can be readily explained by the
framework supporting such network development.
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It 1s mandatory under the European Framework Directive on Air Quality and its four
Daughter Directives'. for the EU27 countries to report to the European Commission, air
pollutant concentrations of ozone and its volatile organic compounds precursors,
nitrogen dioxide, sulfur dioxide, carbon monoxide, benzene, PM, heavy metals (lead,
arsenic, cadmium, mercury) and Polycyclic Aromatic Hydrocarbons.

The  Convention on  Long Range  Transboundary  Air  Pollution
(http://www.unece.org/env/Irtap/welcome.html) requires a European-wide network fit for
monitoring air pollutant background concentration and deposition. Pollutants
responsible for acidification, eutrophication and ozone ground level concentrations,
heavy metals and Persistent Organic Pollutants (POP) are monitored using the EMEP
monitoring strategy (www.emep.int). Regulatory reporting allows the assessment of the
impact of emission reduction strategies and highlights situations when limit values are
exceeded. Regulatory networks are developed, by definition, with a sustainable
perspective and designed for providing a realistic picture of air pollution patterns
throughout Europe.

In addition, “process-oriented” networks measure the parameters needed for a better
understanding of pollutant behaviour and the determinant factors in the occurrence of
pollution episodes. These networks can provide chemical and dynamical parameters
with a high temporal resolution, and in some cases vertical profiles can even be
available. The EUSAAR network of supersites for aerosol properties measurement
(www.eusaar.net), the EARLINET lidar network of (www.earlinetasos.org) are well-
known examples. Moreover there are some networks devoted to global atmospheric
composition that can provide comprehensive information for air quality (see for
instance the Bremen DOAS network for atmospheric measurements — BREDOM-
http://www.iup.uni-bremen.de/doas/groundbased data.htm). However they are generally
developed and implemented in scientific areas supported by European research projects.
So sustainability beyond the project period is not ensured, and data availability for users
not directly involved in the project may not be systematic.
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Figure 6.2. International research projects or regulatory programs producing atmospheric data.
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So there are numerous air quality monitoring networks in Europe but, unfortunately,
they not harmonised either in their methods, or in their geographical coverage.
Figure 6.2 gives an overview (established by NILU) of the projects and regulatory

' The new Unified air quality directive that should be adopted in spring 2008, will have the same content
with reporting of PM2.5 atmospheric concentrations in addition .
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frameworks where atmospheric composition data are produced. It demonstrates the
wealth of the systems, but also its potential redundancies, and the need for optimisation.
However, the development of an integrated approach to measurement and modelling
justifies the interest in getting more process-oriented data in an operational way. These
data could serve for validation of models as a part of the monitoring system,
complementing in-situ data.

However for getting consistent data as part of a monitoring network, harmonised
measurement methods are needed, especially in the field of aerosol measurement.
Methods are now compared for establishing good practice guidelines and references or
norms. This is the current priority of the air quality community considering the
remarkable results obtained in the EUSAAR project field campaigns (Figure 6.3). These
raise new questions related to the difficulty of comparing model results to measurement
data. What is the best observation that should be considered for model evaluation?

The last mid-term perspective for air quality in-situ data is the near real time (NRT)
reporting. Air quality forecasting and mapping modelling systems are now operational
(www.prevair.org, www.eurad.uni-koeln.de) and data assimilation can help improving their
performance. That means that observation data must be made available in the few hours
following the sample, even if they are not validated. Technical and political questions
arise: how to supervise the use of unvalidated data in a wider framework than the
scientific ring?
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Figure 6.3. Intercomparison of identical filters from several EUSAAR sites operating with
similar thermo-optical methods
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The situation of climate change monitoring networks is completely different. The main
reason is that there is no legal requirement for the species that are concerned (CO,,
methane, halocarbons). The implemented networks result from scientific initiatives (see
the ICOS network — Integrated Carbon Observation System - www.icos-infrastructure.eu
for example), and there is no regulatory mandate to support these infrastructures. Thus,
the question of their sustainability is more difficult to solve then for the case of air
quality. However the requirements of the international protocols dealing with climate
issues, should necessitate the implementation of operational structures monitoring CO,
and CHy4 fluxes, mixing ratios and dry columns. Admittedly, a few tens of stations
correctly spread across Europe should be enough to provide a good representation of
pollution patterns and, thanks to inverse modelling, a quantification of the amounts
emitted. Monitoring concentrations and emissions with inverse modelling techniques is
one of the most interesting developments within climate change monitoring.

This brief summary points out one of the main reason why it is so difficult to establish
in-situ infrastructures monitoring air quality and climate together. The topics do not
have the same development priorities for the short-term. Other reasons worth
mentioning: the monitored species are not the same, and the spatial and temporal
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resolutions are also different (Figure 6.4). More crucial is the divergence in terms of
geographical coverage. Europe is, in our case, the target domain for “regional air quality
¢ purposes, while climate change monitoring leads to world-wide considerations
looking for signals in the tropics as well as at other latitudes.

Micro

Urbanor  Regional or Synoptic or
Scale

l Local Scale IMesoscaIe | Global Scale

< Inter-Hemispheric
H\ M\ Mixing Time

—_—
yr  10yrs 100 yrs

r

1

le— Intra-Hemispheric
Mixing Time

1 day

1hr

100s

ghorl leed
peaes 8H

l«— Boundary Layer
Mixing Time

— > TIME SCALE

* NO,
*OH
im 10m 100m

1s

1km  10km 100km1000km 10,000km

— > SPATIAL SCALE——

Figure 6.4. Temporal and spatial scales for air quality and climate specific pollutants (image

from John Burrows, Bremen).

So there are a number of recommendations to make for promoting the implementation
of common air quality and climate change infrastructures.

%

Encouraging the current initiatives devoted to a better understanding of the
possible links between air quality and climate change and promoting their
development. Beyond this objective, they should help to establish common
measurement and modelling practices and databases, worthwhile for both
communities. This is precisely the stake of the project GEOMON funded by the
6" framework program (Www.geomon.eu).

Informing and involving users, especially policy makers, who could help support
the development of operational networks for monitoring climate change species
by, perhaps, providing a regulatory framework.

Developing synergies around a key common issue for air quality and climate:
atmospheric aerosols. Better knowledge of aerosol compounds properties is
crucial for elaborating relevant control strategies in both fields.

Enhancing synergies for the measurement of vertical profiles that are sought by
air quality and climate change scientists. Lidars, sonde networks could be
designed for both, as well as measurement campaigns based on aircrafts and
balloon measurements. This would the raising and highlighting of common issues
and developing links between the experts and scientists involved.

6.3 Recommendations for satellite data

The situation is rather different when satellite data are considered. History of earth
observation, dedicated to the global scale, and also technological considerations have
made it easier for climate change purposes. However whichever the field of application,
satellite data are essential for filling the vast gaps left by in-situ data (in the oceans for
instance) and for getting an information about vertical distributions. Satellites offer an
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ideal and natural platform for co-located measurements. So some of the
recommendations expressed for in-situ networks could be easily fulfilled. The key
question is how to use satellite data in an operational way for both air quality and
climate change monitoring, and how to improve the content of the next space missions
for meeting this objective.

The first point that needs to be considered is that measurements must be made faster
than the chemical processes that are tracked. And air quality and climate pollutants do
not necessarily act on the same spatial and temporal scales (see Figure 6.4). This can be
a real constraint for satellite retrievals. As a consequence earth observation, with the
current satellites, can only be used for specific applications.

Obviously, analysis of transformation and trends of long-lived species are easier to
established then air quality hourly monitoring (Figure 6.5).
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Figure 6.5. CO, trends measured by SCIAMACHY

Satellites have the capacity for monitoring climate change feedback on atmospheric
parameters [Wagner et al, 2006, 2007]: water vapour column, cloud fraction and cloud
top height and their links with temperature increase can be studied and trends and
correlation can be established (Figure 6.6).

Concerning air quality applications, aerosols, nitrogen dioxide, tropospheric ozone and
oxygenated volatile organic compounds (included formaldehyde) can be studied. For
these compounds, especially NO,, some kinds of emission sources can be tracked
thanks to the overview from the satellite. Anthropogenic combustion sources such as
ship emissions can be qualified and quantified using inverse modelling approaches
[Konovalov et al, 2006, 2005]. The representation of the impact of natural sources is
also one of the main contributions of satellite retrievals: volcanic eruptions (SO,), desert
dust storms (particulate matter) or lightning effects (NOyx) can be isolated for a better
understanding of the occurrence of some pollution episodes. Oxygenated volatile
organic compounds are not systematically measured by in-situ networks, but a better
knowledge of the concentration levels found in the atmosphere would be interesting for
obtaining new information related to the evolution of biogenic species emissions with
climate change.
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Figure 6.6. Cloud fraction (1996-2002) (courtesy of S. Bierle)

The real complementarity between in-sifu and satellite data should be investigated.
Furthermore it could be enhanced through some adjustment of the earth observation
strategy.

The recommendations are as follows.

* Implementing a satellite earth-observation infrastructure based on both GEO
(geostationary) and LEO (low earth orbit) approaches. The former is required for
air quality purposes which require the monitoring of dedicated areas with a high
temporal resolution (as in-situ supersites). probably one satellite of each type
(GEO and LEO) would be enough for Europe, extended to 2 LEO and 3 GEO for
the world.

* Improving some instruments such as GOME2, especially in terms of
spatial resolution. Currently it is about 80 km % 40 km, and a resolution of
20 km x 20 km can be reached for a better representation of air quality species.

* Filling in the technological gap that should hold from 2012 to 2020 between the
ENVISAT and post-Met-Op systems. This is necessary for the improvement of
CO; and CH4 global monitoring.

* Promoting integrated coupled approaches by data assimilation with in-situ data
and models that will allow taking the best benefits from satellite data.

6.4 Recommendations for modelling

Modelling is the essential component of a potential integrated system linking air quality
and climate issues. Indeed, only models can display a picture of what may possibly
happen in thirty, or fifty years from now or within the next century, although there are
always large uncertainties. Further, models can be used to investigate different spatial
and temporal scales within nested systems that allow focusing on a given domain taking
into account outside contributions through the boundary conditions or the interactions
with smaller inside hot spot areas. Meeting these objectives requires one or two-ways
nested approaches [Krol et al, 2005] that could be important for dealing with both air
quality and climate questions. Provided that input data are correctly known and that
sufficient computational effort can be made for simulating “real” future climate, it is
expected that the impact of climate change on air quality (that means the impact of
warmer temperatures, dryer air and higher precipitation levels for instance) can be
simulated [see Figure 6.7; Hedegaard, 2007, Hedegaard et al/, 2007] and [Meleux ef al,
2007, Szopa et al, 2006, Langner et al 2005].
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Figure 6.7. Difference in percentage in ozone concentration between the mean values of the two
decades 2090s and 1990s. Positive values refers to an increase in the ozone values

Conversely, the impact of air pollutant concentrations on climate change is still a real
challenge that is not completely solved. The radiative impact of atmospheric
compounds (especially particulates and aerosols) must be quantified and interactions
between the atmosphere and the biosphere must be correctly understood. Meeting this
challenge also needs an accurate description of the cloud chemistry, which is not at the
present time well known. Last but not least, the mutual effects of urban development
(and urban air pollution) on climate must be considered, and require new scientific
investigations. So current modelling systems can only give a partial view of coupled
phenomena. The scientific community is very active in trying to improve the state of the
art, and it is expected that future European projects such as those launched within the 70
framework Program will help this cause. The projects CITYZEN (coordinated by the
Norwegian Meteorological Institute) and MEGAPOLI (coordinated by the Danish
Meteorological Institute) should bring further material (Figure 6.8). This picture also
highlights the crucial nodes for uncertainty analysis: emissions and projections, scales
bridging, radiative forcing, dynamical and chemical processes.

