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Data composites of airborne observations
of tropospheric ozone and its precursors
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Abstract. Tropospheric data from a number of aircraft campaigns have been
gridded onto global maps, forming “data composites” of chemical species important
in ozone photochemistry. Although these are not climatologies in the sense of a
long temporal average, these data summaries are useful for providing a picture of
the global distributions of these species and are a start to creating observations-
based climatologies. Using aircraft measurements from a number of campaigns, we
have averaged observations of O3, CO, NO, NO,, HNO3, PAN. H,0,, CH300H,
HCHO, CH3COCHj3, CoHg, and C3Hg onto a 5° latitude by 5° longitude horizontal
grid with a 1-km vertical resolution. These maps provide information about the
distributions at various altitudes, but also clearly show that direct observations
of the global troposphere are still very limited. A set of regions with 10°-20°
horizontal extent has also been chosen wherein there is sufficient data to study
vertical profiles. These profiles are particularly valuable for comparison with
model results, especially when a full suite of chemical species can be compared
simultaneously. The Oz and NO climatologies generated from measurements
obtained during commercial aircraft flights associated with the MOZAIC and
NOXAR programs are incorporated with the data composites at 10-11 km. As
an example of the utility of these data composites, observations are compared
to results from two global chemical transport models, MOZART and IMAGES,
to help identify incorrect emission sources, incorrect strength of convection, and
missing chemistry in the models. These comparisons suggest that in MOZART the
NO; biomass burning emissions may be too low and convection too weak and that
the transport of ozone from the stratosphere in IMAGES is too great. The ozone
profiles from the data composites are compared with ozonesonde climatologies and
show that in some cases the aircraft data agree with the long-term averages, but in
others, such as in the western Pacific during PEM-Tropics-A, agreement is lacking.
Finally, the data composites provide temporal and spatial information, which can
help identify the locations and seasons where new measurements would be most
valuable. All of the data composites presented here are available via the Internet
(http://aoss.engin.umich.edu/SASSarchive/).
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Ozone in the troposphere affects atmospheric chem-
istry and climate in a number of important ways, in-
cluding determining the oxidizing capacity of the atmo-
sphere and radiative forcing. Ozone is transported from
the stratosphere into the troposphere (at an uncertain
rate) [e.g., Crutzen et al., 1999]. with the remainder of
tropospheric ozone produced in situ. The concentra-
tions of a number of chemical species, including NO;
(=NO+NOs,), volatile organic compounds (VOCs). and
CO, determine the rate of ozone production and de-
struction, varying with region, altitude, and season.

In order to better understand the budget of tropo-
spheric ozone, it is valuable to examine the observed
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seasonal and geographical variations in ozone and its
precursors. Data composites constructed from airborne
measurements can be used to assess our current knowl-
edge of species distributions and to identify where addi-
tional observations are needed, to evaluate global chem-
ical transport models (CTM), and to generate a priori
profiles for satellite retrievals and for comparison with
those measurements.

The present work is an extension of the NO, NO,, and
NO, (total reactive nitrogen) “climatologies” of surface
and airborne measurements presented by Emmons et al.
[1997] and includes additional species with higher hor-
izontal and vertical resolution. It also builds on com-
pilations made previously for selected species primar-
ily from the NASA Global Tropospheric Experiment
(GTE) aircraft campaigns. These include a summary
of NO, measurements [Bradshaw et al., 2000], reactive
nitrogen species and ozone [Thakur et al., 1999], and
peroxides [O’Sullivan et al., 1999]. As a result of this
work, we are able to provide in one archive a broader se-
lection of species, from a greater number of campaigns,
than have been previously available. While we have
tried to compile an extensive data set, it is not yet
comprehensive, and will be expanded as additional data
becomes available.

In many cases it can be valuable to separate strato-
spheric and tropospheric air, so as to study these very
different regimes independently [e.g., Logan, 1999)]. How-
ever, for this study we have not filtered the data this
way, choosing instead to look at the atmosphere as a
whole, although concentrating on the troposphere. One
of the parameters to evaluate in global models is the
height of the tropopause, and not separating strato-
spheric and tropospheric air in these composites allows
us to identify the tropopause. In addition, it is difficult
to use a uniform criteria for distinguishing the two re-
gions in these data sets, as there are different coincident
measurements in the various campaigns.

The data that have been included in this collection
have been released to the community on public archives
and/or have been published in peer-reviewed journals.
For the present work we have concentrated on data
sets that have relatively large geographical coverage
and include simultaneous measurements of a number of
species, which are primarily made from aircraft. Addi-
tional measurements, including surface measurements,
are available from the data archive. These observa-
tions and the associated measurement techniques and
measurement campaigns are discussed in the next sec-
tion. Following, the data composites are presented in
two forms, as global maps and in vertical profiles for
selected regions. The composites are then compared
to climatologies from ozonesondes and two commercial
aircraft programs, NOXAR and MOZAIC, to assess the
representativeness of the composites. Finally, the re-
sults from two global CTMs, MOZART and IMAGES,
are compared to the data composites as examples of
their use for model evaluation.
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2. Observations

The observations that are included in the data com-
posites are discussed in this section. Following a brief
discussion of the chemical species that are included,
each of the measurement campaigns is briefly described.
The techniques used for these measurements are dis-
cussed, and the data files used and created for the data
composites are identified. These summaries are pro-
vided to assist the reader in interpreting the data com-
posites presented in the following sections.

2.1. Chemical Species

The species from each measurement campaign that
are included in the data composites presented here are
listed in Table 1. Although many of the campaigns also
included ground-, tower- or ship-based measurements,
only aircraft measurements are discussed in this paper,
with the exception of two sets of ozonesondes launched
from ships.

