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FOREWORD
From 30 January to 1 February 2006, the WMO/GAW Expert Workshop on Global Longterm Measurements of Volatile Organic Compounds (VOCs) was held in the World Meteorological
Organisation headquarters in Geneva. The Workshop was organized to support the Reactive
Gases component of the Global Atmospheric Watch (GAW) programme.
This Report, as a product of the Workshop, forms the basis of the GAW strategy of
supporting VOC measurements. As such it contributes to the next Strategic Plan of GAW for the
period 2008-2015. The organizing team was Stuart Penkett (Chair), Rainer Steinbrecher
(rapporteur) and WMO Environment Division staff (Slobodan Nickovic and Leonard Barrie). Prof.
Penkett is Chairman of the GAW Scientific Advisory Group for Reactive Gases and a Member of
the WMO/CAS (Commission for Atmospheric Sciences) Joint Scientific Steering Committee on
Environmental Pollution and Atmospheric Chemistry that advises the GAW programme. Dr
Steinbrecher is head of the GAW World Calibration Centre for VOCs supported by Germany. The
Report is composed of contributions by the workshop participants (See list in Annex B).
Reactive non-methane hydrocarbon
compounds commonly referred to as VOCs
play an important role in the chemistry and
therefore the oxidizing power of the
atmosphere, which in turn affects climate, and
air quality.
VOCs are emitted by the
biosphere and in various forms of air pollution,
such as motor vehicle exhaust etc. They are
removed from the atmosphere primarily by
reaction with the hydroxyl radical with coproduction of CO2 and H2O and many
intermediate products. They are responsible,
together with NOx, for the photochemical
formation of O3 and other photo-oxidant
pollutants including secondary organic
aerosol.
A complex mixture of several
hundred VOCs is emitted with half-lives
ranging from several months in the case of
C2H6, to hours for the most reactive ones,
such as isoprene or anthropogenic olefins.
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Oversight Advisory Groups Of Experts For All Aspects
of the Network

Figure 1:

The GAW measurement pyramid
of necessary components of a
global network.

The main importance of VOCs is in the lower troposphere, especially over and downwind of
populated areas. However several compounds have sufficiently long lifetimes to be transported
into the background atmosphere where their presence is supplemented by local emissions from
the biosphere both over land and over ocean. Only a few compounds, for example formaldehyde
(CH2O) have the potential to be observed by current or proposed satellite instruments. It is
therefore important and timely to institute at selected ground-based sites and from aircraft
platforms a long-term measurement programme of a subset of VOCs which are relevant to the
aims of the GAW, and which can be measured simply and accurately with existing technology.
GAW has long been mandated by WMO Members to coordinate long-term global
observations of atmospheric ozone, UV, greenhouse gases, aerosols, selected reactive gases and
precipitation chemistry (Strategic Plan: 2001-2007, Report #142 and addendum #156). It is the
practice of GAW to take care of all aspects of the GAW measurement pyramid depicted in Figure
1. GAW is taking the lead for WMO in implementing the Integrated Global Atmospheric Chemistry
Observations (IGACO) strategy that specifically targets VOCs as a priority for attention (GAW
report #159).
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VOCs as a GAW component were previously considered in 1995 at the joint WMO-German
Federal Research Ministry expert workshop (GAW Report # 111). Presently world wide, there are
some non-systematic VOC measurements scattered amongst a handful of laboratories and
research institutions which are largely uncoordinated.
This February 2006 Workshop at WMO in Geneva assembled a group of international
experts representing the atmospheric chemistry observational research community. It involved first
a selection of a target list of VOCs upon which GAW can focus. This report, reflecting the
consensus of the experts, is organized in sections concerned with components of the network,
which will be set up to make VOC measurements in GAW. This will include flask sampling
networks measuring a limited number of compounds, defined as core variables, and
comprehensive measurement sites where an extended set of compounds will be made using
continuously operating instruments. The network section includes regular aircraft programmes
making VOC measurements. Satellites with the capabilities for making a global type of survey of
the VOCs (including methane and formaldehyde) are listed in the IGACO report (IGACO, 2004).
The satellite capability is limited to a few compounds, hence the need for a global network of
ground-based stations supplemented by aircraft measurements.
Considerable time in the meeting was spent discussing the core measurements, which
could be made in the flask networks. Compounds were chosen by criteria devised to determine
their usefulness as tracers or aerosol precursors, and by their abundance in the background
atmosphere and the feasibility of measurement in air stored in flasks of different types. The
number of selected molecules is therefore much less than those defined in the earlier report (No.
111) which focused more on molecules concerned primarily with regional air pollution. The
rationale for inclusion of the target compounds is given in Section 3 of this report.
The report also contains sections concerned with a GAW Central Calibration Laboratory,
which will provide reference standards, and the World Calibration Centre, which will be responsible
for ensuring that data collected within the network by whatever means, is intercalibrated. Finally,
there is a section concerned with data archiving which will make use of the considerable expertise,
which is available in the VOC measurement community.
In general, references have been omitted since this document is designed to support the
case for a new network rather than contribute to scientific literature. It is a document which relies
on the known expertise of the writing team, with additional comments from the invited reviewers
(Johathan Williams, Max-Planck-Institut für Chemie, Mainz, Germany; Nicola Blake, University of
California, USA; Eric Apel, NCAR, USA and Jochen Rudolf, University of York, Canada).

Prof. Stuart Penkett
Chair
GAW Scientific Advisory Group
on Reactive Gases
University of East Anglia
United Kingdom

Dr Leonard Barrie
Director
Atmospheric Research and
Environment Programme Department
World Meteorological Organization
Geneva, Switzerland
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1.

THE NEED FOR A VOC NETWORK IN GAW (Stuart A. Penkett)

1.1

Introduction

The WMO Global Atmosphere Watch (GAW) programme is designed to monitor and
document changes in atmospheric composition over long time periods (decades). It has a globally
distributed network of stations measuring a range of important compounds including ozone, carbon
monoxide, carbon dioxide, methane, nitrous oxide and chlorofluorocarbons (and related
molecules). The network also measures atmospheric deposition, solar radiation and aerosols.
These measurements are made to aid assessment of ozone depletion, global warming, changing
climate, health impacts of pollutants, damage to vegetation etc, and as such constitute an
important part of the record of global change which has lead to international treaties to limit
emissions of atmospheric pollutants.
The various components of the GAW measurement suite are in different states of
development. Some, such as those for stratospheric ozone and greenhouse gases, are mature
with regular data collections and storage at designated data centres, and public access to the data.
Others are less mature or, in the case of some of the reactive gases, still in a development phase.
This is particularly so for the volatile organic compounds (VOCs). There has been some progress
with the VOC measurement programme following on from a WMO GAW report (WMO, 1995). A
GAW World Calibration Centre was established in Germany and measurements of a large range of
VOCs defined in the 1995 report are being made at two sites, Hohenpeissenberg (Germany) and
Pallas (Finland).
For the GAW VOC measurement programme to be effective it is important to expand the
presently modest network size. A possibility now exists to make use air collected from the NOAA
carbon cycle project, or other WMO GAW flask sampling activities, and to set up a more extensive
network focusing on selected compounds. It is also possible to supplement the number of VOCs
measured at a small number of existent measurement stations. The realisation of this network will
go a long way to bringing to fruition the intention of the GAW VOC measurement programme as
defined in the GAW Strategic Plan (GAW Reports # 142 and # 156).
The main purpose of making measurements of VOCs in a worldwide network is their use as
tracers of atmospheric emission, transport, mixing, chemistry, particle formation, scavenging and
deposition. This particularly includes identifying emissions from various source types (industrial,
biomass burning, etc), probing long-range transport, and quantifying chemical processing by
different types of radicals (hydroxyl, nitrate radical, halogens). Knowledge of their distribution, their
variation with respect to time and their correlation with other species can provide unique
information on the workings of the atmosphere. Furthermore, some VOCs are known to act as
precursors to aerosols, both sulphate and carbonaceous, which can play a role in global change. In
fact, lack of information on the distribution of these species introduces considerable uncertainty in
climate models.
1.2

Contribution of VOC Measurements to IGACO and to Long-Range Transport

The Integrated Global Atmospheric Chemistry Observations (IGACO, 2004) component of
the (Integrated Global Observing Strategy (IGOS) has selected VOCs as an important component
of its measurement requirement. These clearly are necessary measurements for helping to
understand several of the four grand challenges in atmospheric chemistry identified in the IGACO
description published in September 2004. The four challenges are:
i.
ii.
iii.
iv.

Tropospheric air quality
Oxidation capacity of the atmosphere
Stratospheric chemistry and ozone depletion
Chemistry-climate interactions
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VOCs play a major role in the first and fourth challenges either through the creation of
ozone or particulates. They can also highlight important processes, which contribute to the science
required to understand all four challenges. An important challenge, which could be added to the
four specified above, is the global assessment of long-range transport and associated chemistry of
substances that are either pollutants or are emitted into the atmosphere naturally. This has a very
large impact on the composition of the atmosphere, to its radiative properties, and to hemispheric
air pollution. VOCs are an essential component of the study of long-range transport due to their
roles as tracers of specific processes concerning both emission and atmospheric chemistry.
However, the short-lived character of trace gases with very low concentrations makes the task of
VOC measurements on a global scale challenging.

2.

