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g UPMC Univ. Paris 06; Université Versailles St.-Quentin; CNRS/INSU, LATMOS-IPSL, 75005 Paris, France
h Paul Scherrer Institut, Laboratory of Atmospheric Chemistry, 5232 Villigen, Switzerland
i Institute for Environment and Sustainability, The European Commission, Joint Research Centre, 21020 Ispra, Italy
j EMEP MSC-W, Norwegian Meteorological Institute, 0313 Oslo, Norway
k Department of Radio and Space Science, Chalmers University of Technology, 41296 Gothenburg, Sweden
l Spectroscopie de l’Atmosphère, Service de Chimie Quantique et Photophysique, Université Libre de Bruxelles, 1050 Brussels, Belgium
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Scientific findings from the last decades have clearly highlighted the need for a more comprehensive
approach to atmospheric change processes. In fact, observation of atmospheric composition variables
has been an important activity of atmospheric research that has developed instrumental tools (advanced
analytical techniques) and platforms (instrumented passenger aircrafts, ground-based in situ and remote
sensing stations, earth observation satellite instruments) providing essential information on the
composition of the atmosphere. The variability of the atmospheric system and the extreme complexity of
the atmospheric cycles for short-lived gaseous and aerosol species have led to the development of
complex models to interpret observations, test our theoretical understanding of atmospheric chemistry
and predict future atmospheric composition. The validation of numerical models requires accurate
information concerning the variability of atmospheric composition for targeted species via comparison
with observations and measurements.

In this paper, we provide an overview of recent advances in instrumentation and methodologies for
measuring atmospheric composition changes from space, aircraft and the surface as well as recent
improvements in laboratory techniques that permitted scientific advance in the field of atmospheric
chemistry. Emphasis is given to the most promising and innovative technologies that will become
operational in the near future to improve knowledge of atmospheric composition. Our current obser-
vation capacity, however, is not satisfactory to understand and predict future atmospheric composition
changes, in relation to predicted climate warming. Based on the limitation of the current European
observing system, we address the major gaps in a second part of the paper to explain why further
developments in current observation strategies are still needed to strengthen and optimise an observing
system not only capable of responding to the requirements of atmospheric services but also to newly
open scientific questions.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The issue of climate change and improvement of air quality has
moved to the top of the global political agenda in many parts of the
world. Over the last decade, scientists have made significant prog-
ress in understanding the causes and implications of our changing
environment. However, many aspects of the global atmospheric
system remain uncertain and not fully understood. One of the
challenges ahead is linked to the development of a global obser-
vation strategy. Emissions of greenhouse and short-lived gases and
aerosols due to human activities have altered the atmosphere in
ways that strongly affect atmospheric composition and it is
expected that emissions will continue to stay at an elevated level in
response to fossil fuel burning, tropical deforestation and other
industrial activities. Responses to rising temperatures may also alter
secondary processes controlling concentrations of key atmospheric
species such as tropospheric ozone for which significant increases
have recently been monitored in many parts of the world, in
particular over mega cities (see Monks et al., in this issue). Similar
considerations can be made for the OH and HOx cycle, also
controlled by secondary processes (see Monks et al., in this issue).
Changes in the emission intensity from both natural and anthro-
pogenic sources, combined with a change in the atmospheric
temperature, may furthermore lead to substantial changes in
aerosol emissions, and for the generation of secondary organic
aerosols, with important and poorly constrained consequences on
climate and also on human health in urban areas. Ongoing changes
in atmospheric composition may not only affect climate and
atmospheric processes but may also lead to measurable impacts on
human health, the hydrological cycle and ecosystems, and conse-
quently also on economic developments and the ability of govern-
ments to minimize and adapt to the societal and environmental
impacts of climate variability and change. There is, therefore,
a strong need to understand present and predict future atmospheric
composition changes in order to design efficient climate and air
quality policies and adapted emission abatement strategies.

Prediction of future changes in atmospheric composition
requires information on past and present atmospheric composition.
The scientific findings over the last decades have clearly high-
lighted the need for a more comprehensive approach to studying
atmospheric change processes. This includes the use of advanced
monitoring techniques, a strong interface with state-of-the-art
atmospheric modelling, and the establishment of long-term global
and regional atmospheric observations to quantify and understand
the current perturbation of the atmospheric cycles of reactive
species and aerosols. Contrary to the situation for greenhouse gases
and despite the consistent demand for being adopted as scientific
priority for decades, dedicated long-term and high quality obser-
vations for reactive short-lived species and aerosols have only been
initiated recently as part of a response to international conventions
and protocols, to GEOS (Global Earth Observation Systems) initia-
tives and to EU policies in the case of Europe. As a consequence,
monitoring has remained limited to a few (often standardized)
species and not necessarily to those essential to climate and air
quality studies. In fact, observations of atmospheric composition
parameters have been an essential activity of atmospheric
Please cite this article in press as: Laj, P., et al., Measuring atmospheric
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researchers in developing instrumental tools (advanced analytical
techniques) and platforms (instrumented passenger aircraft,
ground-based in situ and remote sensing stations, earth observa-
tion satellites) that have provided essential information on the
state of the atmosphere. However, unlike meteorological parame-
ters that have routinely been collected by meteorological services
for decades and for which global satellite observations have existed
for 30 years, no integrated system to continuously measure atmo-
spheric composition has been established.

The variability of the atmospheric system and the extreme
complexity of atmospheric cycles for short-lived gas and aerosol
species have led to the development of complex models to interpret
observations, test theoretical understanding of atmospheric
chemistry and predict future atmospheric composition. A valida-
tion of numerical models requires a comprehensive comparison
with multiple types of observations/measurements. This has
been a key driving force for the development of new research
infrastructures (research aircraft, laboratory facilities, advanced
analytical instrumentation and/or monitoring stations) and meth-
odologies for the investigation of atmospheric mechanisms and the
generation of original and high quality data for modelling purposes.
Data of known quality in terms of precision, accuracy and repre-
sentativity are of paramount importance for documenting changes
in atmospheric composition. The contribution of research infra-
structures to the advancement of knowledge in atmospheric
science has therefore been essential, in particular over the last
decade, with the development of remote-sensing techniques and of
new sensors for probing atmospheric composition. Technological
advances have permitted accurate measurements of many reactive
gases, free radicals and aerosol species and of the complex suite of
biogenic and anthropogenic organic compounds and their oxida-
tion products relevant to climate and air quality studies.

Integrated observation strategies have been discussed in
a number of studies, in response to a demand from the scientific
community and, most of all, from communities related to Global
Observing Systems. Important documents have been produced by
bringing together providers and users of observations to identify
needed products and gaps in observations. Clearly, the objective of
integrating satellite, airborne and in situ observation systems
has been pursued (and funded) mainly in support of international
conventions and protocols (e.g. Vienna Convention on Ozone
Depletion, United Nations Framework Convention on Climate
Change, Convention on long-range transport of pollutants), the
European Commission, and national directives. Delivering regular
assessments of the state of the atmosphere in support of European
policies and for the benefit of European citizens is, for example,
a primary objective of the European GMES (Global Monitoring for
Environment and Security) programme. The EMEP (European
Monitoring and Evaluation Programme) is a scientifically-based but
mostly policy-driven programme under the Convention on Long-
range Transboundary Air Pollution for international cooperation
to solve transboundary air pollution problems, funded by national
governments in Europe, the U.S., Canada, and the European
Commission. The IGACO (Integrated Global Atmospheric Chemistry
Observation) report on observation strategy is directed towards
a globally coordinated development of future observation and
composition change, Atmospheric Environment (2009), doi:10.1016/
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integration programmes, whose components are either in place or,
with careful planning, can be implemented within the next 10 years.
The report also emphasizes the need for improving the existing
observational systems, thus, it focuses on establishing operational
systems with a technically and programmatically feasible long-term
solution to meet the identified requirements for atmospheric
composition observations. Consequently, previous reports focused
primarily on technical issues such as acquisition and processing of
space and in situ observations (near-real-time, historic and ancil-
lary), on analysis and forecasting, product generation, on dissemi-
nation, archiving, and production of decision-support tools. The
plans to build capacity for using atmospheric observation data
more effectively into national/international policy frameworks for
sustainable development may not always meet scientific challenges.
This is why the present paper sets value on measuring atmospheric
composition changes which have a stronger scientific focus and
a more technology-based approach to the observational require-
ments identified previously and which are not necessarily driven by
policy requirements or by short-term feasibility.

The objective of this paper is, therefore, to assess and discuss
technological achievements and challenges ahead not only to
construct an integrated atmospheric observing system in support of
existing initiatives, but also to answer current scientific issues raised
in the context of the companion papers (Fowler et al., in this issue
Monks et al., in this issue, Isaksen et al., in this issue). Measuring
atmospheric composition changes for climate and air quality
applications therefore deals with multiple issues: the detection
and validation of trends of tropospheric short-lived species and the
relation of these trends to changes in emission intensities; the
development of improved methodologies for the detection of key
atmospheric compounds in the gaseous and particulate phases and
the technological gaps to be overcome; and finally the scientifically-
based validation and integration of space-borne, ground based, and
airborne observations into a coherent framework of analyses which
can be assimilated into modelling studies. These issues are dis-
cussed in Sections 2 (aerosol) and 3 (gases), which propose an
overview of the most recent and promising techniques related to the
detection of atmospheric species that have improved our under-
standing of the tropospheric cycles in the past several years since
the last integration initiative performed within the IGAC (Interna-
tional Global Atmospheric Chemistry) project (Brasseur et al., 2003).
Section 4 provides insight into data assimilation techniques, to
enhance the significance and scientific output from the observa-
tions, and to help to predict short-term changes. Current gaps in our
capacity to observe, understand, and predict atmospheric compo-
sition changes are discussed in Section 5 which also addresses the
challenges ahead to strengthen and optimise an observing system
capable of responding to the still open scientific questions. As for the
companion papers, the discussion here will be limited to short-lived
species (lifetime <10 years) in the gaseous and condensed phases
addressed within the context of the ACCENT NoE objectives, with
a European focus for the observing strategy. It should be noted that
all technical aspects related to measurements of emission fluxes or
deposition are dealt with by Fowler et al. (in this issue).

2. Advances in in situ observations of aerosol species

Tropospheric aerosols are of great importance because of their
impact on human health, visibility, continental and maritime
ecosystems, and the Earth’s climate, requiring dedicated monitoring
of their concentrations and properties at the global scale. Aerosol
impact on climate is repeatedly mentioned as one of the most
uncertain aspects of climate change, and their impact on human
health is a growing matter of concern in urban areas. There is a need
to design efficient policies for monitoring of aerosols and their
Please cite this article in press as: Laj, P., et al., Measuring atmospheric
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precursors and emission abatement strategies in order to under-
stand regional to inter-continental transport of aerosols. The vast
majority of current information comes from stations located in
urban/peri urban areas and this information is often limited to
regulated parameters, such as PM10 or PM2.5 (mass concentration of
particles under 10 or 2.5 mm in size, respectively), depending on the
air quality regulation. This is clearly not sufficient to provide the
pertinent information of interest to air quality and climate studies.
Variability of advanced aerosol variables, such as aerosol chemical
composition possibly size segregated, degree of mixing, optical and
hygroscopic properties or 4D distribution (space and time) is now
required. Our current knowledge of atmospheric processes relies
to a great extent on the substantial technological progress made
to characterize chemical compounds and their variability in the
atmosphere. In recent years new developments in the techniques
and design of laboratory experiments and field measurements
related to aerosols have been driven by scientific questions
addressing the formation, growth and physicochemical properties
of atmospheric aerosol particles (see for instance Jacobson et al.,
2000; Kanakidou et al., 2005; Fuzzi et al., 2006). Established tech-
niques and pre-existing instruments have been refined, re-designed
and combined in new ways. Instruments such as cloud condensation
nuclei (CCN) counters and aerosol mass spectrometers which were
previously laboratory prototypes have become commercially avail-
able, leading to their widespread use in both laboratory and field site
experiments. At the same time, techniques that have been widely
used in other scientific fields for many years have been applied
successfully in laboratory studies of aerosols – for example, laser
desorption ionisation mass spectrometry (LDI-MS) widely used in
biology and medicine studies has provided new insight into the
chemical composition of secondary organic aerosol particles and
chemistry in the particle phase (Kalberer et al., 2004). The devel-
opment of environmental chambers has also been extremely
important, in particular for the understanding of aerosol formation
and growth processes. Finally, it is clear that recent knowledge of
the variability of aerosol properties at large spatial scale came
from passive and active remote-sensing techniques, either from the
ground or airborne. As clouds and precipitation are closely linked
with aerosols, this overview will also include the microphysics of
clouds, the residuals of cloud hydrometeors, and precipitation.

2.1. Advances in characterizing aerosol chemical composition

Access to the chemical composition of aerosols has undergone
intensive development during the last decade. In recent years, the
rapidly-evolving field of aerosol instrumentation has yielded
a number of techniques for the on-line analysis of chemical
composition that seek to address the problems associated with off-
line analysis. The main advantage of on-line analytical techniques is
their high time resolution compared to off-line analysis methods,
and during recent years several new on-line instruments based on
mass spectrometry (MS) have been developed or commercialized.
In addition, several off-line techniques have been considerably
improved by developments of on-line sampling. There is a clear
complementarity of both off-line and on-line techniques to provide
information needed for air quality and climate studies.

2.1.1. Off-line characterization of aerosol chemical composition
The complexity of atmospheric aerosol composition, in partic-

ular its organic fraction, led to the development of advanced
off-line analysis methods primarily using mass spectrometry
including techniques such as laser desorption ionisation MS, LDI-
MS, (Kalberer et al., 2004), matrix assisted LDI-MS (MALDI-MS) for
characterization of oligomers (Surratt et al., 2007) and Fourier
transform ion cyclotron resonance MS (Tolocka et al., 2004) for
composition change, Atmospheric Environment (2009), doi:10.1016/
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assigning unique molecular formula to as many as approximately
450 compounds in the mass range of 200–700 m/z (Reinhardt
et al., 2007). Chromatographic methods such as gas chromatog-
raphy (GC) and high performance liquid chromatography (HPLC)
separate individual compounds in time in a gas or solvent flow
before detection. Aerosol compounds are investigated by methods
such as GC–MS (after derivatization typically to enhance volatility)
(Yu et al., 1999; Jaoui et al., 2004; Surratt et al., 2006; Szmigielski
et al., 2007) and HPLC coupled to other MS techniques such as ion
trap MS (Glasius et al., 2000; Müller et al., 2008) and time-of-flight
MS (TOF-MS) (Iinuma et al., 2007; Surratt et al., 2008). Such
investigations have contributed significantly to our understanding
of chemical reactions and aerosol phase products. One example is
a group of highly polar compounds, namely the 2-methyltetrols,
that were first identified in aerosols from the Amazonian rain-
forest (Claeys et al., 2004) their discovery led to investigations of
their exact route of formation from isoprene (e.g. Böge et al.,
2006). Organosulphates have been identified as products of acid-
catalyzed heterogeneous reactions involved in the formation of
secondary organic aerosol (SOA), providing new information
on chemical reactions involved in SOA formation and growth (e.g.
Iinuma et al., 2007; Surratt et al., 2007, 2008).

The need for knowledge about thermodynamic properties of
organic aerosol components has led to the development of new
methods to measure solid and liquid state vapour pressures. One
example is thermal desorption mass spectrometry developed and
used to measure vapour pressures of low volatility organic aerosol
components (Chattopadhyay and Ziemann, 2005; Cappa et al.,
2008). Other methods include modified TDMA techniques and
single particle optical methods described below.

Off-line methods relying on proton nuclear magnetic resonance
(1H NMR) spectroscopy have been developed by Decesari et al.
(2000) for functional group analysis of the water-soluble fraction of
the aerosol OC (WSOC). As shown in Fig. 1 the 1H NMR composi-
tions were used for the source apportionment of organic aerosols
(Decesari et al., 2007) and for their representation through
molecular models (Fuzzi et al., 2001). 1H NMR spectroscopy is
suitable for detecting organic functionalities carrying C–H bonds,
while ketones or carboxylic groups have to be derivatized before
NMR analysis (Moretti et al., 2008). 13C NMR spectroscopy could be
employed successfully only for heavily loaded aerosol samples
(Sannigrahi et al., 2006; Duarte et al., 2007).
Fig. 1. 1H NMR functional group distribution of aerosol water-soluble OC samples represen
organic aerosol. The horizontal axis of the diagram reports the fraction of aliphatic carbon a
axis shows the aliphatic carbon fraction accounted for by carbonylic/carboxylic groups (HC–
The complementary fraction of aliphatic carbon (decreasing along the bisector) includes alky
the dots. Adapted from Decesari et al. (2007).
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2.1.2. On-line collection coupled with off-line analysis techniques
Some limitations of off-line techniques (i.e. sampling time

integration) have been overcome by the development of on-line
collection of aerosol particles followed by fast off-line analysis. The
immediate advantages include reduced user interaction, imme-
diacy of data availability and a reduction in the potential for sample
contamination or degradation. In addition to addressing these
issues, in many cases the new instrumentation expands the scope
of the science that is possible.

One generalised technique that has proven to be very powerful
is the automation of aerosol sample collection and the application
of standard laboratory analytical techniques in situ. An example of
such a technique is the on-line Sunset Labs OC/EC analyzer (Bae
et al., 2004). This builds on an existing technique whereby a sample
on a quartz filter is heated in an inert atmosphere to vapourise
or pyrolise any organic species present and the amount of carbon
evolved is measured after catalytic conversion (Birch and Cary,
1996). In the second stage of measurement, oxygen is injected to
burn off the remaining refractory carbon while the sample is heated
further. This enables the measurement of the mass concentration of
(operationally defined) organic and elemental carbon.

Speciated information on the organic fraction can also be gained
using gas chromatography (GC), as demonstrated by the thermal
desorption aerosol GC-MS-FID (TAG) instrument (Williams et al.,
2006). The sample is collected on an impactor over a period of
typically 30 min before subjecting it to thermal desorption and GC–
MS/FID. This instrument is capable of identifying and quantifying
various organic species, although in common with all chromato-
graphic techniques, it is limited to the desorbable and elutable
fraction. Thermal desorption can also be applied to the inorganic
fraction, where commercial instruments have been developed that
can measure particulate nitrate and sulphate by measuring the
evolved NOx and SO2 respectively (Rattigan et al., 2006; Stolzenburg
and Hering, 2000).

Impactors and filters are not necessarily the most suitable
methods for the collection for certain types of on-line analysis
methods, in particular the aqueous techniques. To this end,
a number of on-line collectors have become available that activate
the sampled particles into the form of water droplets and impact
them into a continuously-flowing water stream. This is the basis
of the Particle Into Liquid Sampler (PILS) (Orsini et al., 2003;
Weber et al., 2001), the Steam Jet Aerosol Collector (SJAC)
tative of secondary organic aerosol (SOA), biomass burning (BB) aerosol and of marine
ccounted for by hydroxyl-groups (H–C–O), which is maximum for polyols. The vertical
C]O), which is maximum for compounds such as succinic acid, ketoglutaric acid, etc.
lic (H–C) and amine (H–C–N) groups. The aromatic fraction is represented by the size of
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(Khlystov et al., 1995; ten Brink et al., 2007), and the Wet Effluent
Diffusion Denuder-Aerosol Collector (Zellweger et al., 1999). The
sample water is periodically removed for analysis (typically
around once an hour). Common techniques include ion chroma-
tography which delivers the concentrations of inorganic ions (and
certain soluble organic ions), although other methods have been
used, such as the analysis of the water-soluble organic carbon
fraction (Sullivan et al., 2004), or ion chromatography coupled to
MS (Fisseha et al., 2004).

The aforementioned techniques have proved to be very useful,
in particular in delivering data sets of increased integrity, time
resolution and data coverage. This increases the scope of the
interpretative methods that can be applied to the data (e.g. factor
analysis Williams et al., 2007). However, as these are still bulk
samples, they suffer from the same limitations as the off-line
analysis methods in that the time resolution is still limited to
typically tens of minutes. Information regarding size is limited to
what can be gleaned using impactors or cyclones in the inlet
systems, and no information regarding mixing state is retained at all.

2.1.3. On-line characterization of aerosol chemical composition
Around the mid-90s, the field of on-line aerosol mass spec-

trometry began to emerge as a method for on-line composition
analysis of atmospheric aerosols (Coe and Allan, 2006; Hinz and
Spengler, 2007; Suess and Prather, 1999). Applications of aerosol
mass spectrometry in aerosol studies have increased considerably
during recent years, and the technique has provided new infor-
mation on aerosol formation, composition and reactions with high
time resolution (e.g. Alfarra et al., 2006; Gross et al., 2006; Hartz
et al., 2007; Weitkamp et al., 2007). The instruments are either
capable of analysing single particles or an ensemble of particles,
and an overview of available techniques is presented in recent
reviews (Murphy, 2007; Nash et al., 2006). The instruments can
then be divided further into two classes based on the desorption
method; laser desorption and thermal desorption. While similar in
concept, these two techniques result in fundamentally different
data products which require different approaches to data analysis
and interpretation. Table 1 summarizes the different aerosol mass
spectrometry techniques discussed in this paper.

2.1.3.1. Single particle mass spectrometry. The general method is to
introduce particles into a vacuum chamber, desorb them, ionise the
constituents and analyse them using various forms of mass
Table 1
Summary of the measurement techniques discussed in this section.

Technique Time resolution
(typical)

Sizing Inorganic detection

On-line OC/EC
(Sunset Labs)

1 h None Quantification of
elemental carbon

On-line GC (TAG) 1 h None None

Thermal reduction (SPA) 10 s None Quantification of sul
or nitrate, dependin
on gas analyzer used

Aqueous collection
(PILS, SJAC)

1 h (5 min
on aircraft)

None Quantification of sol
ions (if used with IC

Single Particle Mass
Spectrometry
(ATOFMS, PALMS, SPASS)

Real-time Aerodynamic
(individual
particles)

Qualitative detection
of many species
(matrix dependent)

Aerodyne AMS 1 min (10 s on
aircraft, 10 Hz
in flux mode)

Aerodynamic
(ensemble)

Quantification of
non-refractory speci
(e.g. ammonium,
nitrate, sulphate)
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spectrometry. Laser desorption and ionisation (LDI) (Murphy, 2007)
is the technology employed in the TSI Aerosol Time Of Flight Mass
Spectrometer (ATOFMS) (Gard et al., 1997) and in in-house designs
such as the Particle Analysis by Laser Mass Spectrometry (PALMS)
(Murphy and Thomson, 1995) and Single Particle Analysis and
Sizing System (SPASS) (Erdmann et al., 2005) or the Single Particle
Laser Ablation Time-of-flight mass spectrometer (SPLAT) (Zelenyuk
and Imre, 2005). A few aerosol on-line analyzers need to be con-
nected to an instrument selecting a certain particle size (DMA) to
provide size distribution and size chemical composition. In this
group, we refer by example to the Thermal Desorption Particle
Beam Mass Spectrometer (TDPBMS) (Tobias et al., 2000) or the
Thermal Desorption Chemical ionisation Mass Spectrometer
(TDCIMS) (Voisin et al., 2003).

Aerosol particles are drawn into a vacuum chamber using
a nozzle or aerodynamic lens to focus the particles into a beam.
Skimmers and differential pumping remove the majority of the gas
phase material. The particles are detected using light scattered
from low-powered optical lasers, which trigger an appropriately
timed pulse from a more powerful laser (typically in the ultraviolet
range). This pulse transfers enough energy to the particle to both
desorb and ionise the constituents, producing large numbers of
ions from individual particles. Time-of-flight mass spectrometry is
then used to analyse these ions, gated to the initial laser pulse.
Because both negative and positive ions are generated, two mass
spectrometers of opposing polarity are frequently used to deliver
two mass spectra per particle. Highly accurate aerodynamic sizing
information is also provided by inspecting the delay between the
detection lasers (Salt et al., 1996).

The use of high-powered laser pulses means that the instru-
ments are particularly well suited to the study of refractory parti-
cles, with elemental carbon, minerals, and metals being particularly
well detected. However, the real strength of these instruments is
the ability to probe mixing states directly, something that other on-
line instruments can only do in an indirect or limited manner.
They are also very well suited for the real-time identification of
specific types of particles, providing that they create a unique
enough response in the instrument. This property makes the
technique particularly promising for real-time bio-aerosol detec-
tion and identification (Adams et al., 2008; Fergenson et al., 2004).

The main limitation of the LDI instruments is that during
desorption, the chemical components interact and the energy and
charge are not distributed evenly among the molecular species
Organic detection Mixing state information

Quantification of total organic carbon None

Identification of categories and some specific
species within the elutable fraction.
Quantification of variations and some
absolute concentrations

None

phate
g

None None

uble
)

Quantification of simple acids
(if used with IC). Quantification of
water-soluble organic carbon
(if used with TOC analyzer)

None

Qualitative detection of some
categories (matrix dependent)

Grouping of particles
according to composition
using cluster analysis

es
Quantification of organic matter. Some
quantitative information on functionality

Can glean limited
information from
size-resolved data
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(known as matrix effects). Also, most molecules will undergo some
degree of fragmentation, dependent on the amount of energy
available. The extent to which the charge and energy distribution
occurs depends on the exact overall composition, meaning that the
relative intensity of the ions detected is not necessarily represen-
tative of the composition of the parent particle. This is further
confounded by the fact that the amount of laser energy absorbed is
dependent on the particle size and optical absorption profile. The
result is that these instruments are generally not capable of deliv-
ering quantitative data on particle composition. These effects can
be mitigated by using two laser pulses to separate the desorption
and ionisation stages (Salt et al., 1998).

Another challenge is that particle detection is limited to how
well the particle beam intersects with the focal point of the
desorption laser. As a result, these instruments can have very strong
detection biases based on particle size (Allen et al., 2000),
depending on the inlet design and instrument geometry (Huffman
et al., 2005). The inlet itself should be matched to the type of
particles under investigation, with nozzles being suited to coarse
particles and aerodynamic lenses (Liu et al., 1995a,b) being optimal
for the submicron fraction.

Data analysis presents a major challenge, as data on hundreds of
thousands of particles are typically collected during a single field
campaign and much effort has been made in developing clustering
techniques that reduce the data into time-resolved number
concentrations of classes of particles. This type of data product is
particularly useful in source apportionment studies (Beddows et al.,
2004; Guazzotti et al., 2003). There are many methods in use (such
as hierarchical clustering Murphy et al., 2003 and ART-2a Phares
et al., 2001), the relative merits of which are subject of debate
(Rebotier and Prather, 2007). In particular, due to the evaporation
and ionisation source by laser technique, quantification is very
difficult to obtain. Their key qualities are their accuracy, computa-
tional cost and suitability for real-time analysis.

2.1.3.2. The aerosol mass spectrometer (AMS). The aerosol mass
spectrometer (AMS) collects an ensemble of particles and thermally
evaporates chemical compounds at 200–900 �C, followed by elec-
tron impact (EI) ionisation and detection with either quadrupole
MS (Jayne et al., 2000) or time-of-flight MS (DeCarlo et al., 2006;
Drewnick et al., 2005). EI is a hard ionisation method, and frag-
ments of organic compounds rather than their molecular ions
are detected. This new generation of instruments allows size
distribution and information about the chemical composition of
the particles to be measured with a high time resolution at the
same time. Different categories of instrument have been developed
and have recently been reviewed by (Sullivan and Prather, 2005).

Rather than delivering mass spectra of individual particles, the
AMS gives mass spectra of the observable particle ensemble. During
data analysis, specific chemical species can be extracted from the
mass spectra based on marker peaks and through the application of
calibration data, quantitative mass concentrations can be delivered
(Allan et al., 2003, 2004). Aerodynamic sizing information is
provided by a chopper wheel that periodically modulates the
particle beam (Jimenez et al., 2003). Additional sizing data can also
be provided by using a light scattering module (Cross et al., 2007).

The main limitation of the instrument is that it is only capable of
detecting the non-refractory components, so while ammonium
sulphate, nitrate and organic matter are detected very well, the
instrument is blind to elemental carbon, sea salt and dust. Addi-
tionally, the quantitative capabilities of the instrument are limited to
the focusing range of the aerodynamic lens used on the inlet, which
is typically around 50–700 nm (Zhang et al., 2002, 2004). Another
problem is that in general, around 50% of solid-phase particles
‘bounce off’ the vapouriser without being detected. This can be
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corrected for through the comparison with an accompanying
measurement (Drewnick et al., 2003), but the phenomenon has been
shown to be reproducible and objective parameterisations now exist
to remove the artefact (Crosier et al., 2007a; Matthew et al., 2008).

The principal advantage of the instrument over off-line methods
is the vast increase in the resolution of the data products, allowing
for a time resolution of around tens of seconds and a sizing resolu-
tion of tens of bins per decade (detection limits permitting). A faster
data collection and delivery mode enables flux measurements by
eddy covariance (Nemitz et al., 2008) and improves signal quality
when performing airborne measurements (Crosier et al., 2007b).

An important development of the instrument has been the
replacement of the quadrupole mass spectrometer with a time-of-
flight mass spectrometer (Tofwerk model C-TOF) (Drewnick et al.,
2005); using orthogonal extraction, this has increased sensitivity by
around two orders of magnitude, of particular use for sampling in
remote environments and on aircraft (DeCarlo et al., 2008; Sor-
ooshian et al., 2008). A larger, high-resolution variant (the Tofwerk
HR-TOF) (DeCarlo et al., 2006) is capable of resolution greater than
4000, permitting elemental analysis of the peaks and aiding in the
separation of components. As there is a significant trade-off with
ion sensitivity, the instrument typically alternates between high
and low resolution modes during sampling.

70 eV Electron ionisation carries an inherent disadvantage in
causing extensive fragmentation; in the AMS, there will also be
fragmentation through thermal decomposition of the parent ions
on the surface of the vapouriser. Unlike LDI, if the vapouriser
temperature and electron energy are kept constant, fragmentation
is reproducible, but nonetheless information regarding the parent
species is lost, especially when sampling complex mixtures, as is
usually the case with atmospheric organic aerosols. Alternative
ionisation methods have been tried, such as vacuum ultraviolet
(VUV) ionisation (Northway et al., 2007) using 10-eV photons to
ionise the organic vapours with less fragmentation but at the cost of
overall sensitivity, particularly to inorganics. Also, thermal
denuding upstream of the AMS can separate components by
volatility (Huffman et al., 2008).

However, even with these techniques, the AMS is mainly limited
to reporting general organic functionality rather than specific
species when analysing ambient data. By inspecting certain peaks
known to be associated with types of functional groups (e.g. m/
z ¼ 44, indicative of di- and polycarboxylic acids), qualitative
statements on the degree of oxidation of the organics can be made
(Alfarra et al., 2004; Allan et al., 2004). If high-resolution data are
available, more quantitative estimates of elemental ratios of carbon,
hydrogen, oxygen, nitrogen and sulphur can be made (Aiken et al.,
2007, 2008).

Because of the additive nature of AMS data and the fact that
organic aerosols can originate from a number of distinct sources
and processes, it is often possible to apportion the reported
organics using numerical analysis. An early method is the so-called
HOA/OOA analysis (Zhang et al., 2005), whereby the time-resolved
ensemble organic mass spectrum is separated into two factors
based on markers in the mass spectrum, producing a profile mass
spectrum and quantitative time series for hydrocarbon-like and
oxygenated organic aerosol (HOA and OOA). This approach is fairly
robust in apportioning organics to primary and secondary sources
in polluted continental sites (Zhang et al., 2007). More recently,
positive matrix factorization (PMF) (Paatero, 1997) has been used to
separate the data into any number of quantitative factors without
the need for specifying markers in the mass spectrum. This has
enabled a quantitative apportionment and profiling of additional
factors in various environments, such as biomass burning and
cooking (Lanz et al., 2007). Additionally, it can also split the OOA
factor into a number of sub-factors, which allows insights to be
composition change, Atmospheric Environment (2009), doi:10.1016/
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gained into the variations in composition of the secondary organic
aerosol fraction (Lanz et al., 2007).

2.2. Use of isotope chemistry for aerosol studies

Among other off-line analytical techniques used for the char-
acterization of atmospheric aerosols, isotopic analyses of aerosol
samples, mainly collected on filters, is a rapidly growing field of
research. The following discussion is split into radioactive and
stable isotopes.

2.2.1. Radioactive isotopes
Many natural radioactive isotopes are used for atmospheric

process studies. As an example, tracers such as radon and its
daughters track the dynamical changes of the lower atmosphere
and can be used as ‘clocks’ for atmospheric processes. Lugauer et al.
(2000) used radon daughters to study vertical transport processes
in the Alps. Hammer et al. (2007) applied lead-210 observations as
a diagnostic tool for assessing the spatiotemporal variability of
related chemical aerosol species.