There are uncertainties at every stage of the modelling approach. Uncertainties in input
data (emissions, meteorology, land use, boundary conditions) are more or less correctly
identified. There are still large uncertainties in quantifying some anthropogenic
emissions (from combustion processes for example) but the main difficulty remains
with the biogenic emissions and ecosystem evolutions, that are very sensitive to both air
pollution and climate effects [Sanderson et al, 2006]. Once more, a lot needs to be done
before we can approach multiscale systems with reduced uncertainties. However,
integrating in-situ and earth observations in models using data assimilation techniques
helps to improve some variables, in forest fires emissions for instance [Hodzic et al,
2006, 2007]. Uncertainties in meteorological data and boundary conditions, which are
always needed in model simulations, can be reduced implementing an ensemble
approach combining several model results [Van Loon et al, 2006].
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Figure 6.8. Modelling interactions between air quality issued and climate change (from the
MEGAPOLI project description)

Uncertainties are also attributed to the model parameterisations themselves. Vertical
exchange processes, biogenic emissions, cloud chemistry, radiative properties of the
chemical compounds are among the most crucial points, and are considered as priorities
for future model developments. Intercomparison model exercises should be promoted
for a better understanding of model strengths and weaknesses through an analysis of the
range of possible model responses. This is a first step in uncertainty analysis for
defining how model improvement should be investigated [Vautard et al/, 2006]. Model
evaluation and benchmarking methodologies should be harmonized. Nowadays such
projects result from the initiative of individual groups but there are no reference
methods, see Cuvelier et al, [2007], the “Ensemble initiative” from the Joint Research
Center, http://ensemblejrc.it/ and the ‘ENSEMBLES’ project from EU FP6,
www.ensembles-eu.org).

Model intercomparison exercises could focus, in a first step, on the summer 2003 period,
during the heat wave that concerned most of western Europe. Studying its effects on
atmospheric pollutant concentrations should be an excellent approach for establishing
the links between air pollution and future climate. The meteorological conditions that
occurred during this period are considered as representative of meteorological
characteristics in the future decades. So available measurements and simulations related
to summer 2003 must be pursued, to enhance our understanding of the links existing
between air pollution and climate (see Figure 6.9) [Vautard et al, 2007].



Overview & Recommendations

- pEEEEY

L

HE LN

BB

Figure 6.9. Surface ozone concentrations in western E.urope during the summer 2003 heat wave
(8™ August 2003)

Another interest of the modelling approach is the provision of concentration and
deposition fields that are useful for analyzing pollution patterns and their origin.
Spatialised pollution fields simulated throughout Europe or wider domains can account
for observations (both in-situ and satellite) implementing data assimilation techniques
[Elbern et al, 1999, Van Loon et al, 2004]. Data assimilation allows us to obtain the
most realistic picture of air pollution at given place and time.

Modelling is considered as an important approach for air quality assessment especially
if it is combined with measurements. It is also the only available mean for simulating
future climate, pollution events and for understanding their relationships. Some
recommendations for increasing confidence in modelling for policy making applications
are as follows.

* Reducing uncertainties in coupled systems (air quality and climate) with a better
description of dynamics and chemical processes (vertical exchange, cloud
chemistry, aerosol properties, urban meteorology) ;

* Controlling uncertainties describing input parameters in terms of probability
distribution functions ;

* Improving emission description and quantification, especially biogenic emissions
that are particularly sensitive to climate change ;

* Developing ensemble systems for focused topics (extreme events for instance) to
define the range of possible model responses and assess modelling uncertainties ;

* Promoting integrated approaches linking climate, biosphere and atmosphere
systems for a better description of fluxes and concentrations.

6.5 Conclusions

It has been shown in the previous description that tools are available for monitoring
climate evolution, air pollutant concentrations and deposition and for forecasting future
situation for both issues. Although improvements are still needed to increase their
accuracy and to ensure robustness of their results, they are considered as mature enough
in each field of application (air quality and climate) for supporting policy makers.
However efficient control of both air pollution and climate pollutants will drive future
priorities for regulatory purposes. So the development of monitoring and forecasting
systems that can account for air quality and climate issues in a coupled manner should
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be encouraged. They are necessary for identifying and understanding their reciprocal
links for implementing control policies that can deal with both following an optimal
approach.

This is the motivation of the recommendations that have been proposed for in-situ and
satellite observation systems and for modelling platforms. However implementing
monitoring tools and methodologies is not enough. It is also necessary to derive new
indicators or metrics that can represent the combined effects of air pollution and climate
change. Comparison of global warming potentials of long-lived and short-lived
chemical species can be investigated [Boucher et al, 2008]. Better qualification and
quantification of the effects of atmospheric compounds and integrated systems should
help defining the most efficient control policies. Win-win situations (reduction in fuel
consumption, new technologies) and trade-off (wood combustion, sulfate emissions)
must be highlighted. Their consequences need to be quantified following a common
scale of impact that is not defined today, though several instructive analyses have
already been done [Williams, 2007, Harmelen ef al, 2002].

Future monitoring systems that can cope with both air quality and climate issues must
also lead to a thorough analysis of the effect of combined control policies. They must
support the assessment of the impact of the emission control strategies that are
implemented and their improvement. For achieving such an objective, emission
projection analysis is a crucial point in this system that undoubtedly needs further
development [Cofala et al, 2007].

Bridging the available tools, methodologies and input data in the fields of air quality
and climate change is the main concern of the scientific and policy making communities.
Opportunities exist, and must be explored. Moreover there is a real pressure for
elaborating atmospheric emission control strategies that account for high economical
constraints that require an optimal choice of the associated measures. In some cases, it
is possible that priorities should be defined between air quality and climate. Taking up
these challenges will be among the most crucial and interesting ones that the air
pollution and climate community will have to deal with in the coming years.
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Annex 1: Overview of the pollutants and atmospheric parameters that should be
documented by an integrated system monitoring air quality and climate

Atmospheric constituents:

ozone (O3)

carbon monoxide (CO)
chlorine monoxide (CIO)
CFC-12 (CF,Clp)
methane (CHy)

sulfur dioxide (SO,)
nitrogen monoxide (NO)
water vapour (H,O)
nitrogen dioxide (NO,)
hydrogen chloride (HCl)
HCFC-22 (CHCIF3)
formaldehyde (HCHO)
nitric acid (HNO3)
methyl bromide (CH;Br)
carbon dioxide (CO,)
bromine oxide (BrO)
nitrous oxide (N,O)
chlorine nitrate (CIONO)
volatile organic compounds (VOC)
chlorine dioxide (OCIO)
halons (e.g. CF;Br)
Atmospheric parameters:

J(NO,) and J(O'D) (UV radiation at specific wavelengths in the troposphere).
and the following aerosol optical properties at multiple wavelengths:

optical depth (VIS+IR) extinction coefficient (V1S) absorption optical depth (VIS)
temperature (T)

cloud-top height

solar radiation

pressure (p)

cloud coverage

lightning flash frequency

fire frequency

albedo

wind (u, v,w)
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Annexe 2. Table from the EMEP MONITORING STRATEGY AND MEASUREMENT
PROGRAMME 2004-2009

http://www.nilu.no/projects/ccc/reports/Monitoring%20Strategy full pdf
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7. Conclusions and recommendations

Each of the four groups provided arguments and recommendation for future research.
The following is an edited version of the recommendations.

7.1 Investigating changes in photo-oxidants, precursors and feedback
mechanisms

7.1.1  Emissions

* Scenarios should be developed which not only take into account actual and direct
future anthropogenic and biogenic emissions but which also try to implement
downstream human-induced changes related to emission control and land-use
change.

* In situ and remote measurement techniques for the analysis of the whole range of
biogenic VOCs (i.e. isoprene, monoterpenes, sesquiterpenes) should be developed
in order to give a longer term perspective on change in the oxidative environment.

* Emission inventories for biogenic VOCs should be improved both on the spatial
and temporal scale and be expanded to include speciated terpenoids of higher
carbon number.

* Usage of satellites to assess both natural and biogenic emissions of VOCs (e.g. via
oxidation products) should be seen as a key tool in detecting directly climate
induced responses with influence on photo-oxidants.

* Potential emissions in hitherto remote regions, for example new shipping routes in
the Arctic ("North-West Passage") should be explored and their long-range impact
on the European and US boundary-layer concentrations should be fully explored.

* Usage of in situ and remote measurements to observe land-use change related to a
warmer climate (due to natural processes and anthropogenic activities (bio fuel
production/sequestration) should be integrated fully with biogenic emissions
inventories.

7.1.2 Chemical Processes

* Continuous measurements of tracer compounds should be used for determination
of changes related to the long term trends in reactivity of the atmosphere by in situ
and remote techniques. Potential candidates are:

- peroxides and their precursors
- HCHO

- PAN

- organic nitrates

- oxygenated VOCs

* Development of improved structure activity relationship (SARs), to model
degradation pathways and reactivities especially for the higher molecular biogenic
compounds, such as terpenes and sesquiterpenes are required.

* Development and validation of Arrhenius expressions for rate constants over
wider temperature ranges than at present is needed.

* Investigation of reaction rates of RONO, (organic nitrates) with higher carbon
number.

* Investigation  of  exact reaction pathways of alkoxy radicals
(isomerisation/degradation).
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* Development of atmospheric chemistry models (regional and global) capable of
handling reactions at increased temperatures, say up to 40 °C.

7.1.3  Dynamics

* Combination of satellite and ground-based observations to detect changes in
dynamic processes in the atmosphere.

* The use of explicit models to explain and forecast air pollution issues, rather than
adapting numerical weather forecast models for this purpose.

* Knowledge of the vertical distribution of air pollutants and information on
boundaries between different lower layers of the atmosphere and exchange
processes should be improved.

* The use of continuous vertical observation platforms should be enforced and
extended to reactive photochemical species. Examples are: long-term aircraft
campaigns (e.g. CARIBIC), balloon soundings, zeppelins, and the use of high-
tower networks.

7.1.4 General

Heat wave events, such as those experienced in Europe in 2003, can be important in
guiding our thinking and understanding of photochemistry in future climates (Schar et
al., 2004). Observations in such events are limited to only those made continuously and
those where there is serendipitous coincidence of short-term activity with extreme
event.

* The European capacity to undertake responsive and short-term detailed
observation and modelling campaigns of extreme pollution episodes should be
enhanced.

7.2 Investigating changes in surface-atmosphere interactions

7.2.1 Oceans and ice

* To better predict the impact of climate change on polar and especially Arctic air
quality, improved modelling of sea ice dynamics is required. Measurement
campaigns and a continuous monitoring of surface halogen and O3 concentrations
are recommended to complement satellite data.

7.2.2  Soils

* Future research should address extreme events that are likely to affect soil water
content significantly such as floods and droughts, as these are predicted to occur
more frequently.

* Freeze-thaw events are known to trigger spring-time N,O emission pulses, and as
permafrost recedes there is likelithood that wider areas will be affected by this
phenomenon, warranting further studies.

* More field data are needed to demonstrate whether wetland CH4 emissions are
already responding to climate change, and more generally the global CH4 budget
should be better understood and quantified.

* Integrated research efforts should bring together different scientific communities
and projects that are currently focusing, with too little interaction, on fields as
wide-ranging as satellite data, remote sensing and process understanding.
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7.2.3  Vegetation

* Since major global change factors such as CO,, O;, drought and temperature are
known to influence the biogenic source strength of VOCs, the short- and long-
term responses of VOC emissions to each factor and to their combinations are
required as a priority.

* To better quantify national and global source strengths of VOCs at present and in
future, it is crucial to develop spatially resolved vegetation/land-use and
speciation maps at different spatial scales, forming a reliable basis to assess future
projected changes. Spatially and temporally disaggregated hydrometeorological
data are also needed to quantify biogenic emissions.