STRATEGIES FOR A GAW GLOBAL VOC SAMPLING AND ANALYSIS
NETWORK
(Detlev Helmig, Christian Plass-Duelmer, Jan Bottenheim, Stefan Reimann)

The strategy for the implementation of a VOC Network in GAW presented in this document
builds on the previous WMO/GAW report No. 111 (1995) “WMO-BMBF Workshop on VOC Establishment of a World Calibration/Instrument Intercomparison Facility for VOC to the WMO
Global Atmosphere Watch (GAW) Programme”. Relative to the rather comprehensive review of
the scientific rationale and technical approaches presented in this first document, the purpose of
the current report is the outline of a VOC monitoring start-up programme using existing resources
and within a time frame of five years. The important components include a flask-sampling
programme (corresponding to the “GAW VOC Demonstration Network” in report no. 111), existing
and under-development on-line stations, existing aircraft and ship programmes, and underdevelopment total column observations.
2.1

Criteria for a GAW VOC Network Design

A range of different VOC compounds was discussed, taking into account their varying
lifetimes, low concentrations, and numerous sources. In order to wisely optimise the
implementation of the VOC monitoring programme, the following criteria for the design of the GAW
VOC network are suggested:
Geographic considerations
The geographical location of measurement stations should consider the Earth’s diverse
distribution of climate zones, ecosystems, land use forms and human populations. Observations
are desired in marine and continental environments. Polar regions, mid-latitude and equatorial
locations need to be included. Southern hemispheric sites are of importance for the study of
hemispheric transport and for comparisons and studies of the impact of higher population density
and industries in the northern hemisphere on air composition. Transects from coastal to continental
locations will yield information about continental emission sources. Coastal sampling stations, in
particular on the western coasts of North America and Europe will yield data on trans-oceanic
transport and processing of air pollutants. Data from monitoring at high elevation observatories will
generally better represent free tropospheric air composition.
Use of existing programmes and infrastructure
It is recommended that the VOC network makes use of existing GAW Global Stations and
other existing atmospheric monitoring infrastructure. Coordination with existing atmospheric
sampling programmes is highly desirable for many reasons. Costs for the implementation and
operation of a sampling and analysis programme would be very much reduced. Trained station
staff would be available for participation in the VOC network tasks. Data from concurrent
monitoring programmes already in operation at these sites would be highly valuable for the further
interpretation of VOC data.
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2.2

Monitoring Platforms

The synergistic use of four types of platforms provides the best opportunity for capturing
aspects of both the spatial and temporal global VOC distribution.
Continuous measurements at certain stations
In-situ monitoring at atmospheric observatories allows for frequent (several times per day)
sampling of atmospheric VOCs. Such measurements are highly valuable for the study of the
influences of diurnal and seasonal boundary layer changes and synoptic transport on VOC
distributions and concentrations. Typically, these continuous programmes allow for the highest
quality measurements. These stations should serve as ‘anchors’ (reference stations) for a flasksampling network. Also, these facilities will be an important resource for testing and future
deployments of new VOC measurement technologies (e.g. Differential Optical Absorption
Spectroscopy, Proton Transfer Mass Spectrometry).
Two types of observatories are envisioned:
• Readily accessible and permanently staffed observatories (e.g. the GAW stations at
Hohenpeissenberg, Rigi, Weybourne in Europe, Cape Verde Island in the Atlantic, and
CARE (Centre for Atmospheric Research Experiments), located in Egbert (Ontario,
Canada), and
• Automatic remote stations (e.g. Mount Pico, Azores, Portugal) which will only require
occasional site visits.
Locations and geographical details of proposed in-situ sites are shown in Figure 2.
Flask and Canister Sampling Networks
Next best to in situ monitoring is sample air collection in flasks for retrospective analysis in
certain laboratories. Even though not all compounds can be assayed this way, and even though
time resolution is reduced enormously, the application of this simple approach will still mean a
major advance for increasing our knowledge about important VOCs. Existing global greenhouse
gas flask sampling networks offer an excellent opportunity for the monitoring of VOC trends and
seasonal variations.
Often, in such programmes, a portion of the collected air sample remains in the flasks after
the analysis of greenhouse gases (and other trace gases, e.g. carbon monoxide) is completed.
The remaining air can subsequently be extracted for analysis of VOCs. The concurrent information
of greenhouse gas and VOC concentrations in the same sample allows for increased data
interpretation capabilities. Networks that offer promising opportunities for VOC sampling include
the NOAA (U.S. National Oceanic and Atmospheric Administration) glass flask sampling network,
the European EMEP (Co-operative Programme for Monitoring and Evaluation of the Long-Range
Transmission of Air) and the Canadian flask sampling network (see Figure 2 for details). Some of
these are a part of the GAW Global CO2 and CH4 Monitoring Network which is a comprehensive
network of the Global Climate Observations System (GCOS).
GAW clearly requires systematic long term monitoring. Mobile platforms cannot, a priori,
fulfil this requirement. However we have seen fairly systematic series of observations based on
trains (www.troica-environmental.com), on passenger aircraft (www.caribic-atmospheric.com) and
on ships (NOAA for instance http://www.cmdl.noaa.gov/dv/site/table.php). Therefore we briefly
discuss non-stationary observations below, including the important observations using satellites.
Mobile Platforms
Aircraft, ships and trains are increasingly being utilized as mobile atmospheric research
stations. Such platforms provide unique opportunities for the study of horizontal and vertical
distributions of VOC. These data are important for research on transport and identification of VOC
sources and sinks.
Several long-term monitoring initiatives from mobile platforms offer
opportunities for meeting GAW’s objectives. These include, for example, the European CARIBIC
programme, the Japan Airlines as a sampling network of Japan, NOAA’s ship-borne sampling in
3

the Pacific Ocean and possibly the light-aircraft profiling within the North-American Carbon
Programme.
Remote sensing
Satellite measurements are able to provide information on some important VOCs, e.g.
formaldehyde and glyoxal. Column densities for this VOC are provided from SCIAMACHY with a
global coverage. Since formaldehyde is mainly formed from atmospheric oxidation of other VOC
(especially biogenic), it represents a strong tool to identify both sources and atmospheric
processing of VOC.
Ground-based FTIR spectroscopy can provide information on column densities of selected
organic compounds, e.g. ethane and acetylene. Several instruments of the NDSC network retrieve
these compounds (e.g. Jungfraujoch, Mauna Loa) and provide valuable information on free
tropospheric trends and seasonal cycles. MAX-DOAS has the potential to measure vertical
columns of formaldehyde and is recommended to be used at selected locations, e.g. in the tropics
where enhanced formaldehyde concentrations are expected throughout the year. MAX-DOAS will
also be valuable for ground truthing of satellite retrievals.

Figure 2:

Proposed geographical distribution of the GAW VOC Network sites currently
operating in-situ (GC) observatories are at Rigi, Hohenpeissenberg, Egbert and Cape
Verde. Continuous VOC monitoring at Weybourne is in the planning/preparation
stage; the Mace Head and Mt Pico observatories have been operating intermittently.
The circles indicate the desired distribution of flask sampling locations. Brown
circles show the currently monitored sites within the NOAA/INSTAAR-CU VOC
programme. Blue circles indicate overlap with EMEP canister sampling sites. Dotted
circles show desired locations that currently are not covered by any of the existing
programmes.
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2.3

Sampling Protocols

Sampling protocols at the in-situ observatories and for the flask sample collection should be
harmonized to allow for best comparability of data. The following sampling strategies are
recommended:
In-situ
A minimum of two sample analyses per day is desired to capture diurnal cycles for the
shortest lived VOCs. Most automated procedures will be able to attain higher sample frequencies,
which will provide added insight into emission sources and boundary layer processes. Collection
times should be chosen so that one sample represents the fully developed daytime boundary layer
(noon – afternoon hours local time is suggested), while at least one other sample should be
representative for the local nocturnal boundary layer.
Flask sampling
Collecting air nearly simultaneously using pairs of flasks is advised for quality control
purposes. It is recommended that collection protocols between sites and networks are coordinated
as much as is feasible, e.g. sample collection should be at the same time of day (e.g. 13:00 hrs
local time) year-round. Flask samples should be collected once a week (optimum) and no less than
once per month (minimum requirement). Until prescribed at a later date, data from existing
networks will be accepted according to their standard operating procedure (SOP) for flask sample
collection provided that (a) the SOP conforms to GAW measurement guidelines, (b) proper cross
comparison is performed with the World Calibration Centre (WCC). SOP description should be
included in the metadata file that goes with the data.
2.4

Programme Integration

Integration (regular comparisons) between in-situ and flask sampling activities will be very
important. The in-situ VOC monitoring sites should be included in at least one of the flask sampling
networks to provide overlap for direct comparison between the two different monitoring
approaches. Flask samples should be collected at the same time as in-situ sampling.
Also, overlap between participating flask-sampling networks at least at one station is
desirable. Flasks or canisters should be filled in parallel, ideally including simultaneous on-line
sampling. Linking between mobile platforms and the station network should be achieved by the
same QA procedures as between on-line and flask sites.
2.5

Quality Assurance and Analytical Questions
Quality assurance (QA) should be based on two essential elements:
i.

ii.

Regular (minimum once per year) exchange of calibration standards and real air
samples among all laboratories involved in the VOC network (flask analyzing
laboratories and on-line laboratories of stationary and mobile platforms); this
programme should be coordinated by the GAW-WCC.
Comparison and evaluation of analytical results from the simultaneous on-line and flask
samplings performed at the on-line sites (see above).

Results from these analyses should be shared and compared within no more than two
month’s time. Results from these intercomparisons need to be properly documented and archived.
If disagreement between sites or networks is larger than the data quality requirements, further tests
and investigations will be undertaken to resolve and mitigate disagreements. The WCC should
coordinate these activities.
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Whilst the collection of air samples into flasks and canisters is a well established procedure,
several analytical questions remain to assure data quality. In particular, it is necessary to explore
to what extent flask sampling approaches will meet the objectives in this programme. The
following issues need to be addressed:
•
•
•
•
•
•

3.

Investigation of long-term stability (1 year) of the relevant VOCs in flasks.
Comparability of glass versus stainless steel flasks (including humidity dependence).
Investigation and documentation of precision and accuracy of analysis.
High analytical precision and accuracy of flask sample collection and analysis is
essential to capture long-term trends. Improvements in current technology are highly
desirable to attain this goal.
The well documented problems with the stability of the concentrations of alkenes and
aromatic compounds in flasks need to be resolved.
The suitability of flasks (both glass and steel) for collection of dimethyl sulphide,
oxygenated compounds (acetone, methanol, ethanol) and acetonitrile needs to be
further investigated.

CONSIDERATION OF VOCs FOR INCLUSION IN THE GAW PROGRAMME

VOCs provide much information on atmospheric properties which can be used by modellers
to validate their models. For GAW purposes it is not necessary to measure many VOCs since their
concentrations at typical GAW stations will be too low for them to be measured using the standard
technology. It is necessary to focus on compounds that are likely to be easily measurable in the
more remote atmosphere, and that provide information about vital processes such as the sources
of methane, the influence of biomass burning on atmospheric composition and, if possible, the
efficiency of atmospheric oxidation. The list of VOCs proposed by the Workshop (as presented in
the Table 1 below, with a rationale for each compound elaborated in Sections 3.1 – 3.4), is a
compromise intended to focus on measurements that can be achieved currently and
measurements that may be performed in the future. For instance, formaldehyde might be best
done with a combination of satellite and using DOAS technique at selected surface sites. The
proposed compound list is projected to be realized as a programme within the GAW Strategic Plan
Implementation period 2008-2014.
Table 1 was compiled at the workshop following an extensive discussion amongst the
participants who are current practitioners and have extensive knowledge of the analysis of VOCs
and use of VOC data in their studies of atmospheric processes. The table is, in effect, a summary
of what is currently possible and why it is necessary. It lists target molecules with their lifetime with
respect to hydroxyl radical chemistry, the reasons for their inclusion in the GAW database, their
currently known stability properties in containers of different materials, and the extent of the
measurement network which is feasible.
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Table 1:

The list of VOCs proposed by the Workshop.