The use of carbon-14 analysis to distinguish between fossil and
non-fossil sources, for example particulate matter from wood
burning and traffic (Szidat et al., 2007, 2009), has been favoured by
progress in mass spectrometry, requiring much less material than
before. This intrinsic isotopic information characterizes the sources of
ambient PM independent of its history regarding emission conditions
or atmospheric transport. Such 14C measurements have been per-
formed for quite some time, but only a discrimination of OC and EC
prior to the 14C determination reveals the full power of this method:
EC is often dominated by fossil fuel, while OC typically has a higher
biogenic fraction. These features are not accessible in a 14C analysis of
the total carbon (Szidat et al., 2006). This technique is especially
powerful in combination with positive matrix factorization of e.g.
aerosol mass spectrometric data (Lanz et al., 2008). Gelencsér et al.
(2007) also used measured radiocarbon concentrations to constrain
their source apportionment of carbonaceous aerosol.

2.2.2. Stable isotopes
Stable isotope measurements complement concentration

measurements and also provide useful hints concerning the origin of
airborne particulate matter, because individual sources often induce
different isotopic signatures. Recent developments involve
measurements of the isotopic ratios of light elements such as carbon,
nitrogen, oxygen and sulphur in secondary aerosol species such as
carbonaceous aerosol species, nitrate, ammonium and sulphate. In
this case, isotopic ratios reveal not only the nature of the aerosol
source but also the atmospheric processing of their precursors,
thereby supplying singular information on the budget of atmo-
spheric reactive trace species. Applications of these techniques for
improving the knowledge of atmospheric chemical composition and
reactivity are reviewed in Monks et al. (in this issue).

2.2.3. Carbonaceous species
Methods for fraction- or compound-specific isotopic analyses of

carbonaceous aerosol species are becoming increasingly available
(Fisseha et al., 2009). The carbon isotopic ratio (expressed in terms
of d13C, see Monks et al., in this issue) can be measured on the
elemental and organic fraction of carbonaceous aerosol materials
by coupling a stepwise thermal desorption/combustion OC/EC
analyzer (e.g. Sunset instrument, see Section 2.1.2) with an IRMS
operated in continuous-flow mode (Huang et al., 2006). Among
organic species, the classical discrimination based on water-solu-
bility properties (e.g. WSOC versus WinSOC fractions Pio et al.,
2007) can be applied to isotopic analyses performed using TC/EA
(or analogous) devices or chemical conversion of organic matter to
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CO2, yielding d13C measurements of these two bulk fractions of
organic aerosols. Ion chromatography (Fisseha et al., 2006) or
chemical derivatization prior to GC (Kawamura and Watanabe,
2004) can be used to separate components of water-soluble
organic matter (especially organic acids) prior to isotopic analysis.
Techniques have also recently been developed to measure the 13C
isotopic composition of water-insoluble components of organic
aerosols, such as fatty acids (e.g. Matsumoto et al., 2001; Fang et al.,
2002) and alkanes (e.g. Bendle et al., 2006), using a continuous-
flow GC separation system followed by a combustion interface prior
to injection into the IRMS.

2.2.4. Nitrate
Atmospheric nitrate is produced upon oxidation of nitrogen

oxides, so that the isotopic composition of nitrate provides strong
constraints on their budget (e.g. Morin et al., 2008; Monks et al., in
this issue). Two analytical approaches are currently in use to
measure the isotopic composition of nitrate. ‘‘Classical’’ techniques
for the measurements of d15N and d18O of nitrate involve the
combustion of nitrate salts (Revesz et al., 1997; Kornexl et al., 1999),
and require nitrate concentration and purification steps prior to the
combustion to avoid interferences with other species such as
organics and sulphate (Silva et al., 2000; Savarino et al., 2001; Chang
et al., 2004; Michalski et al., 2008). Combustion techniques have
been extended to the measurement of the isotope anomaly (or 17O
excess, see Monks et al., in this issue) (d17O ¼ d17O � 0.52 � d18O or
any equivalent definition) of nitrate, combusted in the form of
AgNO3 (Michalski et al., 2002). Minimal amounts needed for such
analyses are in the order of 5–10 mmol NO3

�, which is problematic for
many atmospheric applications. Following the pioneering approach
of Sigman et al. (2001), techniques based on the conversion of nitrate
to N2O, followed by on-line isotopic analysis of N2O (e.g. Komatsu
et al., 2008), have been developed for measuring the isotopic
composition of smaller amounts of nitrate. The conversion of nitrate
to N2O can either be done chemically (McIlvin and Altabet, 2005) or
using denitrifying bacteria lacking the N2O-reductase (Sigman et al.,
2001; Casciotti et al., 2002; Kaiser et al., 2007). Measuring the
comprehensive isotopic composition of nitrate (including d17O)
requires either using two types of bacteria inducing a different
incorporation of oxygen atoms from nitrate into N2O (Coplen et al.,
2004) or performing an additional N2O decomposition step into N2

and O2, on a gold catalyst at 800–900 �C (Cliff and Thiemens, 1994;
Kaiser et al., 2007; Komatsu et al., 2008). Analytical performances of
such systems typically lie within less than 0.5& for d15N, d18O and
d17O using a few tens of nmol nitrate (Casciotti et al., 2002; Kaiser
et al., 2007), allowing atmospheric studies to be performed at daily
to subdaily temporal resolutions, if needed.

2.2.5. Ammonium
Zhang et al. (2007) report on a new sensitive technique for the

analysis of d15N of ammonium samples, which could be easily
implemented for atmospheric applications. The technique involves
the conversion of ammonium to NO2

� by BrO� ions, followed by
chemical conversion of NO2

� to N2O and subsequent isotopic analysis
(McIlvin and Altabet, 2005). Precisions better that 0.3& on
a minimum amount of 10 nmol NH4

þ are achieved using this method,
making it more suitable for atmospheric applications than previous
ones such as the ‘‘diffusion’’ method (Yeatman et al., 2001).

2.2.6. Sulphate
Quite similarly to nitrate, S and O isotopic ratios of sulphate

provide insights into its sources and into the atmospheric fate of its
precursors (SO2) (e.g. McCabe et al., 2006). S and O both possess more
than two stable isotopes (16O, 17O and 18O for oxygen, 32S, 33S, 34S and
36S for sulphur) allowing the study of non-mass dependent isotopic
composition change, Atmospheric Environment (2009), doi:10.1016/
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fractionation induced by some atmospheric oxidation (O isotopes) or
photolysis (S isotopes) reactions (see Monks et al., in this issue). We
only present here methods developed and used for the determina-
tion of more than one isotopic ratio of a given element in sulphate.
Following separation from other major anions (Cl�, NO3

�) by ion
chromatography (Savarino et al., 2001) or chemical techniques (Bao,
2006) sulphate samples are usually precipitated as barium or silver
sulphate. Several techniques are then used to determine its isotopic
composition, including for triple oxygen isotopic ratios (d17O and
d18O) BaSO4 CO2-laser fluorination systems (Bao and Thiemens,
2000) or Ag2SO4 pyrolysis (Savarino et al., 2001). Isotopic ratios of
sulphur from sulphate are obtained by converting barium sulphate
(BaSO4) to silver sulphide Ag2S (through several chemical steps),
which is subsequently fluorinated by BrF5 in a sealed nickelized
tube (full details are given in Savarino et al. (2001), and references
therein). The produced SF6 is purified and analyzed mass-spectro-
metrically. Baublys et al. (2004) and Poulson (2005) present new
methods to measure the 33S/32S along with the generally only
measured 34S/32S. Both techniques rely on the conversion of the
sulphate to SO2 gas, free of the oxygen isobaric interference. Preci-
sions of a few tenths of a & can be achieved using samples in the
mmol size range, enough to study major atmospheric processes but
still inadequate to study dynamical processes at subdaily timescales.

The recent use of nanoscale secondary ion mass spectrometry
(NanoSIMS) for isotopic measurements of individual sulphate
particles (Winterholler et al., 2008; Sinha et al., 2008) holds
promise, even if only d34S, and not the comprehensive S isotopic
composition of individual particles was presented and discussed in
this pioneering study. Along the same lines, Sanusi et al. (2006)
recently presented a method to measure the d34S composition of
methanesulphonic acid (MSA), an important intermediate species
associated with the atmospheric sulphur cycle.

2.3. Physical, thermal and hygroscopic properties
of atmospheric aerosols

Physical aerosol properties such as the number concentration or
the size distribution are important for a number of reasons. In urban
and rural air, these ultrafine particles generally comprise the major
fraction of the particle number concentration (e.g. Bukowiecki et al.,
2002). The size of the particles determines in which part of the
inhalation system they are deposited. The size of the particles also
determines to a great extent their optical properties and their rates
of deposition to the surface (Fowler et al., in this issue). Thermal and
hygroscopic properties give insight into chemical properties of
the aerosol, and are among the very few methods (except single
particle analysis methods) that allow for an assessment of the degree
of internal versus external mixture. As an example, the fraction of
particles freshly emitted by traffic versus the fraction of aged
particles can be determined (Baltensperger et al., 2002).

2.3.1. Particle number concentration and size distribution
2.3.1.1. Particle number concentration. Condensation particle
counters (CPCs) were developed to measure the integral particle
number concentration of sub-micrometre aerosol particles larger
than a certain threshold diameter. Because of the convenience of their
operation, CPCs represent the most frequently used measurement
instrument in atmospheric aerosol research. Since about 2000,
progress in CPC technology has taken place mainly in two fields. First,
working fluids other than to the most commonly used (butanol) were
shown to be applicable, for instance water (Hering and Stolzenburg,
2005; Hering et al., 2005) or perfluorinated organic compounds like
FC-43 (Brock et al., 2000; Gallar et al., 2006). While the latter proved to
be advantageous over butanol at low operation pressures (Hermann
et al., 2005), a clear statement for the applicability of water-CPCs
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cannot be made. Some studies state that water-CPCs are well suited
for ambient aerosols, i.e. for field studies (e.g. Biswas et al., 2005),
while other studies especially use the difference in the particle acti-
vation caused by the different water-solubility of the particles in order
to investigate particle chemical composition (Kulmala et al., 2007a).

A second development in the last decade is the rediscovery of
the mixing-type-CPCs (nowadays almost exclusively the conduc-
tive-cooling-CPCs are used). The new mixing-CPCs are capable of
measuring particle concentrations very fast (Wang et al., 2002) and
it seems possible to reach lower threshold diameters compared to
the conductive-cooling-CPCs (e.g. Gamero-Castaño and De la Mora,
2000; Kim et al., 2003; Sgro and De la Mora, 2004). Particle
measurements with a high time resolution (in the range of tenths of
a second or even less) are desirable when investigating rapidly
changing particle emissions like automobile exhausts, or when
using a fast moving measurement platform like aircraft. A lower
threshold diameter would help to understand better the process of
particle nucleation. Unfortunately, at present (2009) no commercial
version of these new mixing-type CPCs is available in Europe.

In laminar flow CPCs, the final droplet size after condensation
decreases with decreasing particle size for particles <10 nm. This
size-dependent droplet growth can be utilized to derive the size
distribution of the smallest detectable particles. The method eval-
uates the amplitudes of the electronic pulses caused by single
particles in the optical detector of the CPC. From the pulse height
spectra, size distributions can be obtained by a mathematical
inversion (Weber et al., 1998). Since all particles larger than 10 nm
grow to the same final size, this pulse height analysis (PHA) tech-
nique is limited in its range to particles <10 nm. Sipilä et al. (2008)
introduced an operation mode where the supersaturation inside
a laminar flow CPC is increased to the extent that homogeneous
nucleation occurs. They illustrated how the effect of homogeneous
nucleation could be separated from the pulse height spectra of
ambient nanoparticles leading to the detection of particles smaller
than 2 nm.

Several CPCs having different lower cut-off sizes can be
combined to measure particle concentrations across different size
ranges. By subtracting the readings corresponding to different size
ranges, a relatively coarse-gridded size distribution can be con-
structed for the size range below the uppermost CPC cut-off size.
Two or more CPCs operating with different working liquids can be
combined into a CPC battery. The CPC battery makes use of different
vapour pressures of condensable vapours over particle surfaces of
different chemical composition. Kulmala et al. (2007a) presented
a CPC battery composed of four individual CPCs, representing
a 2 � 2 matrix of different cut-off diameters (3 and 11 nm), as well
as different working liquids (n-butanol and water). The principle of
the CPC battery (see Fig. 2) is that lipophilic (or hydrophobic)
particles of a certain diameter just below the CPC detection limit
will neither be activated by the butanol nor the water-based CPC. A
hygroscopic particle of the same dry size, by contrast, will even-
tually be activated by the water-based CPC as a result of the
increased affinity between the particle and the vapour, but not by
the butanol CPC. Significant numbers of hygroscopic particles near
the size of the detection limit will therefore show as a difference
between the readings of the butanol and water-based CPCs. The
CPC battery is suitable for the examination of the activation prop-
erties of particles <20 nm and, therefore, their physicochemical
properties.

2.3.1.2. Particle size distribution. A complete size distribution of
atmospheric aerosol requires more than a single instrument. For
the submicron aerosol, scanning and differential mobility particle
sizers (SMPS and DMPS, respectively) have been used for more than
20 years and, despite slight design improvements, no noticeable
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 2. Operating principle of the condensation particle counter battery (CPCB). From
Kulmala et al. (2007a).
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improvement needs to be mentioned in this review. However, an
important feature during the last decade is the fact that the number
of commercially available and custom-made SMPS and DMPS,
and therefore the number of users, has increased significantly.
A few instrument inter-comparison workshops recently performed
showed significant deviations between different types of mobility
size spectrometers, which leads to questions about the validity of
most retrieved size distributions. The reasons for these differences
lie in the setup of the mobility size spectrometers as well as in
different inversion routines and correction schemes (Helsper et al.,
submitted for publication). Furthermore, the quality of these
measurements remains unknown if system parameters such as
flow rates, temperature and relative humidity are not recorded.
This fact is of particular importance if the mobility size spectrom-
eters are used in long-term measurements.

A disadvantage of both the SMPS and DMPS is their relatively
low time resolution (typically a few minutes). New instruments
such as the fast mobility particle sizer (FMPS) or engine exhaust
particle sizer (EEPS) have recently been developed to overcome
this disadvantage (Johanson et al., 2004). The FMPS measures the
particle mobility diameter in the range 5.6–560 nm with a time
resolution of 1 s using a flow rate of 10 l min�1. The instrumental
technique is based on particle electrical mobility analysis. A uni-
polar charger produces a defined number of charges on the parti-
cles which enter the instrument through a PM1 (particulate matter
of particles with an aerodynamic diameter dp < 1 mm) cut-off.
The particles that flow through the region of different electrical
fields are repelled by the voltage from the central column. When
the particles hit the outer cylinder, consisting of multiple cylin-
drical rings, the particles create a current which is measured by
electrometers. This instrument has also been used to obtain size
distributions on board mobile platforms (Weimer et al., 2009).

A major advance in recent years is the development of techniques
for nanoparticle and ion measurements (Kulmala et al., 2007b). The
neutral cluster and air ion spectrometer (NAIS) is a relatively novel
instrument which measures mobility distributions of charged as well
as neutral aerosol particles and molecular clusters. The instrument is
manufactured by Ariel Ltd (Tartu, Estonia), and measures across an
electrical mobility range between 0.0010 and 2.39 cm2 V�1 s�1, cor-
responding to a diameter range of approximately 0.8–47 nm. The
NAIS is based on the air ion spectrometer (AIS) but additionally uses
unipolar charging of sampled particles by corona discharge to
increase their detectability (Mirme et al., 2007). Electrostatic post-
filters are installed to remove the excess of ions generated by the
corona discharge. Thereafter, particles are classified in an electrical
mobility analyzer, and finally detected as an electric current with
a set of parallel electrometers. To keep statistical fluctuations from
the electrical signals low, a time resolution of 5 min is currently
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recommended. The lower detection size of uncharged ambient
particles in the NAIS is estimated to be around 2 nm, because the
signal of smaller particles tends to interfere with that of the internally
generated discharge ions. The NAIS instrument is currently under-
going detailed characterization experiments, but has also been
deployed at several atmospheric research stations worldwide to
investigate the dynamics of new particles from gaseous precursors. It
is a very interesting complement to the more common SMPS/DMPS
measurement as it provides unambiguous evidence for nucleation of
new particles, as shown by Venzac et al. (2008), and Fig. 3.

2.3.1.3. Physical measurements for determination of the density of
aerosol particles. The density is one of the crucial properties needed
to properly characterize aerosol particles and it is one of the
parameters needed to link electric mobility and aerodynamic
diameter and number and mass distributions (McMurry et al.,
2002). It is therefore essential in order to describe aerosol
dynamics. McMurry et al. (2002) proposed the use of a combination
of DMA and Ehara’s particle mass analyzer to measure atmospheric
particle density. Kannosto et al. (2008) measured the temporal
evolution of particle density for the nucleation, Aitken and accu-
mulation modes using a low pressure impactor in parallel with
a scanning mobility particle sizer (SMPS). The density behaviour in
the nucleation mode suggests that different compounds are
involved in the nucleation and growth of new particles. Katrib et al.
(2005) studied the density changes following the ozonolysis of
oleic acid coatings on latex spheres, while Bahreini (2005) esti-
mated the effective density of SOA from ozonolysis of several
hydrocarbons. Studies on the effective density also improve our
understanding of exhaust emissions (Skillas et al., 1998). In soot
particles emitted from diesel engines, the effective density
decreases for increasing particle size due to agglomeration as the
size of soot particles increases (Park, 2003). Thus, it has been sug-
gested that the PM mass emission could be retrieved from size
distribution measurements as an alternative to filter collection and
off-line analysis (Maricq and Xu, 2004). Particle density has also
been the subject of theoretical investigations; DeCarlo (2004)
pointed out that the non-unique definition of effective density
found in the literature can lead to incorrect inter-comparison of
different experimental results.

2.3.2. Measurement of hygroscopic and thermal properties
and flow tubes

An important method for measuring hygroscopic and thermal
properties is the tandem differential mobility analyzer (TDMA)
technique which has been used and re-designed for a variety of
purposes. TDMAs provide indirect information on particle compo-
sition and size in almost real time and, hence, offer a powerful
advantage over many other chemistry-based methods that require
longer time integration.

2.3.2.1. TDMA systems for aerosol hygroscopic properties. The
hygroscopicity TDMA (H-TDMA) system is widely used for deter-
mination of particle water uptake and to validate functional group-
based model predictions like UNIFAC (Moore, 2008). The principle of
the H-TDMA system has been used for more than twenty years (Liu
et al., 1978) to measure size-dependent hygroscopic properties of
sub-micrometre particles with high temporal resolution (Liu et al.,
1978). A comprehensive review of the H-TDMA principle and
applications is given by Swietlicki et al. (2008). The basic principle of
the H-TDMA technique is to monitor the growth of a particle of
known diameter in a high RH environment (typically around 90%
RH). The H-TDMA is generally composed of two differential mobility
analyzers (DMA-1 and DMA-2) used in series, a particle counter, and
various pumps and humidity control devices etc. A polydisperse
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 3. Time series of the aerosol size distribution (measured by SMPS) and ion size distribution (measured by AIS) at the NCO-P station in Nepal. The bottom panel shows the
diurnal variation of the ions and charged fraction of the particles detected between 0.4 and 40 nm during a new particle formation event in March 2007. From Venzac et al. (2008).
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aerosol distribution at ambient relative humidity enters the system,
and is dried as it enters DMA-1 (RH < 10%). DMA-1 is used to select
a monodispersed distribution of a given size. The aerosol exiting
DMA-1 is humidified and then enters DMA-2. DMA-2 coupled with
the particle counter is used to measure the size distribution of the
humidified monodispersed aerosol, hence providing a growth factor
spectrum. In addition, for a given particle size, differential growth of
the particles is used to characterize the mixing state of the aerosol
population. Internal mixing is characterized by homogeneous
growth while an externally mixed particle population is evidenced
by the presence of multiple hygroscopic modes. Up to now, H-TDMA
systems have not been commercially available, and all existing
systems are based on customised designs which have been
improved according to control quality criteria to sort and evaluate
data, and in the data evaluation algorithms. Duplissy et al. (2009)
summarized technical information and proposed a more standard-
ized application of H-TDMA techniques aiming for high data quality
and data comparability. Gysel et al. (2009) proposed a standardiza-
tion of H-TDMA inversion schemes leading to H-TDMA systems that
now can be used for long-term monitoring operation. The organic
TDMA is a new development based on the same operating principle
as the H-TDMA but with organic liquids (such as ethanol) as the
condensing vapour instead of water (Joutsensaari et al., 2004). This
setup has the potential to provide insight into the presence and
properties of organic molecules in atmospheric aerosols including
newly-formed ultrafine particles (Joutsensaari et al., 2004).

2.3.2.2. TDMA systems for aerosol thermal properties. Another type
of tandem DMA technique is the so-called volatility TDMA where
the aerosol particles are heated between the two DMAs. It has
been designed and used to monitor the non-volatile fraction of
chamber generated aerosol particles (Paulsen et al., 2006). The
volatility technique provides a suitable tool to measure on-line
physicochemical properties of aerosol particles with high size
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resolution by heating the aerosol (typically up to 300 �C). Results
permit speculation about chemical composition without exact
details. Non-volatile fractions of sub-micrometre aerosols are
assumed to consist of soot or long-chain hydrocarbons, as well as
sea salt and mineral dust in the upper accumulation mode range.
The technique itself has been well known for many years but has
been significantly improved and frequently used during the last 10
years. The volatility TDMA (V-TDMA) measures the mixing state of
the non-volatile fraction of a few pre-selected particle sizes.
A thermodenuder (TD) coupled to a single size spectrometer
provides the non-volatile fraction of the whole aerosol population,
but gives no information on the mixing state. Several versions of
a TD have been built during the past decade (e.g. Burtscher et al.,
2001; Wehner et al., 2002, but also commercial ones are available
from TSI and Dekati) with the main goal to quantify fractions of
soot-like compounds with a high time and size resolution. Other
applications of the volatility technique have recently greatly
increased within the last years and cover a wide range: chamber
studies to detect changes in volatility (e.g. Kalberer et al., 2004),
vehicle exhaust studies to distinguish between primary emitted
soot and secondarily produced aerosol material (e.g. Sakurai et al.,
2003), and the combination with an AMS (Huffman et al., 2008) to
improve the knowledge about the chemical composition of
the non-volatile fraction at different temperatures. H-TDMA and V-
TDMA techniques (VH-TDMA) have also been coupled by several
groups to investigate the hygroscopic properties of the non-volatile
fraction of ambient sub-micrometre aerosols and the influence of
the more volatile fraction of the particle on hygroscopic growth
(Jonhson et al., 2004; Villani et al., 2007, 2008; Sellegri et al., 2008).
The principle of a VH-TDMA is shown in Fig. 4.

The modified TDMA setup for measurement of evapouration
rates of dried aerosol particles (Rader and McMurry, 1986) has
further been developed for measurements of evapouration rates of
aqueous solution droplets and determination of subcooled liquid as
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 5. Schematic of the Leipzig Aerosol Cloud Interaction Simulator (LACIS).

Fig. 4. Description of VH-TDMA system. Adapted from Johnson et al. (2004).
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well as solid state vapour pressures of secondary organic aerosol
components (Riipinen et al., 2006; Riipinen et al. 2007; Koponen
et al., 2007).

2.4. Environmental chamber studies

Over the last seven years several new environmental aerosol
chamber facilities have been constructed (e.g. Paulsen et al., 2005;
Cocker et al., 2001; Stanier et al., 2007; Hartz et al., 2005; Carter
et al., 2005) where mixtures of reactive gases and/or aerosol
particles are generated and studied under controlled conditions of
temperature, pressure, relative humidity, and electromagnetic
radiation, and a suite of instruments has been used to investigate
aerosol properties. An important advance was to minimize loss of
gas molecules and particles to the walls by constructing large
chambers (volume >10 m3) which increases the ratio of volume to
surface area in the chambers. As an alternative, smaller chambers
can be operated in a dynamic mode with equal inlet and outlet
flows (e.g. VanReken et al., 2006; Kang et al., 2007). The majority of
environmental chambers are operated at tropospheric conditions
(in terms of temperature and pressure). New insight has been
gained into the importance of temperature, relative humidity, and
light source and intensity (Warren et al., 2008) on aerosol yield and
properties. The measurement of potential aerosol mass (PAM)
based on rapid oxidation of precursor gases with extreme amounts
of oxidants and UV light in a small flow-through chamber is
a further new development (King et al., 2007) which remains to be
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tested and compared, for example, with results from large-scale
environmental chambers and the atmosphere.

In most chamber studies aerosol particles are generated by
nucleation and growth of gas phase oxidation products or by
condensation of low volatility species on seed particles. Recent
studies have also used direct emissions from plants as aerosol
precursors in environmental chambers (McFiggans et al., 2004;
Joutsensaari et al., 2005; VanReken et al., 2006). The variety of
instruments connected to environmental chambers has consider-
ably increased over the last decade: Cloud condensation nuclei
(CCN) counters to study the activation properties of freshly gener-
ated organic particles (Hartz et al., 2005; VanReken et al., 2005;
Prenni et al., 2007; Duplissy et al., 2008) and hygroscopic/volatility
tandem differential mobility analyzers (H/V-TDMA) to measure
aerosol hygroscopicity (Baltensperger et al., 2005; Varutbangkul
et al., 2006; Duplissy et al., 2008) and volatility (Paulsen et al., 2006)
are two examples. The chemical composition of aerosol particles
generated in environmental chambers is often analyzed using
a suite of different techniques as discussed in Section 2. The Leipzig
Aerosol Cloud Interaction Simulator (LACIS, see Fig. 5) is a new
development in flow tubes with a great potential to investigate
particle/droplet hygroscopic growth under sub-saturated condi-
tions, particle activation and subsequent dynamic growth under
supersaturated conditions within one setup (Stratmann et al.,
2004). It allows for studies of particle phase transitions over a wide
range of temperatures and relative humidities including supersat-
urations (Wex et al., 2005). LACIS can be operated under both sub-
saturated and supersaturated conditions. Relative humidities up to
99.5% (sub-saturated) and supersaturations down to 0.1% can be
adjusted reproducibly. LACIS has been used to investigate the
hygroscopic growth and activation behaviour of different types of
aerosol particle, successfully connecting high relative humidity
hygroscopic growth and activation behaviour for selected inorganic
and organic substances (Wex et al., 2007 and reference therein).
LACIS complements the AIDA facility used for investigating
heterogeneous ice nucleation of relevant aerosols at simulated
tropospheric cloud conditions (e.g. Field et al., 2006; Möhler et al.,
2005, 2008a,b).

2.5. Aerosol/cloud in situ measurement technologies

Clouds can have a considerable effect on the Earth’s climate but
processes regarding their formation, persistence, and dissipation
composition change, Atmospheric Environment (2009), doi:10.1016/
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are still very uncertain. The interactions between water vapour and
aerosol particles in the atmosphere underlie many of the physical
processes that govern cloud formation and optical properties. In
particular, processes of aerosol cloud interactions above and below
freezing temperature are key climate-relevant phenomena that
depend on the fundamental physical properties of water vapour,
liquid water, and ice. The need for more information on aerosol/
cloud interaction has led to new developments in CCN (cloud
condensation nuclei) and IN (ice nuclei) characterization, especially
regarding the quantification of water uptake by organic and soot
particles of various origins.

2.5.1. Cloud condensation nuclei
Cloud condensation nuclei counters are widely used instru-

ments for investigating particle activation to cloud droplets above
100% RH, and are now commercially available through DMT
(Droplet Measurement Technologies) (Lance et al., 2006; Roberts
and Nenes, 2005). In this instrument, a wettable column of a length
of 0.5 m is heated to increasingly higher temperatures along the
flow direction of the aerosol. The flow is directed from top to
bottom, and the aerosol is confined to a narrow beam along the
centre line, surrounded by sheath air. The instrument uses the fact
that water vapour diffuses faster than heat to establish a level of
supersaturation along the centre line, which is thought to be
constant over the whole length of the column. Below the column,
light scattered from the particles/droplets is measured for particles
larger than 500 nm. From the scattering signal, a droplet size
distribution in the range from 0.75 to 10 mm is determined. Particles
that have not been activated to droplets are too small to be
detected. The activated fraction of particles as a function of adjusted
supersaturation or initial particle size is determined from the
number of droplets counted divided by the number of particles
supplied to the instrument. This instrument has been used in
a variety of laboratory (e.g. Asa-Awuku et al., 2009; VanReken et al.,
2005) and field applications (e.g. Dusek et al., 2006). An alternative
to the use of CCN chambers is the use of Counter-flow virtual
impactors (CVIs) coupled with interstitial aerosol samplers in
clouds. The technique has been applied successfully in a number of
studies such as Sellegri et al. (2003), Marinoni et al. (2004), Laj et al.
(2001), Mertes et al. (2001, 2005), Verheggen et al. (2007a,b).

2.5.2. Ice nucleation
In mixed-phase clouds at temperatures between 0 �C and about

�38 �C, heterogeneous ice nucleation is important in initiating
a series of processes strongly influencing cloud evolution and
eventually leading to precipitation. Heterogeneous ice nucleation
in mixed-phase clouds is induced by insoluble or solid aerosol
particles, the so-called ice nuclei (IN). It is known from previous
laboratory and field studies that both inorganic particles like
mineral dust (Roberts and Hallett, 1968; Schaller and Fukuta, 1979)
and organic particles like bacteria or pollen can act as ice nuclei in
deposition nucleation and freezing modes at various temperatures
and supersaturations with respect to ice. Black carbon was reported
to be enriched in ice crystal residuals (Cozic et al., 2008). Never-
theless, there is a lack of information about the abundance and
distribution of tropospheric IN and in particular about their relation
to properties of the atmospheric aerosol. In recent years, an
increasing number of laboratory experiments have addressed the
efficiency of relevant aerosol particles to induce ice nucleation in
tropospheric clouds, and several new techniques and instruments
have been built to measure the IN concentration continuously both
in laboratory and field applications.

Laboratory studies of ice nucleation made use of existing
and newly developed or improved experimental techniques like
continuous flow diffusion chambers (Chen et al., 2000; Salam et al.,
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2006), aerosol flow tubes (Wise et al., 2004), flow diffusion cells with
optical microscopy (Dymarska et al., 2006), cold stage with optical
microscopy (Zuberi et al., 2006), cold stage cells with optical or
Raman microscopy (Kanji and Abbatt, 2006; Knopf and Koop, 2006),
differential scanning calorimetry (Marcolli et al., 2007), detection of
phase transition by X-ray diffraction (Murray and Bertram, 2008)
and cloud simulation chambers (Möhler et al., 2005). Important
new results have been e.g. obtained on the ice nucleation properties
of ammonium sulphate aerosols (Abbatt et al., 2006; Zuberi et al.,
2002), mineral dust particles (Durant and Shaw, 2005; Field et al.,
2006; Kanji and Abbatt, 2006; Knopf and Koop, 2006; Marcolli et al.,
2007; Salam et al., 2006), soot particles (Dymarska et al., 2006),
organic particles (Wise et al., 2004), bacterial cells (Möhler et al.,
2008a), and on the effect of inorganic and organic coating layers on
the ice nucleation properties of mineral dust (Archuleta et al., 2005;
Möhler et al., 2008b) and soot particles (Möhler et al., 2005). More
recent work with potentially important implications for atmo-
spheric cloud formation addressed the effect of the suppression of
ice nucleation in highly viscous, glassy-state organic particles
(Murray, 2008; Murray and Bertram, 2008; Zobrist et al., 2008).

Recently several groups have improved existing or have built new
instruments for IN measurements. New instruments (Jones et al.,
2008; Cotton, 2008; Saito and Murakami, 2008) have been built
following the design of the continuous flow diffusion chamber
(CFDC) which was developed by Rogers (1988) and already used
during many field and laboratory projects (e.g. Archuleta et al., 2005;
DeMott, 2002; Rogers et al., 2001). Stetzer et al. (2008) developed
a new continuous flow diffusion instrument called the Zurich Ice
Nucleation Chamber (ZINC) for laboratory use and a portable version
(PINC), both with a new design of vertically oriented parallel plates.
A new instrument called the Frankfurt Ice Nucleation Chamber
(FINCH) was developed which makes use of rapid mixing for
continuous IN measurements (Bundke et al., 2008). Finally, static
diffusion chambers called FRIDGE for IN measurements on filter
samples (Ardon et al., 2008; Klein et al., 2008) have been recently
developed. The AIDA (Aerosol Interaction and Dynamics in the
Atmosphere) facility hosted the Fourth International Ice Nucleation
Workshop (ICIS-2007) for contrasting and comparing up-to-date
methods and instruments for measuring ice nucleation processes
and ice nuclei concentrations (Möhler et al., 2008c). Experiments in
the large-scale environmental chamber AIDA have elucidated ice
nucleation characteristics of atmospheric dust samples (Field et al.,
2006). Based on several types of laboratory results Abbatt et al.
(2006) suggested that a cirrus cloud formation pathway involving
solid ammonium sulphate particles as ice nuclei exists. A promising
new facility that recently came into operation is the dynamic cloud
chamber of the Meteorological Research Institute (MRI) in Tsukuba,
Japan (Tajiri et al., 2008), which was built following the design of the
Colorado State University cloud chamber (DeMott and Rogers,1990).