* An improved understanding of species specific compensation points in vegetation
for NH3 and oxygenated VOCs for dominant plant species and land management
in the model domain is necessary. Coupled predictive meteorological -VOC
emission - air chemistry - transport models should be developed for studying the
impact of biogenic sources on air quality, incorporating biogenic processes on
shorter timescales, for application on small as well as larger spatial scales.

* For the assessment of ozone damage to vegetation, and feedback effects on trace
gas exchange, there clearly is a need to develop a new assessment tool based on
ozone uptake by plants, rather than the currently used AOT40 exposure approach.

7.2.4  Land use changes: biomass burning, urbanization, agriculture

* The response of biomass burning to climate change needs to be quantified.
Research is needed on the net climatic and air quality impacts of biofuel
production and use within the framework of integrated studies.

* As major land use changes are expected in the tropics, current and future trends of
biogenic VOC emissions from tropics and their speciation should be assessed. In
all these research areas, improved land use datasets (finer spatial resolution, better
speciation) are required both for present conditions and projected changes.

* As megacities develop and since current global estimates of anthropogenic VOC
emissions are based on data from very few selected countries from the northern
hemisphere, speciated anthropogenic VOC emissions globally need to be
quantified at different spatial scales, more particularly in developing countries.

7.2.5  Atmospheric processes: turbulence, energy partitioning, hydrometeorology

* At present the consensus on effects of climate change on the frequency of
summer-time air quality episodes is that the frequency will increase, but there are
many uncertainties, and studies to tackle this issue need to integrate many of the
aspects, including increased urbanization to agricultural land use changes, and the
need for speciated anthropogenic and biogenic VOCs data to coupled
meteorological-emission-chemistry-transport models. At the ecosystem level, a
better understanding of chemical reactions on vegetation surfaces and inside the
canopy air space 1s needed.

7.3 Investigating changes in aerosols and their precursors

Air quality and climate science questions meet on regional scales, and it is on
these scales that key questions of boundary layer dynamics, convection, and
stability and cloud processes and their simulation, including formation, frequency,
extent and precipitation, must be better understood. For example processing of
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aerosols by clouds and wet deposition requires accurate prediction of the cloud
and precipitation frequency and amount.

7.3.1  Inorganic aerosol

* Work is needed on to identify current and future trends in nitrate aerosol
distributions which depend on the free ammonia availability as well as
temperature.

* An improved understanding of the roles of sulphur and nitrogen in the formation
of organic aerosol is needed to establish the effect on SOA of changing NOy and
SO, emissions. This is an important topic for the legislator.

7.3.2  Organic aerosol

* Organic aerosol is important as the sources, chemistry, pathways and
biogenic/anthropogenic balance will all respond to future changes in climate
change. Furthermore, it is an important component of local air quality and
regional aerosol, where between 30-70 % of submicron PM may be organic in
nature. Therefore, they present one of the biggest challenges to impacts of climate
change on air quality through aerosols. Considering the many uncertainties in the
understanding, and the likely increase with climate change, much work is required
to elucidate the fundamental processes involved in the formation, processing and
precipitation of organic aerosols.

7.2.3  Ultrafine particles

* Whilst the current metric is PM; there is growing evidence that ultrafine particles
are important from a human health perspective [Donaldson et al., 2006]. Ultrafine
particle formation is observed widely in many areas, however, this is very
sensitive to changes in ambient conditions and is highly non linear with
temperature. Considering the potential effects of ultrafine particles on human
health, detailed work is needed on their formation and processing.

7.2.4  Aerosols and clouds

* Improved representation of clouds and precipitation processes in global and
regional climate models is much needed as well as a better knowledge of aerosol
cycling due to cloud and precipitation processes.

7.2.5  Bioaerosols

* Bioaerosols may well be important sources of ice nuclei and the atmosphere could
well be an important pathway for disease and allergen transport via aerosol
particles. Little is known about bioaerosols and their behaviour in the atmosphere.
However, as biological assay methods improve this will be an important area for
needed research.

7.4 Building observation and modelling systems to cope with future change

7.4.1  In-situ monitoring

So there are a number of recommendations to make for promoting the implementation
of common air quality and climate change infrastructures.

* Encouraging the current initiatives devoted to a better understanding of the
possible links between air quality and climate change and promoting their
development. Beyond this objective, they should help to establish common
measurement and modelling practices and databases, worthwhile for both
communities. This is precisely the stake of the project GEOMON funded by the
6" framework program (www.geomon.eu ).
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Overview & Recommendations

Informing and involving users, especially policy makers, who could help support
the development of operational networks for monitoring climate change species
by, perhaps, providing a regulatory framework.

Developing synergies around a key common issue for air quality and climate:
atmospheric aerosols. Better knowledge of aerosol compounds properties is
crucial for elaborating relevant control strategies in both fields.

Enhancing synergies for the measurement of vertical profiles that are sought by
air quality and climate change scientists. Lidars, sonde networks could be
designed for both, as well as measurement campaigns based on aircrafts and
balloon measurements. This would the raising and highlighting of common issues
and developing links between the experts and scientists involved.

Satellite data

The recommendations are as follows.

%

7.4.3

Implementing a satellite earth-observation infrastructure based on both GEO
(geostationary) and LEO (low earth orbit) approaches. The former is required for
air quality purposes which require the monitoring of dedicated areas with a high
temporal resolution (as in-sifu supersites). probably one satellite of each type
(GEO and LEO) would be enough for Europe, extended to 2 LEO and 3 GEO for
the world.

Improving some instruments such as GOME2, especially in terms of
spatial resolution. Currently it is about 80 km % 40 km, and a resolution of
20 km % 20 km can be reached for a better representation of air quality species.

Filling in the technological gap that should hold from 2012 to 2020 between the
ENVISAT and post-Met-Op systems. This is necessary for the improvement of
CO; and CH4 global monitoring.

Promoting integrated coupled approaches by data assimilation with in-sifu data
and models that will allow taking the best benefits from satellite data.

Modelling

Modelling is considered as an important approach for air quality assessment especially
if it is combined with measurements. It is also the only available mean for simulating
future climate, pollution events and for understanding their relationships. Some
recommendations for increasing confidence in modelling for policy making applications
are as follows.

*

Reducing uncertainties in coupled systems (air quality and climate) with a better
description of dynamics and chemical processes (vertical exchange, cloud
chemistry, aerosol properties, urban meteorology);

Controlling uncertainties describing input parameters in terms of probability
distribution functions;

Improving emission description and quantification, especially biogenic emissions
that are particularly sensitive to climate change;

Developing ensemble systems for focused topics (extreme events for instance) to
define the range of possible model responses and assess modelling uncertainties;

Promoting integrated approaches linking climate, biosphere and atmosphere
systems for a better description of fluxes and concentrations.
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Impact of Climate Change on Photo-Oxidants, Precursors
and Feedback Mechanisms:
An Overview of Recent Analyses and Current Issues

Plenary lecture to ACCENT CCAQ: Group 1
Soléne Turquety

Université Pierre et Marie Curie-Paris 6, CNRS, Service d'Aéronomie/IPSL, France

Introduction

The increasing emissions of trace gases resulting from human activities have a strong
impact on both air quality (locally, on short time scales) and climate (globally, on
relatively long time scales). Figure 1 summarizes the main components of the global
radiative forcing since 1750 [IPCC, 2007]. In addition to long lived greenhouse gases
such as carbon dioxide (CO;), methane (CHy), and nitrous oxide (N,O), shorter-lived,
reactive species also constitute a major forcing on climate, either as direct climate
forcing agents, and/or through their role in tropospheric chemistry. In particular,
tropospheric ozone (O;) is one of the most important greenhouse gases. It is also one of
the most harmful pollutants for human health and vegetation growth and is currently
regulated by air quality standards worldwide. Air pollution thus plays a major role in
global climate change [Jacob ef al., 2005]. But climate change also affects air quality, in
particular through its impact on photo-oxidant chemistry. The chemical composition of
the troposphere is mainly controlled by surface emissions by anthropogenic activities or
natural processes, solar radiation, water vapour (H,O) content, and atmospheric
dynamics — factors which are all susceptible to be modified in a changing climate. The
strong interaction between atmospheric chemistry and climate is now recognized as a
major issue, both for air quality control and climate monitoring. A better understanding
of the many feedbacks involved is crucial in order to develop strategies that meet both
objectives.

Ozone is a key element of tropospheric chemistry. It is produced by photochemical
oxidation of carbon monoxide (CO), CH4 and non-methane volatile organic compounds
(NMVOCs) in the presence of nitrogen oxides (NOx = NO + NO,). It is also enhanced
by transport from the stratosphere. As the main precursors of the hydroxyl radical (OH),
H,0O and O; control the oxidizing capacity of the troposphere, and hence its ability to
“clean” pollution. Indeed, OH is the main sink for a large variety of species, including
CO and VOCs. High ozone pollution episodes mainly occur in the summer, when a
greater amount of sunlight increases photochemistry, high temperatures accelerate
reactions and stagnant conditions reduce exchanges with clear air. Therefore, both
precursors’ emissions and meteorological conditions are critical parameters for air
quality.
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Figure 1. (top) Global mean radiative forcings between 1750 and 2005 for the main agents and
mechanisms (bottom) and components for the main emissions [IPCC, 2007].
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Analysis of long term observations shows clear evidence for ongoing climate change on
several elements of the climate system [[PCC, 2007], some examples are listed below.

Global averaged surface temperatures have increased by 0.74 °C + 0.18 °C over the past
century, with consistent increase in lower and mid-tropospheric temperatures as well as
consistent changes in temperature extremes (increase in warm extremes, decrease in
cold extremes). The warming rate is faster over continents that over oceans, and greatest
at higher northern latitudes during winter and spring.

The frequency and duration of heat waves is increasing (with a record heat-wave over
Europe in 2003).

Changes in the large scale atmospheric circulation are observed, with a pole-ward shift
of the jet streams and a strengthening of the westerly winds.

Water vapour is increasing throughout the troposphere.

Snow cover has decreased and changes in permafrost and frozen ground have been
observed; Vegetation is also adjusting to different climatic conditions.

Precipitation changes depending on the region and season, with clear trends over
specific regions: increase over eastern North and South America, northern Europe and
northern and central Asia, drying in the Sahel, the Mediterranean, southern Africa and
parts of southern Asia. An increase in heavy precipitation events is observed, as well as
more intense and longer droughts, particularly in the tropics and subtropics.

Future climate changes are analysed based on climate model simulations using different
emission scenarios. An interesting result is that the near-term projections are little
affected by different scenario assumptions or different model sensitivities due to
committed climate changes, and predict 0.64 to 0.69 °C warming for 2011-2030 relative
to 1980-1999.

These climate changes will have a direct impact on surface emissions, reaction rates,
atmospheric lifetimes and transport of trace gases, which needs to be better understood
and quantified. For example, if increasing temperatures should lead to higher pollution,
warmer surface temperatures could also increase turbulence and deepen the planetary
boundary layer. Pollution would then be more diluted, which would improve air quality.

In this overview, the results from recent studies of the observed and expected response
of atmospheric chemistry to climate change, and of the consequences for air quality, are
summarized. The main issues highlighted by these analyses are then discussed.

Impact of climate change on the main ozone precursors

Emission scenarios currently used for climate projections reflect different economic
developments, regulation efforts and international cooperation schemes. However, they
do not account for possible changes which could result from climate change.

Anthropogenic emissions could be modified due to adjustments to different climate
conditions, with, for example, massive use of air-conditioning during heat waves but
lower consumption during the winter time, the increasing use of biofuel, etc. New
emissions may also appear in specific regions. For example, Granier et al. [2006] show
that emissions of primary pollutants from the opening of shipping routes during the
summer in the Arctic could result in strong enhancements of ozone levels over this
region.