A number of species related to ozone photochem-
istry are considered, including ozone (Ojz), carbon
monoxide (CO), nonmethane hydrocarbons (NMHCs):
ethane (C2Hg) and propane (C3Hg); reactive nitrogen
species: nitric oxide (NO), NO, (=NO+NO, nitrogen
dioxide), peroxyacetyl nitrate (PAN, CH3CO3;NO,),
and nitric acid (HNOj;); and several HO,-related
species: hydrogen peroxide (HsQ,), methyl hydroper-
oxide (CH3OOH), formaldehyde (HCHO), and acetone
(CH3COCHj3). These species were either measured in
situ, using direct (real-time) sampling techniques, or
whole air sampling with subsequent laboratory analy-
sis. Differential absorption lidar (DIAL) measurements
of ozone were made on a number of these campaigns,
providing high-resolution profiles of ozone concentra-
tion above and below the aircraft, and these results
have also been included in this study. In addition,
some ratios of chemical species have been calculated, in-
cluding PAN/NO;, HNQO3/NO,, H,0,/CH300H, and
C3Hg/CoHg. :

NMHCs, CO, and NO, are source gases that can
lead to O3 production. PAN and HNOj; are products
of NO, photochemistry with relatively long lifetimes
(several weeks to a month in the upper troposphere)
[Singh et al., 1990a]. Thus the ratios of PAN/NO, and
HNO;3;/NO, can be indicators of the photochemical pro-
cessing that has occurred in an airmass [e.g., Ridley et
al., 1990]. However, these relationships can be compli-
cated by loss processes, such as the thermal decompo-
sition of PAN, which may recycle NO, and in this way
provide a source of NO, far away from primary emis-
sions. As well, wet or dry deposition of HNO3 provides
a sink for atmospheric NO,.

H502 and CH30OH are products of methane and
CO oxidation chemistry and are sinks for HO, radi-
cals. As HyO, is more soluble than CH3OOH, the ratio
H,02/CH300H can provide an indication of convective
activity [O’Sullivan et al., 1999]. Acetone has various
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Table 1. Campaigns and Chemical Species Included in Data Composites

Campaign® Dates Platform Species®

CITE-1-Hawaii  Oct. 19 to Nov. 26, 1983 CV-990 03, CO, NO

CITE-1-Ames April 20 to May 10, 1984 CV-990 03, CO, NO

STRATOZ-3 June 4-26, 1984 Caravelle 116 O3, CO, NO

STRATOZ-3S March 11-23, 1985 Caravelle 116 Os, CO

ABLE-2A July 12 to Aug. 13, 1985 Electra O3, CO, NO

CITE-2 Aug. 11 to Sept. 5, 1986 Electra 03, CO, NO, NO;, PAN, CyHg, C3Hs

ABLE-2B April 1 to May 13, 1987 Electra 03, CO, NO, PAN

Shirase Nov. 15 to Dec. 15, 1987-1990  Ship/sondes O3

TROPOZ-1 Dec. 11-22, 1987 Caravelle 116 O3, CO, NO

ABLE-3A July 7 to Aug. 17, 1988 Electra 0Os, DIAL, CO, NO, NO_., PAN, C;Hs, C3Hg

AASE-1 Jan. 2 to Feb. 15, 1989 DC-8 O3, NO, NO,

INSTAC-1 March 5-10, 1989 Merlin 03, NO

ELCHEM July 27 to Aug. 22, 1989 Sabreliner 03, NO, NO,

CITE-3 Aug. 22 to Sept. 29, 1989 Electra O3, CO, NO, NO;

ABLE-3B July 6 to Aug. 15, 1990 Electra O3, DIAL, CO, NO, NO,., PAN, HNO3, C2Hg,
C3Hg, CH3COCH3

TROPOZ-2 Jan. 9 to Feb. 1, 1991 Caravelle 116 O3, CO, NO, PAN, C,Hg, CsHs, H2O2, CH,0

PEM-West-A Sept. 16 to Oct. 21, 1991 DC-8 03, DIAL, CO, NO, NO;", PAN, HNOs;, C2Hs,
CsHs, H202, CH300H, P(O3)

AASE-2 Jan. 14 to March 20, 1992 DC-8 03;, CO, NO

MLOPEX-2 April 25 to May 11, 1992 King Air 03, CO, CzHe, CsHs, HzOz, CH300H

TRACE-A Sept. 21 to Oct. 26, 1992 DC-8 O3, DIAL, CO, NO, NO;*, PAN, HNO3, C,Hs,
C3;Hs, CH;COCH3, CH20, H,0,, CH300H, P(Os3)

OCTA-1 March 23 to May 21, 1993 C-130 O3, CO, NO

OCTA-2 Aug. 19 to Sept. 1, 1993 C-130 03, CO, NO

OCTA-3 Jan. 12- 17, 1994 C-130 O3, CO, NO

OCTA-4 March 1 to April 26, 1994 C-130 03, CO, NO

PEM-West-B Feb. 7 to March 14, 1994 DC-8 O3, DIAL, CO, NO, NO.", PAN, HNO3, C2Hs,
CsHs, CH3COCH3, H; 02, CH300H, P(O3)

ACE-1 Oct. 31 to Dec. 22, 1995 C-130 O3, CO, NO, C2Hs, C3Hg, H2O2, CH;00H

TOTE Dec. 6-22, 1995 DC-8 03, CO, NO

VOTE Jan. 20 to Feb. 19, 1996 DC-8 03, CO, NO

SUCCESS April 15 to May 15, 1996 DC-8 03, CO, NO

PEM-Tropics-A  Aug. 15 to Oct. 5, 1996 P-3, DC-8 O3, DIAL, CO, NO, NO., PAN, HNO3, C2Hs,

C3Hs, H2O2, CH3OO0H, P(Os)

2Acronyms are defined in the text.
bNQO.", from box model calculations; DIAL, differential absorption lidar measurements of Oz profiles; P(O3), ozone

production and loss rates are available from box model calculations constrained by observations.

