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[1] In the summer of 2004 several separate field programs intensively studied the
photochemical, heterogeneous chemical and radiative environment of the troposphere over
North America, the North Atlantic Ocean, and western Europe. Previous studies have
indicated that the transport of continental emissions, particularly from North America,
influences the concentrations of trace species in the troposphere over the North Atlantic
and Europe. An international team of scientists, representing over 100 laboratories,
collaborated under the International Consortium for Atmospheric Research on Transport
and Transformation (ICARTT) umbrella to coordinate the separate field programs in order
to maximize the resulting advances in our understanding of regional air quality, the
transport, chemical transformation and removal of aerosols, ozone, and their precursors
during intercontinental transport, and the radiation balance of the troposphere. Participants
utilized nine aircraft, one research vessel, several ground-based sites in North America
and the Azores, a network of aerosol-ozone lidars in Europe, satellites, balloon borne
sondes, and routine commercial aircraft measurements. In this special section, the results
from a major fraction of those platforms are presented. This overview is aimed at
providing operational and logistical information for those platforms, summarizing the
principal findings and conclusions that have been drawn from the results, and directing
readers to specific papers for further details.
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1. Introduction

[2] Until recently research programs in global climate
change and regional air quality have been conducted as
separate, albeit related, activities. The investigation of
intercontinental-scale transport and chemical transformation
processes and radiation balance in the atmosphere have
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been the focus of the former, while the latter has been
focused on the atmospheric science that underlies urban,
regional and continental air quality. Clearly, the distinction
between the research objectives of these two programs is, at
least in part, simply a matter of perspective and scale. Many
of the chemical and meteorological processes of interest
are common to both. Also, intercontinental transport is
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both the starting point and the end point of regional air
quality concerns since any particular region contributes
outflow to and receives inflow from that transport.

[3] In recognition of this strong linkage, a joint regional
air quality and climate change study, which is described
herein, was planned and carried out in the summer of 2004.
The study focused on air quality in the eastern United
States, transport of North American emissions into the
North Atlantic, and the influences that this transport has
on regional and intercontinental air quality and climate, with
a particular focus on western Europe.

[4] The topics addressed in the present study have a
long history. There have been at least three decades of
studies aimed, at least in part, at determining the causes of
poor air quality outside of urban areas along the east coast
of the United States and the transport of polluted air from
North America out into the North Atlantic. Some very
early studies have been followed by intensive field
campaigns conducted along the eastern coast of North
America and into the western North Atlantic. Similarly,
intensive field programs along the western coast of
Europe and the eastern North Atlantic have investigated
the impact of polluted air flowing into Europe. To place
the planning that preceded the current study into perspec-
tive, section 2 provides a brief review of related previous
research.

[5] Several independent field studies, each focused on
some aspect of climate change and air quality issues over
North America, the Atlantic and Europe, were planned for
the summer of 2004. Early in the planning it became evident
that coordination between these studies would provide a
more effective approach to addressing these issues. The
International Consortium for Atmospheric Research on
Transport and Transformation (ICARTT) was formed to
take advantage of this synergy by planning and executing a
series of coordinated experiments to study the emissions of
aerosol and ozone precursors, their chemical transforma-
tions and removal during transport to and over the North
Atlantic, and their impact downwind on the European
continent.

[6] The combined research conducted in the programs
that make up ICARTT focused on three main areas:
regional air quality, intercontinental transport, and radia-
tion balance in the atmosphere. Although each of the
programs had regionally focused goals and deployments,
they shared many of the overall ICARTT goals and
objectives. The aims and objectives of the individual
components that compose the ICARTT program are
briefly described in section 3. The capabilities represented
by the consortium allowed an unprecedented characteriza-
tion of the key atmospheric processes. The scope of the
study is indicated by the measurement platforms and
ground site locations that were operated during the study
and are described in section 4. This section also provides
general information that can be referenced in publications
that describe results obtained from the study and its
interpretation.

[7] The goal of this special journal section is to report
many of the ICARTT results; sections 5 and 6 highlight
some of the particularly important findings. The NASA
Intercontinental Chemical Transport Experiment—North
America (INTEX-A) and the CO, Budget and Rectification
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Airborne study (COBRA) participated in ICARTT, but will
publish their results elsewhere, the former in a separate
special section in Journal of Geophysical Research.

2. Review of Previous Research Related to
ICARTT

[8] The planning for ICARTT was guided by the
findings of many studies of regional air quality, long-
range pollutant transport and atmospheric radiative forcing
that were carried out over the past three decades in the
ICARTT research area. Table 1 and the discussion below
briefly summarize these studies and give relevant refer-
ences providing additional information. The lessons
learned from previous studies of long-range transport over
different parts of the world such as many of the NASA
Global Tropospheric Experiment campaigns [McNeal et
al., 1998] were also valuable for the planning for
ICARTT. The results of all of these studies provide the
context for the analysis and interpretation of the ICARTT
results.

[9] A series of studies (NACEMS, AMODES, NARSTO-
NE-OPS) carried out in the eastern United States and
Canada focused on providing the measurements needed
for the evaluation of air quality models. The results from
these studies indicated that a three-dimensional regional-
scale picture of the atmosphere is required to understand
and predict local air pollution events. An ongoing pro-
gram of atmospheric research carried out at Harvard
Forest, a rural site near Petersham, Massachusetts pro-
vides a chemical climatology for all seasons over several
years, which are particularly relevant to the ICARTT
study.