Molecule

Lifetime

1. Ethane

(OH=1E6 cm )
1.5 months

Importance to GAW

Steel
flask

Glass
flask

Analysis
Method

Network Type

•
•
•
•
•

√

√

GC/FID

Global

√

√

GC/FID

Global

√

√

GC/FID

Global

?

?

GC/FID
PTr-MS

Africa
S and N. America
Europe

-

-

DOAS

-

-

biomass burning indicator
biofuel burning indicator
sources in the biosphere
(methane oxidation)
abundant oxidation product
tracer of alternative fuel usage

-

?

-

?

GC/MS
PTr-MS
GC/MS
PTRMS
GC/FID
PTR-MS

Small number of
sites in Tropics
for comparison
with satellites
Selected sites in
forested areas
Global

-

?

abundant oxidation product
free radical source in the upper
troposphere
major natural sulphur source
sulphate aerosol precursor
tracer of marine bioproductivity
tracer of combustion
biomass burning indicator
ratio to benzene used for air
mass age
precursor to particulates
chemical processing indicator
lifetime/ozone production
ratio provides impact of NO3
chemistry

?

?

?

-3

•
•
•
•
•
•
•

2. Propane

11 days

3. Acetylene

15 days

4. Isoprene

3 hours

5. Formaldehyde

1 day

6 Terpenes

1-5 hours

7. Acetonitrile

0.5-1 year

8. Methanol

12 days

•
•
•

9. Ethanol

4 days

•
•

10. Acetone

1.7 months

•
•

11. DMS

2 days

12. Benzene

10 days

13. Toluene

2 days

•
•
•
•
•
•

14. Iso and
normal Butane
15. Iso/normal
Pentane

5 days
3 days

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•

sources of methane
Natural sources
Biomass burning
Fossil fuel
Ocean production
(S. hemisphere)
Trend in size of seasonal cycle
Indicator of halogen chemistry)
source of methane
Natural sources
Biomass burning
Fossil fuel
Ocean production
(S. hemisphere)
motor vehicle tracer
biomass burning tracer
ratios to the other hydrocarbons
trends
biosphere product
sensitive to temperature/land
use/climate change
O3 precursor
Oxidizing capacity
precursor to formaldehyde
indicator of isoprene oxidation
biomass burning
comparison with satellites
trends
precursors to organic aerosols

GC-FID is Gas Chromatography - Flame ionization detection.
GC-MS is Gas Chromatography - Mass Spectrometry
DOAS is Differential Optical Absorption Spectroscopy
PTRMS is Proton Transfer Reaction Mass Spectrometry
√ indicates state of current practice
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Global

GC/FID
PTR-MS
GC/FID
PTR-MS

Global

?

GC/FID
PTR-MS

Global Marine

√

?

Global

-

?

GC/FID
GC/MS
GC/FID
GC/MS

√

√

Global

√

√

GC/FID
GC/MS
GC/FID
GC/MS

Global

Global

Global

3.1

Long-lived Hydrocarbons (Alistair Lewis)

Four longer-lived non-methane hydrocarbons are targeted in the network (see Table 1),;
these have strong anthropogenic sources, and are excellent indictors of the rate of continental
fossil fuel usage. Of the wide variety of VOCs released at the surface they are of the lowest
intrinsic reactivity and hence comprise the majority of primary VOC emissions, which are
transported and mixed into the background atmosphere. Their value in long term observations are
threefold; indicating the changing strength of continental sources, the dilution processes which mix
polluted boundary layer air into the background atmosphere and the wider trends in the oxidising
potential of the troposphere.
Ethane (C2H6) has a lifetime of 1.5 months at mid latitudes (throughout this report lifetimes are
given for a typical mid-latitude OH concentration of 1×106 molecules cm-³) and is the longest lived
of the non-methane hydrocarbons and by extension is found in substantial concentrations in
particular in the Northern hemisphere. The removal of ethane is primarily by the hydroxyl radical,
and it shows a strong seasonal dependence in concentration controlled by the seasonally changing
abundance of OH. Whilst the reactivity of ethane is relatively low, the magnitude of the seasonal
cycle is a sensitive indicator of hemispheric scale oxidising capacity. Long-term observations of
ethane therefore provide an opportunity to detect subtle changes in oxidising capacity through
changes in the amplitude of the observed seasonal cycle at background locations. The emission
sources of ethane are relatively well defined, and are strongly connected to natural gas (i.e.
methane) and biomass burning emissions. Long-term observations will allow for an independent
assessment of the change in the anthropogenic source strength. A final rationale for long term
ethane observations is that deviations from an OH driven sinusoidal annual cycle (e.g. by
comparison with CO) may indicate in some locations the strength and importance of Cl atom
processing and how this evolves over longer time periods.
Propane (C3H8) has an atmospheric lifetime of around 11 days and has a similar source
distribution to ethane plus notable emissions from liquefied petroleum gases. The key rationale for
determining propane in addition to ethane, is that since its lifetime is substantially shorter it does
not undergo inter-hemispheric transport, and is more constrained to a zonal region of emissions.
The seasonal behaviour in propane is also controlled primarily by OH radicals, with an amplitude
and variance which is greater than ethane but which should show consistent long-term changes in
line with ethane if oxidising capacity were to change over decadal timescales.
Acetylene (C2H2) has a similar lifetime to propane (15 days) but with differing source types. It is a
major indicator of vehicle exhaust, as well as having a strong but poorly defined source from
biomass burning. Reactivity is primarily with OH, but with a selective reaction channel associated
with Br atoms. A long-term record in acetylene will, depending on location, provide an opportunity
to determine the change in strength of anthropogenic combustion emissions and changes in
distribution and frequency of biomass burning emissions. Acetylene is the major marker used in
the calculation of airmass ages and air processing when compared to shorter-lived VOCs such as
butanes and pentanes and to CO.
Benzene (C6H6) has an atmospheric lifetime of 10 days at mid latitudes, comparable to propane. It
has major petrochemical sources (both evaporative and combustion) as well as a strong source
from biomass burning. It is a particularly useful tracer since it reacts almost exclusively with OH
and can be used as a reference compound when comparing the effects of oxidants such as NO3
and halogens on other hydrocarbons.
3.2

Short Lived Anthropogenic Hydrocarbons (Alistair Lewis)

Five hydrocarbon species with predominant anthropogenic sources and with lifetimes less
than 1 week are also proposed to be included in the GAW VOC programme. These species act as
tracers for emissions regions and source strengths as well as indicating the extent of atmospheric
oxidation on synoptic scales. Here they act also as tracers of transport pathways and chemical
processes which can be considered as being embedded within weather systems.
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Toluene (C7H8) is an aromatic compound with similar sources and reaction pathways to
benzene but with a faster bimolecular rate constant with OH and, hence, a shorter atmospheric
lifetime (2 days).. In combination, both aromatic species make significant contributions to
photochemical ozone formation and are indicators of a wider group of monoaromatic compounds
that have significant impact on regional ozone formation. Used as a ratio, the relative abundances
of these two species may, given a known source distribution, provide an estimate of either airmass
age since emission (if [OH] is estimated), or integrated OH encountered during an airmass
trajectory (if transport time is estimated). Measurements on long timescales at background
locations will give information both on the changing strength of sources, changing degree of urban
influence, and long-term changes in atmospheric transport and dynamic pathways. In addition to
gas phase processes, aromatic oxidation leads to the formation of oxygenated by-products which
are known to partition to the aerosol phase. Alkylated aromatic compounds, in addition, yield
species such as glyoxal and methyl glyoxal, which are efficiently incorporated into aerosol via
mechanisms analogous with polymerization chemistry. Although this degradation route is a minor
channel in carbon flux (~2-10%), it is one which yields products that may be distributed on global
scales, and which have downstream impacts on radiative properties. The influence of aromatic
compounds and their oxidation products on properties of urban particulate matter (PM) is unclear
but may also be important. A long-term dataset of in aromatic species in the remote atmosphere is
essential if the influence of VOCs on organic aerosol properties is to be estimated or predicted.
Iso butane and normal butane are C4H10 isomers with similar lifetimes of around 5 days. They are
major components of reactive carbon in urbanised areas. In fact, they make a notable contribution
to ozone production in some regions, yet have lifetimes sufficiently long to allow their transport to
more remote regions and into the mid and upper troposphere on occasion (for example in deep
convection or in frontal systems). Their relationship with longer-lived hydrocarbons provides a
sensitive measurement of the extent of oxidation processing and they can be used to make
estimates of ozone production efficiency when combined with other tracers.
Iso / normal pentane (C5H12) have a slightly shorter lifetime than the butanes (3 days), and again
have major anthropogenic sources and are important in regional ozone chemistry. The chemistry
of these species has some unique aspects however which can be utilised to determine other
atmospheric properties. Whilst reacting with OH radical at identical rates, their reaction rates with
NO3 differ by a factor of two, the tertiary methyl group being more easily removed. Hence any
deviation in their ratio to one another is an indicator that chemistry other than OH is at work, and
this information, in combination with airmass age estimates, allows an assessment of the
integrated influence of nocturnal oxidation by NO3. Observations in remote locations have
previously indicated that extensive NO3 processing may cover synoptic scales, although the long
term trend in this is unknown, since it is tied closely to both future aerosol properties and emissions
of NOx. Long-term observations of pentane species provide an indirect method to monitor these
nitrate trends on decadal timescales. There is also a link here to satellite measurements of NO2,
which provides an indication of the magnitude and extent of NO3 chemistry since NO2 is an
essential precursor to NO3.
3.3

Biogenic VOCs (Alistair Lewis)