direct emission sources, and also is produced from the
oxidation of hydrocarbons [Singh et al., 1995]. It is be-
coming apparent that acetone has a long lifetime (~100
days) and is a significant source of HO,, in the upper tro-
posphere [e.g., Singh et al., 1995; Wennberg et al., 1998;
Miiller and Brasseur, 1999]. HCHO, which is emitted
by industrial sources, and is produced in the oxidation
of methane and NMHCs, also contributes to the HO,
budget in the upper troposphere through photolysis.
As C3Hg has a lifetime of days, while that of CoHg is
weeks, their ratio (C3Hg/CyHg) can be used to estimate
the length of time that an air mass has traveled from a
source region [e.g., Gregory et al., 1996]. The analysis
of Gregory et al. [1996] showed that, in general, when
the ratio is greater than 0.3 the photochemical age of
the air is less than approximately a day, whereas when
the ratio is less than 0.1 it is well aged and more than
5 days from a source region. However, it is important

to note that there are several factors which can affect
this categorization. For example, in different regions
the emission ratio of propane to ethane can differ, their
lifetimes vary in different parts of the atmosphere, and
the ratio can be affected by mixing and photochemistry
[Gregory et al., 1996].

Ozone production and loss rates have been calculated
for several of the aircraft campaigns, using photochem-
ical box (0-D) models constrained by observations [e.g.,
Crawford et al., 1997; Schultz et al., 1999]. The results
calculated by J. Crawford and D. Davis (GIT/NASA
Langley) for the PEM-West, TRACE-A, and PEM-
Tropics-A campaigns, and by M. Schultz and D. Jacob
(Harvard) for PEM-Tropics-A have been made available
to the community (GTE ftp site), and are included in
these data composites. The 24-hour average (not in-
stantaneous) production and loss rates have been used
here. These calculations provide an overall view of the
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Table 2. Measurement Techniques and Uncertainties for Data Included in the Composites

Campaign® Species Method® Uncertainty® Investigator® Reference Merge®

CITE-1-Hawaii Os CeH4-CL 5%/5 ppb Gregory/LaRC  Ridley et al. [1987 G-at
CO DACOM 3% Sachse/LaRC Hoell et al. [1987b G-at
NO 03-CL 20%+13 ppt NOCAR Hoell et al. [1987a G-at
NO 03-CL 15%+9 ppt Torres/ WFF Hoell et al. [1987a G-at
NO TP/LIF 9%+12 ppt  Davis/GIT Hoell et al. [1987a, G-at

CITE-1-Ames Os C2H4-CL 5%/5 ppb Gregory/LaRC Ridley et al. [1987 G-ncr
CcO DACOM 3% Sachse/LaRC Hoell et al. [1987b G-ncr
NO 03;-CL 20%+13 ppt NOCAR Hoell et al. [1987a G-ncr
NO 03-CL 15%+9 ppt Torres/WFF Hoell et al. [1987a G-ncr

STRATOZ-3 O3 SAE 1003 2%-+2 ppb Marenco/LA Marenco and Said [1989)
CO GC/FID 4 ppb Marenco/LA Marenco et al. [1989]
NO 0;-CL 15% Ehhalt/KFA Drummond et al. [1988]

STRATOZ-3S O3 SAE 1003 2%+2 ppb Marenco/LA Marenco et al. [1990]
(o]6) GC/FID 4 ppb Marenco/LA Marenco et al. [1990]

ABLE-2A O3 C.H4-CL 5%/5 ppb Gregory/LaRC Gregory et al. [1988] L-1min
CO DACOM 4.5% Sachse/LaRC Sachse et al. [1988] L-1min
NO 03-CL 15%+5 ppt Torres/WFF Torres and Buchan [1988] L-1min

CITE-2 O3 C,H4-CL 5% Gregory/LaRC L-1min
CO Grab/GC Condon/Ames L-1min
NO 03-CL 10%+3 ppt NOCAR Gregory et al. [1990a) L-1min
NO 0s-CL 15%+9 ppt Torres/WFF Gregory et al. [1990a] L-1min
NO TP/LIF 18%+5 ppt Bradshaw/GIT  Gregory et al. [1990a] L-1min
NO; Xe lamp 30% NOCAR Gregory et al. [1990b] L-1min
PAN GC/ECD 20-25% Ridley/NCAR Gregory et al. [1990c] L-1min
PAN GC/ECD 30% Singh/Ames Gregory et al. [1990c¢] L-1min
C:Hs Grab/GC Singh/Ames Singh et al. [1990a] L-1min

ABLE-2B O3 C2H4-CL 5%/5 ppb Gregory/LaRC Gregory et al. [1990¢] G-1min
CcO DACOM 6% Sachse/LaRC Harriss et al. [1990b] G-1min
NO 03-CL 15%+5 ppt Torres/WFF Torres and Buchan [1988]  G-1min
PAN GC/ECD 35% Singh/Ames Singh et al. [1990b] G-1min

Shirase O3 ECC sondes Takao/JMA Matsubara et al. [1991]

TROPOZ-1 Os SAE 1003 2%+2 ppb Marenco/LA Marenco et al. [1990]
CO GC/FID 4 ppb Marenco/LA Marenco et al. [1990]
NO 03-CL 10 ppt Rohrer/KFA Jonquiéres et al. [1998]

ABLE-3A O3 C:H4-CL 5%/5 ppb Gregory/LaRC Gregory et al. [1992] L-1min
O3 prof DIAL 10%/3 ppb Browell/LaRC Browell et al. [1992] L-1min
CcO DACOM 3% Sachse/LaRC Harriss et al. [1992b] L-1min
NO TP/LIF 16% Bradshaw/GIT  Sandholm et al. [1992] L-1min
NO; XeF laser 18% Bradshaw/GIT  Sandholm et al. [1992] L-1min
PAN GC/ECD 35% Singh/Ames Singh et al. [1992] L-1min
C.He Grab/GC 8% Rowland/UCI Blake et al. [1992] L-1min

AASE-1 O3 CyH4-CL 5% Gregory/LaRC L-1min
NO 03-CL 20% Carroll/NOAA L-1min
NO: Xe lamp Carroll/NOAA L-1min

budget of ozone in several regions of the troposphere, 2.2. Campaign Descriptions
and provide an additional comparison in the evaluation
of global models. Box model calculations of NO, from
Crawford and Davis for PEM-West-A, -B, and TRACE-
A have also been used here, instead of the measured

NO;.