[10] Several programs have measured the atmospheric
composition of the North Atlantic region. Zeller et al.
[1977], Kelleher and Feder [1978], and Spicer [1982] found
evidence for the transport of plumes along the eastern
seaboard of the United States and out over 100 km or more
of the North Atlantic. Measurements in central Nova Scotia,
Canada, observed the long-range transport of plumes from
urban and industrial sources in the United States, a distance
of over 500 km [Brice et al., 1988; Beattie and Whepdale,
1989]. The GCE/CASE/WATOX study investigated trans-
port and deposition of aerosols. The NARE program of
IGAC studied the effect of long-range transport of chemical
compounds on the oxidative properties and radiation bal-
ance of the troposphere over the North Atlantic. The
SONEX/POLINAT-2 studies focused on the impact of
aircraft emissions on the photochemistry in the upper
troposphere/“lowermost™ stratosphere. The Atmospheric-
Ocean Chemistry Experiment (AEROCE) conducted a
systematic study of the influence of anthropogenic emis-
sions on ozone and aerosols at island sites in the North
Atlantic. Winkler [1988] summarized the ozone measure-
ments from 32 research vessel cruises through the Atlantic
Ocean. A special journal section (Journal of Geophysical
Research, 95(D12), 1990) reported the results of the cruise
of the German research vessel Polarstern in 1987. Several
NASA sponsored programs identified transport of pollu-
tion from North America to the western North Atlantic:
Anderson et al. [1993] concluded that anthropogenic
pollution has a major impact on the budgets of ozone
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Table 1. Atmospheric Composition and Radiative Forcing Studies Previously Conducted in the ICARTT Study Region

Study

Dates

References

North American Cooperative
Network of Enhanced
Measurement Sites (NACEMS)

Acid Model Operational Diagnostic
Evaluation Study (AMODES)

North East Oxidant and Particle
Study (NARSTO-NE-OPS)

Harvard Forest

Global Change Expedition/
Coordinated Air-Sea Experiment/
Western Atlantic Ocean
Experiment (GCE/CASE/
WATOX)

Atmospheric-Ocean Chemistry
Experiment (AEROCE)

North Atlantic Regional Experiment
(NARE)

SASS (Subsonic Assessment)
Ozone and NOx Experiment
(SONEX) Pollution from
Aircraft Emissions in the
North Atlantic Flight
Corridor (POLINAT-2)

New England Air Quality
Study (NEAQS)

Atmospheric Chemistry Studies in
the Oceanic Environment
(ACSOE)

Maximum Oxidation rates in the
free troposphere and Testing
Atmospheric Chemistry in
Anticyclones (MAXOX/TACIA)

Atmospheric Chemistry and
Transport of Ozone/European
Export of Precursors and Ozone
by Long-Range Transport
(ACTO/EXPORT)

Convective Transport of Trace
Gases into the Middle and
Upper Troposphere over Europe:
Budget and Impact on Chemistry

(CONTRACE)

EUROTRAC-TOR

Free Tropospheric Experiments
(FREETEX)

Atlantic Stratocumulus Transition
Experiment/Marine Aerosol
and Gas Exchange
(ASTEX/MAGE)

Tropospheric Aerosol Radiative
Forcing Observational
Experiment (TARFOX)

Second Aerosol Characterization
Experiment (ACE-2)
AEROSOLS99

Northeastern North American Continental Studies
summer-fall 1988

summer-fall 1988
summers 1998, 1999, 2001

ongoing, long-term

Western North Atlantic Studies
summer 1988

1988 to present

1993-1997

fall 1997

summer 2002

Western Europe and Eastern North Atlantic Studies
spring and summer 1997

summers in late 1990s

May and August 2000

May and November 2001

1996-2002
1996 and 1998

Aerosol and Radiative Forcing Studies

June 1992

summer 1996

summer 1997

winter 1999

Trainer et al. [1993] and Parrish et
al. [1993]

Tremmel et al. [1993, 1994]

Zhang et al. [1998] and Seaman and
Michelson [2000]

Munger et al. [1998] and Goldstein et
al. [1998]

special section in Global Biogeochemical
Cycles, 4, 1990

Prospero [2001]

special section in Journal of Geophysical
Research, 101(D22), 1996; special
section in Journal of Geophysical
Research, 103(D11), 1998; and Li
et al. [2002]

Singh et al. [1999] and Thompson
et al. [2000b]

Bates et al. [2005]

Reeves et al. [2002]

Reeves et al. [2002]

Methven et al. [2003] and Purvis
et al. [2003]

Huntrieser et al. [2005]

Schultz et al. [1997]
Carpenter et al. [2000]

special section in Journal of Geophysical
Research, 101(D2), 1996

special section in Journal of Geophysical
Research, 104(D2), 1999, and special
section in Journal of Geophysical
Research, 105(D8), 2000

special issue in Tellus, Series B,
52(2), 2000

special section in Journal of Geophysical
Research, 106(D18), 2001
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Program, Agency