Biogenic hydrocarbons dominate the global emissions of VOCs to the atmosphere by both
mass and carbon turnover, and their emissions are strongly dependent on climate, radiation and
land use. They have very short lifetimes and make up the largest uncertainty in predictions of
future reactive carbon load; they also have the most uncertain response to climate change of all
VOCs listed in Table 1.
Isoprene (C5H8) is a highly reactive diene with a mid-latitude daytime lifetime of around 1-2 hours.
It does not undergo long range transport unprocessed, and hence may only be observed at
terrestrial locations close to source. Although biogenic in origin, in many locations it has a profound
effect on local and regional air quality, and can be a significant contributing factor in the most
severe summertime air pollution episodes. Predicting effects of global change on biospheric
emissions and air quality is extremely uncertain since the emissions of isoprene are known to be
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strongly dependant on a variety of conflicting factors including ambient temperature, radiation,
CO2, soil nutrients and land-use. On global scales the turnover of isoprene is extremely large and it
is a major organic consumer of oxidant OH through initial reaction, and a major generator of OH
via photolysis of by-products such as HCHO. In tropical regions there is a strong direct
relationship between isoprene and HCHO, the latter of which may now be determined by remote
sensing / satellites, and therefore surface isoprene observations provide linkage to more
geographically distributed observations from space. There is evidence that there is also a link
between isoprene and organic aerosol modifications, through lower vapour pressure carbonyl
oxidation products produced, and a long-term record is required in conjunction with aerosol
properties to examine this relationship. Isoprene also has a small source from motor vehicle
exhaust and from the oceans.
Higher Terpenes are reactive hydrocarbons with a highly diverse range of chemical structures and
reactivities. Terpenes can account for between 10 and 50% of vegetation emissions depending on
source region. Some terpenes are so reactive that they typically do not escape from the vegetation
canopy, whilst others such as alpha pinene and limonene are sufficiently long lived (several hours)
that they may be transported away from their source. Similar to isoprene their changing emissions
in response to global change may have an effect on both regional air quality and the oxidising
turnover rate in the background atmosphere. Oxidation products are important in atmospheric
chemistry, as these include both gas phase carbonyls, such as HCHO, acetaldehyde and higher
carbonyls which can be transported to the remote atmosphere, and low vapour pressure products
such as acids which can partition to the condensed phase. The contribution of terpenes to global
organic aerosol yield is known to be high and they are intimately linked to both direct and indirect
aerosol radiative forcing. Terpenes are active players in night time chemistry and in many cases
have high reactivity to nocturnal oxidants such as NO3. The effect of elevated mean temperatures
and/or more frequent temperature extremes in combination with rising CO2 and change in land use
on biogenic terpene emissions is uncertain, and this provides the main motivation for their
observation on longer time and horizontal scales.
Dimethyl sulphide (DMS) is a biogenic emission primarily from the ocean as a by-product of
phytoplankton biology. The solubility of DMS in seawater is low and there is a positive flux of the
gas into the atmosphere. Once in the atmosphere DMS lifetime is around 2 days and it is oxidised
efficiently by both OH and NO3, providing the major source of natural sulphur to the atmosphere.
The links between DMS and sulphate aerosols are not fully understood, however the uncertainty in
future DMS emissions in a changing climate is greater than other major sources of sulphur such as
volcanoes (stochastic) and anthropogenic combustion (generally in decline). Much of the
uncertainty in future DMS emissions lies in the response of the ocean to the deposition of nutrients
in the form of Fe and other trace metals carried by mineral dust. There is further uncertainty in the
strength of mineral dust emissions, which are tied closely to regional climate, land use change and
desertification. No long-term gas phase record of DMS exists, and long-term observations in the
marine environment, in locations sensitive to mineral dust transport, will allow this interaction to be
determined as part of this programme.
3.4

Oxidised Volatile Organic Compounds (Alistair Lewis, David Oram)

A range of oxygen-containing VOCs exists in the atmosphere and they are present both
from direct emission and as products of atmospheric oxidation. Oxygenated species are active
participants in oxidation and ozone chemistry processes and have strong links to both air quality
and to aerosol properties. Since much of the abundance of oxygenated species is controlled by
(non-linear) secondary chemistry, their future abundance is very difficult to predict and it is
essential to monitor their changes over the longer term.
Formaldehyde (HCHO) is a major end product from the oxidation of a wide range of primary nonmethane hydrocarbons. The global distribution of HCHO is strongly linked to isoprene emissions
from vegetation, however continental anthropogenic emissions can be a dominant source in
populated regions. HCHO is a major irritant component of photochemical smog, but is difficult to
predict being a by-product of a cascade of upwind reactions. The reactivity of HCHO is relatively
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high due to reaction with OH (lifetime: 1 day) and in particular photolysis, its abundance in the
background atmosphere is a result of its being the end product of the oxidation of many stable
larger organic intermediates. HCHO is also a major component of biomass burning and has been
seen in transported plumes by both in-situ methods and from satellites. It’s importance for the
oxidising capacity of the atmosphere is due to its role as a reaction partner for OH it is also a
significant source of OH radicals by photolysis. Since HCHO is one of the few VOCs routinely
observed from space, and thus on global scales, there exists a different observational requirement
from the other VOCs. Long-term surface HCHO measurements are essential in providing a
validation of satellite observations and to provide a reliable transfer standard between future
satellite platforms.
Formaldehyde remains a species that is difficult to measure in situ, and we note here the
significance of remote sensing from satellite platforms to provide essential input to the GAW VOC
programme.
Methanol (CH3OH) is formed in the atmosphere in analogy to HCHO, namely as a common
product channel in the degradation mechanisms of many primary hydrocarbons. It also has
potentially large biospheric sources, although estimates of the division between biogenic and
anthropogenic source strengths are uncertain. It has a much longer lifetime than HCHO however,
up to 2-weeks, and does not photolyse in the troposphere. A consequence is that, in the
background atmosphere methanol can often be the dominant organic compound present. Loss
mechanisms from the atmosphere include reaction with OHreaction with NO3, and importantly, loss
to the liquid phase, either via wash out or from deposition to the ocean surface. The rationale for
long term observations is similar to HCHO in that as an end product of oxidation processes its
generation and future abundance is extremely difficult to predict. It is essential that we determine
the longer terms changes in abundance since it is a tracer of anthropogenic emissions, oxidation
processes and biospheric releases.
Ethanol (C2H5OH, normal alcohol) is a larger oxygenated VOC with a diverse range of sources
including direct anthropogenic emissions, biospheric emissions and atmospheric oxidation of
higher hydrocarbons. It is substantially more reactive than methanol (lifetime: 4 days) and has
been estimated to be a major participant in promoting the formation of tropospheric ozone, and
PAN, with particular influence on regional air quality. Importantly ethanol has a rapidly changing
source profile as it is introduced as a biofuel additive to petrochemicals. In some regions the use
of ethanol as a fuel is now so widespread that it has become the most important VOC for air quality
control purposes. Longer-term measurements are needed to determine the global trend in ethanol
as it is introduced as a carboncycle-neutral component of fuels. The influence of ethanol in the
background atmosphere under future energy supply scenarios is not clear and needs to be
assessed.
Acetone (C3H6O) is another oxidation product of higher hydrocarbons with reasonable atmospheric
stability allowing significant levels to be present in the background atmosphere (lifetime-OH: 50
days). Its formation can be via both biogenic hydrocarbons and those of anthropogenic origins
although, at present, the split between sources is not clear. It has an important role as a source of
HOx radicals when it is transported to the mid and upper troposphere. In these regions photolysis
dominates over OH reactions as its main loss pathway. Importantly, it is second to O3 photolysis as
a radical source in these regions. The formation of acetone as a by-product therefore provides a
mechanism for short-lived anthropogenic emissions to perturb the background atmosphere. The
future behaviour and influence of acetone is strongly dependent on atmospheric transport
pathways and on the future releases of hydrocarbon species in addition to non-linear oxidation
chemistry. It is therefore essential that its longer-term behaviour is determined since it is at the
centre of both emissions and oxidation processes.
Acetonitrile (CH3CN) is included in the proposed network as an indicator or tracer of biomass
burning activity. Biomass burning, including the burning of biofuel, accounts for over 90% of its
known sources. Important loss mechanisms include reaction with hydroxyl radicals, oceanic
uptake and dry deposition. Current atmospheric lifetime estimates range from 0.4 – 1 year, the
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wide range reflecting uncertainties in the global budget. A measurement of acetonitrile will help in
distinguishing between the influence of urban/anthropogenic activity and biomass burning on
atmospheric composition and a well established time series will help to assess longer-term
changes in biomass burning activity and biofuel use which will almost certainly be affected by
climate change.
3.5

Measurement Techniques (David Oram)