Brief summaries of the campaigns are provided below
to assist the reader in interpreting the data composites.
The particular focus and characteristics of the cam-
paign, with references to journal special sections and
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Table 2. (continued)
Campaign® Species Method® Uncertainty® Investigator® Reference Merge®
INSTAC-1 O3 ECC 10%/2 ppb  Kondo/Nagoya Kondo et al. [1993] L-1min
NO 0;-CL 5 ppt Kondo/Nagoya Kondo et al. [1993] L-1min
ELCHEM NO 03-CL 15-27% Ridley/NCAR Ridley et al. [1994] L-1min
NO» Xe lamp 16-27% Ridley/NCAR Ridley et al. [1994] L-1min
Os NO-CL 4%+2 ppb  Ridley/NCAR Ridley et al. [1994] L-1min
CITE-3 O3 C2H,4-CL 5%/5 ppb Gregory/LaRC Anderson et al. [1993a] G-3min
CcO DACOM 3% Sachse/LaRC Anderson et al. [1993a] G-3min
NO TP/LIF 41% Bradshaw/GIT Dauvis et al. [1993] G-3min
NO» Xe lamp 53% Bradshaw/GIT Daws et al. [1993] G-3min
ABLE-3B Os C,H4-CL 5%/5 ppb Gregory/LaRC Anderson et al. [1994] L-1min
O3 prof. DIAL 10%/3 ppb  Browell/LaRC Browell et al. [1994] L-1min
CO DACOM 3% Sachse/LaRC Harriss et al. [1994] L-1min
NO TP/LIF 41% Bradshaw/GIT Sandholm. et al. [1994] L-1min
NO, Xe lamp 53% Bradshaw/GIT Sandholm et al. [1994] L-1min
PAN GC/ECD 35% Singh/Ames Singh et al. [1994a] L-1min
HNO3 Mast/IC 20-30% Talbot/UNH Talbot et al. [1994] L-1min
C.Hs Grab/GC 7% Rowland/UCI Blake et al. [1994] L-1min
CH3COCHs GC/RGD 25% Singh/Ames Singh et al. [1994b] L-1min
TROPOZ-2 Os TEI 49-103 2%+2 ppb  Marenco/LA Marenco et al. [1995]
CcO GC/Hg det 2 ppb Marenco/LA Gouget et al. [1996]
NO 03-CL 15%+25 ppt  Ehhalt/KFA Rohrer et al. [1997]
PAN GC/ECD 35% Perros/U. Paris Perros [1994]
C.Hs grab/GC 5-10% Boissard/CNRS Boissard et al. [1996]
H>0, Enz. Fluor. 10% Perros/U. Paris Perros [1993]
CH,O grab/HPLC 15-40% Arlander/KFA Arlander et al. [1995]
PEM-West-A  O; C,H4-CL 8%/3 ppb Gregory/LaRC Hoell et al. [1996 L-1min
O3 prof DIAL 15%/3 ppb  Browell/LaRC Hoell et al. {1996 L-1min
CcO DACOM 2%/1 ppb Sachse/LaRC Hoell et al. [1996 L-1min
NO TP/LIF 28% Bradshaw/GIT Hoell et al. [1996 L-1min
NO 03-CL 6%+6 ppt Kondo/Nagoya Hoell et al. [1996 L-1min
NO; Box model Crawford/LaRC Crawford et al. [1996]
PAN GC/ECD 30% Singh/Ames Hoell et al. [1996 L-1min
HNOs3 Mist/IC 37% Talbot/UNH Hoell et al. [1996 L-1min
C:Hs Grab/GC 8% Rowland/UCI Hoell et al. {1996 L-1min
H;0: Grab/HPLC  10%-+15 ppt Heikes/URI Hoell et al. [1996 L-1min
CH300H Grab/HPLC  15%+20 ppt Heikes/URI Hoell et al. [1996 L-1min
P(O3) Box model Crawford/LaRC Crawford et al. [1996]
MLOPEX-2 O3 NO-CL 5% Ridley/NCAR Ridley et al. [1997] L-1min
CO TEI 48 18 ppb Kok/NCAR Rudley et al. [1997] L-1min
C2Hs Grab/GC 5-10% Greenberg/NCAR  Greenberg et al. [1996] L-1min
H;0; Enz. Fluor. 15% Kok/NCAR Staffelbach et al. [1996] L-1min
CH3:00H Enz. Fluor. 15% Kok/NCAR Staffelbach et al. [1996] L-1min
AASE-2 O3 NO-CL 5% Ridley/NCAR Weinhevmer et al. [1993]  L-1min
CO DACOM 2% Sachse/LaRC Anderson et al. [1993c] L-1min
NO 03-CL Ridley/NCAR L-1min

other publications of the data, are given. The dates and
observing platforms used for the campaigns are listed
chronologically in Table 1, with the specifics of the ob-
servations given in Table 2 along with additional ref-
erences. Results from the NASA Global Tropospheric
Experiment (GTE) campaigns have been published in
special issues of the Journal of Geophysical Research
and are referenced in the discussion below. Most of the

other observations have also been published, and the
reader is directed to all of these references for further
details regarding the measurements.