Recent laboratory experiments have tested the relationship
between heterogeneous ice freezing temperatures and water
activity of the solution for different solutes and ice nuclei (IN).
Zuberi et al. (2002) observed the nucleation of ice in (NH4)2SO4–
H2O particles with mineral dust immersions using an optical
microscope, while Archuleta et al. (2005) focused on mineral dust
particles with sulphuric acid coatings in a continuous flow ice
thermal diffusion chamber.

Recently, considerable effort has been spent in studying the role
of organics as IN; dicarboxylic acid nucleation was explored using
a differential scanning calorimeter (Zobrist et al., 2006) and the
indirect aerosol effect of oxalic acid was modelled and discussed;
inorganic salt aqueous solution droplets with long chain alcohol
films were studied in a droplet freezer setup (Cantrell and Rob-
inson, 2006); several combinations of organic/silicate solutes/IN
systems were investigated by Zobrist et al. (2008). These works
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 6. Measurement of crystal shape by cloud particle imager coupled with
measurement of diffusion phase function by polar nephelometer (Lawson et al., 2006).
Image courtesy of J.-F. Gayet (CNRS).
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suggest that the nucleation theory based on water activity may be
applied also to heterogeneous freezing, besides that of homoge-
neous nucleation as previously stated by Koop et al. (2000).

2.5.3. Microphysics of clouds
There is a variety of instruments for the microphysical charac-

terization of clouds, and in some areas substantial progress has
been made. Until recently, characterization of droplets in many
in situ studies was performed using a particulate volume monitor
(PVM-100, Gerber Scientific) measuring the cloud liquid water
content (LWC) using the light scattering of a laser beam, a forward
scattering spectrometer probe (FSSP-100) for the size distribution
of cloud hydrometeors from 2 to 47 mm, or 2D-C probe for the
measurements of ice crystal and droplets dimension in the range of
25–250 mmAs these instruments were developed some time ago
they are not further described here. Instead, a new generation of
instruments for droplet/ice crystal characterization has been
developed in recent years.

B The Airborne Droplet Analyser (ADA), manufactured by TSI Inc.
is a new development to measure the size distribution of
hydrometeors and is based on phase Doppler anemometry. It
utilises an argon ion laser to generate two cross-directed laser
beams with a small sample volume in the interfering region.
The interference fringes are modified by the presence of cloud
droplets and the size and velocity of the droplet can be deter-
mined. The technique can discriminate between spherical
droplets and aspherical particles and so is capable of rejecting
the small ice crystals in the cloud. In addition, changes in
refractive index can be measured and used to reject non-liquid
water particles. The ADA has a much larger size range than the
FSSP and is typically operated with approximately 200 chan-
nels ranging from 1 to 200 mm.

B The hydrometeor size spectrum can be measured by a cloud
particle imager (CPI, SPEC Inc. 230X). The CPI records images of
individual cloud particles (from 5 to 2300 mm in diameter)
passing through its sample area. Since standard processing of
CPI data yields only qualitative size distributions, a novel
analysis procedure was employed to obtain quantitative
information (Connolly et al., 2007, and references therein). The
CPI was originally designed for aircraft use but can also be used
for ground-based operation by fitting it with a high volume
aspirator. A very innovative use of CPI has been performed by
Lawson et al. (2006) incorporating a polar nephelometer (PN)
that measures the scattering phase function with one CPI.
Correlated measurements between the two instruments
permitted the linking of diffusion of light by ice particles to
crystal size and shape under the conditions of the South Pole
(see Fig. 6).

B The Counter-flow Virtual Impactor (CVI) samples and evap-
ourates hydrometeors above a certain size inside clouds,
releasing dry residual particles. Downstream of the CVI the
condensed water is completely evapourated in a particle free,
dry carrier gas, followed by the analysis of the dry residual
aerosol particles. Based on the design of these CVIs, Mertes
et al. (2007) developed an Ice-CVI that allows for the sepa-
ration of small ice particles from large ice crystals, cloud
droplets and interstitial aerosol particles. The first stage of the
Ice-CVI consists of a virtual impactor which removes hydro-
meteors larger than 20 mm in diameter. Then, an inertial pre-
impactor removes the supercooled droplets as they freeze
upon impaction on plates held below �5 �C, while small ice
crystals bounce off and are carried with the sample air stream.
Finally, aerosol particles that bounce and have diameters
below 5 mm are removed by a Counterflow Virtual Impactor,
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whereas the larger ice crystals (diameters between 5 and
20 mm) overcome the counterflow. Analogous to the regular
CVI, the water of the ice crystals is then sublimed and the
residual particles are then characterized. Progress in aerosol
metrology, in particular in aerosol mass spectrometry now
allows an on-line characterization of cloud droplet residuals
behind CVIs (Drewnick et al., 2007).
2.5.4. Cloud chemistry and precipitation
There has been little development in the equipment used to

sample and analyse precipitation over the past decades, despite the
continuing need to quantify wet deposition to ecosystems. There is
still no ‘perfect’ system for sampling and quantifying the chemical
composition of precipitation; the best technique is to use ‘wet-only’
collectors that provide daily (or shorter) time resolution and
maintain samples refrigerated to minimize chemical and biological
degradation of the collected sample. However, this type of sampler
is necessarily bulky and may systematically under-sample small
wind-blown droplets. Networks of precipitation samplers more
usually use bulk samplers, which also suffer from dry deposition of
material onto the collector surfaces between precipitation events,
and are in general not protected from degradation by refrigeration
or the use of biocides.

Two reviews have recently been conducted in Europe; a large-
scale field comparison of different (national) sampling systems
showed that there is still an unacceptable level of uncertainty in
quantifying wet deposition (Erisman et al., 2003), while the
different approaches and issues involved in bulk deposition
measurement have been reviewed (Dämmgen et al., 2005). Apart
from the continuing uncertainties in sampling, it has become clear
over the past decade that an important component of the nitrogen
cycle has systematically been ignored; water-soluble organic
nitrogen (WSON) has been identified as an important component of
wet deposition in both marine and continental precipitation (Cor-
nell et al., 2003; Neff et al., 2002), contributing up to one-third of
total nitrogen even in regions with significant inorganic nitrogen
content (Cape et al., 2004; Liu et al., 2006b).

A new aspect of cloud chemistry concerns the identification of
bacteria and fungi as potential agents of aerosol transformation in
cloud droplets (Amato et al., 2005, 2007). The application of
molecular biology techniques for identifying bacterial strains and
composition change, Atmospheric Environment (2009), doi:10.1016/
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their impact on organic composition of cloud drops may lead to
a new and more integrated vision of the role of biological material
on atmospheric chemical cycles.

2.6. Optical characterization of the atmospheric aerosol

The impact of atmospheric aerosols on the Earth’s climate is
driven by their optical properties, namely their ability to absorb and
scatter solar radiation in addition to absorbing long-range terres-
trial radiation. In situ measurements of aerosol optical properties
should therefore allow calculating the direct aerosol climate
forcing. The in situ variables used to derive parameters required in
the forcing calculation are light absorption, total scattering and
backscattering in addition to size, chemical composition and/or
refractive index. Techniques for deriving in situ optical properties
have been used for many years now but recent developments,
mostly based on cavity ring down spectroscopy techniques, are
now becoming available and will be reviewed in this section.

2.6.1. Light scattering and absorption coefficient
Integrating nephelometers measuring light scattering, and

instruments capable of determination of aerosol light absorption
coefficients have been commercially available for many years and
very few technical advances can be mentioned except, perhaps, the
development of polar nephelometers for aerosol and cloud studies
(Oshchepkov et al., 2000). As for DMPS/SMPS measurements, the
fact that more and more measurements are now available leads to
questions concerning the intercomparability of the different
instruments. Recently, work has been done to improve the use of
nephelometers that are generally limited, due to technical reasons,
in forward scattering and backward scattering for angles smaller
than 10� and larger than 170�, respectively. Differences between
theoretical illumination – which should ideally follow a sine
function – and the real illumination function with its truncation at
forward and backward scattering angles have been shown to be
significant for some of the commercially available instruments
(Müller et al., 2008). Similarly, Heintzenberg et al. (2006) showed
that unit-to-unit variability of TSI nephelometers is approximately
10% for the blue and green wavelengths.

A similar problem to those seen for commercial nephelometers
arises for the measurement of the aerosol light absorption coefficient
based on the rate of change of transmittance through a fibre filter as
particles are deposited (i.e. aethalometers). In fact, the complex
relationship between the change in the light transmission and
aerosol absorption and scattering optical depth on the filter requires
a calibration of these filter-based methods. Calibrations of particle/
soot absorption photometers (PSAP, Radiance Research, Seattle, USA)
were developed by Bond et al. (1999) and Virkkula et al. (2005).
Correction schemes for aethalometers (Magee Scientific, Berkeley,
USA) have been developed by several investigators (Arnott et al.,
2005; Schmid et al., 2006; Weingartner et al., 2003), but still show
large uncertainties. Some corrections applied to PSAP and aethal-
ometer data require the knowledge of the particle scattering coef-
ficient, often measured with integrating nephelometers. An inherent
correction method for minimizing the cross sensitivity to particle
scattering was realized by another absorption photometer, the
multi-angle absorption photometer (MAAP, Thermo ESM Andersen
Instruments, Germany). The MAAP measures the reflectivity of the
filter at two angles additionally to the light transmittance. A new
generation of photo-acoustic sensors with lower detection limits
may set new standards for in situ quantification of soot.

2.6.2. Cavity ring down spectroscopy
Cavity ring down (CRD) spectroscopy was originally developed

by O’Keefe and Deacon (1988) and became widely used due to its
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simplicity. A laser beam (pulsed or continuous) is coupled to
a cavity that consists of two or three mirrors, and performs
a multiple reflection inside the cavity. The intensity of the laser in
the cavity is reduced after each pass depending on the reflectivity of
the mirror. This produces an exponential decay with a character-
istic lifetime. By introducing a sample in the volume of the cavity,
the decay becomes shorter due to the additional light extinction.
The main advantage of this technique compared to conventional
spectroscopic methods is the extremely high sensitivity due to the
long path-length (several kilometres depending on the reflectivity
of the mirrors). In addition, CRD measurements are insensitive to
laser fluctuations. Initially most of the studies were focused on
spectroscopy of small molecules in the gas phase, transient mole-
cules in plasmas, radicals, weakly bonded molecules, metal clusters,
and observation of weak transitions and kinetics studies. It was also
commonly used for detecting trace gases in the atmosphere. In
1988 it was reported that ambient aerosols can considerably
decrease the decay time, however, the first application to atmo-
spheric particles was ten years later (Sappey et al., 1998). Table 2
summarizes the work that has been done in the past few years
using CRD to study optical properties of aerosols.

The time dependence of the loss of intensity of the laser pulse
provides information about the total extinction of the aerosols
inside the cavity. CRD has been used to investigate the optical
properties of non-absorbing and absorbing aerosol particles by
combing it with a DMA and a CPC (Fig. 7) (e.g. Pettersson et al.,
2004; Bulatov et al., 2006; Dinar et al., 2008; Riziq et al., 2007,
2008; Spindler et al., 2007). In particular, the system has been used
to measure size-dependent extinction from which the complex
refractive index and the single scattering albedo of aerosols, a key
parameter in modelling the Earth’s radiative balance, can be
retrieved (Dinar et al., 2008). This method has been used to verify
optical properties of mixed aerosols and the applicability of optical
mixing rules (Riziq, 2007, 2008), hygroscopic growth of particles
(Beaver et al., 2008), and in the field (Baynard et al., 2007). The CRD
systems are highly sensitive and can typically measure extinction of
10�9–10�10 m�1. The CRD method has been applied mostly at
532 nm, but recent systems have now extended the wavelength
range to the near IR and the UV (Dinar et al., 2008).

While most CRD-AS systems are based on pulsed lasers, new
systems based on continuous wave (CW) lasers have recently been
introduced (Hallar et al., 2006; Lang-Yona, 2009). The Lang-Yona
et al. (2009) system uses a single model CW laser which improved
the matching between the laser and the cavity modes, hence
increasing the sensitivity of the system by about an order of
magnitude compared with the pulsed systems. The CW laser-based
systems are smaller and consume less power than the pulsed
systems hence they have high potential for use in field measurement.

The complex refractive indices of different laboratory-generated
particles have recently been retrieved by the CRD-AS. In this
method, size selected extinction efficiencies are measured with
high precision. Using Mie-scattering calculations, a retrieval algo-
rithm has been developed to obtain the two components of the
refractive index. This method has been applied to various organic-
containing aerosols with different types of mixing (homogeneous,
core-shell) (Riziq et al., 2007, 2008). This method has recently been
implemented for measuring the refractive index of aerosols formed
in a smog chamber from emissions of biogenic volatile organic
compounds.

2.6.3. Levitation and optical techniques for single particle analysis
Analysis of single particles using optical techniques is a field in

development and is used by several groups worldwide for obtain-
ing information about properties of atmospheric particles. One of
the established techniques in this field is the electrodynamic
composition change, Atmospheric Environment (2009), doi:10.1016/



Table 2
Summary of recent studies performed using cavity ring down aerosols spectrometer (CRD-AS) for measurements of aerosols optical properties.

Aerosols field of study Type of CRD Applications References

Atmospheric particulate matter Pulsed-CRD
(532 and 355 nm)

Extinction cross-section of aerosols Sappey et al. (1998)

Soot Pulsed-CRD (532 nm) Absorption of soot from methane-air flame Wal et al. (1999)
Ambient aerosols Pulsed-CRD

(dual mirrors 1064–532 nm)
Extinction of ambient aerosols simultaneously at two wavelengths Atkinson et al. (2008)

Ambient aerosols Pulsed-CRD
(510.2 and 578.2 nm)

Extinction of aerosols during wildfire and local firework Thompson et al. (2002)

Absorbing and non-absorbing
aerosols

Pulsed-CRD dye laser
(620–640 nm)

Extinction of absorbing and non-absorbing aerosols as a
function of aerosols size

Bulatov et al. (2002),
Bulatov et al. (2006)

Ambient and laboratory aerosols cw-CRD at 690 nm
and 1550 nm

First application of cw-CRD in aerosols studies combined with scattering
detector enable direct measurement of single scattering albedo

Strawa et al. (2003)

Laboratory aerosols Pulsed-CRD (532 nm) First quantitative study to retrieve complex refractive index of
laboratory-generated aerosols

Pettersson et al. (2004)

Diesel exhaust Pulsed-CRD/CED First application of CRD and cavity enhanced detection (CED) which limits
the systematic error of CRD

Moosmüller et al. (2005)

Laboratory aerosols Pulsed-CRD (532 nm) The relative humidity influence of aerosols light scattering Baynard et al. (2007)
Laboratory aerosols Pulsed-CRD (532 nm) Determination of complex refractive index and mixing rules of absorbing

and non-absorbing aerosols
Riziq et al. (2007)

Laboratory aerosols Pulsed-CRD (532 nm) Optical hygroscopic growth of aerosols (humidity dependence of light
extinction of non-absorbing aerosols)

Garland et al. (2007)

Laboratory aerosols Pulsed-CRD (532 nm) Optical properties of coated aerosols (core-shell model) Riziq et al. (2008)
HULIS Pulsed-CRD

(532 nm and 390 nm)
Determinations of complex refractive index of Humic Like-Substances
(HULIS) from various sources

Dinar et al. (2008)

Laboratory and field aerosols cw-CRD (532 nm) cw-CRD designed for field measurements. First application was used to
study secondary organic aerosols formed by oxidation of volatile organic
compounds from plant chamber

Lang-Yona et al. (2009)
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balance (EDB), based on the idea of levitating a charged, single
physical entity (an ion, an electron, or a microscopic particle) in
a superimposed AC/DC field (see Davis, 1980, 1990, and references
therein for an overview). It has numerous applications in the field
Fig. 7. Schematic of a cavity ring down aerosol spectrometer (CRD-AS) designed for laborator
soot generator etc.) and a DMA for size selection and CPC to determine the particle conce
determined as a function of size and by using the Mie theory the complex refractive index
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of atmospheric aerosols since it can be coupled with different
investigation techniques like Raman and Mie spectroscopy for the
determination of the particle’s mass, composition, size and optical
properties.
y measurements. The CRD system is combined with an aerosol generator (e.g. atomizer,
ntration in the cavity. According to this setup, the extinction efficiency (Qext) can be
of aerosols can be retrieved.

composition change, Atmospheric Environment (2009), doi:10.1016/
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Lately, much effort has been invested in the characterization of
compounds recently identified in field measurements, mostly
organics of biogenic and anthropogenic origin, and the way they
affect aerosol physicochemical properties like hygroscopicity
(water uptake), physical state transitions and evaporation. Many
studies have clarified the interactions of selected organic aerosols
with ambient water vapour (see for instance Peng et al., 2001;
Prenni et al., 2003; Choi and Chan, 2002). The natural step further is
the study of mixed inorganic/organic aerosol particles; Marcolli and
Krieger (2006), Parsons (2006), Zardini et al. (2008), Ling and Chan
(2008), Lee et al. (2008) and Treuel et al. (2008) measured the
hygroscopicity and/or phase transitions for several ternary inor-
ganic/organic/water systems, while Chan and Chan (2007) inves-
tigated the mass transfer limitation at the gas/particle interface.

Optical techniques have been developed and tested on levitated
aqueous solution droplets containing organic material to infer very
low vapour pressures from measured evaporation rates (Zardini
et al., 2006). Other studies focused on ice nucleation (Duft and
Leisner, 2004) and mass accommodation coefficient determination
(Magee et al., 2006; Xue et al., 2005; Zientara et al., 2005). Besides
the electrodynamic levitation, an aerosol particle, or an array of
particles, can be trapped and characterized by means of optical
tweezers (Hopkins, 2004; Hanford et al., 2008). Cavity enhanced
Raman scattering has also been used to characterize the evolving
composition of evaporating ternary solution droplets (Howle et al.,
2007) falling as a droplets train generated with a vibrating orifice.

2.7. Airborne aerosol measurements

Although measurements of aerosol particles from aircraft have
been performed since the middle of the 20th century, the available
data are very limited, particularly in the free troposphere. This is
because research aircraft were most often used, which yielded
information only over limited time and space. Furthermore, in
many cases only physical aerosol parameters were determined and
chemical information was limited mostly to filter samples with
coarse time resolution. At the turn of the millennium, the situation
changed slowly as longer data sets became available (Moore et al.,
2004) and new technologies were applied.

2.7.1. Improvements in aerosol sampling technology
The development of aircraft sampling technologies has benefited

from advances in aerosol sampling methodologies. In particular, the
Fig. 8. Schematic of the Low Turbulence Inlet (LTI, Univ. Denver) flow control system. In ord
or more of the total flow (Seebaugh and Wilson, 1999).
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use of computational fluid dynamics (CFD) codes became more
powerful and easier to use (e.g. Krämer and Afchine, 2004; Eddyet al.,
2006). The design or characterization of highly sophisticated inlets
could be realized using these CFD tools (Dhaniyala et al., 2003, 2004;
Wilson et al., 2004). A number of research aircrafts are now equipped
with well defined aerosol inlets. Probably the most important new
aircraft-borne inlet constructed since about 2000 is the Low Turbu-
lence Inlet (LTI) of the University of Denver (Wilson et al., 2004)
shown in Fig. 8. By applying boundary layer suction, turbulence
inside the inlet is reduced to nearly zero, which allows in particular
super-micrometre particles to pass the inlet with high efficiency.

Besides CFD modelling, wind tunnel experiments are an
appropriate way to quantify the inlet sampling efficiency. Similarly,
inter-comparisons in-between aircraft-borne measurements and
between aircraft-borne and ground-based measurements are well
suited for that propose. Fortunately, this kind of comparisons were
funded and conducted more strongly in recent years (Blomquist
et al., 2001; Hegg et al., 2005; Moore et al., 2004).

2.7.2. In situ aerosol measurements from airborne platforms
One of the most important technical achievements in the last

decade remains the CARIBIC project (Civil Aircraft for Regular
Investigation of the Atmosphere Based on an Instrument Container,
http://www.caribic-atmospheric.com). In the project, particle
number concentrations and particle elemental composition are
measured regularly by an instrument container onboard
a commercial aircraft (Brenninkmeijer et al., 2007). The CARIBIC data
give for the first time in situ information on aerosol particles in the
upper troposphere on nearly global scale (Heintzenberg et al., 2003;
Martinsson et al., 2001, 2005; Nguyen et al., 2008; Papaspiropoulos
et al., 2002; Weigelt et al., 2009). Another important recent
achievement has been the use of AMS techniques onboard research
aircraft. The sensitivity together with the fast time resolution of AMS
techniques makes it a very suited instrument for airborne platforms.
In particular, the development and application of a particle laser
mass spectrometer (PALMS) yielded new insight into particle
chemistry, in particular the hitherto underestimated contribution of
organics to particle material in the free troposphere (Murphy et al.,
1998, 2006a,b, 2007).

2.7.3. Remote sensing from airborne platforms
Following successful ground-based measurements of particle

extinction (Hair et al., 2001), high spectral resolution lidar (HSRL) is
er to achieve laminar flow inside the inlet, the suction flow must be on the order of 50%
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now used onboard airborne platforms. HSRL works on the basis of
spectral broadening of light backscattered by molecules and aero-
sols. This spectral broadening is caused by Doppler broadening due
to thermal motion, and it is different for molecules and aerosols.
An HSRL separates the radiation scattered by molecules from the
radiation scattered by particles and allows the calculation of
particle extinction coefficients. The first high-quality profiles of
particle extinction coefficients were acquired in the late 1990s
(Wandinger et al., 2002). At that time it was shown how one can
roughly distinguish different particle types. An HSRL next to
a Raman lidar allows for direct measurements of the particle lidar
ratio. As was shown by Müller et al. (2007a,b) one can roughly
distinguish particle types if the lidar ratio at one wavelength is
measured. The instruments have been successfully improved for
airborne operation (Esselborn et al., 2008). Most notably, extensive
profiling of mineral dust optical properties was carried out in 2006
and 2008 as part of the Saharan Mineral Dust Experiments
(SAMUM) (Esselborn et al., 2009). Successful measurements have
begun recently as part of NASA’s first space-borne lidar aboard the
CALIPSO satellite (Liu et al., 2008). The ongoing work is concerned
with upgrading the HSRL to full multi-wavelength systems. Particle
extinction measurements at two wavelengths (355 and 532 nm)
will not only provide lidar ratios but also Ångström exponents.

2.8. Remote-sensing aerosol characterization from the ground

Detailed knowledge of optical, microphysical, and radiative
properties of aerosol particles is required to understand their role in
atmospheric processes as well as their impact on human health and
the environment. To fully characterize aerosol particles it is neces-
sary to measure their optical properties, size, morphology and
composition as a function of time and space, possibly with high
spatial and temporal resolution to account for the aerosol variability.
On the one hand, information can be derived from passive remote-
sensing techniques such as sun - and sky - photometers and, on the
other hand, from active remote sensing using lidar type instruments.

2.8.1. Passive remote-sensing techniques
2.8.1.1. Sun photometers. Most of the aerosol information retrieved
by passive remote-sensing techniques has been obtained through
AERONET (AErosol RObotic NETwork, http://aeronet.gsfc.nasa.gov/).
AERONET is a federation of ground-based remote-sensing aero-
sol networks and was established in the mid-90s by NASA and CNRS
with further expansion through national agencies, universities and
individuals (Holben et al., 1998). With standards for instruments,
calibration techniques, processing and data-distribution, individual
sites are inter-connected into a network. Currently more than 150
instruments are simultaneously in operation worldwide. Since
many instruments have been moved during their lifetime, column
data are available from many more sites, however long-term
measurements are relatively scarce. Although now more than 700
sites are in the database, the number of sites with quality-assured
monthly averages (50 þ attenuation sun samples or 10 þ sky radi-
ance samples) and covering at least 10 different months, amount to
370 (220 sites with sun data and 150 sites with sky data).

The basic instrument is a CIMEL sun-/sky-photometer. Data are
transmitted via satellite or internet to the central processing
facility at NASA, where the retrieved products from almost all sites
are available within hours. Quality assured products are released
at a later time after the instruments have been recalibrated.
Retrieved aerosol products are column properties for (1) aerosol
optical depth (AOD) at several wavelengths of the solar spectrum
(380, 440, 500, 670, 870 and 1020 nm), which define the
Ångström parameter, (2) size distribution and (3) absorption. The
products for size and absorption are derived from the application
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of sampled sky-radiances (at 440, 500, 670 and 870 nm) in an
inversion algorithm (Dubovik and King, 2000), with the caveat
that absorption estimates are only reliable if the mid-visible
spectrum AOD value exceeds 0.3.

The appealing nature of AERONET is that all aerosol (column)
properties are addressed without fixed a priori assumptions, that
retrievals have a high accuracy as they (cirrus events excluded) do
not suffer from background issues, and that data from different
AERONET sites are inter-comparable. The AERONET data provide
valuable constraints to complementary retrievals for a priori
assumption as in the case of satellite sensor data or for co-located
elastic backscatter lidar systems.

The processing algorithms have evolved from Version 1.0 to
Version 2.0 (Holben et al., 2006). Overall, this update resulted in
only minor changes to the overall statistics. Other unofficial AER-
ONET aerosol data products include estimates of the fine-mode
AOD fraction based on the solar spectral dependence of the
Ångström parameter (O’Neill et al., 2003) and estimates of aerosol
water content and soot mass from AERONET derived refractive
indices (Schuster et al., 2005). In addition, a special (though rarely
applied) downward looking detector mode (during aerosol
sampling breaks) over vegetation (taking advantage of surface
reflectance differences in the solar and near-infrared regions)
allows for the retrieval of cloud liquid water and cloud optical
depths (Marshak et al., 2004).

In a recent ground-based study it has been shown that the area
assumed to be cloud-free within a cloud field is filled with forming
and evaporating clouds, undetectable small clouds and hydrated
aerosols. This area, defined as the ‘twilight zone’, has unique
optical properties that are currently missed by most observations
due to binary classification of the atmosphere as either cloudy or
cloud-free (Koren et al., 2007). The ‘twilight’ properties, when
averaged over the coarse pixel size create an apparent gradual
transition from a cloudy to a cloud-free atmosphere. However,
when zooming in, the zone emerges as non-uniform, and affected
by many distinct processes (Koren et al., 2008). The ‘twilight’
properties are strongly linked to the aerosol loading, suggesting an
additional aerosol effect on the composition and radiation fluxes of
the atmosphere.

When analysing the ‘twilight’ from satellite data, other
processes and instrumental artefacts may contribute to the
enhanced reflectance in the vicinity of clouds. For example, photons
escaping from the side of the cloud scattered towards the satellite
by air molecules and aerosols may result in higher reflectance near
clouds (Wen et al., 2006). Although these effects happen at a spatial
scale much smaller than that is measured in the ‘twilight zone’,
measuring the ‘twilight’ properties from the surface using AERO-
NET data from ground-based sun-photometers (Holben et al., 1998)
gives a cleaner view of the phenomena. Artefacts caused by near-
cloud scattering will increase the measured photon flux and
therefore will result in an underestimation of the ‘twilight’ optical
depth, and the optical collimator on the AERONET instrument
reduces stray light artefacts. The AERONET instruments collect data
at intervals no longer than 15 min, unless a cloud blocks the direct
view of the sun. The absence of a sun measurement at the
appointed times can be used as a proxy for the presence and the
coverage of clouds (Kaufman and Koren, 2006).

Complementary AOD measurements to AERONET sampling are
provided by the precision filter radiometer (PFR) (Wehrli, 2000).
This instrument has a much higher sampling rate and is especially
suited for very low values of AOD and is mainly used at sites of the
Global Atmosphere Watch (GAW) programme of WMO. Compari-
sons of AODs determined from AERONET CIMEL and GAW PFR at
the high altitude site Mauna Loa showed an excellent agreement
with 0.001 bias for 500 nm AOD (Kim et al., 2008).
composition change, Atmospheric Environment (2009), doi:10.1016/
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2.8.1.2. Multi-axis differential optical absorption spectroscopy. The
Multi-Axis Differential Optical Absorption Spectroscopy (MAX-DOAS)
is a newly introduced passive remote-sensing technique for moni-
toring the vertical distribution of aerosol properties. Most of the
ongoing MAX-DOAS research investigations focus on the retrieval of
aerosol properties based on O4 and intensity measurements that are
performed simultaneously with the trace gases measurements
(Heckel et al., 2005; Wagner et al., 2004; Frieß et al., 2006). This
aerosol retrieval step is essential for the accurate determination of
trace gas profile information down to the surface.

2.8.2. Active remote-sensing techniques for aerosol
studies from the ground

Lidar techniques are ideal for collecting range-resolved data on
aerosol particles. The basic lidar system for acquiring data on
aerosol particles is the elastic backscatter lidar. Such lidars allow
for the direct determination of the geometrical thickness of
aerosol layers and the altitude at which they occur. However, this
type of lidar is not able to provide independent measurements of
the particle backscatter and particle extinction coefficients. The
Raman lidar technique overcomes this difficulty as it provides
independent aerosol extinction measurements (Ansmann et al.,
1990). The technique has been widely and successfully used for
aerosol extinction measurements (Pappalardo et al., 2004; Mona
et al., 2006; Mattis et al., 2008); nowadays the Raman lidar tech-
nique is extensively used in EARLINET (European Aerosol Research
Lidar Network) [www.earlinet.org] and at the ARM Site in US
(Turner et al., 2002). Further developments in lidar instrumenta-
tion and, in particular, advances in multi-wavelength Raman
aerosol lidar techniques have been demonstrated to have the
unique ability of providing range-resolved aerosol microphysical
properties (Ansmann and Müller, 2005; Böckmann et al., 2005;
Müller et al., 1999; Veselovskii et al., 2002). Advances in lidar
technology have been made in parallel with the development of
data inversion algorithms. For a historical overview on the change
from a non-applicable methodology to current successful algo-
rithms see Ansmann and Müller (2005). The capability of the
lidar technique is illustrated in Fig. 9, showing optical profiles of
a forest-fire smoke plume observed with a high performance multi-
wavelength Raman lidar. The profiles of the particle backscatter
coefficients and extinction coefficients are extensive parameters, as
they depend on particle number concentration. The profile of the
Fig. 9. Forest-fire smoke measured over Central Europe on 22 July 2004. Shown are profiles o
extinction coefficients, the Ångström exponent, the lidar ratios, and the linear depolarizatio
layer. The example is discussed by Müller et al. (2007a,b).
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Ångström exponent is height independent in the present example
and can be calculated from the profiles of the extinction coefficients
(measured at two wavelengths). We can also determine the so-
called backscatter related Ångström exponents, which follow from
the profiles of the particle backscatter coefficients. The Ångström
exponents are independent of particle concentration, but depend
for instance on particle size. The particle lidar ratio, which is
another intensive property, is larger at 532 nm than at 355 nm. This
wavelength dependence is characteristic for long-range trans-
ported forest-fire smoke.

Despite the successful application of inversion methods, strong
limitations still exist regarding the retrieval of aerosol particle
microphysical parameters. Even modern multi-wavelength Raman
lidars provide data at a few measurement wavelengths only. That
limitation severely restricts the number, type, and accuracy of
the retrievable microphysical parameters. The ‘‘exact’’ shape of the
particle size distributions generally cannot be retrieved. The
parameters that are usually used to describe such size distributions
are mode radius, and geometrical standard deviation (mode width)
if we use logarithmic-normal particle size distributions. These two
parameters usually cannot be derived with acceptable accuracy. In
general we may only estimate whether the acquired data describe
a mono- or bimodal particle size distribution. The maximum size of
particles that can be derived is limited, too. It has been shown
(Veselovskii et al., 2005) that particle effective radii of around 2 mm
are retrievable, if extreme care in data analysis is taken. In view of
the need for operational algorithms this number has to be reduced
to an effective radius of less than 1 mm, which puts the retrievable
particle size distributions into the so-called fine-mode fraction of
the particle size distribution.