Measurements of low molecular weight aliphatic and aromatic hydrocarbons (C2-C9) have
been made successfully for many years, predominantly in short-term regional experiments. A
number of reviews have been published over the past 10 years, including a previous WMO/GAW
report (No 111), and several comparison exercises have been carried out (AMOHA, NOMHICE).
The preferred analytical method for these compounds, which include ethane, propane, n-butane, ibutane, n-pentane, i-pentane, acetylene, benzene, toluene and isoprene, is gas chromatography
with flame ionisation detection (GC-FID). Air samples, from canisters or in situ, are normally preconcentrated using cryogenic methods or solid adsorbents. An alternative technique is gas
chromatography-mass spectrometry (GC-MS). Although GC-MS is potentially the more sensitive
method, it is typically subject to greater analytical uncertainties (changes in instrument response
over time, detection of common, low mass fragments). However, GC-MS may be valuable for the
detection of certain hydrocarbons in very remote locations where ambient levels may be below the
detection limit of a typical FID. The current WCC-VOC reference method for non-methane
hydrocarbons is presented in more detail in Section 4.4.
The recommended analytical technique for monoterpenes is GC-MS. Although it is possible
to measure some terpenes using an FID detector, the complexity of the chromatographic analysis
(co-eluting peaks, particularly with aromatics) makes peak identification and quantification difficult.
GC-MS should also give better sensitivity.
Oxygenated hydrocarbons, including the target compounds methanol, ethanol and acetone,
can also be measured using GC-FID or GC-MS. Particular care should be taken with sample
preparation (including water removal) and inlet systems should designed so as to avoid the artefact
effects and component losses commonly encountered with oxygenate analysis. Acetone and
methanol can also be measured using proton transfer reaction mass spectrometry (PTR-MS). An
advantage of PTRMS is that it is an online method that does not require the preconcentration of
samples. However, it is probably less sensitive than GC methods and there are potential
interferences from isobaric compounds. As the stability of oxygenated VOCs in grab samples
(stainless steel or glass) remains highly uncertain, it is suggested that these species be measured
primarily by on-line methods at a selection of the comprehensive, ground-based measurement
stations. The successful storage of acetone in certain containers has been reported, so the
possibility of analysing this compound in the glass or stainless steel flask network should be
investigated. A potential method for GC analysis of oxygenated VOCs is presented in Section 4.4.
Formaldehyde is not stable in canisters and has to be measured in situ. Methods of analysis
include the Hantzsch fluorimetric (wet chemical) method or DOAS (Differential Optical Absorption
Spectroscopy). Both are relatively complex and would require specialist training for potential
operators. It is unlikely therefore to be able to make measurements at more than one or two of the
proposed ground stations. Formaldehyde is routinely measured by satellites. Output is total vertical
column amount and an important objective of the GAW programme would be to provide periodic
ground-based measurements at selected sites for comparison/calibration purposes (groundtruthing).
Acetonitrile is relatively insensitive to FID detection so mass spectrometry (GC-MS) is the preferred
GC option, although measurements have also been reported using various reduced gas and
nitrogen-specific detectors. Many recently reported atmospheric measurements of acetonitrile
have been made using PTR-MS or AP-CIMS (atmospheric pressure chemical ionisation mass
spectrometry). The stability of acetonitrile in grab samples is highly uncertain so measurements
may be limited to a few selected comprehensive measurement sites.
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Dimethyl sulphide (DMS) can be measured by GC-FID, GC-FPD (flame photometric detector), GCMS and PTR-MS. However, as DMS concentrations can be measured routinely as part of a
standard NMHC analysis, GC-FID analysis of the whole air samples would be the simplest choice
of measurement strategy. There is evidence in the literature that DMS is stable in some flasks so
its measurement as a component of the proposed f network is quite feasible. It is also desirable to
make in-situ measurements of DMS at least in the early stage of operation of the flask network.

4.

QUALITY ASSURANCE OF VOC (Rainer Steinbrecher, Christian Plass-Dülmer,
Bernhard Rappenglück, Leonard Barrie)

Since 1995, much progress has been made toward the recommendations outlined in the
GAW Report No. 111. A WMO GAW World Calibration Centre for VOCs (WCC-VOC) has been
established at the Institute for Meteorology and Climate Research, IMK-IFU, of the
Forschungszentrum Karlsruhe, supported by Germany and, in particular, by the German
Environmental Agency (UBA). It fulfils the functions of the Quality Assurance/Quality Control
(QA/QC) Centre described in the GAW Report 111 while the functions recommended for the
Central Calibration Laboratory (CCL) remain unfulfilled, i.e. a World Reference Standard
maintained by a GAW CCL for VOCs does not exist at the moment.
4.1

Role of the World Calibration Centre for VOC (WCC-VOC)

For detecting trends and distributions of volatile organic compounds (VOC) in the global
atmosphere, a rigorous quality assurance (QA) and quality control (QC) programme is necessary.
In order to achieve long-term good quality of the data reported from the GAW-VOC network, the
WCC-VOC contributes by:
•
•
•
•
•
•

Developing quality control procedures.
Ensuring traceability of standards to the GAW-VOC reference standard.
Conducting performance and system audits at stations.
Performing round-robin experiments (inter-comparisons).
Supporting network-wide quality review.
Providing training and long-term technical consulting to station scientists and
technicians (e.g. through the GAW Training and Education Centre [GAWTEC]).

The WCC-VOC is an essential part of the GAW programme as shown in Figure 3. The
WCC-VOC does not maintain its own calibration scale, but will be linked to a VOC scale
maintained at the CCL to be established by WMO. The GAW QA/QC procedures adhere to the
following principles: (1) to use internationally accepted methods and vocabulary to describe
uncertainty in measurements; (2) to harmonise measurement methodology at the stations by using
measurement guidelines and standard operating procedures (SOPs); (3) to conduct regular
performance1 and system audits2 aimed at checking the station’s agreement with the GAW QA/QC
system.

1

performance audit - a voluntary check for conformity of a measurement where the audit criteria are the
Data Quality Objectives (DQOs) for a specific compound.
2
system audit - a check of the overall performance of a station related to QA/QC procedures of the GAW
system.
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Figure 3:

The role of the WCC-VOC in the organisation chart of GAW.

QA procedures include regular exchange of transfer standards and real air samples
amongst all laboratories involved in the VOC network (flask analyzing laboratories and on-line
laboratories of stationary and mobile platforms). This activity will be coordinated by the WCC-VOC.
Further, comparison and evaluation of analytical results from the simultaneous offline/on-line and
flask samplings will be performed at the sites.
Results from these analyses will be shared and compared within a short time. Results from
these inter-comparisons will be properly documented and archived. If disagreement between sites
or networks is larger than the data quality objectives, further tests, investigations as well as audits
will be undertaken to resolve and mitigate disagreements.
4.2

The Central Calibration Laboratory (CCL)

Within the GAW network, the central calibration laboratories (CCLs) are responsible for
maintaining the standard scale3 for the species under consideration. For practical reasons the
CCLs for VOC are separated from the WCC-VOC. 15 different VOCs are recommended to be
analysed within the GAW-network (Table 1). The complexity of the compound list will likely result in
splitting this task of maintaining the scale between different CCLs each responsible for a specific
set of compounds for the long-term consistency of the specific VOC scale. Further, the CCLs
should prepare and commission VOC transfer standards required by the WCC-VOC, GAW

3

standard scale - particular quantities of a given kind, an ordered set of values, continuous or discrete,
defined by convention as a reference; the scale is based upon a number of primary standards and a
measurement procedure to interpolate other values)[0]. In the specific case of VOC the scale is based upon
a set of primary standards prepared by gravimetric and dynamic procedures, a measurement procedure, and
an interpolation procedure of the values (Recognition Agreement between National Metric Institutions
[NMIs][0]).
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analytical laboratories and GAW network members for calibration purposes, intercomparison
exercises as well as audits (Figure 4).
QA/QC measures should be pursued at ambient air levels of the target VOCs, in general at
low ppbv levels. Currently, only standard mixtures of pure hydrocarbons are available and certified
in high pressure gas cylinders by different NMIs fulfilling the requested accuracy and long-term
stability. But for other VOC, e.g. monoterpenes, oxygenated VOC, acetonitrile and DMS this
presently is not the case. To overcome this problem and to negotiate with potential CCLs, the
WCC-VOC prepared a workshop in July 2006 with NMIs of the gas analysis working group of the
Consultative Committee for Amount of Substance. Goals of this workshop were to identify best
calibration procedures for the VOC following the criteria (a) better than 5% uncertainty, and (b)
simple applicability in the field, and furthermore, to ask NMI’s to take over the responsibility for
becoming CCLs for selected VOC compounds. The NMI’s had experience with calibration systems
for those other VOC compounds covering one or several of the following methods: (1) dynamic
dilution from ppmv level standards filled in high pressure cylinders, (2) permeation or diffusion
sources with subsequent dilution, or (3) loading aliquots of standards (ng) on adsorbent tubes. The
NMI’s will further develop such calibration procedures for other VOC, preferentially by use of ppmlevel high pressure cylinders and dynamic dilution with an appropriate QA/QC protocol to be
followed. To ensure highest traceable quality for VOC analysis within the GAW-VOC network
WCC-VOC will be part of the internal NMIs QA/QC chain.

Figure 4:

The calibration/QA framework of the GAW-VOC network in terms of institutions (left)
and hierarchy of standards (right) which ensures the traceability of observations to
standards linked to the GAW-VOC Primary Standards maintained for VOCs by the
GAW CCL’s.
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4.3

Data Quality Objectives (DQOs) and Standard Operation Procedures (SOPs)

In a previous report WCC-VOC suggested Data Quality Objectives (DQOs) for the
minimum set of 28 target compounds of the GAW-VOC programme 2000-2007 (WMO-Report 111,
1995; Mohnen et al. 2001). Accuracy of the analysis defined there ranged between 10 and 15%
with a required precision ranging between 5 and 10% (mol fraction > 0.01 ppbv) depending on
compound class. Further, the WCC-VOC has elaborated a Standard Operating Procedure (SOP)
for canister sampling of VOC (see GAW-WCC-VOC Final Report 2002-2004, UBA, Germany;
Rappenglück, 2005).
Currently, the WCC adopts the DQOs as defined. Based on the discussions during the
workshop, present data quality objectives were revised. The new DQOs are listed in Table 2
representing the future GAW-VOC target compounds. For all compounds to be analysed including
hydrocarbons, oxygenated VOC, acetonitrile and DMS the accuracy and precision of analysis
should be better than 20% depending on the compound to be reported. According to improvement
of analytical techniques and type of measurements (flask sampling, in situ continuous) DQOs will
be adjusted in the future as recommended by the GAW-VOC expert group.
Table 2:

4.4

Data quality objectives for VOC reported by GAW stations.
Compound

Accuracy

Precision

Ethane
Propane
Acetylene
Isoprene
Formaldehyde
Monoterpenes
Acetonitrile
Methanol
Ethanol
Acetone
Dimethylsulfide (DMS)
Benzene
Toluene
Iso-/n-Butane
Iso-/n-Pentane

10%
10%
15%
20%
20%
20%
20%
20%
20%
20%
20%
15%
15%
10%
10%

5%
5%
5%
15%
15%
15%
15%
15%
15%
15%
15%
10%
10%
5%
5%

mole fraction < 0.1 ppbv

+ 20 pptv

+ 15 pptv

Current WCC-VOC Methods

For hydrocarbon analysis in ambient air samples in the range of carbon numbers two to
nine (C2 to C9) the WCC-VOC recommends the method described by Rappenglück et al. (2006).
The system used for analysis consists of devices for sample injection (from grab samples), water
removal and pre-concentration as well as a gas chromatograph equipped with a flame ionisation
detector (GC-FID). To ensure uninterrupted analysis, two systems are in operation.
For isoprene and monoterpene analysis in air samples the WCC-VOC recommends the
following method described by Schnitzler et al. (2004): (1) trapping of the target compounds on a
3-bed-adsorbent, followed by (2) GC-FID-MS analysis after thermodesorption. Calibration is
performed with commercially available gas standards of isoprene and ∆2-carene (MesserGriesheim, Germany) as well as with in-house prepared standards by the diffusion technique
further developed on the basis of Steinbrecher et al. (1994).
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A method for concurrent analysis of C2–C7 hydrocarbons and C2–C5 oxygenated volatile
organic compounds (o-VOCs) including alcohols, aldehydes, ketones and ethers has been utilised
for many of the target molecules shown in Table 1 (see Hopkins et al., 2002). This method can
also be used for DMS analysis. Recommended methods for analysing oxygenated VOC,
acetonitrile, and DMS within GAW will be produced by the SAG reactive gases sub group VOC as
the programme proceeds.
4.5

The Current WCC-VOC Standard

Currently, two certified NIST and NPL traceable pure hydrocarbon calibration standards in
the sub ppbv range are available at WCC-VOC (provided by Apel-Riemer, Environmental Inc.
Denver, CO, USA). In addition, an oxygenated VOC Apel-Riemer standard in the ppmv range is
used. The Apel-Riemer standards are certified with an accuracy ranging from +3% to +5% with a
stability of more than one year. Future traceable transfer standards will be prepared and distributed
on the basis on planned negotiations with the CCLs of VOC. The calibration gas mixture currently
used in inter-comparison exercises contains 73 compounds in N2 including the hydrocarbons
recommended in the WMO-GAW Report 111 and the future GAW-VOC hydrocarbons under
consideration. Results of the first WCC-VOC intercomparison exercise are published in
Rappenglück et al. (2006).