Emphasis

Aircraft

Douglas DC8 INTEX NA, NASA

Lockheed WP-3D NEAQS/ITCT, NOAA

Grumman Gulfstream I DOE

Douglas DC-3 NEAQS/ITCT, NOAA

FAAM BAE 146-301 ITOP, NERC

Dassault Falcon ITOP, DLR

BAe Jet Stream J-31 INTEX NA, NASA

Twin Otter CIRPAS, NSF

Convair 580 MSC
Ship

Ronald H. Brown NEAQS/ITCT, NOAA

regional distribution of chemically active compounds over
North America and their sources (emphasis on free
troposphere); outflow from North America

emissions and chemical processing downwind from urban areas and
industrial point sources in the northeastern United States
(emphasis on boundary layer); outflow from North America

emissions and chemical processing downwind from urban areas and
industrial point sources (emphasis on boundary layer)

emissions and chemical processing downwind from urban areas and
industrial point sources (emphasis on boundary layer)

observations of chemical processing occurring in air masses
transported from North America to Europe

measurements in pollution plumes transported from North America
including forest fire plumes originating from Canada and Alaska
and quasi Lagrangian studies; measurements of emissions from
shipping in the English Channel; satellite validation and
measurement comparisons

aerosol, water vapor, cloud, and ocean surface radiative properties
and effects; satellite validation; regional-scale understanding of
anthropogenic aerosol and radiative impacts

the relationship between cloud properties and the properties of the
aerosols that are influencing the cloud formation

the relationship between cloud properties and the properties of the
aerosols that are influencing the cloud formation

chemical composition and aerosol physical and optical properties in
the marine boundary layer; emission from ships; long-path
radiation-aerosol measurements

and aerosols in the near continent region; and Fishman et
al. 11990, 1991] identified a strong, summertime ozone
maximum extending downwind from North America into
the North Atlantic. The NEAQS project deployed the
research vessel Ronald H. Brown to study the chemical
evolution of gaseous and aerosol pollution in the New
York City and Boston urban plumes over the Gulf of
Maine.

[11] A series of airborne studies have been carried out
over the eastern North Atlantic Ocean and western Europe
to investigate the impact of transatlantic transport of
anthropogenic emissions. ACSOE, which formed the
European component of NARE, and MAXOX/TACIA
investigated the chemistry and transport of pollutants
through aircraft observations from the Azores and the

Table 2b. Ground Sites Involved in the ICARTT Study

UK, respectively. ACTO/EXPORT investigated both the
inflow of anthropogenic pollutants from North Atlantic
regions and the uplift and export of European emissions
from the surface. The CONTRACE field experiment
intercepted several pollutant plumes from North America
over Europe.

[12] Several ground-based studies in Europe have inves-
tigated long-range transport of pollution arriving in Europe.
The influence of intercontinental transport was observed at
mountaintop sites during the EUROTRAC-TOR, FREETEX
and CONTRACE experiments. Long-range transport
events have sometimes been observed at the Mace Head
sea level site [Derwent and Jenkin, 1991]. This site is
located on the western coast of Ireland, where extensive,
continuing atmospheric measurements were initiated in

Location of Site(s)

Program, Agency

Emphasis

Five sites located in northeastern United States

Pinnacle State Park in Addison, New York
11 site radar wind profiler network
Chebogue Point, Nova Scotia, Canada

12 Station Ozonesonde Network

Pico mountain, Pico Island, Azores, Portugal

European Lidar Networks ITOP

AIRMAP, NOAA

ASRC, NOAA, NSF
NEAQS/ITCT, NOAA, DOE
NEAQS/ITCT, NOAA, NSF
IONS, INTEX NA, NASA

PICO-NARE, NOAA, NSF

long-term measurement to document and study
persistent air pollutants such as Oz and fine
particles in the region
measurements of aerosol composition, gaseous
aerosol precursors, ozone, and solar radiation
regional-scale trajectories and transport of air masses
determination of the frequency and intensity of pollution
events crossing the Canadian maritime provinces;
study of aerosol processing
estimation of the North American ozone budget
by profiling ozone from sites across the continent
determination of the composition of the lower
free troposphere in the central North Atlantic region
identification of atmospheric layers for the surface to
5 km that were influenced by long-range transport
not of European origin
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Figure 1.

1987. Data from a network of European LIDARs com-
bined with trajectory analysis have demonstrated several
examples of long-range transport of polluted air masses
from North America to Europe [e.g., Stohl and Trickl,
1999].

[13] The European community has been active in utilizing
commercial aircraft for extensive measurements in the free
troposphere. The data sets are particularly concentrated
over western Europe, the North Atlantic and eastern North
America. These programs include Measurements of Nitrogen
Oxides and Ozone Along Air Routes (NOXAR) [Brunner
et al., 2001], Measurement of Ozone, Water Vapour,
Carbon Monoxide and Nitrogen Oxides by In-service
Commercial Aircraft (MOZAIC) [Marenco et al., 1998]
and Civil Aircraft for Regular Investigation of the Atmo-
sphere Based on an Instrument Container (CARIBIC)
[Zahn et al., 2004].

[14] Several field campaigns have focused on aerosol
transport and transformation over the North Atlantic and
the radiative forcing of those aerosols. ASTEX/MAGE
investigated the formation and transformation of marine
aerosols. TARFOX focused on the direct radiative impacts
of aerosols, as well as the chemical, physical, and optical
properties, of the aerosols carried over the western Atlantic
Ocean from North America. ACE-2 contrasted the aerosol
characteristics, processes and effects over the anthropo-
genically modified North Atlantic with those observed
during ACE-1, which was conducted in the minimally

Dates of deployment of the major ICARTT platforms and surface sites.

polluted Southern Ocean. The shipboard AEROSOLS99
study crossed the Atlantic Ocean from Norfolk, Virginia,
to Cape Town, South Africa, and determined the chemical,
physical, and optical properties of the marine boundary
layer aerosol.