More importantly, sensitivity of natural emissions to climate change needs to be better
accounted for. Emissions of VOCs by vegetation (mainly isoprene and monoterpenes
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but also highly reactive chemical species, such as methanol, acetone, aldehydes and
organic acids) correspond to ~90 % of the total VOC emissions. They are expected to
undergo strong modification, due to changes in land-use (which could also be
considered to be an anthropogenic forcing) but also to natural adjustments to new
climatic conditions: increasing temperature, different precipitation pattern in particular.
For example, Lathiere ef al. [2005] use a global dynamical vegetation model to evaluate
biogenic VOC emissions and their evolution with climate change. Figure 2 shows the
predicted evolution in vegetation cover (leaf area index LAI) and derived emissions of
isoprene and monoterpenes. Emissions of biogenic VOCs globally increase due to
larger LAI and higher temperatures, except over the Amazon Basin, where a recession
of tropical forest is predicted.
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Figure 2. a) Yearly mean global changes in leaf area index (m*/m?) between 1990 and 2100;
b) Corresponding changes in isoprene and monoterpenes (gC/m*/month) [Lathiére
et al., 2005].

Further study of the impact of land-use changes shows that tropical deforestation
induces a global decrease of 29 % of the isoprene emissions and an increase of 22 % of
the methanol emissions (from croplands) [Lathicre et al., 2006]. On the contrary,
afforestation in Europe leads to an increase of 54 % of VOC emissions over Europe.
However, the adjustment of vegetation as a result of new climatic conditions (type of
trees, efc.) remains very uncertain. Moreover, such mutation could be mitigated (to
some degree) by specific strategies to maintain regional biodiversity, which can not be
accounted for in models.
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Changes in natural NOy emissions are also expected. Lightning is a significant source of
NOy in the free troposphere, directly associated with convection, and with strong
implication for tropospheric chemistry [Hudman ef al., 2007]. More intense convective
activity could result in significantly enhanced lightning NOy emissions [Hauglustaine et
al., 2005, Brasseur et al., 2006]. However, the parameterization of convection and the
amount of NOy emitted remains highly uncertain.

Soils are also an important natural source of NOy during the wet season, in particular in
the tropics. Large pulses of biogenic NO emissions are observed following heavy
rainfalls on dry soil, which activate water-stressed nitrifying bacteria (the consumption
of accumulated nitrogen leading to NO emissions). NO emissions remain relatively high
during the whole wet season. Soil NOy emissions are still poorly understood and
quantified, and greatly underestimated in current inventories [Jaeglé et al., 2004]. These
emissions are affected by land-use (fertilizer use in particular), but also by climate.
According to the IPCC report, precipitation events will be more frequent, and the dry
periods between rainfalls will be more important, which could favour biogenic
emissions from soils. Estimation from dynamical vegetation model suggests possible
increase of about 20 % by 2100 [Hauglustaine ef al., 2005]. This could be a significant
factor over remote regions and in the tropics.

For CHy4, the dominant natural source is wetlands, which represent about a third of the
total emissions. Shindell ef al. [2004] evaluate the evolution of wetland CH4 emissions
using a simplified emission model within a GCM with a doubled CO, scenario. They
find that warmer temperatures and enhanced precipitations lead to the expansion of
wetlands (areas and depth), inducing an average increase of 78 %, which represents
20 % of the current total CH4 emissions. The wetland emissions more than double
during the summer, in particular over the northern hemisphere high latitudes due to
accelerating rates of permafrost thaw. The melting of the permafrost could also release
large quantities of carbon, stored in the peatlands, but large vegetation productivity in
the flooded areas could also act as a larger carbon sink [Turetsky et al., 2007].

Biomass burning constitutes a large source of emissions for a series of trace gases and
aerosols, which is responsible for a large fraction of interannual variations of
tropospheric concentrations [Wotawa et al., 2001; Szopa et al., 2007]. Warmer and drier
conditions will significantly increase the fire risk in many regions. For example, intense
burning in southern Europe and the Mediterranean regularly occurring during the
summer significantly degrade local air quality over large regions. Wildfires in boreal
forest are also important for air quality, locally but also continental and even
hemispheric scales. Large emissions from wildfires in Alaska and Canada during the
summer of 2004 [Turquety ef al., 2007] had consequences for air quality as far as the
southern United-States [Morris et al., 2006] and Europe [Cook et al., 2007; Real et al.,
2007]. These large boreal fires are expected to increase as a result of climate change due
to earlier snow melt, warmer and dryer conditions [Gillett et al., 2004]. As already
mentioned, large quantities of carbon are stored in the boreal soils. Fires in peatlands
release large quantities of pollutants which are not currently accounted for in
inventories [Turquety et al., 2007], and this contribution could significantly increase in
the future. However, the impact and evolution of fire emissions is extremely difficult to
predict due to the variable character of these events, to the large uncertainties on surface
emissions inventories, but also on the evolution of vegetation cover.

These examples show that a significant increase of direct emissions of primary
pollutants and ozone precursors is expected as a result of climate change. This climate
impact on emissions is currently not well quantified in most model simulations.
However, the net effect of climate on atmospheric concentrations of these pollutants is
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more difficult to assess. Indeed, these concentrations depend critically on chemistry,
and on OH levels in particular since OH is the main sink for CO and VOCs. A warmer
climate implies larger HO,, leading to larger OH. Increasing O3 and NOy also result in
increasing OH. On the contrary, increasing CO, CH4 and VOCs results in decreasing
OH concentrations. It is therefore difficult to predict variations in OH concentrations.
Methyl chloroform observations indicate growing OH levels until the late 1980s
followed by clear decrease in the 1990s [Prinn et al., 2001]. Trends in CH4 show
consistent increase in the 1990s, and levelling off after 1998, which can be attributed to
variations in OH, possibly due to an increase in lightning NOy, but also in surface
emissions [Fiore ef al., 2006].

Projections for the future indicate decreasing OH associated with increasing emissions
(with a magnitude depending on the scenarios) but an increase associated with
increasing H,O [Stevenson ef al., 2006], so that the global change is low [Hauglustaine
et al., 2005]. For CO, the multi-model ensemble analysis presented by Shindell et al.
[2006] shows that, while increasing emissions lead to larger CO, climate change only
(not including subsequent emissions changes) results in a global decrease of CO in most
model projections.

Impact of climate change on global ozone

Ozone trends are difficult to analyse due to sparse in sifu observations and the lack of
long term records. Oltmans et al. [2006] analysed long-term variations using long
record of in situ observations. The derived trends vary strongly depending on the
location and altitude of the measurements. In the southern hemisphere, time series show
increases up to the mid-troposphere. In the northern hemisphere high latitudes, small
positive trend in recent decade seems mainly related to changes in the lowermost
stratosphere. In the mid-latitudes, continental tropospheric ozone increased significantly
in the 1970s and 1980s, but remained stabled or decreased in the more recent decades,
while a significant increase is still observed over the North Atlantic. In the tropics,
significant increase is attributed to a shift in the transport pattern during this season with
more frequent flow from higher latitudes in the latest decade.

Several analyses based on coupled chemistry-climate models have been conducted in
order to assess the variations of ozone since pre-industrial levels, as well as the expected
trends in the future. These global models allow the analysis of specific signatures
associated with the different changes, in particular surface emissions and climate
modifications. A multi-model analysis of tropospheric ozone radiative forcing since
preindustrial times was led within the ACCENT network [Gauss ef al., 2006]. All
models show significant increase of tropospheric ozone and decrease of stratospheric
ozone as a result of changes in surface emissions and chemistry. Accounting for the
response of climate change implies further increase in the troposphere and a reduction
of the stratospheric decrease. Taking into account both the troposphere and the
stratosphere results in decreasing total ozone amounts, but the resulting total ozone
radiative forcing is still increasing.

Recent studies analysed the respective impact of future emissions scenarios and of
future climate change on tropospheric chemistry [Hauglustaine et al., 2005; Brasseur et
al., 2006; Stevenson et al., 2006]. These experiments predict global increase of
tropospheric ozone throughout the troposphere (example shown in Figure 3 for the
multi-model ensemble analysis of Stevenson et al. based on the current legislation
scenario, resulting in 6 % total increase), except for most optimistic emissions scenarios
(5% decrease for the maximum reduction scenario). Most models show significant
increase of ozone levels associated with increasing biogenic emissions. For example,
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Hauglustaine et al. [2005] show up to 50% increase in surface ozone by the end of the
century in northern America, western Europe and northern China during the summer.
However, large increase in isoprene emissions could also result in decreasing ozone in
some regions, such as the southeastern United-States [Wu et al., 2007a] due to the
sequestration of NOy as isoprene nitrates and isoprene ozonolysis.
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Figure 3. Multi-model ensemble average ozone changes between 2000 and 2030 due to:
a) changes in emissions only (based on current legislation scenario, CLE) and
b) climate change only (difference between simulations with CLE and year
2030 climate and simulations with CLE and year 2000 climate) [Stevenson et
al., 2006].

Climate change partly offsets the increase associated with larger emissions, with
expected global reduction in ozone levels due to larger OH levels (wetter climate). The
largest feedback is predicted in the tropics, particularly over the ocean. However, some
models predict increased ozone levels over the continents resulting from enhanced
ozone production due to larger PAN decomposition with increasing temperature
[Hauglustaine ef al., 2005]. On the other hand, shorter PAN lifetime reduces the impact
of long range transport on ozone production. Upper tropospheric ozone is expected to
increase in response to climate change due to larger stratospheric influx and increased
lightning NOy emissions. This could result in increasing total climate forcing since the
impact of upper tropospheric ozone on climate is larger. Impact of increased OH levels
also influences CHy lifetime, and a reduction of this parameter could lower radiative
forcing.

Expected impact on local air quality

Regulation policies for air quality improvement have led to significant emission
reduction over the main developed countries. Consistently, surface observations over
these regions seem to indicate negative trends in surface ozone maxima in the summer
[Oltmans et al., 2006; Vautard et al., 2006]. However, measurements in Canada and the
United States show clear increase in surface ozone in the past decades [Vingarzan,
2004]. Trends in ozone observations are difficult to analyse due to competing influences.
Moreover, as previously discussed, significant changes of the tropospheric chemical
composition are expected as results of climate change on a global scale. From an air
quality perspective, surface pollution is also sensitive to climate change and will be
modified in the future.
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Several recent studies investigated the sensitivity of air quality (surface ozone average
and daily maxima in particular) to climate change using chemistry-climate modelling.
Szopa et al. [2006] analysed the impact of global anthropogenic emission changes on
European air quality using a downscaling from a global to a regional chemistry-
transport model. Current legislation emission scenarios indicate a global increase of
anthropogenic emissions, but a decrease of European contribution. Previous analysis
showed the ability of the regional model to reproduce recent trends in surface ozone
[Vautard et al., 2007]. Szopa et al. find that future surface ozone increases in northern
Europe and decreases in parts of southern and central Europe, showing that emission
control in Europe is competing with the influence from increasing background levels.
However, they find that ozone maxima are significantly reduced (Figure 4). In addition
to surface emissions changes, the effect of climate change needs to be considered. As
detailed in the previous section, enhanced water vapour results in a decrease in ozone
levels, which could partly compensate the increased background. Increasing biogenic
emissions could also be critical for air quality. Larger temperatures also induce faster
chemical reactions, and shorter lifetimes for some key species as PAN, with direct
influence on local ozone production.
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Figure 4. Daily O; maximum percentiles distribution over 244 European ground based stations
using 2001 measurements (black) and for CHIMERE regional model simulation for
present-day run (red); and 2030 with different emissions scenarios [Szopa et al.,
2007].