5.

GAW-VOC DATA ARCHIVING POLICY

The World Data Centre for Greenhouse Gases (WDCGG), managed by the Japan
Meteorological Agency, will archive data from the future GAW-VOC network. In a future workshop
the SAG and VOC-Expert group have to decide on a consolidated data reporting strategy. The
centre was established under the Global Atmosphere Watch (GAW) programme to collect, archive
and provide data for greenhouse (CO2, CH4, CFCs, N2O, etc.), related (CO, NOX, SO2, VOC, etc.)
gases and surface ozone in the atmosphere and ocean measured under GAW and other
programmes. A dedicated web site (http://gaw.kishou.go.jp/wdcgg.html) provides measurement
data to the users. According to the agreed practice, users should properly reference the data,
when used and published, by citing the contributors and the source of the data; also, any
information on this web site should be used only for non-profitable purposes. For the moment,
measurement data Hohenpeissenberg (Germany) on 28 hydrocarbons for the period 1998-2005
are available.
****
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ANNEX A
A WMO/GAW Experts Workshop on
Global Long Term Measurements of Volatile Organic Compounds (VOCs)
(Geneva, Switzerland, 30 January – 1 February 2006)
Agenda

Monday 30 January 2006
14:30

Welcome by Len Barrie and Slobodan Nickovic

14:40

Introduction and Overview by Stuart Penkett

15:00

Presentations by Attendees (limited to 10’ /attendee)

16:00-16:20 TEA Break
18:00

Opening of Discussion of Elements of GAW VOC Measurement Programme
Suggestions for additional discussion points

18:30

Close of Session

Tuesday 31 January 2006
09:00

Continuation of VOC Discussion to include the following items:
1.

Identification of a set of VOC molecules for inclusion in GAW/VOC Measurement
Programme

2.

Method sampling and analysis

3.

Identification of stations within GAW Network for VOC measurements

4.

Identification of other platforms for GCMS VOC measurements (satellites,
aircraft etc)

5.

Identification of a laboratory controlling quality assurance of VOC measurements

6.

Identification of a calibration centre and a reference standard along with DQO and
SOP

7.

Identification of a data centre to hold the GAW data on VOCs – could also possibly
hold other data on VOCs from other experiments

8.

Consideration of uses of GAW VOC data to further GAW/IGACO aims

9.

Writing assignments

10:30-10:50

COFFEE Break

13:00-14:00

LUNCH

14:00

Continue discussion
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15:30

TEA Break

16:00

Writing Session begins

18:30

Close for day

Wednesday 1 February 2006
09:00

Writing session continues

10:30-11:00

COFFEE break

12:30

LUNCH

13:30

Short progress reports on written contributions

14:30

Steps needed to complete tasks

15:00

End of meeting
****
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ANNEX B
A WMO/GAW Experts Workshop on
Global Long Term Measurements of Volatile Organic Compounds (VOCs)
(Geneva, Switzerland, 30 January – 1 February 2006)
List of Participants

Dr Jan Bottenheim
Air Quality Research Division
Science & Technology Branch
Environment Canada
4905 Dufferin Street
TORONTO, Ontario M3H 5T4
Canada
Email: Jan.Bottenheim@ec.gc.ca

Dr David Oram
University of East Anglia
NORWICH, NR4 7TJ
U.K.
Tel.:
+44-(0)1603 59 31 10
Email: d.e.oram@uea.ac.uk
Prof. Stuart Penkett (chairman)
School of Environmental Sciences
University of East Anglia
NORWICH, NR4 7TJ
U.K.
Tel.:
+44-(0)1603 59 20 16
Fax:
+44-(0)1603 45 24 20
Email: m.penkett@uea.ac.uk

Dr Carl Brenninkmeijer
Max Planck Institute for Chemistry
University Campus
Johann Joachim Becher Weg 27
D-55128 MAINZ
Germany
Tel.:
+49-6131 30 54 53/472/402
Fax:
+49-6131 30 54 36
Email: carlb@mpch-mainz-mpg.de

Dr Christian Plass-Dülmer
Deutscher Wetterdienst DWD
Meteorologisches Observatorium
Hohenpeissenberg
Albin Schwaiger Weg 10
D-82383 HOHENPEISSENBERG
Germany
Tel.:
+49-8805 95 41 21
Fax:
+49-8805 95 42 30
Email: christian.plass-duelmer@dwd.de

Prof. Detlev Helmig
Institute of Arctic and Alpine Research
(INSTAAR)
Programme in Atmospheric and Oceanic
Sciences (PAOS)
University of Colorado
1560 30th Street
BOULDER, CO 80309-0450
USA
Tel.:
+1-303 492 25 09
Fax:
+1-303 492 63 88
Email: detlev@instaar.colorado.edu

Prof. Bernhard Rappenglück
Department of Geosciences
University of Houston
4800 Calhoun Rd
HOUSTON
TX 77204-5007
USA
Tel.:
+1-713-743 18 34
Fax:
+1-713-748 79 06
Email: brappenglueck@uh.edu

Dr Alastair Lewis
Department of Chemistry
University of York
Heslington
YORK, YO10 5DD
U.K.
Direct: +44-(0)1904 43 25 22
Fax:
+44-(0)1904 43 25 65
Email: acl5@york.ac.uk
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Dr Stefan Reimann
EMPA
Swiss Federal Laboratories for Materials
Testing and Research
Ueberlandstrasse 129
CH-8600 DUEBENDORF
Switzerland
Tel.:
+41-44 823 46 38
Fax:
+41-44 821 62 44
Email: stefan.reimann@empa.ch

WMO

Prof. Rainer Steinbrecher (rappporteur)
Atmos. Science Centre, UNAM
Institute of Meteorology and Climate Research
Atmos. Environ. Research (IMK-IFU)
Research Centre Karlsruhe GmbH
Kreuzeckbahnstr. 19
82467 GARMISCH-PARTENKIRCHEN
Germany
Tel.:
+49-8821 18 32 17
Fax:
+49-8821 735 73
Email: rainer.steinbrecher@imk.fzk.de

Dr Slobodan Nickovic
Scientific Officer
Environment Division and Physics and
Chemistry of Clouds and Weather
Modification Programme, AREP
World Meteorological Organization
7 bis, Avenue de la Paix
1211 GENEVA 2
Switzerland
Tel.:
+41-22 730 80 95
Fax:
+41-22 730 80 49
Email: snickovic@wmo.int

Dr Leonard A. Barrie
Director, AREP
World Meteorological Organization
7 bis, Avenue de la Paix
1211 GENEVA 2
Switzerland
Tel.:
+41-22 730 82 40
Fax:
+41-22 730 80 49
Email: Lbarrie@wmo.int
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GLOBAL ATMOSPHERE WATCH REPORT SERIES
1.

Final Report of the Expert Meeting on the Operation of Integrated Monitoring Programmes, Geneva,
2 -5 September 1980.

2.

Report of the Third Session of the GESAMP Working Group on the Interchange of Pollutants
Between the Atmosphere and the Oceans (INTERPOLL-III), Miami, USA, 27-31 October 1980.

3.

Report of the Expert Meeting on the Assessment of the Meteorological Aspects of the First Phase of
EMEP, Shinfield Park, U.K., 30 March - 2 April 1981.

4.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at April
1981.

5.

Report of the WMO/UNEP/ICSU Meeting on Instruments, Standardization and Measurements
Techniques for Atmospheric CO2, Geneva, 8-11; September 1981.

6.

Report of the Meeting of Experts on BAPMoN Station Operation, Geneva, 23–26 November 1981.

7.

Fourth Analysis on Reference Precipitation Samples by the Participating World Meteorological
Organization Laboratories by Robert L. Lampe and John C. Puzak, December 1981.

8.

Review of the Chemical Composition of Precipitation as Measured by the WMO BAPMoN by Prof.
Dr. Hans-Walter Georgii, February 1982.

9.

An Assessment of BAPMoN Data Currently Available on the Concentration of CO2 in the
Atmosphere by M.R. Manning, February 1982.

10.

Report of the Meeting of Experts on Meteorological Aspects of Long-range Transport of Pollutants,
Toronto, Canada, 30 November - 4 December 1981.

11.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at May
1982.

12.

Report on the Mount Kenya Baseline Station Feasibility Study edited by Dr. Russell C. Schnell.

13.

Report of the Executive Committee Panel of Experts on Environmental Pollution, Fourth Session,
Geneva, 27 September - 1 October 1982.

14.

Effects of Sulphur Compounds and Other Pollutants on Visibility by Dr. R.F. Pueschel, April 1983.

15.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the
Year 1981, May 1983.

16.

Report of the Expert Meeting on Quality Assurance in BAPMoN, Research Triangle Park, North
Carolina, USA, 17-21 January 1983.

17.

General Consideration and Examples of Data Evaluation and Quality Assurance Procedures
Applicable to BAPMoN Precipitation Chemistry Observations by Dr. Charles Hakkarinen, July 1983.

18.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at May
1983.

19.