3. Components of ICARTT

[15] During the summer of 2004, ICARTT coordinated
the activities of several independently planned research
programs. The coordinated programs involved extensive
measurements made from aircraft, a research vessel, and
several ground stations located in the northeastern United
States, Nova Scotia, the Azores, and western Europe.
Tables 2a and 2b list the principal measurement platforms
and ground stations, the programs and agencies that
supported these platforms, and the principal objectives of
their measurements. The following subsections describe
the principal goals and resources contributed by the
independent programs. Appendices A and B give more
experimental details of the individual platforms and sites.
Figure 1 indicates the time periods over which the various
platforms and sites operated.

[16] In addition to the research that is described in this
special section, the ICARTT consortium also included
three field studies that plan publication elsewhere. These
are (1) Intercontinental Chemical Transport Experiment—
North America (INTEX-NA), a NASA supported study
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designed to undertake large-scale mapping of trace gases
and aerosols over North America and the Atlantic Ocean
(many of their results will be included in a separate INTEX-
NA/ICARTT special section in Journal of Geophysical
Research); (2) the 2004 CO, Boundary-layer Regional
Atmospheric Study (COBRA) that examined regional-scale
budgets and forest-atmosphere exchange of CO and COy;
and (3) the U.S. DOE-operated G1 aircraft collected data
from locations downwind of urban areas, and sampled point
sources for trace gases and aerosols.

3.1. NEAQS-ITCT 2004 Study (NOAA)

[17] The NOAA WP-3D and DC-3 Lidar aircraft com-
bined with the Research Vessel Ronald H. Brown, the
surface site at Chebogue Point, and the NOAA-DOE
Cooperative Agency Radar Wind Profiler network to
conduct the combined New England Air Quality Study
(NEAQS) and Intercontinental Transport and Chemical
Transformation (ITCT) study. The WP-3D mapped trace
gases, aerosols and radiative properties over the northeast-
ern United States, and the Lidar, deployed on a chartered
DC3 aircraft, mapped the regional distribution of boundary
layer ozone and aerosols over New England. Ronald H.
Brown used both in situ and remote atmospheric sensors
to examine low-altitude outflow of pollution from the
northeastern United States. The Chebogue Point measure-
ments on the southern tip of Nova Scotia, approximately
500 km downwind of the New York—Boston urban
corridor, provided continuous observations at a fixed site,
allowing determination of the frequency and intensity of
pollution events crossing the Canadian Maritime Provinces
on their way to the North Atlantic. Chebogue Point
included a very comprehensive measurement set for
aerosol chemical and physical properties, along with a
wide range of trace gas measurements and meteorological
observations. Chebogue Point was also instrumented dur-
ing NARE (26 July to 3 September 1993), and as such
provided a point of comparison for studying temporal
changes in outflow of pollution from North America. A
radar wind profiler network included eleven sites that
provided information on regional-scale trajectories and
transport of air masses. The science plan that describes
the research aims of NEAQS-ITCT can be found at http://
esrl.noaa.gov/csd/2004/2004plan.pdf.

3.2. AIRMAP Network (NOAA) and CHAIOS
(NSF, NOAA)

[18] AIRMAP is a program developed at the University
of New Hampshire (http://www.airmap.unh.edu) to gain an
understanding of regional air quality, meteorology, and
climatic phenomena in New England. The AIRMAP net-
work consists of five long-term measurement sites for
documenting and studying ozone and fine particles in the
region. The continuous high-resolution nature and multiyear
records are strengths of the AIRMAP data set that provide a
year-to-year context for the ICARTT measurements.

[19] The Chemistry of Halogens at the Isles of Shoals
(CHAIiOS) study, conducted at the AIRMAP site on
Appledore Island, Maine, evaluated the influence of
halogen radicals on the chemical evolution of pollutant
outflow along the New England coast. The study focused
on (1) the influences of halogen radicals on ozone
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production and destruction in polluted air; (2) the influence
of nocturnal radical chemistry, i.e., NO3; and N,Os, on
halogen levels; (3) the role of halogens in the production
and chemical evolution of aerosols; and (4) the potential
implications of the pollutant outflow on the chemistry in the
MBL over the Gulf of Maine.

3.3. PICO-NARE (NOAA, NSF)

[20] The PICO-NARE station, located on the summit
caldera of Pico Mountain in the Azores (2225 m asl,
38°28.226" north latitude, 28°24.235" west longitude),
was established to study the composition of the lower free
troposphere in the central North Atlantic region, with an
emphasis on the impacts of pollution outflow from the
surrounding continents [Honrath et al., 2004]. The station
elevation allows sampling of air in the lower free tropo-
sphere [Kleiss! et al., 2006]. The PICO-NARE studies have
as their primary objectives to (1) determine the degree to
which PICO-NARE measurements are characteristic of free
tropospheric composition, by analyzing the occurrence of
upslope flow events on Pico mountain; (2) use observa-
tions during frequent events of boreal biomass burning
emissions transport to determine the regional impact of
boreal fire emissions on ozone precursors, ozone, and
aerosol black carbon; (3) characterize the transport mech-
anisms whereby North American anthropogenic emis-
sions are transported to the station and to assess the
importance of these lower free troposphere transport
events in the context of regional ozone impacts; and
(4) determine the seasonal cycle of NMHC levels and
HC/HC ratios in the North Atlantic lower free tropo-
sphere to quantify the impact of individual transport
events on tropospheric composition.