Multi-wavelength Raman lidar observations cannot be used
directly to infer the presence and/or concentration of water-soluble
and water-insoluble components. They cannot distinguish between,
for example, sulphate-containing particles from nitrate-containing
particles. This means that a characterization of the particles in
terms of chemical components is impossible. Rather, the primary
products of lidar retrievals are the average values of particle size
and complex refractive index. These values then may be attributed
to the likely presence of certain particle components such as small
anthropogenic particles. Evidence for sulphate or nitrate can be
made with the complex refractive index, using the aforementioned
inversion algorithms. Determination of particle origin by lidar
f the particle backscatter coefficients (blue ¼ 355 nm, green¼ 532 nm, red ¼ 1064), the
n ratio. The horizontal line indicates the approximate height of the planetary boundary
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Fig. 10. Effective radius and Ångström exponents of different aerosol types. Shown are
the following results: anthropogenic pollution from North America (red square) and
Europe (red triangle), Arctic haze/urban pollution from polar regions north of 70�N (red
diamond), mixtures of anthropogenic/biomass-burning particles from South Asia (black
square) and East Asia (black triangle), Canadian and Siberian forest-fire smoke observed
over Europe (green triangle) and Spitsbergen (green square), marine particles in the
North Atlantic (blue triangle) and the Indian Ocean (blue square). The error bars denote
the variation of the values obtained for the two parameters from various measurements,
i.e. measurement errors are not included. The results for the marine particles describe
data of lidar observations in the upper parts of the marine boundary layer.
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technique has been applied by Müller et al. (2005, 2004). Saharan
dust particles may easily be identified by measuring the particle
depolarization ratio with depolarization ratios larger than 10% (at
532 nm wavelength), higher than in any other particle type. Fig. 10
summarizes the results of 10 years of observations with multi-
wavelength aerosol Raman lidar over Leipzig (51.3�N, 12.4�E),
Germany, (Mattis et al., 2008) and results of field campaigns in
which multi-wavelength Raman lidar played an important role.

2.8.3. Ground-based active remote-sensing techniques
for cloud studies

The phase composition and microphysical structure of clouds
define the radiative impact of clouds on atmospheric radiation and
their contribution to the hydrologic cycle (Shupe et al., 2008; Ste-
phens et al., 1990; Baker, 1997). To retrieve these cloud properties,
measurement of cloud phase and boundaries, ice properties, liquid
water path, water vapour amount, optical depth and vertical velocity
are needed. Extensive ground-based lidar measurements have been
used for the investigation of clouds (Feingold and Grund, 1994;
Sassen and Mace, 2002). Lidar remote sensing of clouds is tradi-
tionally considered limited to clouds with a low liquid water amount,
i.e. thin clouds with an optical depth less than 3. But in the last few
years, both the use of novel observation techniques and technolog-
ical evolution has motivated the use of lidar in cloud studies. Several
lidar techniques have been applied for the investigation of water
vapour, liquid water, cloud droplet and ice crystal sizes.

Lidar measurements of atmospheric depolarization allow
identification of the cloud phase on the basis of the sensitivity of
particle depolarization on particle shape (Sassen, 2000). The phase
discrimination of the cloud ice/water phase is performed using the
ratio of signals in two orthogonal polarization receiver channels.
However, lidars used in atmospheric research do not penetrate
directly most boundary-layer clouds due to their large optical
density. Measurements are typically limited to provide information
up to the first interface (i.e. ceilometry from ground), though the
use of depolarization can also provide information about the water
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phase in the first layers. Nevertheless, at most visible and near-IR
wavelengths, photons from lidar are not absorbed but merely
scattered out of the beam. Therefore, a significant increase in
information that can be obtained from lidar observations is related
to the use of multiple-field-of-view (MFOV) Raman lidar techniques
(Bissonnette, 1995; Malinka and Zege, 2007). With the application
of these techniques for routine cloud profiling, it is possible to
derive effective cloud droplet size in the lower parts of the clouds.
The MFOV technique uses the multiple scattering contributions to
the lidar signal to retrieve the range-resolved extinction coefficient
and effective droplet diameter. From the latter two parameters we
may infer microphysical products like the liquid water content
(LWC). Similarly, techniques using lidars at different wavelengths
and elevation angles of the lidar beam can be applied to charac-
terize the size of the ice particles (from the ratio of the lidar
backscatter at different wavelengths) and their shapes and habits
(from the linear depolarization ratio(s) and backscatter coeffi-
cient(s) at zenith and off zenith direction of the laser beam).

Improved results in cloud monitoring can be obtained by using
the available instruments in synergy, either by combining active
sensors at different wavelengths or by augmenting the active
sensors with passive radiometric measurements. For example, the
geometry and vertical location of cloud layer with different phases in
stratiform clouds can be achieved using a multi-sensor approach
that takes advantage of the combination of lidar, radar and micro-
wave measurements. Microwave radiometers are able to provide
accurate estimates of the liquid water path also in supercooled
environments. The temporal resolution can be of the order of 1 s
(Crewell et al., 2001; Kämpfer et al., 2006) and the accuracy is better
than 20 g m�3 (Hewison, 2006). In addition, microwave radiometers
also provide information about the vertical distribution of liquid
water even though liquid water profiling in mixed-phase clouds is
very complicated. Moreover the scanning capability of microwave
radiometers permits us to apply microwave tomography which can
be used for characterization of the three-dimensional distribution of
clouds. Accurate liquid water path estimates are provided also by
AERI (Atmospheric Emitted Radiance Interferometer) whose sensi-
tivity and accuracy is higher than microwave radiometer sounding
in optically thin cloud conditions (Turner, 2007). The merging of
Doppler spectral measurements and dual-polarization observations
allows the determination of the microphysical properties of
mixtures of different ice crystals in the investigated air volume, i.e.
crystal habits and particle size distributions (Gaussiat et al., 2003;
Russchenberg et al., 2005).

The combination of the information provided by these sensors
delivers physically consistent profiles of cloud parameters, such as
water content, particle size, and optical extinction through suitable
retrieval algorithms. The synergetic products obtained from inte-
grated approaches also help us to address the cloud impact on
climate, both in the shortwave and long-wave portion of the elec-
tromagnetic spectrum. Instrument synergies are essential for the
calibration/validation of satellite measurements as well as for the
evaluation of atmospheric models (Löhnert et al., 2008).

Many different integration approaches have been developed.
For example, lidar-radar techniques are particularly useful for thin
clouds (Donovan and van Lammeren, 2001). A first attempt to
develop an all-encompassing algorithm for cloud retrieval based on
optimal estimation retrieval is presented by the Integrated Profiling
Technique (IPT, Löhnert et al., 2004). IPT combines information
from radar, lidar and microwave profiler. Moreover, the retrieval
algorithms developed as part of Cloudnet (www.cloud-net.org) are
a valuable example of the integration of ground-based measure-
ments from active and passive sensors and an NWPM (Numerical
Weather Prediction Model), including an accurate cloud classifi-
cation scheme (Illingworth et al., 2007).
composition change, Atmospheric Environment (2009), doi:10.1016/
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2.9. Observations of tropospheric aerosol from space

2.9.1. Past and current space-borne sensors
Aerosol satellite remote sensing started using a geostationary

satellite with a single wavelength and a single angle of observation
(Fraser et al., 1984; Jankowiak and Tanré, 1992; Husar et al., 1997).
A two-channel technique was also used for the AVHRR with simul-
taneous analysis of aerosol and clouds (Nakajima et al., 2001; Seki-
guchi et al., 2003; Mishchenko et al., 2003). These instruments,
designed for monitoring surface and meteorological fields, provide
aerosol information but over water only, when the surface is dark. In
the UV part of the solar spectrum the land reflectance is very low and
data can be also used directly to observe aerosol over land and ocean.
The TOMS instruments (including OMI on AURA) have two UV
channels that are suitable for observations (Herman et al., 1997) of
elevated smoke or dust layers above the scattering atmosphere.
These pioneer instruments supply a long-term series that can be used
to assess regional changes in, for example, the aerosol concentration
but the number of retrieved aerosol parameters is limited.

New space-borne instruments use the multi-dimensional
(i.e. spectral, angular & polarization) signature of sunlight scattered
by the atmosphere to derive the global distribution of aerosol
column concentration, and several microphysical properties, like
size or shape and refractive index. The spectral information is used,
for example by the MODIS instrument on NASA’s Terra satellite
launched in 1999 (King et al., 1992), or by MERIS on the European
Space Agency’s Envisat satellite launched in 2002. Over the ocean,
MODIS algorithms use the aerosol spectral signature in a wide
range (0.47–2.1 mm) to distinguish small particles, which in high
concentrations are typically associated with anthropogenic pollu-
tion or smoke, from coarse particles usually identified as natural sea
salt or dust. Over land, the transparency of fine mode smoke or urban
aerosol in the 2.1 mm channel is used to observe the surface cover
properties, to estimate surface reflectance at visible wavelengths,
and to derive the aerosol optical thickness from the residual
reflectance at the top of the atmosphere (Remer et al., 2005).

Angular and spectral information is provided by POLDER, MISR
and AATSR to derive, in addition to the concentration, the aerosol
type and to increase the sensitivity to aerosol over bright land
surfaces. MISR (Diner et al., 1998) measures the reflected light at
different viewing angles (nadir and up to 70� forward and back-
ward) along the satellite’s track and in a narrower spectral range
(0.44–0.86 mm) than MODIS. The inversion technique is then able to
separate the aerosol signal from that of the surface, and to derive
information about particle size and shape (Kahn et al., 2001).
A mixed approach using two viewing directions but over a wider
spectral range (0.55–1.65 mm) is used by AATSR (Veefkind et al.,
1998) to derive the aerosol concentration and type.

The POLDER instruments (Deschamps et al., 1994) deployed on
the ADEOS-I, ADEOS-II and on the PARASOL satellites, use
a combination of spectral channels in a range similar to MISR
(0.44–0.91 mm). The instruments are wide-angle cameras
observing the same target on the Earth at up to 15 different angles.
They offer the unique capability of measuring polarization, which
yields additional insight into aerosol optical properties beyond
aerosol optical thickness over ocean (Herman et al., 2005). The
light polarization can also be used to detect fine aerosols over
land, taking advantage of the small difference between the spec-
trally neutral polarized light reflected from the Earth’s surface and
the spectrally decreasing polarized light reflected by fine-mode
aerosols (Deuzé et al., 2001).

The retrieval of aerosol properties from space has improved
greatly over the past decade. The MODIS and MISR instruments
(initially launched in late 1999 on NASA’s Terra satellite) provide
information about aerosol abundance and properties at high
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spatial resolution. They provide considerable insight into the
global distribution of aerosols, their long-range transport, and
their optical properties. Further insight into the spatial distribu-
tion of aerosol species was recently derived from PARASOL
(launched on December 18, 2004 and routinely acquiring data
since March 2005). The PARASOL (Polarization and Anisotropy of
Reflectances for Atmospheric Science coupled with Observations
from a Lidar) payload is largely based on the POLDER instrument
(Deschamps et al., 1994) and contributes to a better knowledge of
the optical, physical and radiative properties of clouds and aero-
sols. The large wavelength range of SCIAMACHY is also ideally
suited for the detection of clouds and aerosols (von Hoyningen-
Huene et al., 2007; de Graaf and Stammes, 2005). More recently,
the OMI instrument (Levelt et al., 2006) on AURA and the GOME-
2 (Callies et al., 2000) on MetOp add to the UV/visible data record
at high spatial resolution and with improved coverage. In addi-
tion, OMI measures aerosol absorption and cloud scattering layer
mean pressure. Finally, the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) were launched on
April 28, 2006 for a planned 3-year mission. CALIPSO is flying in
formation with the AQUA, AURA, CloudSat, and PARASOL satellites
as part of the Afternoon Constellation or A-train. The CALIPSO
payload consists of three instruments: the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP); the Infrared Imaging
Radiometer (IIR) and the Wide Field Camera (WFC). CALIOP is
a nadir-pointing instrument which provides information on the
vertical distribution of aerosols and clouds as well as their optical
and physical properties.

The amount of satellite remotely sensed data devoted to aero-
sols has increased greatly in the past ten years. The accuracy of the
instruments, as well as the quality of the retrievals, has been
improved and we are probably at the peak of research benefits from
these recent satellite sensors. New instruments that combine
a wide spectral range with a wide viewing angle range and with
polarization sensitivity are proposed for future missions in the
2015–2020 time frame. A pioneer instrument is going to be
launched in 2009 (Mishchenko et al., 2007); it is not an imager that
allows global coverage but it is expected to improve the determi-
nation of aerosol size and composition, through the determination
of the refractive index, along the satellite ground track.

2.9.2. Space-borne lidar for aerosol studies
The high variability both in space and time of tropospheric

aerosols is the main cause of the high uncertainty about radiative
forcing related to tropospheric aerosols and their interactions with
clouds (Forster et al., 2007). In the past, the variability of the
horizontal and temporal distribution of aerosols and of their optical
properties has been largely investigated at a global scale by means
of passive remote sensing instruments aboard satellites or ground-
based sun photometer networks like AERONET (Kaufmann et al.,
2000; Omar et al., 2005; Kahn et al., 2007).

The first aerosol measurements from space were a qualitative
index, the aerosol index, provided by TOMS (Herman et al., 1997),
and the optical depth at 630 nm provided over the oceans by
AVHRR (Husar et al., 1997) both available since the late seventies.
The accuracy of aerosol integrated optical depth measurements
greatly improved with the coming of MODIS (Kaufman et al., 1997)
and MISR (Diner et al., 1998) instruments, launched in 1999, thanks
to the higher spectral and spatial resolutions. However these
instruments cannot provide information about the vertical layering
of aerosols and this vertical distribution is a crucial point for
aerosol–clouds interaction.

The first experiment with lidar in space was the LITE (Lidar In-
space Technology Experiment) mission, an 11-day mission carried
out in 1994 (McCormick et al., 1993). Although it was a very
composition change, Atmospheric Environment (2009), doi:10.1016/
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short-time experiment, LITE provided for the first time a snapshot
of the atmospheric layering on large scales and paved the way for
the current and future space-borne lidar missions. Since April
2006, CALIPSO, the first satellite-borne lidar specifically designed
for aerosol and cloud studies, has been providing high vertical
resolution profiling of aerosol and clouds on the global scales
(Winker et al., 2007). Since its launch, CALIPSO has provided
a near-continuous global data set of high-resolution vertical
profiles of aerosols and clouds, allowing for the inspection of
stratospheric and free-tropospheric layer dynamics (Liu et al.,
2008) and the investigation of complex effects of mixing processes
that influence the microphysical and optical properties of aerosols
and clouds. In addition, flying in the A-train constellation, CALIPSO
offers, for the first time, the possibility for developing an integrated
strategy between lidar and passive remote-sensing techniques
with the synergies among different sensors for both aerosols and
clouds studies (Stephens et al., 2002; Anderson et al., 2005; Hu
et al., 2007; Lamquin et al., 2008; Sassen et al., 2008).

The CALIPSO cloud and aerosol observations data set will be
virtually extended by the ESA’s Atmospheric Dynamics Mission
(ADM-Aeolus) (Stoffelen et al., 2005; Ansmann et al., 2006), the
Earth Clouds Aerosols and Radiation Explorer (EarthCARE) mission
of ESA and the Japan Aerospace Exploration Agency JAXA (ESA,
2004). The 3-mission observations will provide a unique 10-year
long data set on the global aerosol and cloud distribution and
respective trends in cloud cover, cloud amount, and aerosol
pollution state. Such long-term global aerosol records are needed in
order to quantify the direct climate forcing by anthropogenic
aerosols as well as the indirect aerosol effects on climate and to
improve numerical weather prediction, climate research, and
future climate prediction.

3. Measurement of the atmospheric gaseous composition

The Earth’s atmosphere is a complex mixture of many gases of
which most are present as trace amounts at sub-ppb levels but still
sufficient to play a major role in atmospheric chemistry at regional
and global levels. It is clear that the gaseous composition of the
atmosphere is changing due to both natural and anthropogenic
influences leading to changes of the oxidative capacity of the atmo-
sphere and consequences on air quality (see Monks et al., in this
issue; Isaksen et al., in this issue; Fowler et al., in this issue). Signifi-
cant advances have been made in the major fields of atmospheric
research with respect to (i) studies to improve our understanding of
chemical processes, (ii) the global distribution and trends of trace
gases, and (iii) the integration of observations fromvarious platforms.
The inventories of trace gas emissions have been substantially
improved in recent years in particular with regard to aerosols and
ozone precursors, both of which have implications for climate as well
as for air quality in the lower atmosphere. Similarly, our knowledge
on chemical reactivity of many atmospheric gases has been consid-
erably improved, particularly for numerous volatile and semi-volatile
organic carbon compounds present in the atmosphere. Clearly, the
interaction of many individual sources emitting their own particular
range of chemical compounds and their extremely complex reac-
tivity leads to an atmospheric cocktail that requires sophisticated
sampling and analytical techniques for speciation and quantification
of each component. As for the previous chapter related to aerosol
studies, this chapter is sub-divided between in situ techniques and
remote-sensing techniques from the ground and from space. An
overview of current findings and fields of research is provided for
controlled conditions in laboratory and in situ studies, emphasizing
the basic new technical developments that enabled or supported
recent scientific advances. First, this is presented in general and then
detailed for the respective groups of trace gases measured.
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3.1. In situ characterization of gaseous atmospheric composition

In recent years, significant breakthroughs in measurement
technique have been made with respect to developments in mass
spectrometry coupled to new and selective ionisation techniques,
and cavity based optical absorption spectroscopy partly associated
with new light sources. Some general descriptions concerning these
new techniques are given here. Applications of these new tech-
niques and additionally of optical absorption in the liquid phase
(long path absorption photometer, LOPAP), photo-acoustic sensors,
vacuum-UV resonance fluorescence, and thermal dissociation laser-
induced fluorescence (LIF) are given in the compound by compound
section below. In this whole area of developments of advanced
measurement techniques, challenges for available techniques are
the extremely low concentrations, high reactivity of the compounds
of interest, and the aimed accuracy in the range of 10% or better.
Deviations between measurements and models may always, to
some extent, be due to yet unknown technical uncertainties and
artefacts, and thus there is a high demand for more inter-compari-
sons between ideally independent techniques covering the range of
atmospheric composition variability. The focus in this section is,
therefore, on technical improvements enabling and contributing to
new types of process studies, especially radical chemistry, and
studies to understand the processing of mainly anthropogenic
emission plumes by detailed observations of VOC and NOy compo-
nents (see Monks et al., in this issue). In addition, emphasis will be
given to quality assurance issues and results from inter-comparison
exercises that are a crucial part of the measurements.

The central player in the oxidation chemistry of the atmosphere
is the OH radical and with the development of more sensitive and
time-resolved techniques for the detection based on laser-induced
fluorescence (LIF) and selective atmospheric pressure chemical
ionisation mass spectrometry (often referred to as CIMS) in the
1990s, numerous studies of OH chemistry in various environments
have been performed. The results are often in agreement with
current scientific understanding, e.g. model results, however, also
deviations exist mainly for night-time observations, in strongly
forested and in urban environments (Monks et al., in this issue).
These deviations will be the focus of future research activities and it
has to be shown that instrumental problems contributing to such
deviations are well characterized and suppressed.

Understanding of the budget of HOx has improved also due
to significant advances in the measurements of the precursor
compounds involved in primary production of HOx which are in
addition to ozone photolysis, mainly photolysis of nitrous acid
(HONO), formaldehyde (HCHO), and other oxygenated VOC like
acetone. Speciated peroxyradical measurements (HO2 and RO2)
have been made possible by CIMS coupled to chemical amplifica-
tion (see below). Instruments capable of measuring the total OH
reactivity have been developed using LIF OH instruments and allow
an estimation of the contribution of still unknown compounds and
reactions with OH.

Night-time chemistry is very much driven by NO3 radicals.
During the past decade new, compact, mobile, and highly sensitive
optical absorption instruments for NO3 have been developed which
enable measurements on all platforms and consequently in all parts
of the atmosphere. These methods use highly reflective optical
mirror cavities to achieve sub-ppt sensitivity for NO3. They can also
be used to indirectly detect N2O5 which forms in a chemical equi-
librium together with NO3 and NO2. The availability of the cavity
based instruments and their ability to measure both key players
simultaneously induced a revival of the scientific interest in night-
time chemistry of oxygenated nitrogen compounds.

To test the current understanding of chemical transformation
and removal of primarily emitted gaseous compounds, a number of
composition change, Atmospheric Environment (2009), doi:10.1016/
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studies have investigated the changing pattern of primary and
secondary trace gases in the plumes of cities and biomass burning by
probing the plumes at various chemical ages using instruments
mounted on mobile platforms like aircrafts and ships (see Monks
et al., in this issue). This has been made possible by advances in highly
time-resolved measurements of organic trace gases comprising
NMHC, OVOCs, halogenated organics and alkyl nitrates, and nitrogen
oxides species. The techniques behind that are multiple and
comprise PTR-MS, new GC approaches, and new optical methods.

3.1.1. Mass spectrometric analytical techniques
The principle of mass spectrometry using ionisation methods at

atmospheric pressure (API) has enormously increased the analytical
power of mass spectrometry. In particular the atmospheric pressure
chemical ionisation (APCI) and the electrospray ionisation (ESI)
methods are now widely used in routine analysis (see also section on
PTR-MS and HOx radicals below). ESI and APCI are highly efficient for
polar compounds in either the positive or negative ion mode. For
non-polar compounds atmospheric pressure photo ionisation (APPI)
provides an alternative method (Syage et al., 2000). These techniques
are based on the ionisation with a single UV photon with a wave-
length of l¼123.8 nm (10 eV). Atmospheric pressure laser ionisation
(APLI) (Constapel et al., 2005) is the youngest technique among the
variety of ionisation methods operating at ambient pressure. APLI
uses resonant enhanced mulitphoton ionisation (REMPI).

3.1.2. Cavity supported optical absorption spectroscopy –
CRDS and CEAS

An overview of cavity supported absorption spectroscopic tech-
niques for atmospheric trace gases is given by Ball and Jones (2003)
and Brown et al. (2003). Cavity ring down spectroscopy (CRDS) was
developed by O’Keefe (Scherer et al., 1997) and is a highly sensitive
form of laser absorption spectroscopy that in recent years has proved
useful for measurements of stable compounds as well as radicals and
aerosol extinction in ambient atmosphere and laboratory experi-
ments. The centrepiece of the CRDS technique is a high quality
(reflectivity of the mirrors >99.99%), two-mirror stable resonator
into which pulsed laser light is injected through one end mirror. This
mirror reflects most of the incident light but a small fraction couples
into the cavity and decays (‘rings down’) exponentially in time, with
the time decay – in the empty cavity – mainly determined by the
mirror losses. When an absorbing compound is introduced into the
cavity and the laser is tuned to an absorption resonance, the losses
rise and the ring down time is reduced. From the reduction in the
time constant, the number density of the absorbing species can be
determined directly. This detection principle has the big advantage
of being insensitive to intensity fluctuations of the light source. The
zero ring down signal is achieved by measurement of the sample gas
without the absorbing species, e.g. for NO3 radical measurements
after chemical titration of NO3 with NO added into the detection cell
(chemical modulation technique). The technique needs no in-field
calibration. With state-of-the-art mirrors and laser sources
absorption signals in the 10�11 cm�1 range can be detected with 1 s
time resolution. Examples of its applications in ambient measure-
ments are exemplified below; for applications in kinetic studies, see
Section 3.3.1.

Cavity enhanced absorption spectroscopy (CEAS) is a technique
related to CRDS and is often employed with continuous wave light
sources. In CEAS, a constant flow of light entering through the cav-
ity’s input mirror replenishes the light lost due to reflection losses
and absorption by the sample. It has been shown that the light
circulating within the cavity reaches steady state within a few ring
down times and that its steady state intensity is directly propor-
tional to the ring down time. Consequently, the sample’s absorbance
per unit path can be calculated from measurements of the steady
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state intensity with and without the absorbent present. CEAS
provides absolute absorption measurements only if the reflectivity
of the cavity’s mirrors is known as a function of wavelength across
the bandwidth of the measurement. The mirror reflectivity is either
measured directly via conventional CRDS or deduced from a CEAS
calibration spectrum of a known amount of an absorber with known
cross-section. Avariety of light sources has been used so far for CEAS,
from coherent lasers, to incoherent Xe-discharge lamps and light
emitting diodes (LEDs). The requirements to the intensity stability of
the light source are more demanding than in CRDS.

3.1.3. Use of isotopes for characterization of gas-phase compounds
In recent years, major advances in isotopic studies of gas-phase

species mostly relate to water isotope measurements from aircraft
and satellites to isotopes in methane and non-methane hydrocar-
bons and their oxidation products formaldehyde (HCHO), H2 and
CO. For further details, the reader is referred to Monks et al.
(in this issue). Measurements of stable isotope ratios are by now an
established tool to gain detailed insight into processes determining
sources and sinks of important atmospheric trace gases such as
carbon dioxide, carbon monoxide, methane, hydrogen, nitrous
oxide and ozone. Of specific interest to this section is the recent
development of VOC isotopic analysis, which had not begun until
about a decade ago (Rudolph et al., 1997) and it took several years
before more detailed results from applications of this method
became available. Two recent reviews have covered this young,
rapidly expanding field (Goldstein and Shaw, 2003; Rudolph,
2007). Isotope information is believed to provide important further
insight into VOC sources and sinks. The advantage of the isotope
approach over other methods is that it involves measurement of
two or more isotopologues of the same species, which eliminates
possible bias from comparing different species with different
sources, atmospheric life times and sinks. Atmospheric measure-
ments are mostly restricted to 13C/12C ratios, but measurements of
2H/1H in compounds other than methane and possibly 37Cl/35Cl (for
example, in methyl chloride, CH3Cl) are on the horizon.

Measurements are performed with gas chromatograph isotope
ratio mass spectrometry (GC-IRMS). Upon emission, VOCs contain
characteristic isotope ratios. Due to slightly different chemical
reaction rate constants of molecules with different isotope
composition, the source isotope ratio is altered when the
compounds undergo chemical reactions in the atmosphere. Carbon
kinetic isotope effects for the reactions of VOCs with OH radicals
and O3 have been established in laboratory experiments. The
interpretation of the stable isotope ratios of VOCs is based on the
Isotopic Hydrocarbon Clock concept, which allows the estimation
of the average photochemical age of VOCs in an air mass (Rudolph
and Czuba, 2000). Moreover, the stable isotope ratios of reactive
compounds can be measured, such as isoprene and its oxidation
products, and the corresponding kinetic isotope effects for the
interpretation of atmospheric measurements are also available.

3.2. Compound specific in situ measurements

3.2.1. Atmospheric radicals
3.2.1.1. NO3 radicals – N2O5. In the late 1970s the measurement of
NO3 radicals in the troposphere was pioneered by Platt and Perner
(1980) (Platt et al., 1980). They used long-path differential optical
absorption spectroscopy (DOAS) which since then has been a stan-
dard technique for atmospheric NO3 detection. DOAS is widely used
in different setups in field experiments (e.g. Platt et al., 1981; Allan
et al., 2000; Stutz et al., 2004; McLaren et al., 2004; Sommariva et al.,
2007; Vrekoussis et al., 2004, 2007) and chamber studies
(e.g. Wängberg et al., 1997; Bossmeyer et al., 2006). In the 1980ies
matrix isolation electron spin resonance (MI-ESR) was developed
composition change, Atmospheric Environment (2009), doi:10.1016/
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and applied for NO3 measurements (Mihelcic et al., 1993). However,
this technique suffered from its slow time resolution (30 min) and
enormous handling effort. Within the last years new complemen-
tary techniques have been developed and deployed to field
campaigns which render possible highly sensitive atmospheric NO3

measurements with excellent time resolution on all platforms
including ships, aircraft, towers and simulation chambers.

Three new techniques for NO3 detection have been developed:
Cavity ring down spectroscopy (CRDS), Cavity enhanced absorption
spectroscopy (CEAS) (see section above for those 2 techniques) and
laser-induced fluorescence (LIF). More detailed descriptions of the
usability, sensitivity, and selectivity of cavity ring down spectros-
copy and cavity enhanced and laser-induced fluorescence for
detection of atmospheric NO3 radicals can be found in recent
publications by Simpson (2003); Ball and Jones (2003), Brown et al.
(2001, 2002a,b), Ayers et al. (2005), Bitter et al. (2005), Dubé et al.
(2006), Wood et al. (2003) and Matsumoto et al. (2005). Many of
these techniques have been extended to indirectly measure N2O5

simultaneously with ambient NO3 in a second channel. Here an
inlet line heated up to 90–100 �C is used wherein N2O5 decomposes
into NO2 and NO3 and the NO3 formed is detected.

LIF is a well established accurate, sensitive, and highly selective
method for measurement of atmospheric trace species and free
radicals. A pulsed laser is used to excite NO3 radicals to an excited
electronic state, followed by measurement of the subsequent
fluorescence emission. Selectivity is achieved by tuning the exci-
tation wavelength to a specific absorption transition of NO3.
Matsumoto et al. (2005) use excitation of the 627 nm absorption
band, Wood et al. (2003) tune the laser to the strongest absorption
line centred at 662 nm. In both instruments N2O5 can be measured
using a second heated inlet line where N2O5 decomposes and
the NO3 formed is detected. These instruments need careful
calibration.

3.2.1.2. OH, HO2, RO2 and total reactivity. Since the beginning of the
1990s, measurements of the OH radical have greatly improved in
sensitivity and time resolution by breakthroughs in the analytical
technique of LIF and CIMS. Still, problems exist in calibration and
artefact suppression, thus DOAS remains the reference method
with no calibration necessary, however, with limited time resolu-
tion and detection limit of 100 s and 1 � 106 molec cm�3, respec-
tively. Employing the new OH-techniques (LIF and CIMS) during
campaigns and on mobile platforms like ships and aircraft has
substantially improved our knowledge of OH chemistry but also
indicated gaps in our understanding. In clean environments,
models are generally able to reproduce the measured HOx

concentrations within the uncertainties. However, in areas strongly
influenced by biogenic emissions, measured OH is significantly
higher than modelled OH (DiCarlo et al., 2004). Also in high NOx

environments, models mostly underestimate HOx measurements.
At Hohenpeissenberg, a rural and forested site in Central Europe,
more than 90% of the OH variance could be attributed to J(O1D) and
only marginal impact of chemistry on OH variance was observed.
These results were obtained in a long-term study of more than 5
years by CIMS (Rohrer and Berresheim, 2006).

Peroxyradicals have been measured for many years by PERCA
(Peroxy Radical by Chemical Amplification) and MI-ESR (Mihelcic
et al., 1978). Since the mid 1990s HO2 has been successfully
measured by LIFas OH after titration of HO2 by NO (Brune et al.,1995;
Mather et al., 1997). Recently, CIMS-OH instruments have been
adopted for measurements of RO2 and HO2 by amplified conversion
to H2SO4 via OH in a chain reaction with NO and SO2 added, and
using controlled ratios of NO/O2, e.g. the ROXMAS (ROx Chemical
Conversion/CIMS, Hanke et al., 2002) and PERCIMS methods (PEroxy
Radical Chemical ionisation Mass Spectrometer, Edwards et al.,
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2003). At low NO/O2 this technique measures the sum of RO2 and
HO2: RO2 reacts with NO to form RO, RO yields HO2 by reaction with
O2, and HO2 reacts with NO to yield OH which is then titrated by SO2

and detected in the mass spectrometer as sulphuric acid. At high
ratios of NO/O2, however, RO reacts with NO to form RONO, and only
the initially existing HO2 contributes to the chain reaction yielding
sulphuric acid. The LIF HO2-technique and the PERCIMS technique
have been successfully intercompared by Ren et al. (2003).