Modification of meteorological conditions is also an important factor for the
development of pollution episodes. Mickley et al. [2004] show that the duration of
pollution episodes could increase from ~2 to ~3 to 4 days in the US due to lower
frequency of mid-latitude cyclones, and resulting decrease of the ventilation by cold
fronts, which is already apparent in long-term observations. They also find an increase
in the depth of the boundary layer, which tends to improve air quality but remains low
compared to the increased stagnation. Longer episodes are also expected over Europe
[Hauglustaine ef al., 2005], whereas enhanced monsoon over India and Southeast Asia
would, on contrary, increase boundary layer venting and improve air quality.

Such complex interactions are difficult to predict, but are crucial for the development of
efficient strategies which will benefit to both air quality and climate. Sensitivity analysis
of the influence of different emission control strategies show that, although surface
ozone pollution depends mainly on NOy levels, reducing CH4 emissions in the best
compromise [West et al., 2007]. Indeed, short terms improvements from NOy, CO or
NMVOC limitation are concentrated near source regions. Reduction of NOy and CHy
lead to the largest decrease of surface ozone levels. NMVOC reduction efficiency is
limited mainly by large biogenic sources. In some regions, NOy reduction increases
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surface ozone due to lower ozone destruction. It also causes a long-term increase in CHa,
and thereby enhances radiative forcing as well as surface ozone. The interaction
between chemistry, aerosols and climate also needs to be better understood and
accounted for. Brasseur and Roeckner [2005] show, for instance, that global
temperature and precipitation change would be greatly enhanced by strong reduction of
anthropogenic sulfate aerosols.

Current issues: how accurately can we predict the impact of climate change on
tropospheric chemistry?

Analyses of the expected impact of climate change are mainly undertaken based on
complex coupled chemistry and climate models, which allow detailed analysis of the
different processes involved and projections for expected future conditions. Multi-
model ensemble analyses are undertaken in order to provide robust conclusions as well
as an assessment of uncertainties associated with the predictions.

Comparisons between present-day model predictions and observations highlight the
current uncertainties, even for relatively well known and extensively observed species
like CO [Shindell et al., 2006] and ozone [Gauss et al., 2006; Stevenson et al., 2006].
Current results show systematic underestimate of CO in the Northern Hemisphere
compared to observations, which is mainly attributed to strongly under-estimated Asian
emissions. Underestimate of production from VOC oxidation could also be partly
responsible.
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Figure 5. Multi-model ensemble mean ozone changes due to climate change (same as
Figure 3). The ensemble plus and minus 1 standard deviation are also shown
[Stevenson et al., 2006].

These multi-model analyses also highlight large discrepancies between models (using
the same surface emissions), which can change the magnitude of the calculated trends,
and even their sign. As an illustration, Figure 5 shows the mean and standard deviation
in the global ozone changes from the multi-model analysis by Stevenson ef al. [2006]
shown in Figure 3. Simulated changes have typical uncertainties of 20-35 %. The base
simulations for 2000 were compared to ozone sonde measurements in order to evaluate
model performance. The average comparison shows good agreement, but the deviation
between different models is large. The large standard deviation in the model response
can be attributed to differences in the simulation of several key processes:
parameterization of deep convection, and the associated lightning NOy emissions,
inclusion of NMVOC:s, in particular biogenic isoprene emissions and related chemistry,
stratosphere-troposphere exchanges, predictions of biomass burning emissions, and H,O
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concentrations. This is consistent with detailed analysis conducted by Wu et al. [2007b]
using simulations from different CTMs, and the same CTM with different
meteorological fields.

While numerical simulations of chemistry and climate are necessary to improve our
understanding of the key processes and feedback mechanisms, and help us envision the
impact of different strategies, model results should systematically be confronted to
atmospheric measurements for robust analyses. Past trends can provide an insight onto
ongoing changes, and in depth analysis of observations during extreme events, such as
the record-breaking heat wave in Europe in 2003, allow better understanding of
processes which are susceptible to prevail in the future.

Recent satellite missions dedicated to the observation of the troposphere provide
extremely useful new means of monitoring the evolution of chemical composition, with
unprecedented global observations for several key species. Various satellite data
analyses have helped evaluate current emission inventories. In particular, they show that
large emission regions may be greatly underestimated for several species, including key
species such as CH4, CO, NOy, isoprene and methanol [Pétron et al., 2004; Jaeglé et al.,
2005; Palmer et al., 2006; Bergamaschi et al., 2007; Dufour et al., 2007]. In addition to
providing interesting constraints on surface emissions and atmospheric concentrations,
records are now long enough to analyse recent trends [Richter ef al., 2005]. METOP-A,
launched in 2006, is the first of a series of three satellites which should provide at least
15 years of consistent measurements. It carries two complementary instruments, IASI
measuring in the thermal infrared spectral region and GOME-2 in the UV-visible, which
will allow simultaneous observations of ozone, CO, NO,, formaldehyde, CH4 and CO,
and possibly more reactive species such as nitric acid [Turquety et al, 2004;
http://www.iup.uni-bremen.de/doas/gome2_first results.htm], as well as meteorological
parameters (H,O, temperature, clouds, efc.) These measurements will offer an
unprecedented picture of tropospheric chemistry and its evolution.
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Surface—Atmosphere Interactions

Plenary lecture to ACCENT CCAQ: Group 2
William Collins

Met Office Hadley Centre, UK

Introduction

Air Quality and climate are intimately connected and are both part of the coupled earth
system. Air quality is determined by four processes: the emission of pollutants, their
transport, their transformation and their removal. In this paper we will focus principally
on ozone which is an air quality pollutant affecting human health and plant growth
[Ashmore 2005]. It is also a climate warming gas. Ozone is principally a secondary
pollutant in that it is formed in the atmosphere by photochemical reactions in the
atmosphere involving oxides of nitrogen (NOx) and volatile organic compounds
(VOC:s). It is destroyed by reactions involving water vapour, and is removed by contact
with the earth’s surface.

Anthropogenic emissions can vary with temperature, either directly due to changes in
volatilization, or indirectly through changes in behaviour such as energy usage. Natural
emissions can be very sensitive to meteorology, depending on sunlight, temperature,
precipitation and CO, levels. Air quality is very sensitive to changes in transport.
Pollution events are most associated with stable high pressure anticyclonic systems.
These trap pollutants below an inversion layer where they accumulate. High pressure
systems affect the transformation of pollutants too. They generally have little cloud
cover, providing plenty of sunlight and higher temperatures for the photochemical
reactions. Removal by precipitation is obviously dependent on meteorology. Removal at
the earth’s surface can depend on the physical meteorology (wind speed and turbulence)
but also on the overlying vegetation.

We have not yet reached levels of climate change large enough to determine directly its
effect on air pollution. One indirect way of doing this is to use heatwaves as analogies
for climate change. There was a major heatwave in Europe during the first two weeks of
August 2003 when temperatures in the UK peaked at a record 38.5 °C. Stedman [2004]
attributed between 423 and 763 excess deaths due to high air pollution in England and
Wales during this period. Climate predictions by Stott et al. [2004] show that by 2040
half the years will see warmer summers in Europe than 2003 (Figure 1).

It is not clear how far the heatwave analogues can be taken. Not only were the
temperatures high over Europe in August 2003, the intense high pressure system lead to
an increase in the accumulation of pollutants. Thus a global increase in temperature by
2040 might not lead to similar levels of pollution if the temperature increase was not
accompanied by an increase in the frequency or intensity of high pressure systems.
Another way of predicting the effect of future climate on atmospheric chemistry and air
quality is by using global chemistry models. Johnson et a/. [2001] used such a model to
show that increased humidity in a warmer climate would lead to increased tropospheric
ozone destruction and hence a lower ozone burden.
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Figure 1. Observed and simulated European June-August temperature anomalies relative to the
1961 — 1990 mean [Stott et al., 2004]. The asterisk marks the 2003 anomaly.

Figure 2 shows two simulations of the ozone burden changing with anthropogenic
emissions of NOx and VOCs over the 21* century. The black dots are for a constant
climate and show a steep increase over the course of the century as the emissions
increase. The red dots show that when future climate change is considered, the increase
1s far less steep.

T T
A L
SN s & ctond -
l!'-'-
= — il _hilnkt LY
=
= 55 " #.:"‘
& i
- i 2 :
- e oo o
_.5 50— o "l-".'h- l-..-plr‘ﬁ"‘ E
—LRE L iy A g mTaE
a S mggg R .
L :._"q ‘-H.!""" - H ]
:"-.'::-
T
2D e ZC=n e = R JACD

Figure 2. The predicted evolution of the tropospheric ozone burden with a constant (control) and
changing climate [Johnson et al. 2001].

With a warmer climate, the exchange between the stratosphere and troposphere is
expected to increase [Butchart and Scaife 2001]. Surface warming due to increased CO,
leads to a cooler lower stratosphere, and less destruction of lower stratospheric ozone
(except for at the poles). Chemistry models have found that this increased circulation
combined with the increase in lower stratospheric ozone leads to significantly more
stratospheric ozone being transported into the troposphere [Collins et al. 2003, Zeng
and Pyle 2003, Sudo ef al. 2003]. Figure 3 shows simulated surface ozone
concentrations and the stratospheric contribution at Mace Head in Ireland for current
and future climate.
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Figure 3. The simulated influence of climate change on surface ozone and the stratospheric
contribution at Mace Head, Ireland [Collins et al. 2003].

The increased humidity and increased stratosphere-troposphere exchange (STE) act in
opposite directions. The first process decreases ozone, the second increases it.
Stevenson et al. [2006] looked at the effect of climate change on ozone predicted by 10
global tropospheric chemistry models. The results are shown in Figure 4. On average
the models predicted almost no change in the tropospheric ozone budget as the humidity
and STE effects approximately cancel. However, there was a large spread in the model
results, with some models predicting significant decreases and some significant
increases. Few of these models incorporated the effects of climate on biogenic
emissions of ozone precursors, and none of them considered the effects of climate on
the removal of ozone by vegetation. The coupling between chemistry and ecosystems
may be a significant feedback mechanism between climate change and atmospheric
chemistry and air quality.
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Figure 4. The simulated influence of climate change on the zonal cross-section
of tropospheric ozone. (b) shows the mean of 10 models, (a) and (c) show the
mean -/+ 1 standard deviation within the model ensemble. Figure from Stevenson
et al. [2006].
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Coupling between atmosphere and the surface via ecosystems.

As described above, the surface is the major source of ozone precursors, and is a
significant sink for ozone. The most important climate influences on the surface sources
and sinks are where these processes involve ecosystems, since ecosystems are highly
sensitive to climate.

The importance of the link between chemistry and ecosystems has been long established.

The emissions of isoprene from vegetation [Guenther et al. 1995], NOx from soils
[Yienger and Levy 1995] and methane from wetlands [Aselmann and Crutzen 1989],
are widely used in tropospheric chemistry models. These emissions can be dependent on
meteorological variables such as temperature, insolation and precipitation, but also on
ecosystem variables such as soil and vegetation amounts and types. In a future climate,
these meteorological and ecosystem variables are likely to have changed considerably
[Cox et al. 2000] leading to significantly different natural emissions than measured
today [Sanderson et al. 2003a, Gedney et al. 2004]. Thus changes in natural emissions
need to be taken in to account when predicting future atmospheric composition and air
quality. Figure 5 shows the variation in the concentrations of isoprene and its
degradation products measured at a site in the east of England in a period covering the
start of the August 2003 heatwave. Much larger isoprene concentrations were measured
during the heatwave than before it. Highly elevated ozone concentrations were observed
at the same time. Lee et al. [2006] conclude that although most of the elevated ozone
was advected to the site from continental Europe, in-situ production of ozone from the
increased isoprene could have contributed to the pollution episode. It is not known
whether this isoprene response would be the same under constantly elevated
temperatures in a warmer climate, or whether vegetation would acclimatise.
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Figure 5. The variation of temperature and isoprene and its degradation products at a site in
eastern England in 2003 [Lee et al. 2006].
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Wetlands contribute around a third of the emissions of methane into the atmosphere.
The emissions increase with temperature. In a modelling study, Gedney et al. [2004]
predicted that these emissions could increase by about 200 Tg/yr for a 42K
temperature rise. These emissions are shown in Figure 6. This study focussed on
methane as a climate forcing gas, but methane also contributes significantly to surface

ozone pollution [West and Fiore 2005].
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Figure 6. The variation in the methane flux from wetlands with changing climate [Gedney et al.