3.4. ITOP (NERC, DLR)

[21] The 2004 Intercontinental Transport of Ozone and
Precursors (ITOP, cf. http://badc.nerc.ac.uk/data/itop/) proj-
ect, involving research groups from Germany, France, and
the UK, made observations of chemical processing occur-
ring in air masses transported from the United States to
Europe at both high and low levels in the troposphere. The
ITOP project involved the BAE146 and Falcon aircraft
and the European Lidar Network. The BAE146 was based
in the Azores, the approximate midpoint point between
emission studies on the U.S. eastern seaboard and obser-
vations of inflowing air to Europe. A focus of the
experiment was to determine the extent to which air
masses remained chemically active in the days following
primary emission, and the role played by relatively stable
oxidative intermediates such as PAN, organic nitrates and
carbonyls in extending this activity beyond the lifetime of
the initially emitted species.

[22] The Falcon aircraft operated by the Deutsches Zen-
trum fiir Luft- und Raumfahrt (DLR) operated in Europe.
The study objectives included interception and measure-
ment of urban and industrial plumes transported from
the northeastern United States, of forest fire plumes origi-
nating from Canada and Alaska, of European urban plumes
(e.g., London, Po Valley), and of emissions from maritime
shipping (e.g., in the English Channel and North Sea). The
collected data set was also used for Satellite (ENVISAT)
validation.
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[23] Several lidar systems capable of aerosol backscatter
measurements up to at least 5 km constituted the European
Lidar Network, whose goal was to identify atmospheric
layers not influenced by European aerosol or ozone
production. Two systems also provided ozone vertical
profiles.

3.5. ITCT-Lagrangian-2K4 Experiment

[24] The goal of the ITCT-Lagrangian-2K4 Experiment is
to directly observe the evolution of the aerosols, oxidants
and their precursors from emission over North America,
trans-Atlantic transformation and transport, and impact on
acrosol and oxidant levels over Europe [Parrish and Law,
2003]. In practice, two or three aircraft made multiple,
sequential sampling flights into the same air mass during
the time required for the intercontinental transport of that air
mass. This plan required the close coordination of four
aircraft deployed in North America (the NOAA WP-3D and
the NASA DC-8), in the mid North Atlantic (the BAe-146)
and in Europe (the DLR Falcon). In addition, data from the
NOAA Ozone Lidar aircraft, the PICO-NARE surface site,
MOZAIC measurements on commercial aircraft, the Euro-
pean lidar network, and European surface sites were inte-
grated into the analyses. Each of these platforms had its own
regionally focused goals, but together they provided cover-
age during the complete transit of a polluted air mass across
the North Atlantic. Further, this activity is of central
importance for ICARTT as it served to coordinate and bring
together the models and measurements, and to encourage a
strong instrument intercomparison effort.

3.6. ICARTT Cloud-Aerosol Study
(NSF, Environment Canada)

[25] Two aircraft, the CIRPAS Twin Otter and NRC of
Canada Convair 580 were involved in the Cloud-Aerosol
study. The major scientific issues centered on the relation-
ship between cloud properties and those of the aerosols
upon which the clouds are forming. Therefore this experi-
ment represents a continuing effort to obtain detailed, in situ
field data that will aid in understanding the indirect climatic
effect of aerosols. In addition, there was focus on under-
standing the atmospheric evolution of aerosols. Specific
questions included the following: (1) To what extent can
observed cloud drop number concentrations be predicted by
theoretical aerosol-cloud activation models, given measure-
ments of aerosol size and composition, i.e., to what extent
can aerosol-cloud drop closure be achieved? What role do
aerosol organic components play in determining cloud drop
number concentrations? How sensitive are predicted cloud
drop concentrations to the mass accommodation coefficient
of water on droplets? (2) Is there evidence of liquid-phase
processing of dissolved organics leading to observed organic
aerosol components? (3) What processes govern the evolu-
tion of aerosols in power plant plumes as the plumes are
advected from their source to the regional atmosphere?
How does this evolution differ under clean versus cloudy
conditions?

3.7. ICARTT Radiation-Aerosol Study
(NOAA, NASA)

[26] The Jet stream-31 (J31) aircraft flew missions over
the Gulf of Maine during July and August 2004. The goal
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was to characterize aerosol, water vapor, cloud, and ocean
surface radiative properties and effects in flights that sam-
pled polluted and clean air masses in coordination with
measurements by other ICARTT platforms, including the
NOAA R/V Ronald H. Brown, the DC-8 and DC-3 aircraft,
and the Terra and Aqua satellites. Specific science objec-
tives of the J31 included validating satellite retrievals of
AOD spectra and of water vapor columns, measuring
acrosol effects on radiative energy fluxes, and characteriz-
ing cloud properties using visible and near infrared reflec-
tance in the presence of aerosols. The broader goal of the
Radiation-Aerosol Study was to produce a refined, regional-
scale understanding of anthropogenic aerosol and its direct
radiative impact.

4. Study Coordination

[27] Because of the scope and diverse nature of the
ICARTT study, considerable coordination was required.
Information concerning study planning and implementation
was provided to all participants via a web site (http://
esrl.noaa.gov/csd/ICARTT/). The organization, planning
and implementation of the study are given on the Web site.
The detailed planning was tasked to six working groups:
(1) aircraft and ship coordination, (2) surface networks,
(3) modeling and forecasting, (4) measurement comparison,
(5) data management, and (6) international coordination.
These groups developed the necessary implementation to
coordinate study activities. A six-member Study Coordi-
nation Team composed of individuals representing the
principal programs involved in the study provided coordi-
nation among the working groups. The planning provided
by these groups was presented in a series of white papers
and meetings prior to the study.