Progress in the quantification of the total amount of reactive
pollutants has been achieved by the development of instruments
that measure the total atmospheric OH loss rate (Kovacs and Brune,
2001; Sadanaga et al., 2004; Sinha et al., 2008; Hofzumahaus et al.,
2009). These techniques have been used successfully to assess the
budget of measured OH in field campaigns and to quantify missing
OH reactivities in forested and urban regions (e.g. DiCarlo et al.,
2004; Sadanaga et al., 2005) as well as in the free troposphere (Mao
et al., 2008). Current approaches generally use photolytically
produced OH radicals, a reaction system in which ambient air is
allowed to react with OH for a controlled time interval, and
detection of the remaining OH radicals by LIF. Two technical
concepts have been followed so far: the flow-reactor technique
(Kovacs and Brune, 2001) and the laser flash and probe method
(Sadanaga et al., 2004). In the flow-reactor technique, ambient air is
pulled through a flow tube and in the centre of the tube, OH is
injected from an axially moveable OH source (photolysis of water
vapour), and allowed to react in the air flow until the OH is sampled
by a nozzle of the LIF instrument. By moving the OH injector in and
against flow direction, different reaction times can be adjusted. A
first-order decay-rate can be fitted to the data which, after
subtraction of wall losses, corresponds to the total OH-reactivity. In
the laser flash and probe method, ambient air is pumped through
a flow-tube cell and OH is generated by a laser flash applied axially
through the centre of the cell. The laser photolyses O3 which forms
OH radicals after reaction of O(1D) with water, and the subsequent
decay of the OH is monitored with high time resolution by a LIF
instrument sampling from the centre of the flow tube. As in the
other technique, the first-order decay is fitted to the data and the
wall and diffusion losses are subtracted using the first-order decay
obtained from zero-air measurements. Due to uncertainties in the
technique, especially the accurate determination of the OH losses in
zero-air, these instruments can measure OH reactivities above
approximately 1 s�1, which is appropriate for most conditions and
even covers pristine environments.

3.2.1.3. OH and HO2 inter-comparisons. Environmental chambers
have been essential to provide reliable inter-comparison studies of
key atmospheric compounds. For example, within the quality
assurance activities of the EU-ACCENT project, an OH and HO2

inter-comparison was conducted in the atmosphere simulation
chamber SAPHIR at Jülich in 2005 (Schlosser et al., 2009). For the
first time, the major techniques applied for HOx radical measure-
ments were assembled including differential optical absorption
spectroscopy (DOAS), laser-induced fluorescence (LIF), chemical
ionisation mass spectrometry (CIMS) and matrix isolation electron
spin resonance (MI-ESR) with instruments from Germany, England
and Japan. As an example, a scatter plot of the results obtained
under such controlled conditions by two independent OH
measurement techniques is shown. Excellent agreement between
LIF and DOAS was observed and the scatter of the data around
the regression line could be explained by the precision of the
measurements (Fig. 11, Schlosser et al., 2007).

3.2.2. VOC measurements
3.2.2.1. VOC measurements by gas chromatography. New in situ GC
systems for operation at remote stations have been developed
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 11. Scatter plot of OH concentrations (dots with 1-s error bars) measured using
the Jülich DOAS and LIF instruments in the SAPHIR chamber of Research Centre Jülich,
Germany. From Schlosser et al. (2007).
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with substantial improvements in sensitivity (down to below ppt),
precision (low and sub %-range), unattended and cryogen-free
operation and enhanced number of different compounds measured
in a single analysis. Some of the systems are optimized for robust-
ness and low-power consumption in unattended and cryogen-free
monitoring of VOC at remote, unmanned sites (e.g. Tanner et al.,
2006) others with no electrical power restrictions are often opti-
mized for certain compound classes. For example, systems based on
GC–MS (and GC–FID) have been developed for OVOC analysis (e.g.
Hopkins et al., 2003a,b; Legreid et al., 2007). But also comprehensive
systems designed to analyse all relevant organic species in one
system have been developed, basically multi-channel systems with
multiple columns and mostly FID, ECD and MS detectors. Such
systems are capable of analysing up to about 100 species comprising
hydrocarbons, OVOCs, alkyl nitrates, sulphur containing gases, and
halogenated compounds with detection limits in the low ppt range
and precision ranging from 0.3 to 15% (Sive et al., 2005; Goldan et al.,
2004). With focus on halogenated compounds, AGAGE has devel-
oped the cryogen-free system ‘‘MEDUSA’’ and deployed the system
in a global network to achieve 12 measurements per day with
precisions of up to 0.1% (Miller et al., 2008). This MEDUSA system is
currently used in the development of a number of new GC systems to
accomplish measurements not only of the halogenated compounds,
but also the NMHC, biogenic and oxygenated compounds. However,
with all these promising developments it should be kept in mind
that these instruments are highly sophisticated and a number of
severe analytical problems have to be considered, associated with
pre-concentration on traps, interaction of analytes with surfaces
(adsorption, blanks), water removal, trapping material and artefact
production by O3 (Koppmann et al., 1995; Helmig, 1997; Komenda
et al., 2003). Thus it is essential to test these systems in inter-
comparison experiments (see below).

Fast gas chromatography systems capable of measuring with cycle
times of some 5 min have been developed which are needed for the
use on mobile platforms like aircraft. They offer the required time
resolution and the chance to measure OVOCs which are hard to
measure in canisters or from cartridges due to their polarity and
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associated potential sampling artefacts (Apel et al., 2003b; Singh et al.,
2004). Comprehensive GC (GC � GC) techniques offering an unprec-
edented separation power for a huge number of different organic
compounds, have been used in several systems to analyse complex
ambient air composition (e.g. Lewis et al., 2000; Xu et al., 2003; Bar-
tenbach et al., 2007). However, this technique is demanding, requires
a high amount of liquid nitrogen and manpower, and compared to
GC–MS does not offer substantially more compound speciation. Thus,
it is rarely used in ambient VOC analysis in atmospheric chemistry.

Atmospheric measurement of the highly reactive and low-vola-
tility mono- and sesquiterpenes is still a challenge mainly due to low
concentrations, adsorptive and chemical losses and artefact forma-
tion. However, owing to their high importance for atmospheric
chemistry, e.g. OH-reactivity, improved methods are needed. PTR-
MS does not help to overcome these problems since it does not
separate between isomers. Generally, methods still comprise ozone
removal, adsorptive sampling, thermo-desorption and GC–FID/MS.
Problems can, however, be reduced when measurements of emis-
sion rates from plant enclosure techniques are applied, since then
concentrations are higher and oxidants can be suppressed by
appropriate enclosure gas pre-treatment (Ortega et al., 2007, 2008,
Ortega and Helmig 2008).

3.2.2.2. Further methods for the detection of atmospheric
OVOCs. OVOCs are measured by various methods with considerable
recent advances. Formaldehyde can be analyzed by both remote
(DOAS, FTIR) and in situ instruments (fluorometric Hantzsch, chro-
matographic DNPH, PTR-MS, TDLAS, new optical methods and GC).
Inter-comparisons between the methods show a mixed picture with
disagreement still occurring depending on the meteorological
conditions (Hak et al., 2005; Steinbacher et al., 2004; Still et al., 2006;
Wisthaler et al., 2008). Recent developments include the optimiza-
tion of the fluorimetric Hantzsch instrument for flight campaigns
(Junkermann and Burger, 2006) and the adaptation of PTR-MS (see
section on PTR-MS). Furthermore, a gas chromatographic method
with pulsed discharge helium ionisation detection (PD-HID) has
been proposed and tested in a field campaign (Hopkins et al.,
2003a,b), however, the method shows some O3 and humidity
artefacts. In addition, the detection of HCHO by laser absorption
spectroscopy has advanced fast. Thus, the laborious tuneable diode
laser systems (TDLAS) (e.g. Kormann et al., 2002) will probably
be gradually replaced by the more sophisticated quantum cascade
laser spectrometers. An example of the feasibility of this technique
has been given by Herndon et al. (2007), measuring formaldehyde
(and formic acid) by a pulsed quantum cascade laser spectrometer
during an aircraft campaign over the US.

For the remaining OVOCs the method which has been most
frequently used in the past was based on sampling of the analytes on
DNPH impregnated resins with subsequent derivatization and anal-
ysis by liquid chromatography. Although this method is only suitable
for analysis of aldehydes and ketones it is still widely used in networks
(e.g. EMEP). Apart from the gas chromatographic methods described
before, the ground-breaking new development was the introduction
of the proton-transfer reaction mass spectrometer (PTR-MS).

3.2.2.3. VOC and OVOCs by proton-transfer-reaction-mass spec-
trometry (PTR-MS). Proton-transfer-reaction mass spectrometry
(PTR-MS) is a technique that allows real-time measurements of
volatile organic compounds (VOCs) in air with a high sensitivity
and a fast time response (Lindinger et al., 1998a,b). Air to be
analyzed is continuously pumped through a drift tube reactor, and
a fraction of the VOCs is ionized in proton-transfer reactions
with hydronium ions (H3Oþ) and measured by a quadrupole mass
spectrometer. Numerous VOCs of atmospheric interest can be
monitored with a high sensitivity (10–100 pptv) and rapid response
composition change, Atmospheric Environment (2009), doi:10.1016/
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time (1–10 s). The technique does not require any sample treatment
such as drying or pre-concentration. A major disadvantage is that
PTR-MS only determines the mass of product ions, which is not
a unique indicator of the VOC identity. It is clear that isomers
cannot be distinguished, and the interpretation of mass spectra is
further complicated by the formation of cluster ions and the frag-
mentation of product ions. de Gouw and Warneke (2007) give an
overview on published inter-comparisons between PTR-MS and
alternative methods performed in urban air, forest air, or the free
troposphere. Slopes of the scatter plots (PTR-MS versus alternative
method) were found to be equal to 1 within 20% for the compounds
or compound groups methanol, acetonitrile, propylene, acetalde-
hyde, acetone, isoprene, methyl vinyl ketone þ methacrolein,
methyl ethyl ketone, PAN, benzene, toluene, styrene, C8-aromatics,
C9-aromatics. Deviations were found for dimethyl sulfide for which
an interference from Hþ(CH3CHO)(H2O) clusters occurs. In some
studies the PTR-MS measurement of monoterpenes (protonated
m/z 137) compared fairly well with the sum of multiple species
while one study showed rather poor agreement. The identifica-
tions of the m/z signals are often only tentative: they are based on
the variability of the signal in time, space and with altitude, and on
the covariance with other measurements. Therefore, some iden-
tification could be very specific for certain air masses, and have
a very limited applicability to other regions of the atmosphere.

Because HCHO has a proton affinity only slightly higher than
that of water, backward reaction of protonated HCHO with water
significantly reduces the instrument’s sensitivity to HCHO and
also leads to a humidity dependence of the measurement. A poor
correlation with independent measurements of HCHO by the
Hantzsch fluorescence technique was found by Steinbacher et al.
(2004), suggesting that fragments of other compounds could
interfere with the signal at m/z 31. An inter-comparison of 5
analyzers at a simulation chamber showed a relatively good
agreement of the PTR-MS with other techniques, but the PTR-MS
was operated in an optimized mode of operation which however
may not be optimal for the measurement of other species
(Wisthaler et al., 2008). A detection limit of 0.15–0.25 ppb was
reached for HCHO. Inomata et al. (2008) found that correction of
the signal for humidity and possible fragments of methyl hydro-
peroxide, methanol and ethanol led to better agreement with MAX-
DOAS measurements under ambient conditions.

The big advantages of PTR-MS, fast measurement and low detec-
tion limit, were exploited to perform flux measurements of a wider
suite of volatile organic compounds by the eddy covariance (EC)
technique (Brunner et al., 2007; Spirig et al., 2005; Karl et al., 2000,
2001a, 2002, 2004; Schade and Custer, 2004; Holzinger et al., 2006;
Davison et al., 2008). Since for multi-component EC measurements
detection of each compound occurs sequentially, special evaluation
schemes have been used for the flux calculation, mainly the ‘‘virtual
disjunct’’ approach (Karl et al., 2002) and a low-pass filter approach
with an averaging over the unresolved high frequencies (Brunner
et al., 2007; Spirig et al., 2005). Biogenic emission fluxes of several
compounds like methanol, acetone, acetaldehyde, 2-methyl-3-
buten-2-ol, hexenals, hexanol, hexenols, hexenylacetate, terpenes,
and isoprene were measured at forest sites, from agricultural land,
grassland, deserts and from hay harvesting.

Several attempts have been undertaken to overcome the iden-
tification problem of PTR-MS. By coupling a gas chromatographic
column to a PTR-MS instrument (Karl et al., 2001b; de Gouw et al.,
2003; Davison et al., 2008) contributions from different VOCs to
a single mass channel can be separated. However, this method
results in the loss of the real-time measuring capabilities of the
instrument if applied continuously. Another method used to
resolve isobars is replacing the quadrupole mass spectrometer by
an ion trap mass spectrometer which allows differentiating isomers
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based on their different fragmentation patterns (Warneke et al.,
2005a,b). High resolution time-of-flight mass spectrometry was
developed to resolve nominally isobaric species (Blake et al., 2004;
Graus et al., 2007). Compound mixes such as acetone/glyoxal,
isoprene/furan or naphthalene/octanal can thus be distinguished.

3.2.2.4. VOC inter-comparisons. The international NMHC inter-
comparison exercises NOMHICE (Apel et al., 1999, 2003a) and
AMOHA (Plass-Dülmer et al., 2006) greatly improved and docu-
mented the quality of laboratories performing ambient VOC
measurements. For the first time, during AMOHA also an initial step
was introduced allowing for each participant to sample real ambient
air simultaneously with an on-line system at Hohenpeissenberg,
Germany. Results of this blind comparison documented the ability of
most laboratories to perform ambient VOC analysis at continental
clean air sites (Plass-Dülmer et al., 2006). Within GAW, the World
Calibration Centre (IMK-IFU, Garmisch-Partenkirchen, Germany)
conducted a series of station audits and comparisons and, thus,
greatly helped to improve the quality and comparability of VOC
measurements (Rappenglück et al., 2006). During an ACCENT-OVOC
inter-comparison in the atmospheric simulation chamber SAPHIR in
Jülich, Germany, (see Figs. 12 and 13) various state of the art
instruments for the measurements of formaldehyde and/or OVOCs
were studied in 2005. Formaldehyde measured by methods based
on DOAS, Hantzsch fluorimetry, DNPH cartridges and HPLC, and
a new optimized mode of PTR-MS achieved fair agreement between
the methods, individual problems could by identified and
improvements are expected (Wisthaler et al., 2008). Similarly,
OVOCs were anonymously intercompared between different
methods based on PTR-MS, GC–FID, GC–MS, DNPH cartridges and
HPLC, catalytic conversion followed by Hantzsch fluorimetry for
methanol, and DOAS for selected compounds. Although several
problems with individual methods and instruments were identified,
all methods yielded very good agreement with the reference
concentrations for the majority of the selected compounds and
conditions. Thus, all methods proved to be generally suitable for
OVOC measurements (Apel et al., 2008). However, further tests
involving lower concentrations and a test gas matrix more close to
ambient conditions will be needed in the future.

3.2.3. Nitrogen species
Nitrous acid has reliably been measured for a long time only

by DOAS (differential optical absorption spectroscopy) (Perner
and Platt, 1979). Other techniques often suffer from potentially
substantial analytical problems due to interferences and (light-
induced) chemical artefacts at surfaces (Kleffmann et al., 2006).
Several techniques transfer the gaseous HONO into a sampling
solution and either detect the nitrite by ion chromatography or by
light absorption after forming an azo dye from chemical reaction in
the sampling solution (for recent reviews, see Clemitshaw, 2004;
Kleffmann, 2007). Due to the potential for artefacts, however, it is
essential to demonstrate the feasibility against other techniques,
preferably DOAS (Kleffmann et al., 2006; Acker et al., 2006). The
recently developed LOPAP technique (LOng Path liquid Absorption
Photometer, Heland et al., 2001) combines high sensitivity (1 ppt)
with high time resolution (4 min) (Kleffmann et al., 2006). It has
been shown to agree with DOAS down to the detection limit of
DOAS of about 200 ppt within the uncertainties, however, it should
be noted that typical daytime concentrations of HONO are mostly
below 200 ppt. Thus, there is the need to further verify wet tech-
niques by other reference methods in the future, which mainly
considers new optical methods like cavity ring down spectroscopy.
LOPAP has been applied in a series of recent field- as well as
laboratory studies which suggest that HONO formation in the
atmosphere may have a larger impact on atmospheric chemistry
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 12. Picture of the atmospheric simulation chamber SAPHIR at Research Centre Jülich, Germany. The chamber was used for a number of inter-comparison experiments within
the framework of ACCENT’s Quality Assurance Integration Task, this included HOxCOMP, an OVOC and formaldehyde, and a NO3 þ N2O5 inter-comparison (see text). Picture taken by
Hans-Peter Dorn, Research Centre Jülich.
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than previously thought, due to photo-enhanced formation of
HONO on organic (humic substances) as well as on inorganic
surfaces (see discussion of NOy chemistry, in Monks et al., in this
issue). A modified version of the method, where HNO3 is reduced to
HONO, allows determination of the sum of HNO3 and N2O5 in the
atmosphere (Kleffmann et al., 2007). Work is currently in progress
to develop a modified LOPAP instrument which could be used to
simultaneously measure N2O5 and HNO3. It is important to mention
the use of TDLAS and QC-TDL (both mentioned earlier) to measure
HONO and NH3, possibly the best techniques available for these
species (Clemitshaw, 2004; Li et al., 2008, 2006).

Recently, a photo-acoustic sensor for analysis of ammonia in
ambient air with a sensitivity of 0.1 ppb has been developed and
become commercially (TGA310, Omnisens SA, Switzerland) avail-
able (Schilt et al., 2004). The basic improvement in this system
compared to other photo-acoustic systems is the suppression of
interferences by using two channels for sampling, and the same
Fig. 13. Time series of measured and calculated HCHO mixing ratios during the zero-
air experiment with humidity and ozone added (dewpoints at �3 to �7 �C, ozone at
40–50 ppb and temperature close to 0 �C). Adapted from Wisthaler et al. (2008).
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photo-acoustic cell for detection. In a background channel, ambient
air is drawn over a citric acid coated diffusion denuder to selectively
remove NH3 with no effect on the interfering compounds water
vapour, ethene, carbon dioxide, and NH3 from the thermal disso-
ciation of particulate ammonium nitrate. The instrument switches
between both channels and the difference signal is used to deter-
mine ammonia.

Additionally, very sensitive optical absorption techniques are
becoming available, especially cavity ring down spectroscopy
(CRDS) with detection limits approaching the range of 0.1 ppb.

A new method for NOy components has been reported by Day
et al. (2002) named ‘‘thermal dissociation laser-induced fluores-
cence’’ (TD-LIF). This method offers fast and sensitive analysis of
various organic and non-organic fractions of NOy.

Table 3 summarizes all techniques discussed in the present
section.

3.2.4. Carbon monoxide
Carbon monoxide measurements have long time been based on

GC methods with catalyst and FID or mercury detector. In the late
1990s the already existing method of vacuum-UV resonance fluo-
rescence was optimized (Gerbig et al., 1999), and a commercially
available system has been developed comprising excellent sensi-
tivity, time resolution, and precision in an instrument which does
not need much maintenance. Thus, it is well suited to operation on
mobile platforms and at remote stations for continuous monitoring.

3.3. Instrumental developments for gas-phase kinetics

The study of gas kinetics related to atmospheric chemistry is
a relatively mature field of science where a variety of well-estab-
lished experimental techniques are available and a considerable
database of high quality measurements of kinetic data has been
composition change, Atmospheric Environment (2009), doi:10.1016/



Table 3
Recently developed new measurement techniques and achieved detection limits
(DL) and time resolution (time) (abbreviations: PTRMS: proton-transfer reaction
mass spectrometry, ROXMAS: ROx chemical conversion chemical ionisation mass
spectrometry, SI-CIMS: selected ion chemical ionisation mass spectrometry, CRDS:
cavity ring down spectrometry, CEAS: cavity enhanced absorption spectrometry, LIF:
laser-induced fluorescence, LOPAP: long path liquid absorption photometer).

Technique Compounds DL/time Reference

PTR-MS Hydrocarbons, PAN,
carbonyls,
acetonitrile HCHO

10–100 pptv, 1–10 s See text
0.15–0.25 ppb, 2 s Wisthaler et al., 2008

ROXMAS HO2, RO2 Hanke et al., 2002

SI-CIMS HNO3 5–50 pptv, 1–10 s Huey and Tanner, 2006
HO2NO2 3–10 pptv, 1–30 s
SO2 5–20 pptv, 1–30 s
PAN 10 pptv, 1 s
PPN 10 pptv, 1 s

CRDS NO3/N2O5 1 pptv in 100 s Brown et al., 2001
OIO 4 pptv in 10 min Ball and Jones, 2003
I2 20 pptv in 20 min

CEAS NO3/N2O5 Ball et al., 2004

LIF NO3/N2O5 Wood et al., 2003
Lifetime OH 1 s�1, 3.5 min Mao et al., 2008
HCHO 20 pptv, 1 min Tan, 2006

LOPAP HONO 1 pptv, 4 min Kleffmann et al., 2006
HNO3 5–30 pptv, 6–2 min Kleffmann et al., 2007
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created. However, only a relatively small fraction of the reactions of
relevance to atmospheric chemistry has been studied experimen-
tally, and many aspects of atmospheric gas phase chemistry still
need to be further investigated. Furthermore, the incorporation of
new techniques has led to exciting developments in the laboratory.
In most cases these new techniques have also found important
applications in field studies (e.g. PTR-MS and CRDS).

3.3.1. Gas-phase kinetics
Many laboratory studies of atmospheric gas phase chemistry

aim at extending the database on kinetics and product formation by
reactions between volatile organic species and radicals, such as OH,
NO3 or halogen atoms, or ozone. Typically, new results have
allowed information to be gained not only on the reactions of larger
and more complex (sometimes multifunctional) molecules than
those studied previously, but also on reactions where previous
studies need to be confirmed, discrepancies need to be clarified or
temperature dependencies need to be determined. There are
a large number of examples of such studies, e.g. several studies on
unsaturated oxygenated compounds. Some compounds have been
studied particularly well because they are (or are candidates for)
being produced in large quantities for industrial applications and
thus their likely environmental fate needs to be understood
(e.g. CFC replacements, Sellevag et al., 2004, and hydrazoic acid,
Orlando et al., 2005).

The progress in experimental determination of kinetic data for
atmospheric chemistry applications is reflected in the compilations
of evaluated kinetic and photochemical data for atmospheric
chemistry, e.g. that of the IUPAC Subcommittee for Gas Kinetic Data
Evaluation (http://www.iupac-kinetic.ch.cam.ac.uk/, also published
on ACP, e.g. Atkinson et al., 2008). A useful new development
regarding such compilations is the creation of a comprehensive
database on the reactions of oxygenated VOCs at the CNRS in
Orleans, France, http://www.era-orleans.org/eradb/.

Most kinetic and mechanistic studies of gas phase atmospheric
chemistry are carried out based on techniques that have been
commonly applied for some decades and have proved to be
very versatile. For chamber studies, on-line FTIR spectroscopy is
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particularly important as a very useful means of measuring reac-
tants and products in a mixture. However, the incorporation of
novel mass spectrometric techniques such as PTR-MS has extended
both the range of compounds that can be detected along with the
sensitivity. Particularly notable is the use of TOF-PTRMS in the
study of aromatics oxidation by Wyche et al. (2009). Also other
forms of CIMS have frequently found applications in laboratory
studies. A particularly interesting new result was obtained by
applying a chemical ionisation mass spectrometer coupled with
a high pressure turbulent flow reactor to the gas phase reaction
between NO and HO2 radicals, which was found to have a minor
channel forming HNO3 (Butkovskaya et al., 2005).

In flow tube systems, laser flash-photolysis is frequently used,
combined with various detections systems, for the detection
of both radicals and stable molecules. A recent variation on the
traditional flash-photolysis technique involves the use of a CCD
camera to record a spectrum over several wavelengths simulta-
neously. Stone and Rowley (2005) successfully used this technique
to detect HO2 radicals and to measure the rate of their self reaction.

Cavity Ring Down Spectroscopy (see Section 3.2.1.2) has also
played a large role in recent laboratory studies. Its high sensitivity
has been used for the measurement of both weak absorptions of
unstable molecules (e.g. Stark et al. (2008), HO2NO2 overtone
spectra) and the spectra and kinetics of free radicals. Among the
examples of such radical measurements are the studies by Krasno-
perov et al. (2005) of formyl radical reactions, by Rajakumar et al.
(2008) of quantum yields for the photolytic formation of acetyl
radicals and by Pope et al. (2005) of the formation of formyl radicals
by the photolysis of formaldehyde. An interesting variant of the
technique has been developed by Fittschen and co-workers to
monitor HO2 in the near-IR (Thiebaud et al., 2007). More established
techniques such as laser-induced fluorescence continue to be used,
and have led to substantial revisions in rate coefficients previously
measured by less sensitive techniques (Sivakumaran and Crowley,
2003 OH þ CH3CHO; Karunanandan et al., 2007 OH þ hydroxy
acetaldehyde; Dillon et al., 2006 OH þ hydroxyacetone). The tech-
nique has also been used to obtain absolute rate coefficients for
alkoxy radical reactions (Devolder, 2003).

Studies of temperature dependencies are essential for applica-
tions of kinetic data to tropospheric chemistry, considering the
wide range of temperatures that may be encountered in the
troposphere. If a reaction can proceed along more than one
pathway, the branching ratios between such pathways may often
depend on temperature. A recent review (Seakins and Robertson,
2007) discusses new developments in methods for the observation
of product branching ratios in gas phase reactions. It is particularly
important to understand how these branching ratios depend on
temperature, especially if there is a change in the relative amounts
of radical versus stable products, since this can affect the rate of
ozone production. Recent examples of laboratory studies of
temperature dependencies of branching rates are the studies by
Cassanelli et al. (2007) of the formation of some organic nitrates
from the reaction between NO and peroxyradicals, the study by
Orlando (2007) of the oxidation of diethyl ether and the study by
Albu et al. (2006) on the reaction of OH with DMS. Kinetic studies at
very low temperatures have been made possible by the use of Laval
nozzle expansion, a recent development is the use of pulsed Laval
nozzle expansions (e.g. used by Spangenberg et al., 2004 for studies
of OH-radical reactions at temperatures between 58 and 300 K).

A great deal of laboratory research on gas phase chemistry in
recent years has been focused on reactions that lead to formation of
products with low volatility with a capacity to condense on existing
particles, or even to contribute to the formation of new particles.
Information on such reactions has been obtained by chemical
analysis and physical characterization of these particles, as
composition change, Atmospheric Environment (2009), doi:10.1016/
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discussed in Section 1. Reactions that appear to be particularly
relevant for the formation of secondary organic aerosol (SOA) are
those of terpenes (mono- as well as sesquiterpenes), of isoprene and
also of aromatic hydrocarbons, however atmospheric SOA formation
may also be influenced by a number of other precursors, including
some that currently are not accounted for (Hallquist et al., 2009). The
efforts to clarify the often complex chemistry involved in the
formation of condensable products from SOA precursors has moti-
vated the development of improved sampling and analysis proce-
dures for volatile oxidised organic species (OVOCs) in the gas-phase,
both on-line (particularly by mass spectrometric and spectroscopic
techniques as discussed above) and in methods for sampling with
subsequent off-line analysis (normally by chromatographic tech-
niques). An example of the latter is the use of Solid Phase Micro-
extraction, where sampling is done on a fibre coated with an
extracting phase (e.g. Holt et al., 2005). Also heterogeneous reac-
tions, where volatile gaseous species are taken up by and react on
particles, or where gaseous species are released from particles, have
been studied extensively in recent years, as discussed in Section 2.1.1.
Along with the progress made by experimental efforts to determine
SOA properties in the laboratory, the framework for describing
phase partitioning in models has also been improved. A recent
important development has been the introduction of the volatility
basis set approach (Donahue et al., 2006). For a thorough review of
recent experimental studies regarding the process involved in the
formation of SOA as well as a discussion of the current and emerging
research issues, we refer to the review by Hallquist et al. (2009).

3.3.2. Synergies with theoretical studies
While theoretical studies of gas-phase kinetics have benefited

from the large amount of high quality experimental data that has
been obtained in the last decades, the experimentalists have
benefited from the refinement of theory and the development
of software tools to perform ab initio calculations which allow
evaluations of the likelihood of reaction pathways and provide
estimates of rate coefficients. These tools are now accessible to all
workers in the fields of environmental science and laboratory
studies of gas kinetics are nowadays very frequently accompanied
by theoretical calculations. Recent progress in the theoretical
understanding and modelling of gas-phase kinetics has mainly
been in electronic structure theory, and thus in the calculation of
potential energy surfaces, and in methods for simulating the
complex temperature and pressure dependence of rate coefficients
(Seakins and Robertson, 2007, and references herein). A recent
example of a study based on a combination of experimental and
theoretical work is the investigation of the atmospheric oxidation
mechanism of isoprene carried out by Fan and Zhang (2004).

3.3.3. Structure activity relationships
Measuring all rate coefficients with relevance to atmospheric

chemistry is clearly an impossible task; the existence of more than
7000 reactions represented in the Master Chemical Mechanism gives
an idea of what would be required (http://www.chem.leeds.ac.uk/
Atmospheric/MCM/main.html). However, structure–activity rela-
tionships (SARs) have been developed based on the existing exper-
imental results with the aim of predicting unknown rate coefficients.
SARs may provide a correlation between rate coefficients and
structural characteristics of a molecule or some of its measured or
calculated physical properties (e.g. ionisation potential). While such
relationships work for simple, mono-substituted compounds, it has
become clear that they are less easy to apply to multifunctional
compounds, especially where electronegative groups are involved.
Le Calve et al. (1997a,b) have shown that ‘‘long-range’’ interactions
govern the reactivity further than the nearest neighbour interactions
imply. Furthermore, the recognition that hydrogen-bonded
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complexes can influence reactivity challenges the idea that reactions
can be represented in terms of simple bond additivity.

The rate coefficient data obtained over the last few years has
considerably helped to improve the group substituent factors which
are used in estimations of rate coefficients using the group additivity
SAR method. This is particularly true in the case of oxygenated VOCs.
However, uncertainties still remain and knowledge of temperature
dependency for many of the substituent factors is still required.
The use of topological and geometric descriptions of molecules in
structure–activity relationships (SARs) has recently been shown to
be a powerful technique; strong correlations have been observed for
the reactions of various classes of NMHC with free radicals (McGillen
et al., 2006a,b). The SARs based on topological indices compare
favourably with other literature methods.

3.4. Aircraft-based observation of atmospheric gases

Intensive aircraft missions provide important data and can help
in the validation of satellites, but they are not useful for identifying
anomalies, inter-annual variabilities and long-term trends. Routine
aircraft missions such as MOZAIC (Marenco et al., 1998; Cammas
et al., 2009, http://mozaic.aero.obs-mip.fr/web/) and CARIBIC
(Brenninkmeijer et al., 2007, http://www.caribic-atmospheric.com/)
are providing extremely valuable data sets of a number of key
species with sufficient measurement frequency that are much more
useful to this end. A non-exhaustive list of recent studies that could
not have been achieved without routine aircraft measurements of
ozone, water vapour, and carbon monoxide includes: i) process
studies, like the effect of mixing on the atmospheric composition
of the mid-latitude tropopause layer (Brioude et al., 2008) or the
formation of meridional ozone gradients in the African upper
troposphere (Sauvage et al., 2007), ii) the evidence of regional and
seasonal anomalies, like the channelling of pollution by persistent
atmospheric pressure centres over the Eastern Mediterranean sea
(Kalabokas et al., 2007), or the documentation of the vertical
extension of pollution throughout the continental boundary layer
during the European heat wave in 2003 (Tressol et al., 2008), iii) the
evaluation of the ozone trends in the troposphere over the sub-
tropics (Bortz et al., 2006), the mid-latitudes (Thouret et al., 2006;
Zbinden et al., 2006) and over China (Ding et al., 2008).

3.5. Remote sensing of gaseous composition from the ground

There exist many different remote-sensing techniques for
atmospheric gases. Some are passive methods, like optical spec-
trometric techniques using natural sources of light, other ones are
active techniques, like the LIDAR, in which the instrument emits
light into the atmosphere and records the return signal that is
altered through its interaction with the atmosphere.

Hereinafter, we will focus on two passive optical spectrometric
techniques for remote sensing of the gaseous composition of the
atmosphere, that have evolved quite significantly in recent years.
As discussed in more detail below, the Fourier-transform infrared
(FTIR) spectrometry and the Differential Optical Absorption Spec-
troscopy (DOAS) technique, now extended to Multi-axis DOAS
or MAX-DOAS technique, have not only improved regarding the
precision and accuracy of the observed data, but they have also
extended the information content of the data from total absorber
column amounts to vertical profile information.