The GTE Chemical Instrumentation Test and Eval-
uations (CITE) were a series of intercomparisons of dif-
ferent measurement techniques. CITE-1 provided inter-
comparisons of CO, NO, and OH measurements during
two aircraft campaigns (see Beck et al. [1987], and ac-
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Table 2. (continued)
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Campaign® Species Method® Uncertainty® Investigator® Reference Merge®
TRACE-A O3 C2H4-CL 3% Gregory/LaRC L-1min
O3 prof. DIAL 10%/2 ppb  Browell/LaRC L-1min
CO DACOM 5% Sachse/LaRC L-1min
NO TP/LIF 15% Bradshaw/GIT L-1min
NO: Box model Crawford/LaRC L-1min
PAN GC/ECD 20% Singh/Ames L-1min
HNO3 Mist/IC 15-20% Talbot/UNH L-1min
C,Hg Grab/GC 5% Blake/UCI L-1min
H;0: Grab/HPLC  2%+4 ppt  Heikes/URI L-1min
CH300H Grab/HPLC  7%+10 ppt  Heikes/URI L-1min
CH3;COCH; GC/RGD Singh/Ames L-1min
CH,0O Grab/HPLC  5%+30 ppt  Heikes/URI L-1min
P(O3) Box model Crawford/LaRC
OCTA O3 Bendix L-1min
CO Res. Fluor. 10% Gerbig/KFA L-1min
NO 03-CL 10%+10 ppt Gerbig/KFA L-1min
PEM-West-B O3 C2H4-CL 5%/3 ppb  Gregory/LaRC  Hoell et al. [1997 L-1min
O3 prof. DIAL 15%/3 ppb  Browell/LaRc Hoell et al. [1997
CO DACOM 2% Sachse/LaRC Hoell et al. [1997 L-1min
NO TP/LIF 40% Bradshaw/GIT  Hoell et al. [1997 L-1min
NO 03-CL 12%+7 ppt Kondo/Nagoya  Hoell et al. [1997 L-1min
NO; Box model Crawford/LaRC  Crawford et al. [1997] L-1lmin
PAN GC/ECD 30% Singh/Ames Hoell et al. [1997 L-1min
HNO3 Mist/IC 60% Talbot/UNH Hoell et al. [1997 L-1min
C.Hsg Grab/GC 6% Blake/UCI Hoell et al. [1997 L-1min
H20. Grab/HPLC 10%+15 ppt Heikes/URI Hoell et al. [1997 L-1min
CH;OOH Grab/HPLC 15%+20 ppt Heikes/URI Hoell et al. [1997 L-1min
CH3COCH: GC/RGD 30% Singh/Ames Hoell et al. [1997 L-1min
P(0s) Box model Crawford/LaRC  Crawford et al. [1997] L-lmin
ACE-1 O3 NO-CL Kok/NCAR ) L-1min
6[0) TEI 48 15% Kok/NCAR Kok et al. [1998] L-1min
NO 03-CL Bradshaw/GIT L-1min
C.Hs Grab/GC Blake/UCI L-1min
H,0, Enz. Fluor. Kok/NCAR L-1min
CH300H Enz. Fluor. Kok/NCAR L-1min
O3 ECC sondes Johnson/PMEL
TOTE/VOTE O3 NO-CL Ridley/NCAR L-1min
CO DACOM 1% Sachse/LaRC L-1min
NO 03-CL Ridley/NCAR L-1min
SUCCESS Os NO-CL Ridley/NCAR L-1min
CcO DACOM 1% Sachse/LaRC L-1min
NO 03-CL 4-6% Ridley/NCAR Campos et al. [1998]  L-lmin
PEM-Tropics-A DC8 O3 C2oH,4-CL 5%/3 ppb  Gregory/LaRC  Hoell et al. [1999] H-1min
O3 prof. DIAL 15%/3 ppb  Browell/LaRc Hoell et al. [1999]
CoO DACOM 2% Sachse/LaRC Hoell et al. [1999] H-1min

companying papers).

The first set of flights were in
November 1983 with five flights based in California and
five in Hawaii. The second campaign was conducted
in April-May 1984 from California. Measurements of
NO were made by the NOAA/NCAR (NOCAR) and
the NASA /Wallops (WFF) groups using chemilumines-
cence and by the Georgia Tech (GIT) group with a two-
photon laser-induced fluorescence (TP/LIF) technique

[Hoell et al., 1987a). Since these measurements agreed
well, an average of these data have been used in the
composites. CO was sampled using the Differential Ab-
sorption CO Measurements (DACOM) instrument, as
well as by grab samples analyzed by gas chromatogra-
phy (GC) [Hoell et al., 1987b]. The DACOM instru-
ment provided continuous measurements, agreed rea-
sonably well with the grab samples, and has proven to
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Table 2. (continued)
Campaign® Species Method® Uncertainty® Investigator? Reference Merge®

NO TP/LIF 69 + 68.5 ppt Bradshaw/GIT Hoell et al. [1999] H-1min
NO, PF-TP/LIF  14.6 +£18.2 ppt  Bradshaw/GIT Hoell et al. [1999] H-1lmin
PAN GC/ECD 10% Singh/Ames Hoell et al. [1999] H-PAN
HNO; Mist/IC 60-70% Talbot/UNH Hoell et al. [1999] H-HNOs3
C2Hsg Grab/GC 6% Blake/UCI Hoell et al. [1999] H-HC
H,0, Grab/HPLC 30%+10 ppt Heikes/URI Hoell et al. [1999] H-PER
CH3;00H  Grab/HPLC 30%+15 ppt Heikes/URI Hoell et al. [1999] H-PER
P(O3) Box model Crawford/LaRC
P(0Os3) Box model Jacob/Harvard H-1min