Forecasting of Air Pollution with Emphasis on Research in the USSR by M.E. Berlyand, August
1983.

20.

Extended Abstracts of Papers to be Presented at the WMO Technical Conference on Observation
and Measurement of Atmospheric Contaminants (TECOMAC), Vienna, 17-21 October 1983.

21.

Fifth Analysis on Reference Precipitation Samples by the Participating World Meteorological
Organization Laboratories by Robert L. Lampe and William J. Mitchell, November 1983.
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22.

Report of the Fifth Session of the WMO Executive Council Panel of Experts on Environmental
Pollution, Garmisch-Partenkirchen, Federal Republic of Germany, 30 April - 4 May 1984 (WMO TD
No. 10).

23.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the
Year 1982. November 1984 (WMO TD No. 12).

24.

Final Report of the Expert Meeting on the Assessment of the Meteorological Aspects of the Second
Phase of EMEP, Friedrichshafen, Federal Republic of Germany, 7-10 December 1983. October
1984 (WMO TD No. 11).

25.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at May
1984. November 1984 (WMO TD No. 13).

26.

Sulphur and Nitrogen in Precipitation: An Attempt to Use BAPMoN and Other Data to Show
Regional and Global Distribution by Dr. C.C. Wallén. April 1986 (WMO TD No. 103).

27.

Report on a Study of the Transport of Sahelian Particulate Matter Using Sunphotometer
Observations by Dr. Guillaume A. d'Almeida. July 1985 (WMO TD No. 45).

28.

Report of the Meeting of Experts on the Eastern Atlantic and Mediterranean Transport Experiment
("EAMTEX"), Madrid and Salamanca, Spain, 6-8 November 1984.

29.

Recommendations on Sunphotometer Measurements in BAPMoN Based on the Experience of a
Dust Transport Study in Africa by Dr. Guillaume A. d'Almeida. September 1985 (WMO TD No. 67).

30.

Report of the Ad-hoc Consultation on Quality Assurance Procedures for Inclusion in the BAPMoN
Manual, Geneva, 29-31 May 1985.

31.

Implications of Visibility Reduction by Man-Made Aerosols (Annex to No. 14) by R.M. Hoff and L.A.
Barrie. October 1985 (WMO TD No. 59).

32.

Manual for BAPMoN Station Operators by E. Meszaros and D.M. Whelpdale. October 1985 (WMO
TD No. 66).

33.

Man and the Composition of the Atmosphere: BAPMoN - An international programme of national
needs, responsibility and benefits by R.F. Pueschel, 1986.

34.

Practical Guide for Estimating Atmospheric Pollution Potential by Dr. L.E. Niemeyer. August 1986
(WMO TD No. 134).

35.

Provisional Daily Atmospheric CO2 Concentrations as Measured at BAPMoN Sites for the Year
1983. December 1985 (WMO TD No. 77).

36.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
for 1984. Volume I: Atmospheric Aerosol Optical Depth. October 1985 (WMO TD No. 96).

37.

Air-Sea Interchange of Pollutants by R.A. Duce. September 1986 (WMO TD No. 126).

38.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at 31
December 1985. September 1986 (WMO TD No. 136).

39.

Report of the Third WMO Expert Meeting on Atmospheric Carbon Dioxide Measurement
Techniques, Lake Arrowhead, California, USA, 4-8 November 1985. October 1986.

40.

Report of the Fourth Session of the CAS Working Group on Atmospheric Chemistry and Air
Pollution, Helsinki, Finland, 18-22 November 1985. January 1987.

41.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
for 1982, Volume II: Precipitation chemistry, continuous atmospheric carbon dioxide and suspended
particulate matter. June 1986 (WMO TD No. 116).
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42.

Scripps reference gas calibration system for carbon dioxide-in-air standards: revision of 1985 by
C.D. Keeling, P.R. Guenther and D.J. Moss. September 1986 (WMO TD No. 125).

43.

Recent progress in sunphotometry (determination of the aerosol optical depth). November 1986.

44.

Report of the Sixth Session of the WMO Executive Council Panel of Experts on Environmental
Pollution, Geneva, 5-9 May 1986. March 1987.

45.

Proceedings of the International Symposium on Integrated Global Monitoring of the State of the
Biosphere (Volumes I-IV), Tashkent, USSR, 14-19 October 1985. December 1986 (WMO TD No.
151).

46.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the
Year 1984. December 1986 (WMO TD No. 158).

47.

Procedures and Methods for Integrated Global Background Monitoring of Environmental Pollution by
F.Ya. Rovinsky, USSR and G.B. Wiersma, USA. August 1987 (WMO TD No. 178).

48.

Meeting on the Assessment of the Meteorological Aspects of the Third Phase of EMEP IIASA,
Laxenburg, Austria, 30 March - 2 April 1987. February 1988.

49.

Proceedings of the WMO Conference on Air Pollution Modelling and its Application (Volumes I-III),
Leningrad, USSR, 19-24 May 1986. November 1987 (WMO TD No. 187).

50.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as Measured at BAPMoN Sites for the
Year 1985. December 1987 (WMO TD No. 198).

51.

Report of the NBS/WMO Expert Meeting on Atmospheric CO2 Measurement Techniques,
Gaithersburg, USA, 15-17 June 1987. December 1987.

52.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
for 1985. Volume I: Atmospheric Aerosol Optical Depth. September 1987.

53.

WMO Meeting of Experts on Strategy for the Monitoring of Suspended Particulate Matter in BAPMoN
- Reports and papers presented at the meeting, Xiamen, China, 13-17 October 1986. October 1988.

54.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
for 1983, Volume II: Precipitation chemistry, continuous atmospheric carbon dioxide and suspended
particulate matter (WMO TD No. 283).

55.

Summary Report on the Status of the WMO Background Air Pollution Monitoring Network as at
31 December 1987 (WMO TD No. 284).

56.

Report of the First Session of the Executive Council Panel of Experts/CAS Working Group on
Environmental Pollution and Atmospheric Chemistry, Hilo, Hawaii, 27-31 March 1988. June 1988.

57.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
for 1986, Volume I: Atmospheric Aerosol Optical Depth. July 1988.

58.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at BAPMoN sites for the
years 1986 and 1987 (WMO TD No. 306).

59.

Extended Abstracts of Papers Presented at the Third International Conference on Analysis and
Evaluation of Atmospheric CO2 Data - Present and Past, Hinterzarten, Federal Republic of Germany,
16-20 October 1989 (WMO TD No. 340).

60.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
for 1984 and 1985, Volume II: Precipitation chemistry, continuous atmospheric carbon dioxide and
suspended particulate matter.

61.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
for 1987 and 1988, Volume I: Atmospheric Aerosol Optical Depth.
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62.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at BAPMoN sites for the
year 1988 (WMO TD No. 355).

63.

Report of the Informal Session of the Executive Council Panel of Experts/CAS Working Group on
Environmental Pollution and Atmospheric Chemistry, Sofia, Bulgaria, 26 and 28 October 1989.

64.

Report of the consultation to consider desirable locations and observational practices for BAPMoN
stations of global importance, Bermuda Research Station, 27-30 November 1989.

65.

Report of the Meeting on the Assessment of the Meteorological Aspects of the Fourth Phase of
EMEP, Sofia, Bulgaria, 27 and 31 October 1989.

66.

Summary Report on the Status of the WMO Global Atmosphere Watch Stations as at 31 December
1990 (WMO TD No. 419).

67.

Report of the Meeting of Experts on Modelling of Continental, Hemispheric and Global Range
Transport, Transformation and Exchange Processes, Geneva, 5-7 November 1990.

68.

Global Atmospheric Background Monitoring for Selected Environmental Parameters. BAPMoN Data
For 1989, Volume I: Atmospheric Aerosol Optical Depth.

69.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at Global Atmosphere
Watch (GAW)-BAPMoN sites for the year 1989 (WMO TD No. 400).

70.

Report of the Second Session of EC Panel of Experts/CAS Working Group on Environmental
Pollution and Atmospheric Chemistry, Santiago, Chile, 9-15 January 1991 (WMO TD No. 633).

71.

Report of the Consultation of Experts to Consider Desirable Observational Practices and Distribution
of GAW Regional Stations, Halkidiki, Greece, 9-13 April 1991 (WMO TD No. 433).

72.

Integrated Background Monitoring of Environmental Pollution in Mid-Latitude Eurasia by Yu.A. Izrael
and F.Ya. Rovinsky, USSR (WMO TD No. 434).

73.

Report of the Experts Meeting on Global Aerosol Data System (GADS), Hampton, Virginia, 11 to
12 September 1990 (WMO TD No. 438).

74.

Report of the Experts Meeting on Aerosol Physics and Chemistry, Hampton, Virginia, 30 to
31 May 1991 (WMO TD No. 439).

75.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at Global Atmosphere
Watch (GAW)-BAPMoN sites for the year 1990 (WMO TD No. 447).

76.

The International Global Aerosol Programme (IGAP) Plan: Overview (WMO TD No. 445).

77.

Report of the WMO Meeting of Experts on Carbon Dioxide Concentration and Isotopic Measurement
Techniques, Lake Arrowhead, California, 14-19 October 1990.

78.

Global Atmospheric Background Monitoring for Selected Environmental Parameters BAPMoN Data
for 1990, Volume I: Atmospheric Aerosol Optical Depth (WMO TD No. 446).

79.

Report of the Meeting of Experts to Consider the Aerosol Component of GAW, Boulder, 16 to
19 December 1991 (WMO TD No. 485).

80.

Report of the WMO Meeting of Experts on the Quality Assurance Plan for the GAW, GarmischPartenkirchen, Germany, 26-30 March 1992 (WMO TD No. 513).

81.

Report of the Second Meeting of Experts to Assess the Response to and Atmospheric Effects of the
Kuwait Oil Fires, Geneva, Switzerland, 25-29 May 1992 (WMO TD No. 512).

82.

Global Atmospheric Background Monitoring for Selected Environmental Parameters BAPMoN Data
for 1991, Volume I: Atmospheric Aerosol Optical Depth (WMO TD No. 518).

83.

Report on the Global Precipitation Chemistry Programme of BAPMoN (WMO TD No. 526).
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84.

Provisional Daily Atmospheric Carbon Dioxide Concentrations as measured at GAW-BAPMoN sites
for the year 1991 (WMO TD No. 543).

85.