3.5.1. Fourier-transform infrared spectrometry
Ground-based measurements of solar absorption spectra in

the infrared provide information about the concentrations of the
absorbing atmospheric molecules. Indeed, many atmospheric
species have several absorption features in the infrared
composition change, Atmospheric Environment (2009), doi:10.1016/
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corresponding to specific vibration-rotation transitions. High
spectral resolution enables minimization of interferences between
different lines as well as the resolution of some information con-
cerning the vertical distribution of the target absorber. A good
overview of remote sensing of the atmosphere in the infrared and
its history can be found in Brown et al. (1992). The most up-to-date
technique to record the high resolution solar absorption infrared
spectra is Fourier-transform infrared (FTIR) spectrometry. It has the
advantage that a large spectral range can be observed simulta-
neously, in a short time (of the order of minutes), while maintaining
a high spectral resolution (spectral resolving power w106) and
a high signal-to-noise ratio (w103). The disadvantage is that the
technique requires stable, clear-sky conditions. In the absence of
sun during polar winter or night, the FTIR observation can be made
using the moon as the light source (Notholt and Lehmann, 2003). A
full moon is required (and clear sky) to have a high enough signal-
to-noise ratio. Moreover the lunar absorption spectra include
a contribution from the earth atmosphere emission, making the
interpretation of the spectra more difficult. Absorption spectros-
copy in the UV and visible can also be used for remote sensing of
atmospheric composition from the ground, the ozone measure-
ments by the Dobson instrument being the best known example. As
measurements can be done using scattered light, they are not
limited to clear sky situations and are easily automated. Recent
developments combining measurements taken under different
viewing directions (MAX-DOAS) greatly enhanced the applicability
of this technique to tropospheric composition measurements.

Another option to make measurements of the atmospheric
composition in the absence of sunlight is to use atmospheric
emission features.

Atmospheric observations by solar absorption FTIR spectrom-
etry started in the 1980s. Since then, the technique has been
implemented at about 25 ground-based stations in the frame of the
Network for the Detection of Atmospheric Composition Change
(NDACC; http://www.ndacc.org). The measurements are performed
mostly in the mid infrared (w600–4500 cm�1). In this spectral
range, one can detect a large number of tropospheric as well as
stratospheric species, including ozone (Schneider et al., 2008a),
chlorinated and fluorinated source and reservoir species, nitro-
genated species including HNO3 and NO2, sulphur compounds like
OCS, pollutants like CO and HCHO, and greenhouse gases like H2O,
CO2, N2O, SF6, as well as organic compounds and biomass burning
products like HCN, C2H6, C2H2, C2H4, etc. In many cases, one can also
distinguish the different isotopologues of the species, for example,
the different isotopologues of water vapour (Schneider et al.,
2006b), or ozone (Meier and Notholt, 1996). In addition, work is in
progress to detect species like 12CO and 13CO, 13CH4 and CH3D.
Substantial work has been done in recent year to improve the FTIR
measurements (Schneider and Hase, 2008) and intercompare with
other techniques (Schneider et al., 2005, 2008b).

As water vapour is a strong absorber in the mid-infrared, one
finds almost always absorption lines that interfere with the target
lines. Therefore, the implementation of FTIR observations at humid
sites, e.g. in the tropics at low altitude, is more challenging.
Nevertheless, it has been demonstrated recently that many of the
key atmospheric species can be detected also at low altitude,
tropical stations (Petersen et al., 2008; Senten et al., 2008).

The most direct products of the FTIR absorption observations are
the total column abundances. The total column abundance of an
absorber is directly proportional to the area under the observed target
absorption line, as long as this one is not saturated. In the last decade,
algorithms have been developed to retrieve – in addition to the total
column abundance – information about the vertical distribution of
the absorber in the atmosphere, based on the dependence of the
absorption lineshape on the local pressure and temperature. In the
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mid-infrared, absorption linewidths are typically of the order of
0.05–0.1 cm�1 at the surface (pressure-broadened width) decreasing
to �0.005 cm�1 in the stratosphere (Doppler-broadened width).
Therefore the vertical profile retrieval, especially in the stratosphere,
really requires high spectral resolution measurements. Above the
altitude where the pressure-broadening reduces to the Doppler
width, no more vertical information can be retrieved.

The vertical resolution of the retrieved data is limited to the
order of a few kilometres. For example, for ozone, one achieves
a vertical resolution of the order of 5–8 km, between ground and
about 35 km altitude (Barret et al., 2002; Fig. 14). For several species
that have an important abundance in the troposphere like CH4, one
can distinguish the tropospheric column abundance from the
stratospheric one. This evolution towards the retrieval of vertical
profile information has increased the use of ground-based FTIR data
for satellite validation (e.g. Hartogh and Espy, 2006; Richter and
Wagner, 2008) and for trend analysis in different ‘layers’ (altitude
ranges) of the atmosphere (e.g. Vigouroux et al., 2008). For several
tropospheric species that are observed by current satellite experi-
ments, like CO, CH4 and N2O, ground-based solar absorption FTIR
spectrometry is the only technique that provides data that are
easily comparable to the satellite products (contrary to the in situ
surface network data) (e.g. Barret et al., 2003; Sussmann et al.,
2005; Sussmann and Buchwitz, 2005; Dils et al., 2006; Velazco
et al., 2005; Notholt et al., 2003).

Recently, it has been demonstrated that FTIR solar absorption
spectrometry is one of the techniques that provides the most
precise estimates of the total column of water vapour in the
atmosphere (Schneider et al., in press; Schneider and Haze, 2009),
and that has the capability of measuring total ozone with a preci-
sion around 1 DU under favourable conditions (Schneider and Hase,
2008).

3.5.2. Trace gas profile measurements using
the MAX-DOAS technique

Multi-axis differential optical absorption spectroscopy (MAX-
DOAS) is a newly introduced passive remote-sensing technique
allowing for automated monitoring of the vertical distribution of
a number of tropospheric and stratospheric trace gases. Building
upon the concept of differential absorption spectroscopy (see Platt
and Stutz, 2006 for a review on DOAS) developed a decade ago for
tropospheric measurements using active systems as well as for
stratospheric trace gas monitoring within the Network for the
Detection of Atmospheric Composition Change (NDACC, www.
ndsc.ncep.noaa.gov), the MAX-DOAS technique relies on observa-
tions under different elevation angles, which allows for better
sensitivity to trace gases close to the instrument. For an instru-
ment operated at the ground, this means high sensitivity to trace
gases in the boundary layer and the possibility of retrieving up to
4 independent pieces of information about the vertical distribu-
tion in the lower troposphere (Hönninger et al., 2004; Wittrock
et al., 2004). However, as for all passive remote-sensing techniques
using UV–visible solar radiation as a source, measurements are
limited to daytime and require clear-sky conditions for best
accuracy.

MAX-DOAS observations have been applied to automated
monitoring of tropospheric NO2 (e.g. Hönninger et al., 2004; Leigh
et al., 2006, 2007), HCHO (Heckel et al., 2005), glyoxal (Sinreich
et al., 2007), BrO (Frieß et al., 2004; Theys et al., 2007; Fietkau et al.,
2007), IO (Frieß et al., 2001) as well as aerosol extinction profiles
(Wittrock et al., 2004; Irie et al., 2008). Most of these studies
however are still exploratory in nature, aiming at the scientific
demonstration of a new technique under development.

In addition to their profiling ability, MAX-DOAS instruments
also provide accurate measurements of the tropospheric column
composition change, Atmospheric Environment (2009), doi:10.1016/
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Fig. 14. Contribution function G for two O3 absorption lines around 1003 cm�1. G gives the sensitivity of the retrieved target profile at a certain altitude to a change in the spectrum
at a given wavenumber. One sees that the weak line gives a high sensitivity of the retrieved profile at high altitude (25–35 km). The O3 profile at low altitude is very sensitive to the
wings of the strong almost saturated line. From Barret (2003).
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amounts of trace gases. Column measurements are largely inde-
pendent of variations in boundary layer height which is an
advantage for the determination of total atmospheric load as e.g.
needed for emission studies. MAX-DOAS derived tropospheric
columns are also well suited for validation of satellite measure-
ments of tropospheric species (e.g. Brinksma et al., 2008).

3.6. Observation of tropospheric trace gas from space

3.6.1. Past and current space-borne sensors
The remote sensing of atmospheric constituents and surface

parameters from space builds on the activities of the research
community and space agencies. Atmospheric observations began
with the first satellites some 50 years ago at the beginning of the
space age. The NASA Nimbus programme, which ran from 1963 to
1993, was a pioneering programme in Earth observations. A very
successful series of satellites was constructed and flown, which
made unique contributions to the remote sensing of the atmo-
sphere and Earth observation. In addition a variety of pathfinder
and other NASA missions contributed significantly. The Soviet
programme was also active in the development of atmospheric
remote sensing. It initiated the long-term measurements of many
important atmospheric parameters including the measurements
of the vertical profile of ozone and aerosols. The Nimbus exper-
iments contributed significantly to establishing the discovery of
the ozone hole. The UARS mission followed and led to the
Mission to Planet Earth, which resulted in a series of platforms
targeting the remote sounding of the atmosphere and the Earth’s
surface. The majority of the atmospheric remote sounding satel-
lites were initially aimed at measuring the composition of the
upper atmosphere.

Early observations of tropospheric species (CO) from space came
from MAPS measurements on board the space shuttle but only for
very limited periods of time. The first extended data set of satellite-
observed tropospheric composition came from the TOMS instru-
ment (Krueger and Jaross, 1999), an ultraviolet–visible instrument
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which was designed to observe total ozone columns but which can
also provide, in combination with external information or
assumptions, tropospheric ozone columns, at least in the tropics.
The Global Ozone Monitoring Experiment GOME (Burrows et al.,
1999) was the first satellite instrument having enough spectral
resolution to observe not only ozone but also some of its precursors
(NO2, HCHO) and also BrO which is involved in catalytic destruction
of ozone in the polar boundary layer in spring time. These
measurements are continued and extended by the SCIAMACHY
instrument (Bovensmann et al., 1999) which has better spatial
resolution and NIR observing capabilities, facilitating CO, CH4, and
CO2 observations. Starting from 1996, space-borne instruments
using the infrared spectral range to sound the atmosphere com-
plemented the aforementioned missions and allowed systematic
observations of key infrared absorbing molecules. Tropospheric
species such as CO, CO2, methane, ozone and nitric acid (HNO3)
were measured by IMG/Adeos (Kobayashi et al., 1999), the first
Fourier-Transform spectrometer dedicated to tropospheric remote
sensing. In the same spectral range, using gas correlation tech-
niques, the MOPITT/Terra instrument (Drummond and Mand, 1996)
has been observing CO in the upper and middle troposphere since
its launch at the end of 1999. Along with AIRS/AQUA (launched in
2002, Aumann and Pagano, 1994), TES/Aura (launched in 2004,
Beer et al., 2001) and more recently IASI/METOP (Schlussel et al.,
2005), these 4 instruments routinely provide trace gases distribu-
tions for a series of molecules. Using higher spectral resolution in
the limb geometry, vertical profiles as well as a number of other
tropospheric species including several hydrocarbons can also be
observed, such as with MIPAS/ENVISAT (limb sounding, Fischer
et al., 2008) and ACE (solar occultation, Bernath et al., 2005)
satellite instruments.

After the initial focus on the upper atmosphere, there are now
several instruments dedicated to atmospheric chemistry that
are routinely providing data with unprecedented resolution and
sampling. Depending on their primary goals, these current sensors
use different spectral ranges, and instrumental specifications. The
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 15. Tropospheric concentrations of key species over Asia, originating from several instruments. Color scale: red represent high values (all figures), blue (figures a–e) and yellow
(figure f) represent low values. Image courtesy Eskes H. (KNMI). Top left: OMI NO2, average over 2007. Also note the ship tracks. Image courtesy: H. Eskes (KNMI). Top right:
PARASOL fine mode AOT, Average over March 2005–May 2008. Image courtesy: D.Tanré (LOA). Mid left: MOPITT CO (7 Years average). Adapted from Clerbaux et al. (2008b). Mid
right: SCIAMACHY CH4. Average over the period January 2003–October 2005. Image courtesy: Frankenberg C. (SRON) Lower left: SCIAMACHY HCHO average over 2003–2007. Image
courtesy: DeSmedt I. (BIRA) Lower right: Population number. Source: CIESIN, in million inhabitants.
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concentrations of trace species are retrieved from the atmospheric
spectrum recorded, using the characteristics of the absorption-
emission features in the dedicated spectral regions. The space
missions deliver total column or vertical profiles for a variety of
reactive molecules, with a variable accuracy, horizontal sampling
and vertical resolution.

Fig. 15 illustrates the capabilities of currently flying instruments
to provide tropospheric trace gas distributions all over the globe,
with an example over Asia. It is a composite plot of measurements
obtained by a range of instruments using different spectral ranges
and sounding techniques (see caption). In the next sections,
examples are given for global measurements of ozone, ozone
precursors and other chemically active climate relative trace gases.

3.6.2. Measurements of gaseous emission from space
3.6.2.1. Measurement of nitrogen oxides. Nitrogen oxides
(NOx ¼ NO þ NO2) are emitted from all combustion processes
making them one of the most important anthropogenic pollutants.
Improvements in emission controls and the switch to cleaner fuels
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has led to significant decreases in NOx emissions in many indus-
trialised countries while economic development and increasing
use of fossil fuels results in upward trends in NOx other parts of the
world, most notably in China. While surface networks are available
to monitor NOx levels in many parts of the world, they do not
extend to all relevant regions and do not have the spatial coverage
needed to fully assess current changes. With GOME, SCIAMACHY,
OMI, and GOME-2, retrieval of tropospheric NO2 column amounts is
possible at regional and even better spatial resolution. These data
have been used to study the spatial distribution of NO2 and to invert
the global distribution of NOx emissions and their sources (Jaegle
et al., 2005; Martin et al., 2003, 2006; Van der A et al., 2008).
Measurements from the GOME instrument have also been used to
study ship emissions in remote regions of the oceans where no
other measurements are available (Beirle et al., 2004). SCIAMACHY
data with their better spatial resolution provide more detailed
information over an extended area (Richter et al., 2004), and
recently the analysis was further extended to include GOME-2 data
(Franke et al., 2008). One particularly interesting application is the
composition change, Atmospheric Environment (2009), doi:10.1016/
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evaluation of changes in the NO2 fields which can be linked to
changes in emissions, a quantity relevant for atmospheric model-
ling and political decision taking alike. For example, data from the
GOME and SCIAMACHY instruments revealed large increases of
NOx emissions in China over the last decade (Richter et al., 2005;
Van der A et al., 2006, 2008) while emissions in Europe and the US
decreased at least in some regions.

Owing to the high spatial resolution of the data, emission trends
could also be derived at a country level in Europe (Konovalov et al.,
2005, 2006, 2008), the effect of denoxification of power plants in
the Eastern US can be studied (Kim et al., 2006) and a reduction
of NOx emissions in some cities of the Western US can be found.
Another approach to study anthropogenic emissions was applied to
GOME data by investigating the effect of day of week (Beirle et al.,
2003). While similar types of analysis had already been performed
on surface measurements, the satellite data provide information on
a global scale and highlight interesting differences between the
weekly cycle of cities in the US, Europe and China as well as in cities
with predominantly Jewish or Muslim inhabitants.

While most of the anthropogenic emissions of NOx are emitted
close to the surface, lightning produced NOx is mainly injected into
the upper troposphere where its lifetime is much longer than on the
ground. However, current estimates of lightning NOx still have large
uncertainties. This is mainly due to the sparseness of observational
data which mainly comes from dedicated aircraft campaigns. Over
the last years, satellite data from UV/vis instruments have been used
to fill this gap and to derive information on lightning NOx, both
using indirect methods where all contributions except lightning are
determined using models and the remaining part is attributed to
lightning (Boersma et al., 2005; Choi et al., 2005; Martin et al., 2007)
or directly by analysing individual events of lightning and the NO2

columns associated with them (Beirle et al., 2006). This is illustrated
in Fig. 16, where GOME NO2 columns above a large thunderstorm
cloud in the Gulf of Mexico are compared with lightning flashes
derived from the NLDN network. In this case, lightning took place
just before the GOME overpass resulting in large NO2 signals above
the electrically active part of the thunderstorm. While these studies
show clear evidence for lightning produced NOx, the values derived
are at the lower side of the range of current estimates with
important implications for the global ozone budget. A recent study
analysing the sensitivity of satellite measurements to NOx in clouds
gives indication for higher sensitivity to NOx than to NO2, which
would result in a further reduction of lightning NOx estimates from
satellite data (Beirle et al., 2009).

3.6.2.2. Sulphur dioxide. Anthropogenic emissions of sulphur
dioxide have long been a major pollution problem in industrialised
countries. In most of them, SO2 emissions have been greatly
reduced over the last decades through sulphur removal from power
Fig. 16. GOME measurements of lightning produced NO2 over a cloud in the Gulf of Mexico o
molec cm�2 (middle) and the number of flashes detected per km2 by the NDLN network (r

Please cite this article in press as: Laj, P., et al., Measuring atmospheric
j.atmosenv.2009.08.020
plant exhausts and the use of sulphur depleted fuels. A notable
exception is shipping emissions which continue to have a large SO2

content as a result of lacking regulations. On the contrary, the
rapidly increasing use of coal for energy production has led to
a strong increase in SO2 emissions in China over the last years
leading to severe environmental problems. The current generation
of UV instruments has sufficient spectral and spatial resolution to be
sensitive to SO2 in the lower troposphere, and satellite measure-
ments of GOME and OMI have been used to study SO2 emissions of
smelters and their temporal evolution (Carn et al., 2007). Analysis of
the combined time series of GOME and SCIAMACHY shows a similar
rapid increase in SO2 over China as was observed for NO2 in broad
agreement with bottom up estimates. Improved detection capac-
ities of space-borne sensors have also been used to estimate SO2

emissions from volcanic activity.
In recent years, satellite sounders have increasingly contributed

to the monitoring of volcanoes on the global scale, mostly relying, as
far as gases are concerned, on the sulphur dioxide signal. The first
observations of SO2 were achieved in the UV using selected wave-
length pairs of the TOMS instrument (Krueger et al., 1995). With
their higher spectral resolution and broader spectral coverage, the
GOME, SCIAMACHY, OMI, and GOME-2 instruments provide much
better sensitivity, in particular to the lower troposphere (Afe et al.,
2004; Eisinger and Burrows, 1998; Yang et al., 2007). Detection
sensitivities down to a very few Dobson Units for the SO2 column
have been achieved from these instruments, enabling the
measurement of both passive degassing and large-scale eruptions.
While the primary product of UV retrievals is the integrated SO2

column, the wavelength dependence of the SO2 absorption cross-
section facilitates profile retrievals for situations with large SO2

signals. Alternatively, a combination of satellite measurements and
trajectory calculations can be used to determine the altitude of
volcanic plumes (Eckhardt et al., 2008). In the infrared, SO2 has been
successfully measured from large-band sounders, such as MODIS
(Watson et al., 2004), ASTER (Pugnaghi et al., 2006; Urai, 2004) or
SEVIRI on a geostationary platform (Prata and Kerkmann, 2007).
These measurements offer high spatial and temporal sampling and
are applicable, as for the UV–visible sounders, for the measurements
of passive degassing or eruptive plumes. The low spectral resolution
produces, however, large uncertainties in the measured concentra-
tions. The recent launch of sounders with better spectral resolution
opens the way for improved sounding capabilities in thermal
infrared. First results have been obtained from operation of AIRS
(Carn et al., 2005; Eckhardt et al., 2008; Prata and Bernardo, 2007),
IASI (Clarisse et al., 2008) and TES (Clerbaux et al., 2009). In the latter
two cases, low resolution SO2 profiles have been obtained, adding
information on the altitude of the ejection. AIRS and IASI, as oper-
ational meteorological sounders offer global coverage twice daily
and therefore unprecedented spatial sampling of the plume.
n August 30, 2004. Shown are the cloud extent (left), the observed NO2 slant columns in
ight). Adapted from Beirle et al. (2006).
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3.6.2.3. Carbon monoxide and biomass combustion markers. Carbon
monoxide (CO) was one of the first tropospheric trace gases
observed from space. As result of its relatively long lifetime, it
undergoes long-range transport from its sources and mixes both
horizontally and vertically. Space-borne observations from MOPITT
reveal a hemispheric gradient and high values in the outflow of
regions with intense biomass burning (Edwards et al., 2004). Main
source regions are fires in Africa and South America but fires in
boreal forests in Siberia and Alaska also emit large quantities of CO
(Petron et al., 2004; Pfister et al., 2005). As it is dominated by
biomass burning emissions, the global CO burden shows large
inter-annual variations following changes in the amount of biomass
burning. This indicates that future CO distributions will largely
depend on the evolution of anthropogenic and natural fires in
response to climate change and farming practice. Although MOPITT
measurements have only limited sensitivity in the lower tropo-
sphere, the signature of anthropogenic pollution can be observed
over industrialised regions in long-term averages (Clerbaux et al.,
2008a). The anthropogenic signal can also be retrieved using
measurements in the solar IR by SCIAMACHY (Buchwitz et al.,
2007; de Laat et al., 2006) as it has full sensitivity down to the
ground. However, the signal-to-noise ratio of these measurements
is limited, and so far only preliminary assessments of changes in CO
from non-fire sources have been derived from satellite data
(Shindell et al., 2005).

The fire emission sources can also well be monitored from
space using measurements of nitrogen dioxide, formaldehyde or
glyoxal in the UV–visible (Wittrock et al., 2006). This is because in
the vicinity of the fires, these species are all significantly in excess
of their background values. The measurements of CO can then be
used to quantify the fire emission (Pfister et al., 2005; Turquety
et al., 2007) and also, given its lifetime of two months, to track
the transport and fate of the plumes (Edwards et al., 2006). In
addition to these species, observations in the infrared have
recently enabled monitoring other, mostly short-lived species. The
observations close to fires in nadir geometry include C2H4,
CH3OH, HCOOH and NH3 (Coheur et al., 2009). Measurements
Fig. 17. Average 2008 distribution of NH3 from IASI/MetOp (Clarisse et al., in press). The gree
image from MODIS, on August 30, 2008, with the white structures being clouds (credit for
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from limb sounders in young or aged biomass burning plumes
higher up in the free and upper troposphere reveal signatures of
small NMHCs (C2H4, C2H6, C2H2), OVOCs (CH3OH, HCOOH, C3H6O),
HCN, NH3 and PAN (Clarmann et al., 2007; Coheur et al., 2007;
Dufour et al., 2006; Glatthor et al., 2007; Rinsland et al., 2005,
2006, 2007a,b; Steck et al., 2008).

3.6.2.4. Ammonia. Measurements of ammonia in the lowest layers
of the atmosphere have been reported for the first time from
analyses of the TES satellite data on a local basis (Beer et al., 2008).
Very recently, global distributions, highlighting elevated concen-
trations above fire regions and most importantly above large agri-
cultural valleys in Europe (Fig. 17), Asia and the US, have been
gathered from analyses of the IASI satellite measurements (Clarisse
et al., 2009). A comparison of these local to global distributions
with the TM5 CTM suggests for the agricultural valleys significant
underestimates of ammonia emissions in current inventories.
These results open the way for reassessing the emission sources of
this key tropospheric species, linking gas phase to aerosol chem-
istry and impacting on the nitrogen budgets and the ecosystems
(see Fowler et al., in this issue).

3.6.3. Space-borne observation of tropospheric halogen oxides
As in the stratosphere, halogens can efficiently remove ozone in

the troposphere if present in higher concentrations. In most parts of
the troposphere, halogens are bound in their reservoir substances
and reactive halogen compounds are present only in very low
concentrations. However, in the polar spring, very large concen-
trations of BrO are observed in combination with strongly reduced
ozone levels. The full spatial extent of this phenomenon, which is
limited to the cold boundary layer of the polar regions in spring,
could only be assessed using space-borne observations of the
GOME instrument (Wagner and Platt, 1998; Richter et al., 1998).
While there are now many more observational data on these
so-called BrO explosions and it is generally assumed that sea salt is
the origin of the Br, there still are some uncertainties with respect
to the exact mechanisms of initial Br release. One possible
n to red colors point to regions with elevated NH3 concentrations. The background is an
MODIS: Gonzalez L. and Deroo C., http://www-loa.univ.lille1fr).
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explanation is the release through frost flowers or aerosol formed
from them, and some indication for a role of frost-flowers was
found by combining satellite BrO measurements, sea ice observa-
tions and meteorological data (Kaleschke et al., 2004; Jacobi et al.,
2006). However, this is not the only possible mechanism (see
Simpson et al., 2007b for a review) and further work is needed to
fully understand these processes.

In addition to BrO, IO was also identified in the troposphere in
some regions with strong biogenic activity. As with bromine, iodine
efficiently removes ozone but in addition, higher oxides of iodine
can be formed which are involved in new particle formation. In
contrast to bromine, the sources of iodine are thought to be to
a large part of biological origin. Iodine monoxide columns have
recently been retrieved from measurements of the SCIAMACHY
instrument (Saiz-Lopez et al., 2007a; Schönhardt et al., 2008)
showing clear IO signals over the ice around Antarctica which are in
qualitative agreement with ground-based observations (Saiz-Lopez
et al., 2007b). There is also an indication of enhanced IO over parts
of the Antarctic continent suggesting long-range transport of
IO precursors. So far, there is little evidence of comparable high IO
amounts in the northern hemisphere.

Ground-based observations have also detected BrO and IO in
non-polar maritime regions with strong biological activity. So
far, these observations could not be reproduced in satellite
measurements, probably as a result of the reduced sensitivity to
absorptions in the lower troposphere over the dark oceanic
surface. Higher spatial resolution of future sensors could facilitate
detection of hot-spots even under these conditions. Recent
observation of BrO in the plume of the Kasatochi eruption was
demonstrated using measurements of the GOME-2 instrument
(Theys et al., 2009) in agreement with previous observations from
the ground. The possible measurements of halogen species from
high resolution thermal infrared (TIR) sounders (e.g. IASI) is under
investigation.

3.6.4. Space-borne observation of tropospheric ozone
Ozone is formed in the lower troposphere by complex photo-

chemical reactions involving NOx, CO, CH4 and other VOCs. As
is obvious from the above, satellite remote sounders already
contribute to the monitoring of tropospheric ozone chemistry and
to forecasting air quality by providing quantitative information on
these ozone precursors. A significant breakthrough in observing the
atmospheric composition from satellites comes from the direct
observation of tropospheric ozone itself. Although conceptually
straightforward, the practical implementation of this task is chal-
lenging as it comes in retrieving a small fraction of ozone from the
measured integrated column, which is largely dominated by the
stratospheric ozone layer. The UV–visible instruments provide only
weak sensitivity to tropospheric ozone while thermal sounders
offer maximum sensitivity in this layer, with some vertical profiling
(w6 km resolution) capabilities (e.g. Coheur et al., 2005; Nassar
et al., 2008; Osterman et al., 2008; Turquety et al., 2002; Worden
et al., 2007a). The potential of probing the boundary layer remains,
however, limited in most situations.

For tropospheric ozone, a long time series exists from the data of
the TOMS instrument in combination with other data sets (Fishman
and Brackett, 1997; Ziemke et al., 2001). In the tropics, several
different retrieval approaches have been used and increased ozone
amounts have been linked to biomass burning and transport from the
stratosphere (Martin et al., 2002; Thompson et al., 2000). At mid-
latitudes, changes in stratospheric ozone amounts complicate the
retrieval increasing the uncertainties, and combination of measure-
ments and transport modelling has been applied to derive tropo-
spheric fields from a combination of OMI and MLS measurements
(Schoeberl et al., 2007). As UV/visible observations provide
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tropospheric column amounts or very poor vertical resolution profiles
(Liu et al., 2006a), a large part of the observed ozone patterns are
linked to tropopause changes and dynamics. However, the signature
of pollution and of biomass burning can also be identified. Recent
developments in IR satellite instrumentation facilitate the retrieval of
vertically resolved ozone in the troposphere albeit usually not down
to the surface. Extended analyses have been performed, using TES and
AIRS in particular. They have highlighted seasonal trends (Divakarla
et al., 2008), enhanced pollution patterns and long-range transport
(Jourdain et al., 2007; Parrington et al., 2008; Zhang et al., 2006),
while also contributing to climate related issues (Worden et al., 2008).
More recently, the enhanced capabilities of TIR sounders to probe
tropospheric ozone have been used to perform an analysis of the
photochemical pollution events that occurred during the Summer
2007 heat wave in Southern Europe, with the recently launched IASI
sounder (Eremenko et al., 2008). Overall this study is a first step in
using infrared satellite observations to monitor tropospheric ozone
and to improve the forecasts of air quality and climate models.

On the theoretical side, evidence that improvements in measuring
tropospheric ozone could be gained by combining information from
complementary observations in the UV–visible and the TIR have been
obtained (Landgraf and Hasekamp, 2007; Worden et al., 2007b), but
the demonstration of application in the field still needs to be made.

3.6.5. Space-borne observation of methane
Key climate-related species are very stable gases in the atmo-

sphere, characterized by long life-times. Measurements from
satellite are possible using different techniques, but the difficulty is
to detect a small variability of the signal over a large spectral
signature. In the past two centuries, atmospheric methane has
more than doubled and now constitutes 20% of the anthropogenic
climate forcing by greenhouse gases. Yet its sources are not well
quantified, introducing uncertainties in its global budget. Global
scale observation can provide information that cannot be directly
accessed from ground-based observations. Global methane distri-
butions can be retrieved by using space-borne thermal infrared
(AIRS, IASI) and near-infrared absorption spectroscopy (SCIA-
MACHY). In addition to the expected latitudinal North-South
gradient, space-borne sensors can detect large-scale patterns of
anthropogenic and natural methane emissions. Frankenberg et al.
reported from the SCIAMACHY measurements unexpectedly high
methane concentrations over tropical rainforests, revealing that
emission inventories considerably underestimated methane sour-
ces in these regions (Frankenberg et al., 2005, 2008).

Infrared nadir sounders obviously contain information on the
major climate gases (e.g. Chahine et al., 2006), whose strong
absorption bands in the thermal infrared are the physical reason for
the so-called ‘‘greenhouse effect’’. Excluding water vapour, largely
variable, these gases are CO2, CH4 and N2O. The first global obser-
vations of CH4 from AIRS have also been obtained (Xiong et al.,
2008), representing mainly the distributions in the free and the
upper troposphere. The analyses of the data reveal interesting
features in terms of sources, which need further investigations and
validations, and some local patterns such as a plume above the
Tibetan plateau during the Asian summer monsoon (Xiong et al.,
2008). Similar global mapping of CH4 with IASI is possible and
a series of related studies is ongoing. The potential to improve on
surface measurements from IASI using lines at the shortwave end
of the IASI spectra around 2750 cm�1 during daytime is under
investigation.

3.6.6. Characterizing atmospheric transport from space
3.6.6.1. Boundary layer outflow and free troposphere. Ozone and
carbon monoxide are key pollutants which have an average lifetime
in the troposphere of the order of several weeks. This makes them
composition change, Atmospheric Environment (2009), doi:10.1016/
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suitable for monitoring the inter-hemispheric transport of pollution
plumes. Because tropospheric ozone retrievals are challenging
for the reasons explained above, the CO fields, which are readily
available from TIR sounders in the free troposphere, have been
primarily used for this purpose. Outflow and inter-continental
transport from the northern or southern hemisphere sources has
for example been studied with MOPITT (Edwards et al., 2004, 2006).
Integrated approaches, combining different satellite and aircraft
measurements have added insight into the link between the sour-
ces and the observation of pollution in remote regions (Cook et al.,
2007; Gros et al., 2004; Heald et al., 2003; McMillan et al., 2008;
Stohl et al., 2007a,b; Turquety et al., 2008). It has also been shown
that the O3–CO correlations give information on the continental
outflow of pollution (Zhang et al., 2006) and that satellites could
be useful, despite providing only limited vertical sensitivity,
for studying the uplift of pollution following deep-convective
processes (Jiang et al., 2007; Kar et al., 2004, 2006).

The transport of reactive nitrogen species is another important
process for our understanding of global tropospheric composition.
Being short-lived, the NOx remain mainly close to their emission
source. Their chemical transformations lead to HNO3 and PAN
which, depending on the local thermodynamic conditions of the
atmosphere, can be transported far from the sources. PAN, which is
recognized as an important reservoir in the sense it regenerates the
NOx after thermal decomposition, has not yet been measured from
nadir sounding instruments. Total columns of HNO3 can routinely
be measured from TIR sounders but, as for ozone, the isolation of its
tropospheric part is difficult. A first step in retrieving HNO3 from
the high-resolution IMG sounder was recently made (Wespes et al.,
2007), suggesting the observation of pollution transport. This
opens the way for more extensive distributions to be gathered in
the coming years by IASI or AIRS.

As for NOx, SO2 is generally quickly removed from the atmo-
sphere by wet deposition. In the case of volcanic eruptions, the SO2

is sometimes emitted higher in the troposphere where it last days
to weeks, being then often transported on inter-continental scales,
as discussed above.