PEM-Tropics-A P3 O3 NO-CL 15% Carroll/UMich Hoell et al. [1999] H-1lmin
Cco DACOM 3% Sachse/LaRC Hoell et al. [1999] H-1min
NO 03-CL 27% Carroll/UMich Hoell et al. [1999] H-1min
C2Hs Grab/GC 6% Blake/UCI Hoell et al. [1999] H-HC
H20: Grab/HPLC 30%+10 ppt Heikes/URI Hoell et al. [1999] H-PER
CH3;00H Grab/HPLC 30%+15 ppt Heikes/URI Hoell et al. [1999] H-PER

®Acronyms are defined in the text.

bBendix, Chemiluminescence (commercial); CL, Chemiluminescence (with C2H4, Oz or NO); DACOM, Differential
Absorption CO Measurement; DIAL, DIfferential Absorption LIDAR,; ECC, Electro-chemical concentration cell; Enz.
Fluor., Enzymatic Fluorimetry; GC/ECD, Gas chromatography/electron capture detector; GC/FID, Gas chromatogra-
phy/flame ionization detector, GC/RGD, Gas chromatography/HgO reduction gas detector; Grab/GC, Canister grab
samples/Gas chromatography; Grab/HPLC, Grab samples/High performance liquid chromatography; IR abs, Infrared
absorption; Mist/IC, Mist chamber (aqueous scrubber)/ion chromatography; PF-TP/LIF, Photofragmentation (for NOz);
Res. Fluor., Resonance Fluorescence; SAE 1003, SA Environment model 1003AH (UV absorption); TEI 48, Thermo Envi-
ronmental Instruments model 48 (IR absorption); TEI 49, Thermo Environmental Instruments model 49 (UV absorption);
TP/LIF, Two-photon laser-induced fluorescence; UV abs, Ultraviolet absorption; Xe lamp, Photolytic conversion with
xenon arc lamp; XeF laser, Photofragmentation of NOa.

¢Overall uncertainty, estimated as the sum of the precision and systematic errors (calibration accuracy) when not stated
in the literature.

dAmes, NASA Ames Research Center, CA; GIT, Georgia Institute of Technology; Harvard, Harvard University, MA;
KFA, Jiilich; LA, Laboratoire d’Aérologie de Toulouse, France; LaRC, NASA Langley Research Center, VA; MPI, Max
Planck Institute; Nagoya, Nagoya University, Japan; NCAR, National Center for Atmospheric Research, CO; NOAA, Na-
tional Oceanic and Atmospheric Administration; NOCAR, Carroll/NOAA and Ridley/NCAR ; PMEL, (NOAA) WA; UCI,
University of California at [rvine; UMich, University of Michigan; UNH, University of New Hampshire; URI, University of

Rhode Island; WFF, NASA Wallops Flight Facility, VA.
¢G: GIT; L: L. Emmons; H: Harvard.

be a reliable technique over the past 15 years, there-
fore only the DACOM results have been included here.
Ozone was measured by chemiluminescence.

The Stratospheric Ozone (STRATOZ) and Tropo-
spheric Ozone (TROPOZ) campaigns were a collabora-
tion of several French and German research groups. The
two meridional experiments had similar tracks, circling
the North Atlantic Ocean and South America, with
STRATQOZ-3 in June, 1984, including measurements of
03, CO, and NO, and TROPOZ-2 in January, 1991,
including measurements of O3, CO, NO, PAN, C,Hg,
H,0,, and HCHO. [Ehhalt et al., 1992; Rohrer et al.,
1997; Marenco and Said, 1989; Marenco et al., 1989;
Marenco et al., 1995; Jongquiéres and Marenco, 1998].
In addition, regional experiments were performed be-
tween Europe and West Africa, with STRATOZ-3S dur-
ing March, 1985 and TROPOZ-1 in December, 1987,
and included measurements of O3 and CO, with NO
in addition during TROPOZ-1 [Marenco et al., 1990;
Jonquiéres et al., 1998].

The GTE Amazon Boundary Layer Experiment
(ABLE-2) included measurements over central Brazil
of Oz, CO, and NO during the dry season (phase
A) [Harriss et al., 1988] and of Oz, CO, NO, and
PAN during the wet season (phase B) [Harriss et al.,
1990a]. Significant differences in the concentrations of
observed species were seen during these two seasons due
to biomass burning in the dry season and stronger bio-
genic emissions during the wet season. During the dry
season (A) haze layers were observed which indicated
long distance transport of biomass burning emissions
from the savannah regions into the Amazon, adding to
the local burning emissions. Transport of pollution from
the Northern Hemisphere also influenced measurements
during the wet season [Harriss et al., 1990a].

CITE-2 included comparisons of NO, NOs, PAN, and
HNQO3 measurement techniques on flights over the west-
ern United States and eastern Pacific (see Hoell et al.
[1990], and accompanying papers). Measurements of
NO and NO; were made by the NOCAR, WFF, and
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GIT groups. Observations of NO were made with the
same instruments that were used in CITE-1, and all
three groups again agreed well [Gregory et al., 1990a], so
an average of these results were used in the current data
composites. Observations of NOs were made by the
same three groups using three different techniques to
dissociate NO2 to NO: photolysis with a broadband Xe
arc lamp (NOCAR); chemical conversion with FeSQ,4
(WFF); and photofragmentation with a XeF excimer
laser (GIT) [Gregory et al., 1990b]. The NOCAR and
GIT observations correlated well, however the FeSO,
technique (WFF) had significant interference from addi-
tional species (e.g., PAN) [Gregory et al., 1990b], so an
average of NOCAR and GIT data has been used. PAN
measurements were made by groups from Ames and
NCAR both using gas chromatography with electron-
capture detection (GC/ECD) [Gregory et al., 1990c].
These results also agreed fairly well, so the average of
the two was used in the data composites. Three meth-
ods were compared for the measurement of HNQOj3, in-
cluding a denuder technique, nylon filter grab sampling,
and a tunable diode laser system (TDLAS) [Gregory et
al., 1990d]. The lack of agreement between these tech-
niques has prevented use of them in the composites.