2004].

As well as being a source, ecosystems are also a sink for many trace gases through dry
deposition to vegetation and soil [Wesley 1989]. The deposition velocities of species
depend on the type of vegetation and soil, and also on meteorologically influenced
parameters such as the leaf and soil moisture [Sanderson ef al. 2003b]. One of the main
routes for ozone deposition to the surface is uptake through plant stomata. Figure 7
shows a picture of a plant stomate. Uptake through plant stomata allows ozone to
damage the cell membranes [ Ashmore 2005 ].
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Figure 7. Diagram of a leaf surface, showing the stomatal opening.
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The opening of plant stomata is determined by meteorological factors including the, the
atmospheric concentration of CO, and the water stress of the plant. Plants open the
stomata to take up CO; for photosynthesis, but restrict them to reduce water loss. Thus
the degree of opening of the stomata is a balance between the CO, availability and
water loss. Both these factors are likely to change in a future climate.

Sanderson et al. [2007] coupled an atmospheric chemistry model (STOCHEM) to the
Met Office Hadley Centre climate model which includes a land surface exchange
scheme to investigate the impact of changes in plant stomata on surface ozone

concentrations. The focus was on the effect of changing the ambient CO, concentrations.

With higher CO; concentrations, the plant’s stomata can open less in order to get the
same CO, flux. The modelling experiment consisted of two simulations, one with
present day CO; and one with doubled CO,. In the simulation with doubled CO, the
meteorology was kept the same, only the chemical removal fluxes were allowed to
respond to the increased CO,. The impact on surface ozone of doubling CO,
concentrations is shown in Figure 8. Ozone has increased globally. The largest changes
are in the northern latitudes particularly in the northern spring.
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Figure 8. Changes in surface ozone concentration caused by the effect of doubling carbon
dioxide concentrations on the stomatal removal. From Sanderson et a/ [2007].

Since ozone is both a human health pollutant and damaging to plants, it is instructive to
assess the impact of CO, increases on both these factors. Figure 9 (top) shows the
expected increase in springtime ozone over Europe due to the doubled CO, with
consequent damaging implications for human health. Figure 9 (bottom) shows the
change in the cumulative uptake of ozone by plant stomata for the same period. This is a
useful measure of damage to plants [Ashmore 2005]. Although the surface
concentrations rise under doubled CO; the plant damage halves.
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Figure 9. Top figure, change in surface ozone concentrations in ppb due to the effect of
doubled CO, concentrations of the stomatal conductance. Lower left: The ozone
damage metric Cumulative Uptake of Ozone (CUO) for present day CO, levels
integrated over March-April-May, in mmol m™. Lower right: the same metric
calculated for doubled CO; levels.

Plants also close their stomata in response to water stress. Therefore any increase in
water stress in a changed climate may be expected to have a similar effect to the direct
CO; impact. That is increasing surface ozone concentrations with associated human
health consequences, but decreasing the ozone damage caused to plants. Plant damage
metrics based purely on the surface ozone concentrations, such as AOT40, will increase
with increasing CO,, thus predicting the opposite sign of change. It is thus essential to
use a metric reflecting the atmosphere-surface exchange of ozone.

The meteorological changes are not only likely to be important in a seasonally averaged
sense, but are likely to be particularly important during pollution episodes, and have yet
to be quantified. Vautard et al. [2005] found that a simulation of ozone in the August
2003 European heatwave was improved by assuming a doubling of the surface
resistance to ozone deposition.
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Conclusions

The net effect of climate change on the tropospheric ozone burden is still not well
determined. It is expected that the continental surface concentrations will be effected by
changes in the atmosphere-surface exchange of reactive gases. Important mechanisms
by which atmosphere-surface exchange might by perturbed by climate change involve
the biosphere. Here we have focussed on terrestrial vegetation. The oceanic ecosystems
might also be affected by climate change, but their impacts on continental air quality are
likely to be smaller.

Increases in natural emissions of ozone precursors such as isoprene and methane will
make ozone pollution worse in future. Decreases in ozone removal by vegetation due to
the direct effect of CO,, and the indirect effect of CO, through changing climate will
again increase ozone pollution levels but reduce the damage to plants (including crops).

Changes in the surface-atmosphere exchange of trace gases due to climate change will
have an impact on ozone chemistry. These changes are likely to be heterogeneous, with
significant increases in surface ozone concentrations in particular regions and less in
others. Hence simulations of future air quality will need to take into account surface
exchange processes in order to make reliable predictions for policy use. In order to do
this, detailed maps of vegetation coverage and type will be required.
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Summary

As a result of chemical reactions of volatile organic compounds (VOCs) in the
atmosphere, which are released in large quantities from anthropogenic and in even
higher amounts from natural sources, the concentrations of a series of climatic relevant
trace species are significantly affected. Beside their potential influence on the regional
distribution of ozone, biogenic VOCs are known to represent important precursors for
the formation of secondary organic aerosols (SOA). The whole process, starting from
the emission of biogenic VOCs from plants followed by the formation and removal of
organic aerosols, can be viewed as a specific part of the global carbon cycle between the
biosphere and atmosphere. Motivated by the increased scientific interest in the impact
of the future atmosphere on atmospheric composition and processes, this contribution
attempts to elucidate the current state of knowledge about the potential influence of
climate change on organic aerosol formation. Due to the large amounts emitted and
several potential feedback mechanisms the focus lies on SOA formation from naturally
released hydrocarbons.

Introduction

Atmospheric aerosols interact both directly and indirectly with the Earth's radiation
budget and climate. As a direct effect, the aerosols scatter or absorb sunlight. As an
indirect effect, aerosols in the lower atmosphere can modify number and size of cloud
droplets, changing how the clouds reflect and absorb sunlight, thereby affecting the
Earth's radiation budget. Aerosols also can act as sites for chemical reactions to take
place (heterogeneous chemistry). Hence, they play an important role in global climate
and atmospheric chemistry. Furthermore, atmospheric aerosols affect our environment
at the local and regional levels. Aerosols are now becoming recognised as a significant
health problem, especially in regard to respiratory diseases.

The formation of organic aerosols from the oxidation of hydrocarbons is only one but
an important contribution to the overall composition of atmospheric aerosols. One
major pathway leading to organic aerosols formation in the atmosphere is gas-to-
particle conversion. In general, the volatile aerosol precursors are first decomposed in
the gas phase by bimolecular reactions or photolysis followed by the formation of
products with a lower volatility. Higher functionalised compounds with hydroxyl,
carbonyl, carboxyl groups or groups containing heteroatoms are formed in an oxidising
environment, which will either condense on existing particles or even form new aerosol
particles. To distinguish this fraction of tropospheric aerosols from the direct input of
particulate organics into the atmosphere it is specified as secondary organic aerosol
(SOA).
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Historical

The optical effects of atmospheric aerosol particles formed from the oxidation of VOCs
were recognised quite early by humans. Sha-co-na-qe “Place of Blue Smoke” was the
name given for the Great Smoky Mountains by the Cherokee Indians, of course without
knowing the cause of the haziness often observed in the summertime above the forested
Appalachian Highlands. This phenomenon of forested regions — that they are frequently
enveloped in a blue haze or smoke — is induced by Rayleigh scattering of
submicrometer particles. Numerous other forested mountain sites are named after this
phenomenon: ‘Blue Mountains’, ‘Blue Ridges’ or ‘Smoky Mountains’ can be found for
example in India close to the Burman border, in Jamaica, at the east coast of Australia
(Figure 1) and even several times in North America (Montana, Oregon, Idaho, Maine,
Pennsylvania, Tennessee).

Figure 1. Biogenic secondary aerosol formation (blue haze), Blue Mountains, Australia.

The first connection between volatile organic compounds and the formation of
atmospheric particles was probably made by Arie Haagen-Smit at Caltech in 1952 in a
strongly anthropogenically influenced environment. Studying various aspects of the Los
Angeles smog formation he not only explained ozone and peroxide formation by the
photochemistry of the released hydrocarbons and nitrogen oxides but also connected the
decrease in visibility during smog episodes to the condensation of aldehydes and acids
formed in the oxidation the hydrocarbons. In 1960 F.W. Went, director of the Missouri
Botanical Garden and former colleague of Haagen-Smit at Caltech, published an
extensive article in Nature titled ‘Blue hazes in the atmosphere’. Based on his
observations staying at a countryside site and everyday experiences as well as his
knowledge about secondary plant products, he finally also connected the occurrence of
the natural phenomena with the volatilisation and gas phase oxidation of terpenes from
terrestrial vegetation.

However, during these first years of atmospheric chemistry and the following decades
the main interest in the VOC chemistry was focused on gas-phase photochemistry.
About 1990 more and more interest was developed to understand also the aerosol
formation behaviour of hydrocarbons, driven by the awareness of the role of natural and
anthropogenic aerosols in the radiative properties of the atmosphere and the Earth’s
climate. Moreover, the ozone hole research in the Antarctic clearly showed that
heterogeneous reactions on surfaces of air suspended matter can also influence gas
phase composition. Another major driver to investigate the origin and formation of
aerosol particles in the last decades is their effect on human health. It has been shown
that cardio-pulmonary diseases and mortality are related to the presence of fine
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particulate matter [Dockery et al., 1993; Laden et al., 2000; Mar et al., 2000; Tsai et al.,
2000]. As a consequence of the increased scientific interest new instrumental techniques
for particle analysis have been developed at a rapid rate in an effort to produce methods
with lower detection limits, shorter temporal resolution, and increased selectivity with
the goal of increasing our understanding of atmospheric processes. Especially mass

spectrometric on-line techniques have been developed during the last years [Sipin et al.,
2003].

Sources and sinks of atmospheric particles

As mentioned above, particles in the atmosphere are often divided into primary and
secondary particles according to their formation processes. Primary particles are
released directly into the atmosphere whereas secondary particles are produced within
the atmosphere as a consequence of the conversion of volatile precursors into low or
non-volatile substances. Formation processes of primary particles are basically
mechanical production (abrasion, suspension and sea spray) and production during
combustion processes (condensation of hot vapours or formation inside flames (e.g. soot
particles)) [Seinfeld and Pandis, 1998]. In general, mechanical processes create coarse
particles (diameter >1 pm or >2.5 pum depending on the definition or available sampling
methods) whereas combustion processes create fine particles which might coagulate
right after production (e.g. chain aggregates of soot particles). Secondary atmospheric
particles belong to the fine particle fraction and they are created by the so called
“nucleation process”. The nucleation process in the troposphere is currently not
completely understood and several mechanisms are discussed [Kulmala, 2003]. One
hypothesis about new particle production in the atmosphere assumes that the process is
initialised by the formation of sulfuric acid containing clusters (thermodynamically
stable clusters) in the size range of 1 nm which grow under suitable conditions, for
example, the availability of condensable vapours, into a size range of 3 to 20 nm, the so-
called nucleation mode. If the concentration of condensable vapours is not high enough,
the clusters will be rapidly lost by coagulation and no new particles will be formed.
However, once formed the nucleation mode particles can continue to grow by uptake of
condensable vapours into the Aitken mode (around 20 to 100 nm) and further to
particles in the accumulation mode (100 nm range) [Kulmala ez al., 2004]. Condensable
vapours mean low volatile compounds which are produced during chemical reactions in
the atmosphere from volatile precursors. Due to the Kelvin effect (smaller droplets have
higher vapour pressures) these vapours cannot condense without a condensation nuclei
(e.g. a cluster). Condensable vapours might be inorganic like sulfuric acid or organic
like low volatile products from the terpene oxidation. These low volatile compounds are
not only involved in the formation or growth of secondary particles but they can also
condense onto pre-existing particles leading to increased particle size and mass and to
an alteration of the chemical composition which might also alter the physical or
physicochemical properties (light scattering, hygroscopicity, efc.) which affect the
influence of aerosols on climate.