3.6.6.2. Upper troposphere. Although mainly designed to probe
the chemical composition and the processes of the stratosphere,
infrared limb-viewing instruments such as MIPAS and the ACE-FTS
have in the last years been extremely useful for studying the upper
troposphere. These sounders, which enable sounding down to
about 6 km in cloud-free conditions, provide indeed unprecedented
sensitivity to the less abundant species due to the long absorption
paths. Quasi global distributions have been gathered and analyzed
for C2H6, H2CO and PAN from MIPAS (Glatthor et al., 2007; Steck
et al., 2008; Clarmann et al., 2007). In addition, as described above,
a vast range of small organic species has been detected locally,
mainly in the plumes of young or aged biomass fires. Some of these
are now routinely retrieved. From these observations, large-scale
features, such as a North-to-South gradient in the concentrations
of NMHCs resulting from anthropogenic activities or seasonal
variations of some short-lived species have been shown for the
first time. Specific processes, relating the observations to biogenic
emissions (Dufour et al., 2007) or the vertical outflow of pollution
in the Asian monsoon (Park et al., 2008) have been studied. Also the
MLS instrument has been used to track CO vertical and horizontal
transport (Jiang et al., 2007).

4. Data assimilation and integration of results

Observational data will never cover the full spatial and temporal
variability of atmospheric composition. Satellite data are often
restricted e.g. to cloud free areas, time series are interrupted,
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discontinued or simply absent at places or times where information is
desired, aircraft pass along a single flight track, and lidar data – surface-
based or from space – sample just a curtain. Ideally any such gap can be
filled with assimilation techniques, implemented in chemical transport
models, and using suitable data with fully characterized errors.

Assimilation attempts to find the best representation of an
evolving system when given measurements and prior information on
the system, taking into account errors in the measurements and prior
information (Lahoz et al., 2007). Assimilation can thus provide 4-
dimensional fields that can be evaluated against independent
observations and applied, e.g. for detailed budget studies (Pradier
et al., 2006). Observations often lack a sufficient characterization of
the chemical composition and the associated physical parameters.
Examples comprise the chemical composition of the aerosol, unre-
solved in remote sensing products or unmeasurable components of
photo-oxidant reaction chains. Assimilation techniques can help by
transforming constraints into information about unobserved species.
One of the first examples was provided by Elbern et al. (1997) who
used observations of only a few species to constrain the ozone and
precursors system in air quality applications. Beyond correcting
initial fields for observed and non-observed species related through
chemistry, assimilation can be used to optimise emission estimates
(Elbern et al., 2007), reaction rates and parameters of the chemical
system (Menut, 2003), or even winds (Peuch et al., 2000).

Even though considerable progress has been made in assimi-
lating information from various measurement platforms – both,
ground- and satellite-based (e.g. the ESA funded PROtocol MOni-
Toring for the GMES Service Element: Atmosphere; http://www.
gse-promote.org/ or the European GEMS project), the assessment
and attribution of sources and varying source strengths, the
regional burden of air pollutants and related impact on air quality
and climate remain challenging. The uncertainties in the assimi-
lated fields and our understanding of the numerous feedbacks,
their impact on surface temperature, glacier retreat, sea level rise,
soil fertility, precipitation patterns, etc. are directly related to the
number and quality of measurements (both spatially and tempo-
rally) that are input into these models. It is the combination of
observation and modelling that holds the promise to improve
monitoring and forecasts, but also further checks on the quality of
observations (Chahine et al., 2006; Hertel et al., 2007a).

4.1. Correction of bias due to spatial or temporal gaps in sampling

Aerosol optical depth (AOD) has recently become a prominent
target for assimilation work, both as a component needed to
calculate aerosol radiative forcing and as a parameter linked
through transfer functions to surface concentrations of particulate
matter. Satellite measurements of AOD miss two-thirds of the
Earth because of cloud cover and they have difficulties in correcting
for land albedo. Sun photometers are rare in oceanic regions. As an
example, Aeronet data from the year 2000 show a mean global
AOD of 0.178, the MODIS collection 5 derived AOD at these stations
is slightly higher (0.199), but the global all-area average MODIS
AOD is only 0.147 (for 2001) due to inclusion of clean oceanic
regions. A corresponding median model constructed from the
AeroCom models (Kinne et al., 2006; Textor et al., 2006) shows
slightly lower AOD (0.164) at Aeronet stations and a global mean
value of 0.111, all in all a considerable bias. Assimilation of satellite
data reduced the error of modelled daily mean AOD against sun
photometer data down to 0.03 � 0.06 in AOD for the INDOEX
campaign (Collins et al., 2001; Rasch et al., 2001). Assimilated AOD
were better correlated with Aeronet measurements than either
MODIS retrievals or GOCART simulations alone (Yu et al., 2003).
Generoso et al. (2007) showed that a forward model missed
boreal fire aerosols, while POLDER data-assimilated AOD fields
composition change, Atmospheric Environment (2009), doi:10.1016/
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had corrected this bias and showed even more realistic aerosol
fields in polar areas where satellite data are sparse. The EU project
GEMS implemented a 4D-VAR assimilation for reactive gases,
aerosol and air quality (Hollingsworth et al., 2008); for aerosol,
trial assimilation based on instantaneous MODIS retrieved AOD
resulted in notable improvements (Benedetti et al., 2009). The
detection and compensation of biases in the input data is, however,
critical for improving assimilation methods. For example, Matsui
et al. (2004) showed that the bias between MODIS retrieved and
sun photometer AOD over North America reappeared in the
MODIS-assimilated AOD product.

4.2. Flux retrieval

Inversion techniques are used to retrieve emission fluxes (or any
other flux such as deposition, vertical exchange or chemical forma-
tion and losses) of reactive gases and aerosols (e.g. Konovalov et al.,
2008). Also, retrieving emissions in an inverse transport simulation
correctly pointed to those areas where aerosols are predominantly
emitted (Dubovik et al., 2008). The application of such techniques
generally requires large computer resources because huge matrices
need to be inverted. Adjoint models may relieve this constraint
somewhat, but require considerable recoding efforts (Elbern et al.,
2007). A specific problem arises from the fact that several other
processes, often equally uncertain, relate the observed bulk quantity
– e.g. a concentration or optical depth – to the targeted flux.
Currently, the principal limitation of any assimilation technique is
the estimation of model errors variances/covariances (often called
B-matrix) that determine, together with the estimate of observation
error variances/covariances (R-matrix), the overall quality of the
assimilation products and even the statistical robustness of the
procedure (e.g. Kahnert, 2008).

4.3. Proxy data usage to complete chemical characterization

The variance in proxy or bulk data also contains information
on the underlying chemical composition. The relation between
different chemical components in the atmosphere is at times
sufficiently well described through state-of-the-art chemical
models. For instance, the assimilation of stratospheric compounds
(CH4, O3, HCl and H2O) as observed by the HALOE satellite instru-
ment was used to constrain other components of the stratospheric
chemical composition (Lahoz et al., 2007). The resulting NO2

column values can be compared to ground-based DOAS measure-
ments and show the potential of this method for improving the
description of the overall chemical composition. The challenge for
the design of an observing system is then to identify those chemical
compounds that are easy to measure and contain sufficient infor-
mation on other substances that are less attainable through direct
measurement, like for example, OH.

5. Strategies for future atmospheric observation

Atmospheric observation strategies need to recognize the many
orders of magnitude difference in life-times of different chemical
species in the atmosphere (Seinfeld and Pandis, 1998) that deter-
mine the temporal and spatial coverage required. Campaign-type
observations generally target the microphysical understanding of
complex systems, while the validation of models and trend assess-
ment requires long-term observations that span several temporal
scales. Both may require the vertical distribution of properties to
be resolved. For example, an analysis of the spatial variability of
ammonia/ammonium deposition concluded that a suitable obser-
vation strategy should consist of a network with a limited amount of
supersites combined with a larger number of sites where low cost
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methods are applied, together with models for generalisation
(Erisman et al., 2005). This study also pointed out the need for
unified instrumentation. The following recommendations for
observation networks emerged that are equally valid for deposition,
aerosol and trace gas monitoring:

B The network has to provide (deposition) data for areas that are
impacted (by deposition). This argues for observations close to
the source as well as at remote receptors.

B Measurements are needed at the most important and sensitive
ecosystems.

B A network must take into account the geographical distribu-
tion of ecosystem types. Both the pollution climate and average
meteorological conditions should be different.

Here, we will consider the value of models for atmospheric
observation strategies, as well as identifying a number of gaps in
present observation networks. Following the identification of gaps,
potential ways forward are highlighted.

5.1. Lessons learnt from model-measurement comparisons

The chain of processes linking emissions, atmospheric dispersion,
chemical transformation and loss from the atmosphere of air
pollutants is complex. Observations can typically address only
a small portion of this chain, and models are thus an essential tool for
our understanding of the atmosphere, and for generalising obser-
vations made at limited spatial and temporal scales. A comparison of
model predictions against observed values is essential to verify our
understanding of the behaviour and fate of atmospheric pollutants
and for identifying weaknesses and gaps in both, models and
measurements. The following examples are intended to illustrate
the benefit of and the need for both model improvement and a more
accurate observation of the natural atmosphere.

5.1.1. Nitrogen partitioning
Oxidised nitrogen exists in many forms in the atmosphere,

including NO, NO2, HNO3, NO3, N2O5, PAN and both fine and coarse
particulate nitrate. Long-term measurements are typically available
for just NO2, or ‘total’ nitrate (gaseous HNO3 þ NO3

�), as measured
by filter-packs, and wet-deposition components (Fagerli and Aas,
2008). At present, only two sites use denuders to allow for proper
distinction of HNO3 from particulate nitrate in Europe. Although
the recent deployments of AMS instruments bring a large amount
of new data on fine nitrate levels, such instruments do not measure
HNO3 and coarse nitrate, and so do not allow for a mass closure.
Models suggest that gaseous NO3 and N2O5 may be important for
tropospheric processing (Riemer et al., 2003), but measurements
have been confined to a few campaigns over North America and the
Atlantic (e.g. Brown et al., 2007; Sommariva et al., 2007, and
references therein). These studies show much higher concentra-
tions aloft than at the surface, highlighting the problem of surface-
based measurements and they demonstrate significant differences
between model and observation. Thus, the importance of NO3 and
N2O5 for VOC degradation, aerosol formation, and the nitrogen
cycle in general is very uncertain, and the lack of observations of
the speciation of oxidised nitrogen is a crucial limitation for
understanding NOy chemistry and trends in Europe.

5.1.2. Organic aerosol
There are numerous reasons why it is difficult to model organic

and secondary organic aerosol (OA and SOA), including our funda-
mental lack of understanding of the processes behind SOA formation
(e.g. Donahue et al., 2005; Hallquist et al., 2009), and the range of
possible precursor species or pathways. In addition, the emissions of
composition change, Atmospheric Environment (2009), doi:10.1016/



P. Laj et al. / Atmospheric Environment xxx (2009) 1–64 39

ARTICLE IN PRESS
precursor compounds are very poorly known. Isoprene and terpene
emission estimates cover a range of factors of 2–3, or even higher for
specific regions and times (Guenther et al., 2006). Emissions of OA
and EC especially from biomass burning are notoriously difficult to
evaluate, not least because of the semi-volatile nature of most
primary organic particulate matter (Robinson et al., 2007). Conse-
quently, major discrepancies between model and observation are the
rule rather than the exception. Chung and Seinfeld (2002) found
major discrepancies of a factor of 10 or more at remote sites for OC.
Volkamer et al. (2006) showed that models underpredicted SOA by
factors of 3 (Mexico City) to 10–100 in more remote regions. The
global model of Spracklen et al. (2008) underpredicted observed OA
by a factor of 5–20 over oceanic regions. Simpson et al. (2007a) found
good agreement between modelled and observed OA at Northern
European sites, but poor agreement in southern Europe.

Clearly, emission studies performed under ambient conditions are
urgently needed. Tracer compounds such as levoglucosan, potas-
sium, acetonitrile, cellulose, sugars, or radiocarbon (14C) may provide
powerful diagnostics. For example, in the CARBOSOL project (Legrand
and Puxbaum, 2007), Simpson et al. (2007a) used levoglucosan to
show that much of the discrepancy found for modelled versus
observed OA at two sites in southern Europe could be attributed to
missing biomass burning sources. This study also showed that the
model’s SOA predictions were much lower than those derived from
the source-attributed OA estimated by Gelencsér et al. (2007).

In addition, while carbon-14 analysis points to a large biogenic
fraction of organic carbon and especially of its water-soluble
fraction (Szidat et al., 2006; Weber et al., 2007), the latter appears
to be highly correlated with anthropogenic tracers (Weber et al.,
2007). Possibly, biogenic VOCs are indeed the major precursors for
SOA, but (anthropogenic) oxidants are needed to transform these
biogenic VOCs into SOA.

New, faster measurement techniques, and wider application of
known techniques, are obviously required to disentangle the
various components of ambient OA, and to distinguish man-made
from biogenic sources, and primary from secondary.

5.1.3. Validation of emissions
The emissions used in models are typically constructed by

applying emission factors to activity statistics such as vehicle-km,
or oil-and-coal usage. Such emission factors are often the result of
close-to-source or laboratory measurements (e.g. dynamometer
tests for vehicles), and the real-world emissions, especially for
particulate emissions of OA may differ significantly (Robinson et al.,
2007). Indeed, Robinson et al. (2007) suggested that rather than
measuring particulate matter (PM) emissions only, the real need
was for volatility-corrected VOC and PM emissions, properly
validated for all regions of the globe.

For some compounds, notably NOx, CO and isoprene, satellites
have proved to be very useful for validation of emissions (Konovalov
et al., 2008 and references therein). Konovalov et al. (2008)
compared the trends in NOx emissions as reported to EMEP with the
NOx trends derived from GOME and SCIAMACHY data and found
good agreement for some countries such as France, Germany and
Great Britain, but very large discrepancies for others. Although
uncertainties remain in the interpretation of satellite data, this type
of study has clear potential to verify reported emission data, and an
extension of such studies to other pollutants would be very valuable.

5.2. Gaps in a comprehensive observation system

Despite substantial improvements in the last decade in the
development of Earth observing tools, there is still a crucial need
for both consolidation of the existing observation infrastructure
and development of a more efficient observing system which
Please cite this article in press as: Laj, P., et al., Measuring atmospheric
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would narrow major data and information gaps, and assist stake
holders in planning new investments. There may be more than one
approach to narrow the identified gaps, and the cost for
a straightforward approach may be prohibitive or there may be
technical limitations in the way of closing gaps. These (known)
limitations in our ability to realize the desired system also tend to
influence our definition of the desired system. In the case of
atmospheric observations, there is some consensus that the desired
observing system should provide well documented, global obser-
vations of the chemical composition and physical properties of the
atmosphere from pole to pole with temporal, horizontal and
vertical resolution sufficient to:

- satisfy and verify current legislation,
- validate and help to improve our understanding of atmospheric

processes,
- understand the relationship between the atmosphere, the

oceans and the land masses,
- permit accurate predictions of future atmospheric states by

providing inputs to forecast models,
- support answering new questions that will only emerge in

future.

Consequently, the key questions to address in terms of evalu-
ating existing observation strategies are:

- Is there sufficient global coverage at adequate temporal and
spatial resolution?

- Is the breadth of chemical and physical properties observed
sufficient?

- Are the observations sufficiently well documented to be of
long-term use?

Numerous papers discuss optimal network design strategies.
Fuentes et al. (2007) gave a good overview and applied a Bayesian
entropy approach for optimal network design for the North American
ozone network. Janis et al. (2004) used Monte Carlo resampling
techniques to derive optimal station densities for climate monitoring
(temperature, precipitation) in the U.S. Sarigiannis and Saisana (2008)
used inverse modelling and combined a series of priority pollutants
with the objective of optimizing the cost-effectiveness of the obser-
vation network. Approaches such as this are also viable for other
parameters.

In reality, observation networks are rarely designed from
scratch. Rather, they develop with time. Atmospheric observations
often start in a university setting for specific science questions and
whenever an opportunity arises. There is a lack of long-term stra-
tegic planning that would likely lead to a more optimal, and
perhaps more cost-effective, network design. In addition, optimal
network design suffers from a certain lack of political ‘forcing’ and
long-term commitment for monitoring activities because of the
slow return-on-investment (e.g. compared with campaigns).
Globally, the density of observations in any given country is typi-
cally related to the economic power of that country. On the one
hand, countries are generally reluctant to invest in observations in
other countries, even though a more homogeneous coverage would
certainly improve the usefulness of all observations. On the other
hand, there is an understandable reluctance to abandon existing
long time series in favour of improving coverage in other areas.

Clearly, current gaps in the observing system for atmospheric
composition changes are still numerous. In the following, we will
review the major gaps identified for the in situ networks, but also
for ground-based and space-based remote sensing platforms.
Obviously, gaps do not only lie in the technical development but
also in the data diffusion and assimilation.
composition change, Atmospheric Environment (2009), doi:10.1016/
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5.2.1. Gaps resulting from a lack of network integration
Progress in the understanding of atmospheric composition

changes and its drivers is linked to the availability of advanced
research infrastructures and networks. The previous chapters have
shown that new methodologies for the investigation of atmo-
spheric mechanisms, and the generation of original and high
quality data for modelling purposes relied on the use of advanced
facilities such as operational research aircraft, and/or monitoring
stations. The coordinated efforts in the last decade allowing access
to these research infrastructures, diffusion of information, and
shared use of databases from a number of facilities have been
extremely beneficial and have set the base for major achievements
in atmospheric research over the last decades. In fact, the impor-
tance of data quality, quality assessment and quality control of
observations has long been recognized among scientists, and many
individual observation networks have been developed based on
common data quality objectives and protocols (EANET, 2000;
NDACC, 2008; WMO, 2007 and http://www.unece.org/env/
documents/2009/EB/ge1/ece.eb.air.ge.1.2009.10.e.pdf for EMEP).
Thus, today reasonable harmonization exists within specific
networks, but not necessarily between them (Hertel et al., 2007b;
Klausen et al., 2003). The monitoring of aerosols in Europe, outside
of urban areas, is an instructive example of the need for integration
of networks. In 2006 there were more than 200 sites spread around
Europe measuring various aerosol properties coordinated under
different networks. A map showing these sites and their locations is
displayed in Fig. 18.

These aerosol networks are partly a result of expansions of
existing monitoring networks, and partly networks focusing solely
Fig. 18. European sites monitoring aerosol properties identified according to their network a
NILU, personal communication).
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on specific variables. Some of these networks originate from policy
frameworks (EMEP) while others are based on other conventions
(GAW), EU projects (EUSAAR, EARLINET) or other initiatives like
AERONET. As a result, several international monitoring networks
collect and apply remote sensing and in situ aerosol observations,
in a relatively uncoordinated manner. It is striking that sites for
ground-based in situ measurements rarely overlap with sites for
ground-based remote sensing of the aerosol column. The same
holds for the observation of AOD by sunphotometry and the aerosol
vertical profile by lidar. Currently, the integration of data from both
instruments is done more or less ad hoc. Clearly, there is a need for
more stations to co-locate these techniques and use observations of
one as a constraint in the interpretation of the other.

Concurrent and co-located measurements of key atmospheric
species of interest to air quality and climate studies are extremely
beneficial for assessing atmospheric composition, deposition to
ecosystems, source apportionment and closure studies in relation
to climate forcing. The concept has been promoted by EMEP and
GAW in their recent monitoring strategies. It has been imple-
mented as part of the PM supersite program in the USA that led to
significant advancements in measurement methods, atmospheric
characterization, and understanding of source–receptor relation-
ships. Usually, atmospheric variability cannot be interpreted on the
basis of observations of a single component. It is therefore of
interest to all parties (scientific community and funding agencies)
to promote establishment of shared stations belonging to two or
more networks.

Ideally, such sites are located in such a way as to capture the
range of environmental conditions in a given area. There is a need to
ffiliation. Note that only a few sites belong to more than 2 networks (Lund-Myhre C.E.,

composition change, Atmospheric Environment (2009), doi:10.1016/
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carry out continuous and simultaneous ground-based observations
of the atmospheric column using a suite of passive and active
sensors adequately calibrated, including millimetre cloud radar,
Raman lidar, infrared interferometers, sun photometers and sky
imagers, and to couple this information to a more comprehensive
characterization of in situ properties of the gaseous and particulate
components of the atmosphere. Collocated lidar and sunphotometer
instruments should be operated in a coordinated manner such that
the night-time lidar observations of particle extinction and back-
scatter coefficients are still ongoing when the backscatter-ratio
observations of the sunphotometer commence during sunrise; the
same strategy, in reverse order, should be followed during sunset
(Kolgotin and Müller, 2008).

Coupling mountain sites (for free tropospheric in situ sampling)
to information on the atmospheric column cannot be implemented
in all areas but has a strong potential to provide useful constraints
on remote sensing instruments from the ground and consequently
to contribute to validation of satellite products.

5.2.2. Gaps resulting from uneven spatial coverage of observations
Uneven global and regional coverage of atmospheric observa-

tions is due to geographical, economical and political/legislative
reasons. In the past, the main focus of atmospheric observations
has been on Europe and North America, and marine territories
traditionally influenced by these. AOD sites of EARLINET, GAW, and
AERONET are quite evenly distributed across the whole of Europe.
In contrast, monitoring of gaseous and particulate species is fairly
comprehensive across Northern and Central Europe, but gaps
exist in Southern Europe as well as in the new EU member states in
Southeast Europe. Concerning information on aerosol vertical
profiles measured by lidar, the networks have gaps in Eastern
Europe and Great Britain. While the main problem in Western and
Northern Europe as well as North America thus appears to be one of
network integration, in other parts of the world it is the very
limited coverage of entire areas. Networks in continental Asia are
improving but the area is still undersampled. Clear gaps remain in
polar and equatorial regions, and generally in the southern hemi-
sphere (Henne et al., 2008a,b; IGACO Theme Team, 2004; Nisbet,
2007). This is partly due to the predominance of oceanic surfaces
but also due to the lack of monitoring stations on land and the
restricted number of dedicated field campaigns in many parts of
the Southern Hemisphere. A strong recommendation is to foster
partnership between Europe and countries in the Southern part of
Asia, America and Africa to ensure joint implementation of moni-
toring networks in these areas.

One of the drawbacks of ground-based networks is the limita-
tion to land surfaces. Although data are generated at a few island
sites, monitoring over oceans, which cover about 70% of the globe,
is sparse. To improve this, the Maritime Aerosol Network (MAN), for
example, was created to complement the AERONET sampling over
land. MAN supplies column information on AOD, Ångstrom
parameter and water vapour over data-sparse oceanic regions with
hand-held sun-photometers. An important issue here is a strong
link to other calibrated instruments.

Even spatial density of sampling sites is not the only relevant
parameter to assess the adequacy of a network – rather, it is the
representativeness of an observation for a given environment and
for a given period that needs to be assessed. In the following, we will
review the concept of representativeness and discuss ways to
improve spatial coverage.

5.2.2.1. Assessment of the representativeness of in situ observa-
tions. In situ measurements characterize a particular volume of air
at a particular point in time and space, hence – as a function of time
– the particular location where the sampling takes place.
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Consequently, the choice of location and whether and when it is
adequate to answer particular questions is critical. The issue of
representativeness of in situ observations is central in the identi-
fication of gaps in observation strategies.

Representativeness has been defined as follows: ‘‘the area in
which the concentration does not differ from the concentration
measured at the station by more than a specified amount can be
called the area of representativeness of the station’’ (e.g. Henne
et al., 2008a,b; Larssen et al., 1999). A slightly different approach is to
define a point-to-area representativeness, where a point measure-
ment q is representative of the average Q in a larger volume if the
probability Pr of the squared difference between point and volume is
smaller than a certain threshold d for more than 90% of the time
(Nappo et al., 1982).

Pr½ðq� QÞ2� d2� � 0:9 (1)

Basically this repeats the statement of Larssen et al. in a more
quantitative form. The maximum tolerable difference d has to be
assessed for every individual variable; it should not be smaller than
the uncertainty of the measurement. In addition, the area (or volume)
of interest will vary with application. For the inter-comparison of in
situ (point data) and model simulations or remote sensing data
(volume data) and for data assimilation purposes, the measurements
need to be representative in the sense of the definition given above to
successfully derive meaningful results. Typical spatial scales for
representativeness based on subjective experience range from metres
(for polluted traffic sites) to hundreds of kilometres for background
remote sites. Properties with large spatial variability need spatially
dense networks, and properties with large temporal variability need
more frequent measurements. For instance, an atmospheric column
property measured at a mountain-top is likely to underpredict the
regional average, whereas a locally polluted site is likely to over-
estimate the regionally averaged column amount.

For the assessment of regional representativeness or biases (e.g.
orography, pollution), regional averages derived from satellite
observations at different spatial scales (e.g. 1, 3 or 10 deg lat/lon)
can be related to those at a local scale (e.g. 10 km), at times when
data at the local scale are retrieved. As long as the ratio stays close
to 1, the local data are representative for the larger scale. The overall
retrieval accuracy is less of an issue, since differences can be
examined. For the aerosol optical depth (AOD) many satellite data
sets with spatial pattern information are offered. The multi-annual
(2000–2007) MISR data set seems particularly useful, because it
offers global coverage (snow and ice covered areas excluded). For
the regional assessment with satellite data both the average
relative error (E ¼ S (abs(regional � local)/local)/S #) and the
average relative bias (E ¼ S ((regional � local)/local)/S #) are
determined on a monthly and seasonal basis. Then, based on
particular thresholds for the error and bias all sites are rated. For
other properties, such as aerosol composition data a similar
approach could be applied by looking at the consistency of how
pre-defined aerosol models in satellite retrievals are chosen. Once
scores for quality and representativeness are in place, (statistics of)
similar data of different locations can be combined. In order to give
modelling a hand, it seems desirable to place these data on
a regular grid to simplify comparisons with model simulations.
Examples of such 1 � 1 lat/lon gridded products for mid-visible
AERONET properties for AOD and absorption AOD and Ångstrom
parameter on a seasonal basis are given in Fig. 19.

5.2.2.2. Monitoring sites and field campaigns near emission
sources. Apart from regionally representative observations,
measurements close to sources, inparticular the so-called mega cities,
are needed both from a health perspective and in order to improve
composition change, Atmospheric Environment (2009), doi:10.1016/



Fig. 19. 1 � 1 (lat/lon) gridded seasonal aerosol column properties based on multi-annual monthly statistics by ground-based sampling under cloud-free conditions during the
daytime by sun-/sky-photometry (of AERONET, SKYNET and GAW networks). The placement of site data on this coarse regular grid was associated with individual site scores for
data quality and regional representation. Sites with better regional representation were allowed to define properties at adjacent grid-points, which explains the different spatial
domains associated to individual sites. Plots are provided for mid-visible properties (550 nm) of AOD (left), and Ångström parameter (right).
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emission estimates. There is a lack of atmospheric observations
particularly in Eastern Europe, Russia and the Tropics (Nisbet, 2007).
If such observations exist, they are not included and recognized by
international monitoring programs and are often of unknown quality
(e.g. the Russian filter instruments for ozone and AOD).

China and India, in particular, are emerging economies with
hugely increasing emissions. Both countries as well as the whole of
Africa are severely undersampled, and the most consistent infor-
mation currently comes from satellite observations. Unfortunately,
the Tropics in particular are characterized by very frequent cloud
coverage. This makes satellite observations difficult and less reli-
able, and calls for enhanced efforts related to in situ measurements,
both long-term and intensive campaigns. The Bodele Experiment
(BodEx) (e.g. Giles, 2005; Todd et al., 2007) in the north of Chad in
Africa showed the importance of such field missions close to the
sources to avoid the impact of mixing of emissions with pollution in
the boundary layer downwind.

Concerning mineral dust in Africa, this means investigating
more eastern areas of the Sahara because the chemical composition
of mineral dust changes from the northeast corner to the south-
west. The eastern Sahara is also important because dust is
frequently transported from that region to Southeast Europe.
Mineral dust transported from the Arabian Peninsula across, e.g.
the northern Indian Ocean could be the focus of future activities, as
well as desert areas in central Asia such as Gobi and Taklamakan.
Most present data are from observations downwind of the sources
where mixing with anthropogenic pollution has already occurred.
The Asian Dust Lidar Network (ADnet) (Sugimoto et al., 2005)
provides geometrical and optical parameters of Asian dust plumes,
but the data products are still rather limited. In fact more data on
dust from various areas of China upwind of the strongly populated
coastal areas are needed.

Next to mineral dust, forest fires and the burning of grassland is
an important large-scale natural source of aerosol particles and
gases. Most of our data on forest-fire smoke in boreal areas come
from long-range transported smoke plumes, observed thousands of
kilometres downwind of the fire sources. EARLINET data (Mattis
et al., 2008) have demonstrated the need for going much closer to
the source regions in the framework of dedicated field missions.
Forest-areas in Siberia are a blind spot that the lidar network
CisLiNEt (Chaikovsky et al., 2008) does not cover adequately due to
the sparse number of lidars in the network and the forested area in
Siberia and Western Russia. Satellite data lidar observations in
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southeast Europe have also indicated that the burning of agricul-
tural waste must generate enormous amounts of aerosol particles
and gases but emission rates and composition, in particular for the
aerosol fraction, are poorly known.

5.2.2.3. Measurements in the free troposphere (mountain sites,
aircraft). Many atmospheric variables have strong vertical profiles
as a result of dynamic or chemical processes and a strong vertical
distribution of sources and sinks (e.g. most sources are at ground
level). The transformation of column density into in situ concen-
trations requires information on the vertical structure of the
atmosphere. Aircraft and balloon observations present an oppor-
tunity for characterizing vertical profiles during ascent and descent,
but they usually provide poor temporal coverage, insufficient for
long-term trend analysis (Thompson et al., 2004).

Data from fixed platforms at various elevations have been
combined successfully to reconstruct vertical profiles (Schaub et al.,
2006). Fixed platforms at higher elevations are, however, often
influenced by the diurnal or seasonal variation of the planetary
boundary layer (PBL) height, an important parameter that charac-
terizes the vertical structure of the atmosphere. Injection of PBL air
into the free troposphere by thermal convection (mountain vent-
ing) has been documented to be a highly important mechanism of
vertical exchange for alpine sites (Henne et al., 2005). Hence,
approaches to identify free tropospheric air include concurrent
measurements of species with well defined vertical profiles (H2O,
O3, NOx, etc) and diurnal variations, as well as the use of models.
Because of its importance, cheap methods for determining the
variations in PBL extent are still needed.

Observations of the free troposphere are needed to understand
long-range transport, climate change, trends in the oxidizing
capacity of the atmosphere, and as a ‘baseline’ for the character-
ization of atmospheric chemistry and physics (IGACO Theme
Team, 2004; WMO, 2007). GCM-CTMs have advanced to the point
where they are able to predict ‘background’ concentrations
adequately, but miss events. These are relevant for air quality.
There are large gaps in our understanding of the role that
hemispheric transport plays in regional air quality (http://www.
htap.org). Continuous, long-term measurements of the free
troposphere – spatially more representative than observations
from within the boundary layer – are also needed for satellite
validation. Key compounds include PAN, NMHCs, OVOCs, BC and
various other aerosol variables.
composition change, Atmospheric Environment (2009), doi:10.1016/
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Table 4
List of gas measurements recommended by GAW and EMEP (WMO, 2007). The
detailed list of VOCs recommended can be found in WMO (2007).

Property or chemical variable Context

Air
quality

Oxidation
efficiency

Climate Strat. ozone
depletion

O3 (ozone) - - - -

CO (carbon monoxide) - -

j(NO2) - -

j(O1D) - -

H2O (water vapour) - - - -

HCHO (formaldehyde) - -

VOCs (volatile organic compounds) - -

Active nitrogen: NOx ¼ NO þ NO2 - - -

Reservoir species: HNO3 - - - -

N2O -

SO2 - -

Active halogens: BrO, ClO, OClO -

Reservoir species: HCl, ClONO2 -

Sources: CH3Br, CFC-12,
HCFC-22, halons

- -

CO2 -

CH4 - - -
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Intensive aircraft missions provide important free tropospheric
data and can help in the validation of satellites, but they are not
useful to identify long-term trends. Routine aircraft missions such
as CARIBIC (Brenninkmeijer et al., 2007) and MOZAIC provide
extremely valuable data sets of a number of key species with
sufficient measurement frequency that will be more useful to this
end. Even though the certification of measurement equipment
aboard commercial airliners is a huge burden, limiting the ability
to adapt to emerging observation techniques, both projects
continue for now as part of the preparation phase of a proposed new
research infrastructure IAGOS-ERI (Volz-Thomas and the IAGOS
Team, 2007, http://www.iagos.org, http://cordis.europa.eu/esfri/).
Through IAGOS-ERI, observation capabilities are extended to
include cloud particles, aerosols, nitrogen oxides (NOx), and
greenhouse gases (CO2 and CH4) with a compact package of
airborne systems. IAGOS also explores new technologies like cavity
ring down spectroscopy to build a future generation of a very small
instrument package (<20 kg) measuring several species. With
improved transmission, availability and usability of data, routine
aircraft observations will be fully integrated in the GMES Atmo-
spheric Service. IAGOS promises to narrow the gaps in free tropo-
spheric observations of key species, however the size of the fleet
will largely depend on the availability of long-term funding.