Chemical Analysis of Precipitation for GAW: Laboratory Analytical Methods and Sample Collection
Standards by Dr Jaroslav Santroch (WMO TD No. 550).

86.

The Global Atmosphere Watch Guide, 1993 (WMO TD No. 553).

87.

Report of the Third Session of EC Panel/CAS Working Group on Environmental Pollution and
Atmospheric Chemistry, Geneva, 8-11 March 1993 (WMO TD No. 555).

88.

Report of the Seventh WMO Meeting of Experts on Carbon Dioxide Concentration and Isotopic
Measurement Techniques, Rome, Italy, 7-10 September 1993, (edited by Graeme I. Pearman and
James T. Peterson) (WMO TD No. 669).

89.

4th International Conference on CO2 (Carqueiranne, France, 13-17 September 1993) (WMO TD No.
561).

90.

Global Atmospheric Background Monitoring for Selected Environmental Parameters GAW Data for
1992, Volume I: Atmospheric Aerosol Optical Depth (WMO TD No. 562).

91.

Extended Abstracts of Papers Presented at the WMO Region VI Conference on the Measurement
and Modelling of Atmospheric Composition Changes Including Pollution Transport, Sofia, 4 to
8 October 1993 (WMO TD No. 563).

92.

Report of the Second WMO Meeting of Experts on the Quality Assurance/Science Activity Centres of
the Global Atmosphere Watch, Garmisch-Partenkirchen, 7-11 December 1992 (WMO TD No. 580).

93.

Report of the Third WMO Meeting of Experts on the Quality Assurance/Science Activity Centres of
the Global Atmosphere Watch, Garmisch-Partenkirchen, 5-9 July 1993 (WMO TD No. 581).

94.

Report on the Measurements of Atmospheric Turbidity in BAPMoN (WMO TD No. 603).

95.

Report of the WMO Meeting of Experts on UV-B Measurements, Data Quality and Standardization of
UV Indices, Les Diablerets, Switzerland, 25-28 July 1994 (WMO TD No. 625).

96.

Global Atmospheric Background Monitoring for Selected Environmental Parameters WMO GAW
Data for 1993, Volume I: Atmospheric Aerosol Optical Depth.

97.

Quality Assurance Project Plan (QAPjP) for Continuous Ground Based Ozone Measurements (WMO
TD No. 634).

98.

Report of the WMO Meeting of Experts on Global Carbon Monoxide Measurements, Boulder, USA,
7-11 February 1994 (WMO TD No. 645).

99.

Status of the WMO Global Atmosphere Watch Programme as at 31 December 1993 (WMO TD
No. 636).

100.

Report of the Workshop on UV-B for the Americas, Buenos Aires, Argentina, 22-26 August 1994.

101.

Report of the WMO Workshop on the Measurement of Atmospheric Optical Depth and Turbidity,
Silver Spring, USA, 6-10 December 1993, (edited by Bruce Hicks) (WMO TD No. 659).

102.

Report of the Workshop on Precipitation Chemistry Laboratory Techniques, Hradec Kralove, Czech
Republic, 17-21 October 1994 (WMO TD No. 658).

103.

Report of the Meeting of Experts on the WMO World Data Centres, Toronto, Canada, 17 18 February 1995, (prepared by Edward Hare) (WMO TD No. 679).
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104.

Report of the Fourth WMO Meeting of Experts on the Quality Assurance/Science Activity Centres
(QA/SACs) of the Global Atmosphere Watch, jointly held with the First Meeting of the Coordinating
Committees of IGAC-GLONET and IGAC-ACE, Garmisch-Partenkirchen, Germany, 13 to
17 March 1995 (WMO TD No. 689).

105.

Report of the Fourth Session of the EC Panel of Experts/CAS Working Group on Environmental
Pollution and Atmospheric Chemistry (Garmisch, Germany, 6-11 March 1995) (WMO TD No. 718).

106.

Report of the Global Acid Deposition Assessment (edited by D.M. Whelpdale and M-S. Kaiser)
(WMO TD No. 777).

107.

Extended Abstracts of Papers Presented at the WMO-IGAC Conference on the Measurement and
Assessment of Atmospheric Composition Change (Beijing, China, 9-14 October 1995) (WMO TD No.
710).

108.

Report of the Tenth WMO International Comparison of Dobson Spectrophotometers (Arosa,
Switzerland, 24 July - 4 August 1995).

109.

Report of an Expert Consultation on 85Kr and 222Rn: Measurements, Effects and Applications
(Freiburg, Germany, 28-31 March 1995) (WMO TD No. 733).

110.

Report of the WMO-NOAA Expert Meeting on GAW Data Acquisition and Archiving (Asheville, NC,
USA, 4-8 November 1995) (WMO TD No. 755).

111.

Report of the WMO-BMBF Workshop on VOC Establishment of a “World Calibration/Instrument
Intercomparison Facility for VOC” to Serve the WMO Global Atmosphere Watch (GAW) Programme
(Garmisch-Partenkirchen, Germany, 17-21 December 1995) (WMO TD No. 756).

112.

Report of the WMO/STUK Intercomparison of Erythemally-Weighted Solar UV Radiometers,
Spring/Summer 1995, Helsinki, Finland (WMO TD No. 781).

113.

The Strategic Plan of the Global Atmosphere Watch (GAW) (WMO TD No. 802).

114.

Report of the Fifth WMO Meeting of Experts on the Quality Assurance/Science Activity Centres
(QA/SACs) of the Global Atmosphere Watch, jointly held with the Second Meeting of the
Coordinating Committees of IGAC-GLONET and IGAC-ACEEd, Garmisch-Partenkirchen, Germany,
15-19 July 1996 (WMO TD No. 787).

115.

Report of the Meeting of Experts on Atmospheric Urban Pollution and the Role of NMSs (Geneva, 711 October 1996) (WMO TD No. 801).

116.

Expert Meeting on Chemistry of Aerosols, Clouds and Atmospheric Precipitation in the Former USSR
(Saint Petersburg, Russian Federation, 13-15 November 1995).

117.

Report and Proceedings of the Workshop on the Assessment of EMEP Activities Concerning Heavy
Metals and Persistent Organic Pollutants and their Further Development (Moscow, Russian
Federation, 24-26 September 1996) (Volumes I and II) (WMO TD No. 806).

118.

Report of the International Workshops on Ozone Observation in Asia and the Pacific Region
(IWOAP, IWOAP-II), (IWOAP, 27 February-26 March 1996 and IWOAP-II, 20 August-18 September
1996) (WMO TD No. 827).

119.

Report on BoM/NOAA/WMO International Comparison of the Dobson Spectrophotometers (Perth
Airport, Perth, Australia, 3-14 February 1997), (prepared by Robert Evans and James Easson)
(WMO TD No. 828).

120.

WMO-UMAP Workshop on Broad-Band UV Radiometers (Garmisch-Partenkirchen, Germany, 22 to
23 April 1996) (WMO TD No. 894).
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121.

Report of the Eighth WMO Meeting of Experts on Carbon Dioxide Concentration and Isotopic
Measurement Techniques (prepared by Thomas Conway) (Boulder, CO, 6-11 July 1995) (WMO TD
No. 821).

122.

Report of Passive Samplers for Atmospheric Chemistry Measurements and their Role in GAW
(prepared by Greg Carmichael) (WMO TD No. 829).

123.

Report of WMO Meeting of Experts on GAW Regional Network in RA VI, Budapest, Hungary, 5 to 9
May 1997.

124.

Fifth Session of the EC Panel of Experts/CAS Working Group on Environmental Pollution and
Atmospheric Chemistry, (Geneva, Switzerland, 7-10 April 1997) (WMO TD No. 898)

125.

Instruments to Measure Solar Ultraviolet Radiation, Part 1: Spectral Instruments (lead author G.
Seckmeyer) (WMO TD No. 1066).

126.

Guidelines for Site Quality Control of UV Monitoring (lead author A.R. Webb) (WMO TD No. 884).

127.

Report of the WMO-WHO Meeting of Experts on Standardization of UV Indices and their
Dissemination to the Public (Les Diablerets, Switzerland, 21-25 July 1997) (WMO TD No. 921).

128.

The Fourth Biennial WMO Consultation on Brewer Ozone and UV Spectrophotometer Operation,
Calibration and Data Reporting, (Rome, Italy, 22-25 September 1996) (WMO TD No. 918).

129.

Guidelines for Atmospheric Trace Gas Data Management (Ken Masarie and Pieter Tans), 1998
(WMO TD No. 907).

130.

Jülich Ozone Sonde Intercomparison Experiment (JOSIE, 5 February to 8 March 1996), (H.G.J. Smit
and D. Kley) (WMO TD No. 926).

131.

WMO Workshop on Regional Transboundary Smoke and Haze in Southeast Asia (Singapore, 2 to 5
June 1998) (Gregory R. Carmichael). Two volumes.

132.

Report of the Ninth WMO Meeting of Experts on Carbon Dioxide Concentration and Related Tracer
Measurement Techniques (Edited by Roger Francey), (Aspendale, Vic., Australia).

133.

Workshop on Advanced Statistical Methods and their Application to Air Quality Data Sets (Helsinki,
14-18 September 1998) (WMO TD No. 956).

134.

Guide on Sampling and Analysis Techniques for Chemical Constituents and Physical Properties in
Air and Precipitation as Applied at Stations of the Global Atmosphere Watch. Carbon Dioxide (WMO
TD No. 980).

135.

Sixth Session of the EC Panel of Experts/CAS Working Group on Environmental Pollution and
Atmospheric Chemistry (Zurich, Switzerland, 8-11 March 1999) (WMO TD No.1002).

136.

WMO/EMEP/UNEP Workshop on Modelling of Atmospheric Transport and Deposition of Persistent
Organic Pollutants and Heavy Metals (Geneva, Switzerland, 16-19 November 1999) (Volumes I and
II) (WMO TD No. 1008).

137.

Report and Proceedings of the WMO RA II/RA V GAW Workshop on Urban Environment (Beijing,
China, 1-4 November 1999) (WMO-TD. 1014) (Prepared by Greg Carmichael).

138.

Reports on WMO International Comparisons of Dobson Spectrophotometers, Parts I – Arosa,
Switzerland, 19-31 July 1999, Part II – Buenos Aires, Argentina (29 Nov. – 12 Dec. 1999 and Part III
– Pretoria, South Africa (18 March – 10 April 2000) (WMO TD No. 1016).

139.
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