Processes which act as sinks of atmospheric particles are dependent on the particle sizes.

Coarse particles are being removed mainly by dry deposition (sedimentation). Particles
in the accumulation mode are being eliminated mostly by wet deposition (rainout,
washout). The main sink for smaller particles (Aitken and nucleation mode) is
coagulation with other particles.

&9
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Sources and composition of secondary organic aerosols

Secondary organic aerosols (SOAs) are produced (1) mainly by gas-phase oxidation of
volatile organic compounds that can either form new particles or condense onto pre-
existing particles, (2) by heterogeneous reactions on particle surfaces or (3) by in-cloud
processing. Precursors of organic SOA are mostly volatile reactive biogenic (e.g.
terpenes) or anthropogenic (e.g. aromatics) hydrocarbons. The dominant loss processes
for volatile organic compounds in the troposphere are chemical transformations by
reaction with hydroxyl radicals (OH), nitrate radicals (NOs) and ozone. Especially for
the oxidation of the mostly unsaturated biogenic hydrocarbons, all three of these
reactions must be considered in assessing the transformation processes of a given alkene.
Figure 2 shows a general reaction scheme for the oxidation of two VOCs, mesitylene (a
typical anthropogenic VOC) and a-pinene (one of the most important natural VOCs).
All three reactions lead to the formation of short-living organic radicals, which
rearrange, decompose or react further with other atmospheric constituents. A fraction of
the products stay in the gas-phase (e.g. formaldehyde, glyoxal, acetone) and influence
important tropospheric processes, such as ozone formation. Some of these volatile
products (e.g. glyoxal) might be taken up on a longer time scale in the condensed phase
and undergo aerosol chemical processing (see below). Furthermore, higher molecular
weight products are generated from VOC oxidation, some semi-volatile compounds,
such as carbonyls or alcohols, some low-volatile products, such as diacids. Due to their
semi-volatile or even low-volatile character these products can instantaneously
contribute to the particle phase (gas/particle partitioning) or even form new particles by
homogeneous nucleation.

gaseous products gas phase
e.g. —_— chemistry
HCHO (e.g. ozone formation)
acetone
glyoxal i
aerosol chemistry
OH semivolatile products e.g. oligomeric products
+OH e.g. o
X CHO
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o CHO |
+0 o -
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Figure 2. Mechansims leading to gaseous or condensable species from anthropogenic
(e.g. mesitylene) and biogenic (e.g. a-pinene) precursors and some important
subsequent processes.
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This gas-particle partitioning of semi-volatile (and also low-volatile) compounds can be
described by gas-particle partitioning models introduced by [Pankow 1994; Odum et al.,
1996]. These models consider the dependence of the concentration of an individual
organic compound i in the particle phase from the available absorbing organic aerosol
mass (MO), the partitioning coefficient of compound i and the concentration of 7 in the
gas phase:

C aer = Cgas * Kom *MO

where Kop,:  partitioning coefficient of i (m?/ug) (temperature dependent)
Caer:  concentration of compound i in the absorbing organic particle phase
(ng/m?)
Cgas: concentration of i in the gas phase (ng/m?)
MO: concentration of the absorbing organic phase in the aerosol (pg/m?)

Biogenic SOA

Precursors of biogenic SOA in the continental environment are mainly unsaturated
hydrocarbons namely (mono-) terpenes, sesquiterpenes and isoprene. The SOA-forming
potential of terpenes is well known and was intensively investigated [Went 1960; Zhang
et al., 1992; Hoffmann et al., 1997; Hoffmann et al., 1998; Kavouras et al., 1998;
Griffin et al., 1999; Yu et al., 1999; O'Dowd et al., 2002], whereas isoprene was only
most recently found to form low volatile secondary products [Claeys et al., 2004;
Claeys et al., 2004].

Today several evidences exits that forests are a substantial source of both aerosol mass
and aerosol number. These investigations supply a straightforward relation between
emissions of monoterpenes and gas-to-particle formation over regions substantially
lacking in anthropogenic aerosol sources. As a consequence forests have to be regarded
as important contributors to aerosol mass and number [Tunved ef al., 2006].

The future atmosphere and SOA formation

Emission of natural SOA precursors

This clear connection between biogenic VOC release and the formation of aerosol mass
and number is a first obvious implication of the effect of the future atmosphere and
climate on SOA formation. Due to the strong temperature dependence of the emission
rate of natural VOCs from forest trees, an increasing global average temperature will
increase the aerosol precursor emission and consequently probably also the aerosol
concentration. In principle, it is also possible that the increasing global CO,
concentration will influence the VOC emission rate, although the direction and
magnitude of this effect is much less clear. Based on this interactions Kulmala and
coworkers suggested a possible feedback loop: Considering that globally increasing
temperatures and CO, fertilisation are likely to lead to increased photosynthesis and
forest growth, an increase in forest biomass would increase emissions of non-methane
biogenic volatile organic compounds and thereby enhance organic aerosol production
[Kulmala et al.,, 2004, Tunved et al., 2006], which in turn will affect global radiation
balance due to the increase in CCN number concentration.

Temperature influence on gas-particle partitioning

The gas-particle partitioning of semi-volatile and low-volatile compounds contains
another direct connection between future climate and SOA formation. The temperature
dependence of the partitioning coefficient [Takekawa et al., 2003] of the individual
particle forming compounds would decrease the amount of SOA formed in a warmer
climate. Due to the high relative contribution of biogenic SOA again this influence can
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be expected to be especially important for natural SOA formation. However, recent
measurements indicate that this influence of temperature on the SOA yield is quite weak,
especially at temperatures above 15 °C and at ambient concentration levels [Pathak et
al., 2007].

SOA and gas phase chemistry

Figure 2 shows the different oxidation pathways for biogenic VOCs. Since the
individual products and the product distribution from the three individual oxidation
reactions are quite different, the SOA yields from the particular oxidation reactions can
also be expected to be different. However, the lack of detailed knowledge about the
individual products still complicates the assessment of biogenic SOA formation under
ambient conditions. Especially the gas-phase ozonolysis was investigated in detail in the
past. Their low vapour pressure (or large absorption equilibrium constant K) govern a
substantial fraction of the ozonolysis products into the particle phase. Less is known
about the product formation of the two other relevant oxidation pathways under
tropospheric conditions, namely the OH and NOs; initiated VOC degradation. While
numerous gas-phase products could be identified, especially in the case of OH reactions,
the significance of the two oxidants in terms of aerosol formation in the ambient
atmosphere is still not sufficiently known. This is because difficulties arise when these
oxidation pathways are investigated in environmental simulation chambers. Most
chamber experiments are still made in the presence of relatively high levels of NOx,
which heavily influence the chemistry of intermediate species (e.g. organic peroxy
radicals) [Keywood et al., 2004; Docherty and Ziemann, 2003]. In the remote or
tropical atmosphere, where NOy concentrations are in the ppt range, permutation
reactions of these radicals gain importance, presumably causing a different product
distribution and aerosol yields. In general, the available information indicate that beside
ozonolysis the reaction of biogenics with NOs-radicals represent an efficient route to the
formation of condensable products, an observation that could be relevant for the night-
time chemistry in forested areas. Tropospheric lifetimes of biogenic hydrocarbons with
respect to their reaction with NO; can lie in the order of minutes, hence could represent
an important degradation pathway if NOs is available. Whether or not the high aerosol
yields observed in smog chamber experiments hold under typical ambient conditions
has to be elucidated in the future. However, based on the available experimental data,
Kanakidou ef al. suggest an increase from 17-28 Tg/yr global biogenic SOA production
in preindustrial times to 61-79 Tg/yr at present (about 300 % increase) mainly due to
increased ozone concentrations, NOy (NO;) and emission of POA [Kanakidou et al.,
2000]

SOA and aerosol chemistry

More recent studies show that also volatile carbonylic products formed in the gas phase
oxidation of organics may contribute over a longer period of time to the SOA mass by
the formation of low volatile oligomers, for example via acid catalysed reactions of
aldehydes or ketones on the particle surfaces or inside the particles (aldol
reaction/condensation, acetal formation). These processes result in increased particle
mass and a lower volatility. This might be the case for both biogenic and anthropogenic
precursors [Jang et al., 2002; Jang et al., 2004; Kalberer et al., 2004]. There are also
evidences for the direct formation of oligomeric products by heterogeneous reactions of
unsaturated gas phase compounds (e.g. isoprene) on particle surfaces [Limbeck et al.,
2003]. Several groups speculate that these oligomeric products formed from gaseous
precursors could represent a substantial fraction of the so-called “humic like
substances” (HULIS) often identified in atmospheric aerosols. HULIS is a collective
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term for an on the molecular level unidentified group of particle phase compounds,
which add to the water soluble organic carbon.
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Figure 3. A feedback mechanism linking forests, aerosols, and climate [Tunved et al., 2006,
Kulmala ef al., 2004].

This generation of new particle phase products from gas phase constituents during the
atmospheric lifetime of aerosols is part of the so-called atmospheric ageing of organic
particles, a process that is currently not well characterised. Beside the incorporation of
reactive gas phase species into the organic aerosol fraction by oligomer formation,
ageing also includes the degradation or chemical modification of particle phase
constituents by atmospheric oxidants. Since these chemical modifications will result in
alterations of the physical (volatility, light absorption, light scattering) and physico-
chemical properties (water solubility, CCN-activity) of atmospheric aerosols, the
investigation of these processes have to be addressed in future research on organic
aerosols.

Consequently several open questions in connection with the future atmosphere and the
effects on aerosol chemistry remain. Certainly the topic contains several potential
anthropogenic influences, such as influence of aerosol acidity or tropospheric oxidation
capacity. For example, it is unclear which of the different processes involved (i.e.
oligomerization — oxidative processing) will dominate the properties of the organic
particles (incl. SOA) in the troposphere (e.g. increase or decrease of hygroscopicity of
OA).

SOA modelling

The incorporation of SOA formation into atmospheric models is not an easy task since a
variety of chemical and physico-chemical processes influence the SOA particle mass in
the ambient atmosphere. A sensitivity analysis of SOA production and transport
modelling [Tsigaridis and Kanakidou 2003] showed a factor of about 20 of uncertainty
in predicting the SOA production considering the different influences of partitioning
and ageing, excluding (!) the uncertainties of precursor emissions and individual
oxidation pathways. This results in an annual global production of SOA from 2.55 to
47.12 Tg of organic matter per year. Another study showed a difference of SOA
production between using the partitioning method and the bulk yield method (ignoring
the partitioning mechanism) of 15.3 and 24.6 Tg per year [Lack ef al., 2004]. Therefore,
the existing uncertainties to quantitatively understand the individual contributions to
SOA formation complicate the goal to include SOA formation into global modelling
approaches and predict future developments. This is especially true for tropical regions,
since not only most of the VOCs are released into the boundary layer in these regions,
but also rapid changes in the emission strength can be expected in the future. Another
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challenge of SOA modelling will be the incorporation of aerosol chemistry into aerosol
modelling approaches (i.e. also considering the effect of atmospheric composition
change on ageing).
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Figure 4. Potential impact of the future atmosphere (CO,-level, temperature, concentration of
oxidants) on precursor emission and SOA formation (red arrows = increasing, blue
arrows = decreasing, black arrows = unclear direction, solid arrows = high level of
understanding, dotted arrows = low level of understanding).