[28] During the study, participants were informed on the
progress of the study, given updates on operations of the
various platforms and alerted to interesting finding from
measurements and model predictions on the Web site under
the heading of “Field Operations.” Here links were pro-
vided for access to (1) the results from the measurements
made at the various field sites, on the mobile platforms and
realizations of satellite data; (2) model forecasts and simu-
lations; (3) measurement intercomparison results; (4) fore-
cast model output comparisons and forecast model
comparisons with targeted field measurements; and (5) a
detailed emissions map viewer that gives the location and
intensity of natural and anthropogenic emission in North
America.

[29] Expanded descriptions of five activities and resour-
ces that were particularly helpful in coordinating study
activities follow. They are (1) the role of model simulation
and forecasting, (2) the design and implementation of the
ITCT-Lagrangian-2K4 experiment, (3) the emission map
viewer, (4) the measurement comparison and uncertainty
determination, and (5) data management protocol.

4.1. Role of Model Simulation and Forecasting

[30] A large array of model studies accompanies the
observations collected during the ICARTT-2004 experi-
ment. These models include box model analysis of in situ
photochemistry, Lagrangian transport models used in the
prognosis and diagnosis of intercontinental transport, and
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many three-dimensional Eulerian models spanning local to
global spatial scales. The forecasts provided by these
models were used extensively during the study for flight
planning and event interception. In addition, they suggest
interesting features of events for retrospective analysis.
These simulations were often made available during the
study on linked web sites that were accessible to all
interested participants.

[31] The modeling results included in this special journal
section can be divided into four major components: those
specific to AIRMAP and CHAIOS [Chen et al., 2006;
Mao et al., 2006; M. Chen et al., Air mass classification
in coastal New England and its relationship to meteorolog-
ical conditions, submitted to Journal of Geophysical
Research, 2006; R. J. Griffin et al., Contribution of gas-phase
oxidation of volatile organic compounds to atmospheric
carbon monoxide levels in two areas of the United States,
submitted to Journal of Geophysical Research, 2006],
Lagrangian and global Eulerian models relevant to ITOP
[Stohl et al., 2004; Methven et al., 2006; Real et al., 2006;
Cook et al., 2006; J.-L. E. Attie et al., Evaluation of the
MOCAGE chemistry transport model during the ICARTT/
ITOP experiment, submitted to Journal of Geophysical
Research, 2006, hereinafter referred to as Attie et al.,
submitted manuscript, 2006], those associated with ITCT-
Lagrangian-2K4 (see section 4.2 below), and several re-
gional-scale Eulerian air quality forecast models (AQFMs)
participating in an informal model evaluation as part of
ICARTT. This last component (described further in section
6.2 below) was specifically designed to take advantage of
the various surface based and aircraft platforms within
ICARTT to critically assess state-of-the-art forecast models
for O3 and aerosol. ICARTT field data also play a crucial
role in the boundary condition sensitivity study of Y. Tang
et al. (The influence of lateral and top boundary conditions
on regional air quality prediction: A multiscale study
coupling regional and global chemical transport models,
submitted to Journal of Geophysical Research, 2006) and
the O; forecast data assimilation study of T. Chai et al.
(Four dimensional data assimilation experiments with
ICARTT (International Consortium for Atmospheric Re-
search on Transport and Transformation) ozone measure-
ments, submitted to Journal of Geophysical Research,
2006). As forecasts of PM2.5 aerosol, much like ozone,
become routinely available to the public, the need for
accurate characterization of the various processes control-
ling PM2.5, and evaluations of PM2.5 forecast capabilities
becomes critical. G. R. Carmichael et al. (Improving re-
gional ozone modeling through systematic evaluation of
errors using the aircraft observations during ICARTT,
submitted to Journal of Geophysical Research, 2006) utilize
the various aerosol related measurements within I[CARTT
to evaluate PM2.5 formation and transformation.

4.2. Implementation of the ITCT-Lagrangian-2K4
Experiment

[32] The organization and realization of ITCT-Lagrangian-
2K4 comprised three steps: a review of previous results,
instrument comparison activities (to ensure that measure-
ments on the disparate platforms could be accurately inte-
grated without confounding measurement uncertainties) and
flight coordination during the field deployment. The review
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of previous results focused on the NARE 1997 study [Stohl
et al., 2004], which was conducted in the same region at a
similar time of year. The instrument comparison activities
(discussed further in section 4.4) were focused on six
wingtip-to-wingtip flights of two aircraft that together
compared measurements on all four aircraft; some of the
results are reported in papers in this journal section. Flight
planning was based upon trajectory forecasts by models
specifically developed for the purpose [Stohl et al., 2004;
Methven et al., 2006] and discussed in daily conference
calls. Several Lagrangian opportunities were identified and
aircraft successfully flown to the forecast locations of the
previously sampled air masses. The results are discussed in
several papers in this journal section [Methven et al., 2006;
Real et al., 2006; Lewis et al., 2006; Cook et al., 2006;
S. R. Arnold et al., Statistical inference of OH concentra-
tions and air mass dilution rates from successive observa-
tions of nonmethane hydrocarbons in single air masses,
submitted to Journal of Geophysical Research, 2006, here-
inafter referred to as Arnold et al., submitted manuscript,
2006; Attie et al., submitted manuscript, 2006; L. K.
Whalley et al., unpublished manuscript, 2006].