A series of ozonesondes were launched from the
ice-breaker supply ship, R/V Shirase, for 4 years
(1987-1990) between Japan and Syowa station, Antarc-
tica. FEach year the ship left Japan about Novem-
ber 15 and arrived about December 15, with sondes
launched roughly every other day [Matsubara et al.,
1991; Japan Meteorological Agency, 1995]. Each year
shows high levels of O3 in the eastern Indian Ocean,
which analysis with a global 3-D chemical transport
model (MOZART) suggests is produced over Africa
from lightning-generated NO, [Emmons et al., 1998;
D.A. Hauglustaine et al., On the role of lightning NO,
in the formation of tropospheric ozone plumes in the
tropics, submitted to Journal of Atmospheric Chem-
istry, 2000].

The GTE Arctic Boundary Layer Expeditions
(ABLE-3A and -3B) were both conducted in the sum-
mer, with phase A in Alaska [Harriss et al., 1992a]
and phase B over Labrador and Ontario [Harriss et
al., 1994a]. Measurements of O3, CO, NO, NO,, PAN,
NMHCs, and lidar Og profiles during ABLE-3A and the
same species, plus acetone, during ABLE-3B have been
included in these data composites. The meteorologi-
cal conditions during ABLE-3A were warmer and dryer
than normal resulting in a greater frequency of fires, and
the sampled air masses were frequently from Siberia and
the North Pacific [Shipham et al., 1992]. During ABLE-
3B the weather was warmer and wetter than normal,
and air masses had a combination of sources, includ-
ing the stratosphere, smoke from fires in Alaska and
Canada, midlatitude Pacific (with low O3), and pollu-
tion from the United States and Asia [Shipham et al.,
1994].

EMMONS ET AL.: TROPOSPHERIC OZONE AND PRECURSORS

NASA’s Airborne Arctic Stratospheric Expeditions
(AASE-1 and 2) used the ER-2 and DC-8 aircraft to
study the winter—spring arctic stratospheric ozone de-
pletion in 1989 and 1992. Measurements from the DC-8
of O3, NO, and NO; during AASE-1 and of O3, CO,
and NO during AASE-2 have been included in the cur-
rent data composites (stratospheric and tropospheric
data have not been separated, as explained above). The
flights during AASE-1 were concentrated between Nor-
way and Greenland, and poleward, mainly above 10 km
altitude [Turco et al., 1990]. During AASE-2, however,
flights were made to Puerto Rico and Tahiti, in addition
to arctic measurements from bases in Alaska, Maine,
and Norway [Anderson and Toon, 1993; Wofsy et al.,
1994].

International Stratospheric Air Chemistry (INSTAC)
consisted of a series of flights between Japan and In-
donesia in March 1989 [Kondo et al., 1993]. Measure-
ments of O3 and NO were made, showing a latitudinal
gradient with very low values near the equator increas-
ing at midlatitudes-where outflow from Asia influenced
the sampled air masses [Kondo et al., 1993].

Electrified Cloud Chemistry (ELCHEM) was a study
of the production of NO, in thunderstorms over New
Mexico during July and August, 1989 [Ridley et al.,
1994]. Measurements of NO, NOs, and O3 were made
from the NCAR Sabreliner jet aircraft around and with-
in deep convective cloud systems, some of which were
electrically active, as well as in fair, high-pressure con-
ditions. This sampling strategy provided observations
covering the wide range of values expected during this
season. Very high values of NO (2 ppbv) were observed
in the anvils of convective systems in the upper tropo-
sphere, accompanied by high ozone levels, whereas dur-
ing fair weather very low mixing ratios of O3, NO, and
NO_ were observed throughout the troposphere [Ridley
et al., 1994].

GTE/CITE-3 consisted of two series of flights, the
first over the western North Atlantic near Virginia in
August, and the second near Brazil in September, 1989
[Hoell et al., 1993]. Although the focus of the inter-
comparison was on several sulfur compounds, Oz, CO,
NO, and NOy were also observed, and these observa-
tions have been included in the data composites. The
observations over the North Atlantic were influenced
by anthropogenic pollutants from the eastern United
States [Anderson et al., 1993a], while the data near
South America showed emissions from biomass burn-
ing in the region [Anderson et al., 1993b].

The GTE Pacific Exploratory Mission—West
(PEM-West) included two phases, PEM-West-A in
September-October, 1991 [Hoell et al., 1996] and
PEM-West-B during February-March, 1994 [Hoell et
al., 1997], both of which took place over the western
North Pacific. Measurements of O3, CO, NO, PAN,
HNO3, NMHCs, H;05, CH;00H, and O3 profiles by
lidar were made during both phases. During PEM-
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0. 10. 20. 30. 40. 50. 60. 70. 80. 90. 100. 150. ppbv

Plate 1. O; data composites for 2-4 km (top four panels) and 6-8 km (bottom four panels).
The observations are sorted into four seasons.
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Plate 2. NO composites for 2-4 and 6-8 km. These observations are associated with solar zenith
angles less than 90°.
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0. 40. 60. 80. 100. 120. 140. 160. 180. 200. 250. 300. ppbv

Plate 3. bO composites for 2-4 and 6-8 km.
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CQHG -
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Plate 4. C;Hg composites for 2-4 and 6-8 km.
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West-B, measurements of acetone were also made. NO
was measured with two techniques (chemiluminescence
and TP/LIF) during both phases, which agreed well so
an average of the two observations has been used in
the composites. Box model calculations, constrained
by observations, were made of 24-hour average ozone
production and loss rates [Crawford et al., 1996]. The
observed NO, mixing ratios greatly differed from
the values produced by the box model, suggesting the
measurements were affected by an interferent [Crawford
et al., 1996], therefore the calculated NO, values have
been used here. The two different seasons allowed
a comparison of differing flow regimes, with phase
A during flow predominantly from the ocean onto
Asia, and phase B during strong outflow conditions.
September-October 1991 had near-average tropical
cyclone activity with 6 cyclones forming during the
measurement campaign, including one tropical storm,
three typhoons, and two supertyphoons [Bachmeier et
al., 1996]. Although widespread influence of cyclones
is a characteristic of this period in the western Pacific,
the chemical measurements may not be climatologically
representative, as the precise locations of storms af-
fected continental outflow or transport of clean tropical
air to the sampled region. The circulation patterns
during PEM-West-B were near normal. A cold phase
El Nifio-Southern Oscillation (ENSO) began to form
during the winter 1993-1994 with rainfall below normal
over interior China and above normal in Indonesia
[Merrill et al., 1997].