Conclusions

Figure 4 shows the various potential connections between the parameters involved in
SOA formation, especially natural SOA formation. The most important factors that can
be expected to change in a future climate and influence SOA formation are the
temperature, the CO, concentration and the concentration of oxidants. Ignoring land use
change - obviously another important parameter for the emission of aerosol precursors -
an increasing temperature will increase the release of biogenic VOCs, thereby
increasing the production of aerosol mass. On the other hand at higher temperatures the
vapour pressures of the condensable products are higher, reducing the amount of SOA.
However, as mentioned above there exist indications that the latter effect is less
pronounced at ambient concentrations and in typical temperatures regimes. In case that
the higher precursor emission rate at higher temperatures over-compensates the
increased vapour pressures of the products, possibly also the number concentration of
tropospheric aerosol particles from natural sources could finally be enlarged. Much less
clear is the influence of atmospheric composition change (e.g. elevated CO,
concentration, increased oxidative stress) on the composition of plant emissions. If for
example higher amounts of sesquiterpenes or other compounds with a high aerosol
formation potential are emitted under these conditions [Heiden ef al., 1999, Beauchamp
et al., 2005] another pathway for the formation of higher SOA masses would be the
consequence. From the current understanding of changing atmospheric oxidant levels
(e.g. higher tropospheric ozone levels) and their effects on SOA formation, also an
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increased formation of SOA mass can be expected. However, the different reaction
pathways also alter the chemical composition of the aerosol particles. Finally, a very
diffuse knowledge exists about the effect of atmospheric composition change on the
ageing process of atmospheric particles and the consequences for their ability to act as
CCN.
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Science issues

There are two-ways links between changes in short lived greenhouse gas and particulate
matter emissions/concentrations and climate change. There are many feedbacks from
climate change on air quality (sulfur, nitrogen, volatile organic compounds, secondary
species, heavy metals and persistent organic pollutants). Over the next 1-2 decades it is
expected that natural variability will dominate over or be comparable to the climate
change feedback on air quality. Thereafter the climate change signals will move the
probability density functions (PDFs) for the values of parameters that control key
processes for atmospheric chemical composition outside of currently known ranges.

An important challenge in observations and modelling is to identify the shape of the
PDFs of parameters that control key processes for atmospheric chemical composition
for current and past conditions, and to investigate what they may look like in the future.
Reanalysis, using all available observations together with high resolution atmospheric
models (NWP, CTM, coupled NWP + CTM), is an important tool to reassess the PDFs
of parameters that control key processes for atmospheric chemical composition. This is
a basis for the discussion of how climate change may impact on the atmospheric
composition in the future.

Other important issues to resolve

Are changes in air quality arising from emission control measures larger than or less
than the changes in air quality that may arise from climate change? Will regional
emission changes affect regional climate? Will air quality emission reduction policies
lead to emission changes that counteract climate change policies?

Links between changes in short lived greenhouse gas and particulate matter
emissions/concentrations and climate change (both ways) need to be studied.

Critical processes for air quality are determined by the structure of the planetary
boundary layer. Stable planetary boundary layers are of particular significance in air
quality and they are not a main concern in regional or global climate models or even
numerical prediction models.

Climatological observations done by the meteorological services and air quality
observations done by environmental agencies/institutions) are separated, and this is
counterproductive for the assessment of climate change/variability and air quality
relationships. Some meteorological agencies like the Chinese Meteorological Agency
now reorganise meteorological observations to merge with air quality observations.

Particulate matter and ozone impact on local precipitation and surface temperature.
There is an under-exploitation of observed climate variability-air quality-relationships
in the past as a training material for possible relationships between air climate and
climate in the future.
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Ozone and particulate matter redistribution affects synoptic weather patterns, gradients
in radiative forcing created by tropospheric particles and ozone will modify synoptic
weather patterns. For example, the Indian monsoon system modified by regional PM.

One should explore the observations further: e.g. identify how particulate matter may
impact on precipitation (local); integrate air quality-observations and meteorological
observations to merge the information and evaluation capabilities.

One should use climatological observations to underpin air quality-climate change
relationships (e.g. use the 40 years of global reanalysis data from ECMWF (ERA40
(1961-2001) to identify the impact of meteorological variability on air quality
variability/trends)

Feedback from climate change on air quality (sulfur, nitrogen, volatile organic
compounds, secondary species, heavy metals and persistent organic pollutants)

There is evidence that trends in meteorological parameters due to climate change have
an impact on air quality. Studies are being produced, but solid quantification of these
processes is still lacking. The main meteorological parameters which will be affected
are temperature, precipitation regimes; wind patterns. Changes in these parameters will
have first order effects on processes such as natural (e.g. sea salt) and biogenic (e.g.
volatile organic carbon) emissions, removal rates of chemicals, transport processes, and
atmospheric chemistry (e.g. oxidising capacity). A wide range of secondary effects are
also expected which will affect all major biogeochemical cycles. Also feedbacks on the
climate system itself are to be expected. Adaptation measurements will also affect the
whole loop.

It is recommended to implement monitoring and past data acquisition strategies to
ensure comparable data-bases for analysis and interpretation. Methodologies which can
be proposed to tackle these issues are twofold: off-line or on-line approaches, and
include reanalysis of past meteorological data in connection with air quality (past data
only), regional climate model ensembles linked to air quality (past and future data), and
fully coupled climate-air quality models

Will natural variability dominate over climate change feedback on air quality in the
coming decades?

Based on model simulations using observed climate (ERA40), ozone concentrations in
Europe vary up ~ 5 % (relative to the standard deviation of the annual mean
concentrations) due to variability in meteorology during 1979 to 2001. The year to year
variability in annual ozone between 1979 and 2001 is —10 % to + 10 %, in the extreme
case, 2003, shows + 20 % and some grid values over 30 %. Secondary inorganic aerosol
variability is 5-30 %. Year to year variability is larger (> 20 %).

Ozone trends are —5 to +5 % per decade (1979—2001) in different parts of Europe.
Secondary inorganic aerosols have increased 1-5 % per decade over 1979—-2001 due to
climate change alone. CTM simulations using meteorology from regional climate
models indicate that ozone will increase by 10—20 % in summer in southern and central
Europe during the coming 30 years just because of climate change. For secondary
inorganic aerosols, model studies indicate a larger increase in most of Europe during
most seasons. The increase in Europe could be 10—30 % over 30 years. (Year-to-year
variability in emissions are not accounted for). On a decadal scale the climate change
signal in the ozone and PM concentrations is comparable to or larger than the signal due
to meteorological variability.
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Are changes in air quality arising from emission control measures larger than or less
than the changes in air quality that may arise from climate change?

Change in air quality, e.g. ozone, sulfates and nitrates observed during the last 50 years,
1s shown to be significantly influenced by climate change and is thus important to take
into account when evaluating the actual effect of different control measures. For some
parameters, climate change affects mainly the transport pattern and thus mainly change
the “effect” pattern, while for others, like ozone, climate change increases the formation
and thus the actual concentrations and the total effects. Several air quality components,
for example, ozone, black carbon and aerosols, are shown to have significant effect on
the climate. These components have shorter lifetimes in the atmosphere than most of the
greenhouse gases. Climate strategies for a short time horizon (a few years)
counteracting rapid climate change should be coordinated with air quality measures as
several of these components have considerable health effects. Methane is the one
greenhouse gas with short life time that should be considered for climate abatement on a
short time scale. Control measures concerning greenhouse gases and other climate
relevant parameter for counteracting climate change will most certainly affect air
quality not only due to climate change but even more as the same sources will be
controlled, e.g. combustions sources.

Will regional emission changes affect regional climate? Will air quality emission
reduction policies lead to emission changes that counteract climate change policies?

If the global radiative forcing effect of anthropogenic aerosols is 1-1.5 W/m® as
suggested by IPCC then the down wind effect of reducing emissions should be noticed
in the regional climate. The magnitude and character of the climate change effect has to
be analysed by regional air quality and climate models and observations in combination.
The models need to include a sufficient description of the relevant air quality
parameters. A large reduction in emissions of particulate matter and particulate matter
precursors will most likely intensify climate change and thus on a short time scale
counteract climate change reduction policies. Regionally very large increases in
radiative forcing are to be expected as aerosol burden declines, the current radiative
forcings by particulate matter can be identified in connection with biomass burning over
Amazonia and in the Indoex experiment. A targeted reduction in ozone precursors or
black carbon can reduce regional warming.

Regional air quality models need to be coupled with climate change models to include
air quality parameters and to interact, such that air quality models can take into account
climate change and vice versa.

Future outlook

In a policy context (e.g. EU or CLRTAP - EMEP) it is required to account for how
climate change contributes to air quality changes and how air quality changes contribute
to regional climate change. This implies a need to integrate climate change and air
quality communities. The climate change community has up to now focused on how
weather elements and their probability density functions change with time and location
as a consequence of increasing radiative forcings from greenhouse gas and particulate
matter concentration changes. Further the climate change community has focused on the
societal implications of the changed probability density functions of weather elements,
but, up to now, air quality has not been part of the picture. This comment is addressed to
the science community: policy makers and the research community needs to have a
good showcase, see CLRTAP + UNFCCC.
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Joint assessment by IPCC and the global air quality-body (CLRTAP) must be made
global and rooted in the science plus policy arena. An example is that the Montreal
protocol technical body and IPCC together prepared a stratospheric ozone-climate
assessment.

The science community findings of air quality and climate change interlinkages should
be published in publications that are common ground to both air quality and climate
change research communities.

Coupled climate-chemistry models should be developed in a stepped approach with
time, as base information evolves. As base information is meant e.g. dynamical
description of two way fluxes between land and the atmosphere and between ocean and
the atmosphere with appropriate resolution and accuracy. Another constraint on the
pace of the coupled climate-chemistry model development is the evolution of resources
like computer power, and the evolution and availability of observational material from
in-situ and remote sensing instrumentation. To the science community, an important
time post will be the next [IPCC assessment (start in 2009). This is also addressed to
international research and coordination structures like IGBP and WCRP/WMO.

Emission estimates and scenarios

Harmonisation needs to go beyond 2020 which has been established through the Clean
Air for Europe Thematic Strategy and needs to include the major greenhouse gases and
air quality pollutants and include particulate matter and their precursors as well as heavy
metals and persistent organic pollutants. As climate models and air quality models are
being coupled, the demand for resolution of emission estimates increases (0.1 x 0.1
degree?).

In Table 1 below examples are given of important physical parameters for atmospheric
composition, and where different aspects of the parameters are in focus in air quality
calculations and weather forecasting. Further research is needed to assess the PDF
properties of these parameters in an atmospheric composition context.

Table 1
Parameter CT™M NWP
Wind speed Stagnant conditions High wind speeds

Wind direction Essential for S-R-relationships ~ Not so important

Precipitation

Temperature

Clouds
Convection

t BL,res , Hmix
Specific humidity

Ground surface

Length of dry periods; low
intensity rain

High temperatures —
fast reactions and large
biogenic emissions

Type, location, lifetime
BL ventilation
Important

Important for [OH]

Important for g, deposition,
biogenic emissions

Heavy rain

High and low temperatures,
freezing

Cloud cover
Precipitation
Not so important
Not so important

Important for fluxes of heat,
momentum, moisture
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