4.3. Emission Map Viewer

[33] The analysis of the ICARTT study was facilitated by
providing participants with a common emission inventory
database that could be easily accessed to help identify and
quantify the impact of individual point and areas sources of
natural and anthropogenic emissions. A geographic infor-
mation system interface, the Emission Inventory Mapviewer
(http://map.ngdc.noaa.gov/website/al/emissions), which
was developed by NOAA (ESRL/CSD and NGDC) in
support of the ICARTT study, provided this resource. This
interface allows users to easily visualize emission invento-
ries along with various geographic data and carry out
analyses of these inventories. The Emission Inventory
Mapviewer was built around the EPA’s 1999 National
Emission Inventory (NEI99) for anthropogenic sources
and the EPA’s Biogenic Emissions Inventory System ver-
sion 3.11 (BEIS3.11) for natural sources, over a domain
covering the continental United States, southern Canada,
and northern Mexico. NEI99 emissions of NO,, CO, VOC,
SO,, NH;, PM2.5, and PM10 from individual or groups of
point sources can be viewed and downloaded. It also dis-
plays total anthropogenic emissions of these compounds on
a 4-km resolution grid, and provides a convenient analysis
of the partitioning between point, mobile, and area sources
in any rectangular latitude-longitude region. BEIS3.11
emissions of isoprene and terpenes, the major organic
components emitted by vegetation, can be visualized for
standard environmental conditions. The Mapviewer can also
upload and display sample aircraft flight tracks, a useful tool
for planning research studies of emission sources. A com-
plete description of the Mapviewer’s data sets is given by
Frost et al. [2006].

4.4. Measurement Comparison and Uncertainty
Determination

[34] The goal of comparison exercises for the 2004
ICARTT campaign was to create a unified observational
data set from measurements acquired from multiple air-
craft, ground, and ship platforms. To this end, comparisons
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Figure 2. Average altitude profiles of ozone and

CO for July—August measured by the MOZAIC

program. Solid lines indicate 2004 data, and dashed lines indicate the average of all earlier years of
measurements (1994—2003 for ozone and 2002—2003 for CO). Eastern U.S. represents the average from
all flights into New York City, Boston, and Washington, D. C. The numbers in parentheses give the
number of vertical profiles averaged in each curve for 2004.

were planned and carried out in order to help establish
data comparability between the various platforms, and to
verify that different analytical approaches are mutually
consistent within quantifiable uncertainties. The measure-
ments included a wide variety of in situ and remotely
sensed gas-phase chemical species, aerosol chemical and
physical data, radiative effects, and meteorological param-
eters. These data were acquired using a variety of tech-
niques, each with specified instrumental accuracy and
precision. Quantifying data uncertainty established an
objective basis upon which subsequent scientific interpre-
tations are founded.

[35] The effort required coordination between the multi-
ple participating organizations of ICARTT, and primarily
involved side-by-side measurement opportunities between
combinations of aircraft, ship, and ground stations located
in and between North America and Europe. In particular,
comparison opportunities linked the platforms participating
in the ITCT-Lagrangian-2K4 described in section 4.2.
Additional comparisons of these data sets to satellite
retrievals and model output are ongoing and the analyses
involve the entire 2004 data set. The protocol for acquiring,
evaluating, and disseminating the results of side-by-side
data comparison activities for all participating platforms
exclusive of satellite and model data can be found at http://
esrl.noaa.gov/csd/ICARTT/.

4.5. Data Management Protocol

[36] The ICARTT study involved a large number of
measurement platforms that collected a large volume of
data. Each of the several laboratories involved in the study
had its own procedures for handling data, so it was
necessary to identify a common procedure prior to the
study. This facilitated data transfer both during the study

and, more importantly, after the campaign was completed.
All of the principals in the study agreed upon a data
transfer and archiving standard modeled after the NASA
Ames format, which was chosen because it satisfied the
identified data handling issues, and is easily handled by
most computer-based data manipulation programs. The
specifications for the Ames file exchange format can be
found at http://cloudl.arc.nasa.gov/solve/archiv/archive.
tutorial.html. Each group designated a data manager (listed
at http://esrl.noaa.gov/csd/ICARTT/studycoordination/
wgdmcontactlist.pdf) who was responsible for ensuring
that all data from that group were available on an
accessible server in the common format. These separate
data servers (listed at http://esrl.noaa.gov/csd/ICARTT/
studycoordination/wgdm.shtml) are operated and main-
tained by each group, and can be accessed either via the
Web or ftp. Collectively, these servers constitute a distrib-
uted data repository, so no central data collection and
distribution server exists.

5. Meteorological and Precursor Context of
ICARTT

[37] The meteorology that prevails during a field cam-
paign generally exerts a profound effect upon the resulting
data set, and thus that data set must be interpreted within
that meteorological context. Meteorology strongly affects
transport patterns and stagnation conditions as well as
important parameters such as radiation intensity and ambi-
ent temperature. It also affects the precursor emissions, both
local (e.g., biogenic and anthropogenic hydrocarbons) and
more remote (e.g., boreal forest fire emissions.)