5.2.3. Gaps in in situ observations
In situ observations are still the back-bone of long-term atmo-

spheric monitoring. Specific challenges exist for an observing
system that aims to characterize atmospheric states with regional
resolution and global coverage, and to support predictions of future
changes:

	 The long-term stability of measurements is especially critical
for short-lived species such as aerosols and certain reactive
gases, because changes in anthropogenic emissions will have
a significant effect on regional climate evolution. To detect such
trends requires high precision and accuracy.
	 Historical measurements are crucial for attribution studies.

However, their quality is often poorly documented and their
interpretation therefore difficult. For example, higher detection
limits in early records may introduce a positive bias in reported
concentrations.
	 Records of at least 10 years are needed to relate atmospheric

forcing components to observed changes in climate. This
requires a long-term measuring capacity.
	 Long-term intercomparison of instruments across continents

and countries and traceability to a common standard are
needed since climate effects are generally global and require
a global description of atmospheric composition.
	 Atmospheric measurements require very specific expertise and

data processing. The multitude of methods and operators has
prevented the appearance of simple databases, and data
quality, storage and availability need to be improved.
	 Wet removal is dominant for a large part of the aerosol particle

spectrum but also of key reactive gases (see Fowler et al., in this
issue), in particular the anthropogenic fraction. Wet removal
has not been the focus of recent intensive studies and would
deserve to be revitalized.

With these considerations in mind, we can identify major gaps
in current observing capacity for in situ measurements of gases and
aerosol species.

5.2.3.1. Gaps in in situ gas measurements. Table 4 lists the
measurements recommended by GAW and EMEP and identifies the
key properties and chemical variables governing atmospheric
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composition. Comprehensive monitoring of these by in situ and
remote-sensing techniques is deemed crucial for our under-
standing of atmospheric processes and trends.

Rapid increases in industrial pollutants over Asia (Richter et al.,
2005), and trends in background surface O3 e.g. in the Eastern
Pacific (Jaffe et al., 2003; Parrish et al., 2004) and in Switzerland
(Brönnimam et al., 2002; Ordoñez et al., 2005) have been observed.
Ozonesonde data (e.g. from Boulder, Colorado, U.S.A.) do not exhibit
these long-term changes (Oltmans et al., 2006), however, it is
recognized that the limitation to weekly observations reduces the
ability to detect trends, e.g. (Jaffe and Ray, 2007; Weatherhead et al.,
1998). It is still unclear if these trends are linked to changes in Asia,
climate, or regional photochemistry.

For long-lived species (e.g. CH4, CO2), the advent of recent
satellite missions (in particular IASI and GOSAT) may satisfy the
need for global coverage for the next decade. However, a full
understanding of the global carbon cycle requires continuous
observations to characterize the diurnal variation of sources and
sinks. The upcoming ICOS project (http://icos-infrastructure.ipsl.
jussieu.fr/) will provide significant harmonization of efforts.

Concerning reactive gases, the current suite of satellites includes
sensors for the observation of a large number of relevant oxygen,
nitrogen, sulphur, hydrogen, carbon and halogen species (http://
accsatellites.aeronomie.be/Missions.html). For some of these
species, the diurnal variation is so substantial (e.g. because it is due
to photochemical production and destruction) that a process-level
understanding of the physicochemical behaviour requires contin-
uous observations with at least hourly resolution. At present, this is
only provided by ground-based instrumentation and the density of
the networks varies a great deal geographically as well as by
parameter. Satellites can be of value in tracking long-term changes
(Brunner et al., 2006; Fioletov et al., 2002; Konovalov et al., 2008),
but there is an inherent uncertainty related to sensor drift and the
limited possibilities for regular calibration that is very difficult to
overcome.

At present, trends in oxidants are difficult to evaluate, the
effects on health and ecosystems are very large, and it is striking
to see that very few countries operate monitoring systems
enabling an evaluation of oxidant precursors (NOy-species and
VOCs). Such measurements are required according to the EMEP
and GAW monitoring strategies. The role of VOCs in secondary
organic aerosol formation is a key one. To be most effective
composition change, Atmospheric Environment (2009), doi:10.1016/
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oxidant precursor measurements should, thus, be co-located at
the EMEP-GAW joint supersites.

5.2.3.2. Gaps in in situ aerosol measurements. Aerosols are involved
in many key processes governing, e.g. the atmospheric radiation
budget, water cycle, and chemistry, which in turn affect human
health, traffic systems, and development of ecosystems, but for lack
of observational capabilities, the present understanding is insuffi-
cient to properly assess their role.

A list of comprehensive aerosol measurements with a subset
of core variables (printed in bold) has been recommended by
the GAW Scientific Advisory Group on Aerosols for long-term
measurements in the global networks (see Table 5). GAW
recommendations are similar to those provided by EMEP and
emphasize the links between remote sensing and in situ data
measurements.

The most obvious gaps in present networks are the CCN
measurements, with only about 3 stations with a long-term
commitment in the GAW network. It is hoped that the situation can
be improved with the recent availability of a commercial CCN
counter (Droplet Measurement Technology). A second major gap is
related to measurements of OC and EC (organic and elemental
carbon, two major chemical components), and the light absorption
coefficient. Chemical discrimination between OC and EC presently
yields highly different results depending on the method chosen.
The current methods for determination of the light absorption
coefficient depend on the deposition of the aerosol on filters and
suffer from artefacts. Research is going on to provide appropriate
correction algorithms.

Many aerosol properties depend on relative humidity. Hygro-
scopicity tandem differential mobility analyzers (HTDMAs), which
measure the increase of the particle diameter as a function of
relative humidity were developed more than 20 years ago,
however, inter-comparisons of different instruments have only
been performed recently (Duplissy et al., in press). The aerosol
scattering coefficient varies even more strongly with relative
humidity than the diameter, and adequate instrumentation has not
been available in Europe until recently (Haywood et al., 2008).

While the long-term measurements mainly aim at providing
a climatology and detecting trends, short-term campaigns are
needed to characterize the underlying processes, in particular the
identity, concentration, formation pathways and possible roles in
affecting surface tension, optical properties, reactivity and CCN
activity of SOA. Recent field and chamber studies suggest that
complex organic matter contains organosulphates, amines, organic
nitrates and other species that have not yet been well studied.
Table 5
List of comprehensive aerosol measurements with a subset of core variables (printed
in bold) that are recommended by the GAW Scientific Advisory Group on Aerosols
for long-term measurements in the global network (WMO, 2007).

WMO/GAW continuous measurement
Multi-wavelength optical depth
Mass in two size fractions
Major chemical components in two size fractions
Light absorption coefficient
Light scattering coefficient at various wavelengths
Hemispheric backscattering coefficient at various wavelengths
Aerosol number concentration
Cloud condensation nuclei at 0.5% supersaturation

Intermittent measurement
Aerosol size distribution
Detailed size fractionated chemical composition
Dependence on relative humidity
CCN spectra (various supersaturations)
Vertical distribution of aerosol properties
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Analytical methods to extract, identify and quantify these
compounds need to be improved. Quantitative field measurements
at fairly low detection limits and characterization of these
compound classes as well as of HULIS, WSOM, WISOM, nano-
particles, new tracers, functional groups etc. are needed. Techniques
for high time resolution of more components, e.g. tracers of func-
tional groups, and mobile platforms are needed to study aging
processes and validate Eulerian type models.

Nucleation of new particles is recognized as a widespread
phenomenon but the identity of the main nucleating agents and
exact mechanisms of initiation and growth are not well known.
The increased use of nano-materials also calls for improvements
in this area. The minute mass of the nucleation mode particles
presents a formidable challenge to observation and new instru-
mentation is urgently required. The missing parameters need to
be studied in several different environments (urban, rural,
remote locations) in order to adequately include nucleation in
models.

As mentioned previously, little development in sampling and
analysis of precipitation has been made over the past decades,
despite the continuing need to quantify wet deposition to
ecosystems. The best available technique for sampling is still to use
‘wet-only’ collectors that provide daily (or shorter) time resolution
and maintain samples refrigerated to minimize chemical and
biological degradation of the collected sample. However, this type
of sampler is necessarily bulky and prone to under-sampling small
wind-blown droplets. Therefore, networks of precipitation
samplers more usually use bulk samplers, although these suffer
from dry deposition of material onto the collector surfaces between
precipitation events, and in general do not prevent degradation of
the samples with time.

5.2.4. Gaps in remote sensing from the ground
5.2.4.1. Aerosol lidars. Lidar remote sensing is the most promising
tool to address an observational gap regarding the vertical profile
of aerosol optical and microphysical properties, and significant
progress has been made. However, many parts of the world are
undersampled; lidar technology needs to be improved and
different observation techniques need to be better integrated.
Intensive field campaigns in unexplored or not well covered
regions closer to aerosol sources are of highest priority.

5.2.4.1.1. Measurements in the ultraviolet and infrared regions. To
better resolve particle size distributions and to reduce the uncer-
tainties of the retrieved microphysical parameters, present-day
multi-wavelength Raman lidars need to expand into the ultraviolet
and infrared range of the electromagnetic spectrum. Mie-scattering
theory states that measurements at wavelengths on the order of the
size of the investigated particles are needed to obtain size resolved
information of the scattering particles. Size-resolved observations
are presently limited to approximately 100–150 nm particle
diameter at the lower end of the particle size spectrum, and recent
tests suggest that the resolution of the size distribution for Aitken
mode particles can be improved by extending observations to
wavelengths as low as 266 nm.

Results on particle size distributions for large particles mainly
rely on measurement of sun radiation in the forward scattering
regime (Dubovik and King, 2000). AERONET results are inverted to
particle size distributions up to 30 mm particle diameter (Dubovik
et al., 2002). Lidar retrievals are presently restricted to particle
effective radii less than 2 mm due to the maximum available
measurement wavelength of 1064 nm(e.g. Veselovskii et al., 2005)
limiting the particle microphysical characterization to the fine-
mode fraction (e.g. Müller et al., 2004; Böckmann et al., 2005;
Veselovskii et al., 2002, 2004). Measurements at greater wave-
lengths may be possible, but the need to separate molecular
composition change, Atmospheric Environment (2009), doi:10.1016/
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scattering from the particle scattering is problematic in height
ranges where molecular scattering is dominant. In addition,
determination of the particle backscatter coefficient requires
knowledge of the particle extinction-to-backscatter ratio, which
varies significantly at wavelengths of 355 and 532 nm (Müller et al.,
2007a,b). Extremely weak signals from Raman scattering on
molecules need to be detected and call for instrumentation with
increased sensitivity. Novel detectors for near-infrared wavelengths
have recently become affordable and the concept appears attractive
enough to be tackled in the coming years.

Significant deficiencies still exist in our ability to characterize
the vertical profile of the liquid phase, to distinguish ice crystal
habits, and to understand aerosol–cloud interactions. An increase
in aerosol tends to decrease cloud drop size and increase cloud
reflectance, but many questions remain concerning the importance
and the controlling parameters of this process (Feingold et al.,
2006). Multi-wavelength and multi-angle Raman lidar systems in
combination with passive instruments hold a potential to address
the modelling of the physical processes occurring at the base of
clouds involving aerosols, and to retrieve information about
condensed mass and hydrometeors size distribution for both the
liquid and the ice phase.

5.2.4.1.2. New data products. The future generation of aerosol
lidars will be able to provide new data products in addition to
backscatter and extinction coefficients. In particular, the particle
phase function can be obtained from so-called bi-static lidar
systems. Although not a new data product in a strict sense, we also
have to consider particle depolarization measurements at several
wavelengths. At present, lidar systems in general only employ one
measurement wavelength to infer the so-called linear particle
depolarization ratio. Observations as part of the Saharan Mineral
Dust Experiment (SAMUM) (Freudenthaler et al., 2009) suggest
that an improved characterization of non-spherical mineral dust
particles is possible, if we use at least two measurement wave-
lengths. Work in that regard has just begun, and it is not yet clear
how many measurement wavelengths are needed, and in which
range of the electromagnetic spectrum they should be situated.
Finally, the detection of Raman scattering from aerosol particles
could allow the detection of specific types of particles on the basis
of their chemical composition. In this concept it is assumed that the
wavelength of the Raman scattered signal is characteristic for
different components. The first such measurements were made for
Asian mineral dust (Tatarov and Sugimoto, 2005; Tatarov et al.,
2006). However, the Raman scattered signals are extremely low,
and it remains to be seen if this measurement technique works for
particle types other than mineral dust.

5.2.4.1.3. Lidar measurement under daylight conditions. The
majority of information on aerosol optical and microphysical
particle parameters currently comes from observations at night
time. Detailed studies on the diurnal variation of aerosol properties,
the effects of mixing of air in the planetary boundary layer during
sunrise and sunset, and comparisons with passive aerosol sensors
onboard (sun-synchronous) satellites such as NASA’s A-Train
mission are presently rather limited. For satellite validation, AER-
ONET sunphotometers are currently indispensable, and the daylight
limitation severely constrains the value of aerosol Raman lidar
measurements in this context.

5.2.4.2. Gaps in remote sensing of gases from the ground. Develop-
ment of remote sensing capabilities for aerosol species should
be complemented by similar developments for gaseous species.
Progress is being made to optimise the current FTIR and MAX-DOAS
networks for observations of tropospheric composition. Efforts are
also ongoing to make the networks more consistent internally, e.g.
by designing common retrieval strategies. Both networks should
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evolve in the next decade both in term of spatial representativeness
and technological developments.

5.2.4.2.1. FTIR observation network. Present FTIR networks are
working on the improvement of retrievals in the upper troposphere
and lower stratosphere (UT/LS), on the detection of greenhouse
gases, on the precision and the automation of the measurements,
the standardization of the retrieval techniques, and the capabilities
of observing under cloudy conditions.

Better constraints on the water vapour in the UT/LS range are
important because of its impact on the radiative budget and to
answer questions about the transport pathways of water vapour
from the troposphere into the stratosphere. FTIR spectrometry is
capable of retrieving vertical profile information up to the upper
troposphere (Schneider et al., 2006a; Schneider and Hase, 2009),
but it is a challenging, ongoing task. Ground-based solar absorption
FTIR spectrometry can provide the total column of ozone with
a precision that equals that of Brewer instruments (w1 DU)
(Schneider et al., 2008a,b; Schneider and Hase, 2008). However,
this requires careful control of the experiment (e.g. a high precision
of the solar tracker) and the simultaneous retrieval of the
temperature profile in the atmosphere, which is not straightfor-
ward. There is a need to implement these advanced techniques at
more sites.

Progress is needed towards automation of the measurements
because manual observation and retrieval is too costly, often not
standardized, and too slow. In the meantime, several sites have
implemented remote control or automatic operation of the obser-
vations (e.g. Neefs et al., 2007; Hannigan et al., in press), which has
increased the number and sustainability of observations and
enables contributions to the GMES Atmosphere Service.

The near-infrared spectral region offers advantages for trace gas
measurements from both a spectroscopic and instrumental point
ofview (e.g. Washenfelder, 2006). Recent work has shown that
dry-air column-average CO2 and CH4 volume mixing ratios can be
retrieved with high precision (Dufour et al., 2004; Yang et al.,
2002; Warneke et al., 2005). The CO2 column abundance can be
retrieved with a precision of w0.1% under clear-sky conditions
(Washenfelder, 2006), and the tropospheric column-average CH4

volume mixing ratio with a precision of w0.5% (Dils et al., 2006).
Column measurements are insensitive to vertical mixing and
diurnal fluctuations in the boundary layer and models predict that
a few column measurements at carefully selected sites could
constrain the global carbon budget. Consequently, the objective of
the Total Carbon Column Observing Network (TCCON), currently
consisting of about 10 operational sites (http://www.tccon.caltech.
edu/) is to contribute to the evaluation of the global carbon budget
and to support satellite experiments like SCIAMACHY and GOSAT
that use the same absorption bands in the near-infrared.

Finally, the extent to which FTIR measurements can be extended
beyond clear-sky conditions is being investigated. Slight pertur-
bations of the sky during the recording of the interferogramme can
be corrected based on a recording of the solar light intensity
(Washenfelder, 2006). Efforts are ongoing to verify the applicability
of this method in order to enable observations under more variable
sky conditions.

5.2.4.2.2. MAX-DOAS observation network. The MAX-DOAS
technique for passive trace gas remote sensing in the UV–visible
region requires an optimal compromise between the number of
angular directions sequentially observed during one scan and the
time resolution of the measurements. A more systematic and
rigorous assessment of the information content of the technique and
the error budget are needed. These should involve appropriate
correlative in situ, ground-based and airborne observations, the latter
being needed to assess the profiling capabilities of the MAX-DOAS
technique. Retrieval algorithms for trace gases and aerosols should
composition change, Atmospheric Environment (2009), doi:10.1016/
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be standardized between networks to facilitate use of common
methods and tools and to improve comparability. The combination of
MAX-DOAS measurements of the scattered sky light with direct-sun
measurements is expected to improve the accuracy of total column
measurements and therefore to provide better constraints on the
vertical profile. More advanced radiative transfer models need to be
developed for a better exploitation of additional parameters such as
the Ring effect and the degree of polarization of the sky radiances
that are (potentially) accessible to MAX-DOAS observations. Such
measurements are expected to improve, in particular, the determi-
nation of aerosol content and properties (Wagner et al., 2004).

Some obvious gaps in spatial coverage of trace gas measure-
ments could be alleviated by MAX-DOAS observations. For
example, more measurements of HCHO and glyoxal are needed in
regions with anthropogenic, biogenic and pyrogenic emissions. A
larger number of MAX-DOAS systems should be deployed to
improve the sampling of gradients in NOx emissions.

Strategies are needed for the deployment and better exploitation
of MAX-DOAS instruments for the validation of satellite instruments
like OMI, SCIAMACHY, GOME-2, etc. One of the main challenges in
this regard is the measurement of spatial gradients, which are very
often seen differently from space and from the ground (e.g. Leigh
et al., 2007; Brinksma et al., 2008). The deployment of travelling
instruments or small-scale networks may offer solutions and the
potential of the technique to resolve not only vertical but also hori-
zontal gradients in the measured trace gas concentration should be
explored. For this, specific radiative transport models and adequate
inversion techniques dealing with 3D effects will be needed.

5.2.5. Gaps in the observations of tropospheric composition
from space

Section 3.6 above reported the list of species available from
current UV–vis, NIR and TIR instrument observations. We are at the
early stage of measuring some other reactive species, such as
hydrocarbons, that are present in low concentrations and hence
difficult to detect by satellite. Some of them are aerosol precursors
and could be important for better understanding the processes
behind SOA formation in different regions/conditions. Important
molecules for which improvement in instrumentation is necessary
to provide global distributions and knowledge of the photochem-
istry cycles include NOx reservoirs (e.g. PAN, .), hydrocarbons
such as isoprene and its oxidation products.

Spatial and temporal coverage are determined by the orbits from
which the instruments are operating and also by their scanning
mode. Satellites in polar Low-Earth Orbits (LEO, about 800 km
altitude) provide global coverage within a day at best, with
a maximum of two overpasses per day at a given geolocation for
infrared sounders, which measure both during day and night, and
one to two measurement per day for UV sounders. LEO satellites on
drifting orbits or a constellation of LEO polar orbiting satellites are
two means of improving the revisit time on the Earth. Geostationary
orbits (GEO, about 36 000 km altitude) would provide much higher
temporal sampling but would also restrict the observations to only
a part of the Earth. For meteorological applications, the combination
of LEO and GEO instruments is nowadays considered to be the most
appropriate solution to achieve a complete picture of the state of
the atmosphere (temperature, wind, humidity.). The same is
certainly true for observations of tropospheric chemistry which
aim, amongst other, at tracking fast chemical processes. Therefore,
several projects are currently being discussed to provide such
synoptic measurements also for trace species.

Spatial resolution is determined by both instrumental parame-
ters and the orbit. Current LEO instruments provide footprints of
down to about 15 km2 � 15 km2 at nadir for trace species. Further
reductions in pixel size are limited by the signal to noise achievable
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from the number of photons observed, and are already close to
what can be obtained by instruments given the limitations in size
and orbit. Spatial resolution can be further improved by increasing
integration time, which is possible from GEO albeit at a loss of
spatial coverage. Aerosol observations do not need high spectral
resolution and therefore can use data from hyperspectral imagers
already offering much higher spatial resolution today.

The vertical information content in the troposphere is very
limited in passive nadir UV/vis measurements in general.
Measurements in the thermal infrared can be inverted to provide
coarse vertical profiles, the quality of which depends strongly on
the spectral resolution of the measurements. A vertical resolution
of typically 6 km is achievable with current TIR space sounders
for O3 and CO, which could be improved to 4–5 km with
more advanced TIR instruments. By combining measurements in
different wavelength regions, such as UV and TIR for O3 or TIR and
SWIR for CO, the vertical information content could be further
increased but this has so far not been demonstrated for real data.
For some special cases, measurements under different angles and
polarization directions can also add height information. Highly
resolved vertical profiles are only achievable with active methods
(lidar) which are operating from space for aerosols but not yet for
trace species. However, these techniques have very limited spatial
coverage and therefore need to be combined with other measure-
ments to provide the global picture.

Continuity of measurements is mainly determined by the
availability of sensors and platforms. While currently several
instruments dedicated to atmospheric composition measure-
ments are in orbit, only a few of them have follow-up missions.
For long-term observations, a high degree of consistency is
needed and this can only be obtained from multi-instrument time
series by cross-calibration of the results during several months of
parallel operations as e.g. in the TOMS instrument series. Given
the long preparation time for new missions, this is a major
concern, in particular for high spatial resolution observations in
the UV/visible.

The requirements for maintaining and improving the space-
borne observation system and filling the existing gaps can therefore
be summarized as follows

	 to provide continuity of observations by planning and deploying
instruments before the end of the lifetime of existing sensors
	 to add geostationary observations or a constellation of low-

earth orbit measurements to improve spatial and temporal
resolution and to sample the diurnal variation in chemistry
	 to combine measurements from UV, visible and IR sensors for

optimum species coverage and improved vertical resolution
	 to develop novel multi-wavelength active systems to explore

the vertical distribution of trace gases and aerosols from space
	 to improve current instruments to be able to measure more

reactive species such as hydrocarbons or reactive N species
	 to make validation data sets available which facilitate valida-

tion of all the different satellite products, if possible under all
relevant conditions (latitude, longitude, season, pollution level)
and in near real time.
5.2.6. Gaps in data management
The adequacy of the existing observational networks for inte-

gration has been assessed by the IGACO report (IGACO Theme Team,
2004). The focus of the IGACO strategy, and of the WMO GAW pro-
gramme charged with its implementation, is on operational systems
providing continuity and reliability, and on setting priorities, in order
to establish a technically and programmatically feasible long-term
solution. The integration of more process-oriented observations
composition change, Atmospheric Environment (2009), doi:10.1016/
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derived from short-term campaigns certainly represents the most
difficult challenge in the integration of observational data. Unique
information on atmospheric composition, in particular data from
very valuable research-based campaigns performed in the 1990s, is
now lost to the scientific community due to the lack of integration
into world data centres. Process-oriented campaigns are in fact
a fundamental piece of the observing system in addition to the
network observations designed for longer term studies. They often
involve instrumentation that is not affordable for long-term studies,
especially if mobile platforms (aircraft, zeppelin, mobile van, etc.) are
involved. If such campaigns are performed simultaneously at
different sites they can possibly be linked by models, further
enhancing the value of an individual campaign.

An extremely promising technique that should be developed
further is the so-called assimilation of data (see Section 4 above).
Data assimilation should probably not be relied on for long-term
trend detection of atmospheric composition changes since it
involves numerical averaging that may cancel out detectable
changes, but it is a very powerful tool to improve (short-term)
predictions of atmospheric states. How does data assimilation help
the cause of integration? By casting physical reality in a mathemat-
ical model and combining this with observations, many different
types of observations can be utilized, and both the model and the
observations can be challenged. This approach offers novels ways for
satellite validation, but also supports the assessment of represen-
tativeness of point measurements (ground-based or airborne in situ)
and total column or profile observations (ground-based remote
sensing). It is extremely rare that operational measurements not
specifically targeted for satellite validation observe the same volume
of air at exactly the same time. Data assimilation offers a general way
to compare in situ and remote sensing observations, i.e. to integrate
information from various sources in a 4D (space and time) data
space that can subsequently be interrogated to answer both science
and policy relevant questions. To be meaningful, data assimilation
requires a realistic mathematical description of the physical and
chemical processes controlling atmospheric composition and
transport, as well as adequate observations management.

6. Conclusions: towards an integrated observing strategy

A suitable observing system is a pre-requisite for informed
decisions in a wide range of policy areas, including climate change
and air quality, but also for health, international protocols and
research requirements. Such an observation strategy therefore
responds to political, societal and economic challenges and to the
development of scientific knowledge. The challenges in designing
an observation strategy for the future are therefore tremendous and
range from technical issues like the instrumentation to be applied,
how to treat data etc. to more political matters like funding and
sustainability.

The IGACO report (IGACO Theme Team, 2004) has clearly set the
stage for the implementation of future atmospheric observation
strategies. The present paper has highlighted why observation
strategies cannot only be policy-driven, and it has indicated the need
for improving capacity for observation and analysis, and the need
for linking research, long-term monitoring and operational pro-
grammes, bringing together the producers of global observations and
the users that require them. In terms of atmospheric observations,
the most difficult challenge will be to combine satellite, airborne and
in situ observations in a way that adds more value to the whole than
can be provided by any individual component.

Clearly, the diversity of technical and organisational structures
and workflows implemented by different organizations and pro-
grammes continues to be a major obstacle for concerted approaches
towards the implementation of a European or global integrated
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system for atmospheric observations. In particular, the fragmenta-
tion of efforts essentially decreases the efficiency in harmonizing the
measurements and their quality, and in processing and providing
data. To fully exploit the collective capacity of atmospheric obser-
vations, an overall strategy with improved coordination is needed.
This will ensure a global level of standardization and interoperability
in line with the requirements and recommendations of the GEOSS
initiative (GEO 2005) and the priorities laid down in the GEO work
plan for 2007–2009 (GEO 2007).

Resolving the increasingly more complex atmosphere and
climate related science and policy issues is a major challenge, and
funding for the long-term studies required in to this end is often
inadequate. Still, EU initiatives performed within the capacities
programme have been extremely important to provide the tools for
research-oriented atmospheric chemistry network in the short
(EUSAAR, EARLINET) and potentially long (IAGOS) term. Initiatives
like the GEOmon project (Global Earth Observation and Monitoring
of the atmosphere), building a prototype for a future integrated
pan-European Atmospheric Observing System dealing with
systematic observations of long-lived greenhouse gases, reactive
gases, aerosols, and stratospheric ozone contributes to harmo-
nizing the main European networks of surface and aircraft-based
measurements of atmospheric composition parameters. These
activities will, in turn, feed the GEMS project (Global and regional
Earth-system (atmosphere) Monitoring using Satellite and in situ
data) to create a system for operational global monitoring and
medium and short-range forecasts of atmospheric chemistry and
dynamics. Detecting atmospheric trends of key atmospheric
compounds requires long (>10 years) high quality records. The
implementation of such a system is however jeopardized due to the
limited long-term sustainability of the research based initiatives.
The same consideration applies even more to other parts of the
world. Long-term commitment of national and international
funding agencies to maintain R&D efforts and funding for atmo-
spheric observations outside of policy-driven activities is of
fundamental importance.

Clearly, the existing observation capacities should be main-
tained and improved. A cautious redistribution of the in situ
observation effort in areas where density of information is more
than sufficient could free up resources for areas where information
is missing. Existing remote sensing platforms such as SCIAMACHY,
MIPAS, IASI, GOME-2 or GOMOS instruments have been crucial to
the characterization of atmospheric composition. Their limited
lifetime and the extensive time required for their replacement
implies that decisions about future observation capacities, in
particular in Europe, must be taken rapidly. The global coverage of
satellite missions and the need for additional in situ validation of
satellite sensors highlights the need for a more adequate spatial
coverage of in situ observations. As mentioned previously, the
existing in situ observation capacities are mainly based on infra-
structure operated at national level, mostly sustained in Europe by
the Member States and resulting in an evidently inadequate
distribution. Improving in situ measurement capacity for Air
Quality and Climate studies outside of OECD countries will be
a major challenge for the next decade. Development of autono-
mous samplers/analyzers, capacity building in Asia, Africa and
Latin America, relocation of observation capacity for specific
species (i.e. O3) will be among the priority actions. This should be
sustained on the one hand by improving international cooperation
in terms of cooperation between existing networks and data
centres. On the other hand, it is important that OECD countries
engage in providing financial and technical support to observation
outside their political boundaries through international and bilat-
eral agreements. There, a pan-state contribution to the observing
effort would be extremely beneficial. It is a strong recommendation
composition change, Atmospheric Environment (2009), doi:10.1016/
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to environmental protection agencies to contributing long-term
observation outside of their area of jurisdiction.

An integrated implementation of the IGACO recommendations
needs to complement and reach beyond these existing projects and
supply a true ‘‘system of systems’’ in the sense of GEOSS with
integrated, dynamic and highly efficient data management.
Improvements in global data management will also highlight and
identify areas of deficiency regarding the techniques and coverage
of observations themselves. A prerequisite for that is the use of
international standards for the description of metadata as defined
by ISO (ISO, 2003) and timely submission (where possible, in near-
real time) of observational data to international data archives.
Global catalogues of metadata maintained by the WMO Informa-
tion System (WIS) (http://wis.wmo.int/) will offer the possibility for
efficient discovery and retrieval of data and will significantly
improve our ability to make use of observational evidence to inform
both science and policy.
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Fisseha, R., Saurer, M., Jäggi, M., Szidat, S., Siegwolf, R.T.W., Baltensperger, U., 2006.
Determination of stable carbon isotopes of organic acids and carbonaceous
aerosols in the atmosphere. Rapid Communications in Mass Spectrometry 20,
2343–2347.
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Kaufmann, Y.F., Holben, B.N., Tanré, D., Slutsker, I., Smirnov, A., Eck, T.F., 2000. Will
aerosol measurements from Terra and Aqua polar orbiting satellites represent
the daily aerosol abundance and properties? Geophysical Research Letters 27,
3861–3864.

Kawamura, K., Watanabe, T., 2004. Determination of stable carbon isotopic compo-
sitions of low molecular weight dicarboxylic acids and ketocarboxylic acids in
atmospheric aerosol and snow samples. Analytical Chemistry 76, 5762–5768.

Khlystov, A., Wyers, G.P., Slanina, J., 1995. The steam-jet aerosol collector. Atmo-
spheric Environment 29, 2229–2234.

Kim, C.S., Okuyama, K., de la Mora, F., 2003. Performance evaluation of an improved
particle size magnifier (PSM) for single nanoparticle detection. Aerosol Science
and Technology 37, 791–803.

Kim, S.W., Heckel, A., McKeen, S.A., Frost, G.J., Hsie, E.Y., Trainer, M.K., Richter, A.,
Burrows, J.P., Peckham, S.E., Grell, G.A., 2006. Satellite-observed US power plant
NOx emission reductions and their impact on air quality. Geophysical Research
Letters 33.

Kim, S.W., Yoon, S.C., Dutton, E.G., Kim, J., Wehrli, C., Holben, B.N., 2008. Global
surface-based sun photometer network for long-term observations of column
aerosol optical properties: intercomparison of aerosol optical depth. Aerosol
Science and Technology 42, 1–9.
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Remer, L.A., Kaufman, Y.J., Tanré, D., Mattoo, S., Chu, D.A., Martins, J.V., Li, R.R.,
Ichoku, C., Levy, R.C., Kleidman, R.G., Eck, T.F., Vermote, E., Holben, B.N., 2005.
The MODIS aerosol algorithm, products and validation. Journal of Atmospheric
Science 62, 947–972.

Ren, X., Edwards, G.D., Cantrell, C.A., Lesher, R.L., Metcalf, A.R., Shirley, T.,
Brune, W.H., 2003. Intercomparison of peroxy radical measurements at a rural
site using laser-induced fluorescence and Peroxy Radical Chemical Ionization
Mass Spectrometer (PerCIMS) techniques. Journal of Geophysical Research 108,
4605.
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