[38] Figure 2 provides a larger spatial and temporal
context for the 2004 ozone and CO distributions measured
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in the ICARTT region. It presents the 2004 ozone and CO
vertical profiles measured by the MOZAIC program over
the eastern United States and over Germany, and compares
those measurements with an average of all MOZAIC
measurements from previous years. Compared to the lon-
ger-term averages, in 2004 ozone concentrations in the free
troposphere were 5 to 10 ppbv higher over the eastern
United States and about 5 ppbv higher over Germany. In
contrast, CO was approximately 10 ppbv lower over the
eastern United States and about 20 ppbv lower over
Germany. During ICARTT a great deal of attention was
focused on the large boreal forest fires (5.8 million hectares
(A. Petzold et al., unpublished manuscript, 2006)) in
Alaska and northwest Canada, which would be expected
to raise the 2004 ambient CO to above normal concen-
trations. However, 2002 and 2003 were years of even
larger-scale fires in Siberia (7.5 and 14.5 million hectares,
respectively) [Mollicone et al., 2006], which likely account
for the higher CO concentrations throughout the midlati-
tude northern hemisphere in those years. It is notable that
even though 2004 was characterized by few ozone
extremes over the northeastern United States (see next
paragraph), the average ozone profiles are not particularly
low; Figure 2 shows that the 2004 ozone concentrations
were higher than the preceding 10 year average, even in the
continental boundary layer, at least as sampled by the
MOZAIC aircraft. Interannual variability in the prevalence
of key regional flow patterns perhaps could also contribute
to these differences. However, Honrath et al. [2004] reach
similar conclusions regarding the influence of the magni-
tude of biomass burning on the interannual variability of
hemispheric CO levels.

[39] White et al. [2006a] have evaluated the meteorology
that impacted the New England area during ICARTT. This
part of the study region is particularly important because it
is the “tail pipe” of North America in the sense that many
of the polluted air masses leaving North America pass
through this region. Thus the source for long-range
transport into the North Atlantic and across to Europe
may be sampled in this region. White et al. [2006a]
contrast the July—August 2004 ICARTT period with the
July—August 2002 period during which the NEAQS 2002
study was conducted in the same region. They show that
these 2 years represent extremes for the 1996-2005
decade, both in meteorological conditions and in observed
ozone levels. July—August 2004 accounted for the mini-
mum number of ozone exceedences in the New England,
while 2002 had the maximum. Both studies were con-
ducted under meteorological extremes by some measures:
2002 was much warmer and drier than normal and 2004
was appreciably cooler and wetter than normal. White et
al. [2006a] attribute the ozone extremes to these meteo-
rological extremes. In contrast, southwesterly flow (which
is most closely associated with high-pollution events) was
actually more prevalent in 2004 than in 2002, and frequency
of cold front passage (which is associated with disruption
of pollution accumulation) was similar in the 2 years.

6. Overview of Results

[40] This section highlights some of the key findings of
the ICARTT study, describes how individual results tie
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together, and directs interested readers to specific papers
for more extensive discussions.

6.1. Air Quality: Instruments, Measurements, and
Observational Based Analyses

6.1.1. Instruments

[41] The 2004 ICARRT study represented the first
deployment of several significant newly developed instru-
ments. For the first time the NOAA WP-3D aircraft carried
a cavity ring-down spectroscopy (CARDS) system for
simultaneous measurement of NOs; and N,Os with 1-s
temporal resolution [Dubé et al., 2006], a chemical ioni-
zation mass spectrometer (CIMS) instrument for the mea-
surement of NHj, also with 1-s resolution [Nowak et al.,
2006], a pulsed quantum cascade laser spectrometer for
formaldehyde and formic acid [Herndon et al., 2006], a
Particle-into-Liquid Sampler (PILS) coupled to a Total
Organic Carbon (TOC) analyzer for 3-s integrated measure-
ments of water-soluble organic carbon (WSOC) ambient
aerosol [Sullivan et al., 2006], and a visible-ultraviolet
spectroradiometer system for the measurement of the pho-
tolysis rate of NO; (H. Stark et al., Atmospheric in situ
measurement of nitrate radical (NOs) and other photolysis
rates using spectro- and filter radiometry, submitted to
Journal of Geophysical Research, 2006, hereinafter reffered
to as Stark et al., submitted manuscript, 2006). The Ronald
H. Brown Research Vessel carried a newly developed
CARDS system for the measurement of aerosol extinction
and a CARDS system for the measurement of NO, as well
as NO; and N,Os [Osthoff et al., 2006b], and multisensor
wind profiling system that combined a radar wind profiler, a
high-resolution Doppler LIDAR, and GPS rawinsondes
[Wolfe et al., 2006]. The wind profiler, system provided
continuous hourly wind profiles at 60- and 100-m vertical
resolutions to 3—5 km height. A Thermal desorption Aerosol
GC/MS-FID (TAG) instrument deployed at the Chebogue
Point site reports the first ever hourly in situ measurements
of speciated organic aerosol composition (B. J. Williams et
al., Chemical speciation of organic aerosol during ICARTT
2004: Results from in situ measurements, submitted to
Journal of Geophysical Research, 2006, hereinafter referred
to as Williams et al., submitted manuscript, 2006). At the
remote PICO-NARE site D. Helmig et al. (unpublished
manuscript, 2006) deployed a completely automated and
remotely controlled gas chromatograph for the measure-
ment of C,—Cg NMHC. The system used minimal power,
prepared all consumable gases and blank air at the site,
and required no cryogens. O. Pikelnaya et al. (Validation
of multiaxis DOAS measurements in the marine boundary
layer, submitted to Journal of Geophysical Research,
2006, hereinafter referred to as Pikelnaya et al., submitted
manuscript, 2006) deployed a MultiAxis Differential
Optical Absorption Spectroscopy (MAX-DOAS) instru-
ment at a surface site in the Gulf of Maine to make trace
gas measurements simultaneously with long-path DOAS
measurements.
6.1.2. Role of Nitrate Radicals and N,Os5

[42] NO;s and N,Os are important atmospheric species
that control nighttime chemistry. Brown et al. [2006a,
2006b] made the first airborne measurements of NOj
and N,Os5 from the NOAA WP-3D aircraft. The nocturnal
concentrations of NO3 were much larger aloft than at the
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