The Mauna Loa Observatory Photochemistry Experi-
ment (MLOPEX-2) included aircraft flights around Ha-
wali, in addition to extensive surface measurements near
the top of Mauna Loa [Atlas and Ridley, 1996]. Mea-
surements of O3, CO, NMHCs, H,02, and CH3;00H
were made from the University of Wyoming King Air
[Ridley et al., 1997]. Back trajectories indicate much of
the air sampled had passed over Asia, and was trans-
ported at high altitudes before descent over Hawaii [Ri-
dley et al., 1997].

The GTE Transport and Atmospheric Chemistry
near the Equator—-Atlantic (TRACE-A) campaign took
place over South America, the South Atlantic Ocean
and southern Africa during the Southern Hemisphere
dry season and included measurements of O3, CO, NO,
PAN, HNOg, NMHCS, HQOQ, CH3OOH, CH3COCH3,
and HCHO [Fishman et al., 1996]. Box model calcula-
tions of 24-hour average ozone production and loss rates
and NO, mixing ratios have also been included in the
data composites (J. Crawford, personal communication,
1998; GTE ftp site). The meteorological conditions dur-
ing the campaign were much warmer than average due
to a particularly long ENSO event, with severe drought
in southern Africa, warm, dry conditions over north-
eastern Brazil and cool, wet conditions in central South
America. Nonetheless, the large-scale tropospheric flow
was similar to the climatological average [Bachmeier
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and Fuelberg, 1996]. Although the campaign was af-
ter the peak in biomass burning in Brazil, the aircraft
sampled convective transport of burning emissions on
one flight over eastern Brazil [Fishman et al., 1996]. In
Africa, burning was also reduced due to the drought,
but large numbers of fires were seen in the region be-
tween 10° and 20°S, and clearly influenced the observa-
tions both over Africa and the South Atlantic [Fishman
et al., 1996].

Oxidizing Capacity of the Tropospheric Atmosphere
(OCTA), a European research project, included flights
of a C-130 over the northern Atlantic and England
during four periods. The summer 1993 campaign was
part of the International Global Atmospheric Chemistry
(IGAC) North Atlantic Regional Experiment (NARE
1993) [Gerbig et al., 1996]. Oz, CO, and NO were mea-
sured during each campaign. The observations showed
layers of high levels of pollutants both near North Amer-
ica and Europe, with evidence of long-range transport
over the central Atlantic in less distinct layers [Gerbig
et al., 1996].

The first Aercsol Characterization Experiment
(ACE-1), a component of IGAC, used the NCAR C-130
for observations on the transit across the Pacific from
North America to Tasmania where the main portion of
the campaign was conducted [Bates et al., 1998]. The
data composites include measurements of Oz, CO, NO,
NMHCs, H,02, and CH300H, as well as ozonesondes
launched from the research vessel Discoverer as part of
this campaign.

The Tropical and Vortex Ozone Transport Experi-
ments (TOTE and VOTE) were a pair of NASA cam-
paigns using the NASA DC-8 to study small scale fea-
tures in ozone and methane and the transport of ozone
from the tropics and polar regions to midlatitudes.
Flights were mainly over the eastern Pacific from the
equator to the north pole, in December 1995 to Febru-
ary 1996, and included measurements of Oz, CO, and
NO.

The Subsonic Aircraft: Contrail and Cloud
Effects Special Study (SUCCESS), sponsored by
NASA /Subsonic Assessment program (SASS), used
several aircraft to study the effects of aircraft exhaust
and clouds over the central US [Toon and Miake-Lye,
1998]. Measurements of Oz, CO, and NO made from
the DC-8 have been included in this work. Correla-
tions between observed species {e.g., CO and NO,) in-
dicated aircraft plumes, lightning emissions, and con-
vected boundary layer emissions were observed [Jaeglé
et al., 1998].

The GTE Pacific Exploratory Mission in the Tropics
(PEM-Tropics-A) included observations from two air-
craft over the tropical Pacific during August—October,
1996 [Hoell et al., 1999]. Observations from both the
P-3 and DC-8 included O3, CO, NO, NMHCs, Hy09,
and CH3;0O0H, and in addition from the DC-8 included
NO,, PAN, HNO3, and O3 profiles. Two different box
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model calculations were run for the DC-8 observations,
and the two results for ozone production and loss rates
are included in the data composites [Schultz et al., 1999;
J. Crawford, personal communication, 1999]. From
comparison to an 1l-year average of sea surface tem-
perature, sea level pressure, and winds, it appears that
this period was in a neutral or a weak La Nifia phase,
but the airflow patterns were generally climatological
[Fuelberg et al., 1999].

2.3. Measurement Techniques

A summary of the measurement techniques used in
each campaign, along with the estimated uncertainties,
are given in Table 2. Details of each technique used
will not be given here and readers are directed to the
references given above and in Table 2 for specific cam-
paigns. Following are some general comments about the
data and techniques used that should be kept in mind
when using the data composites.

The relatively large concentrations of ozone found in
the troposphere (10-100 ppbv) have allowed for quite
reliable and precise in situ measurements to be made,
with a variety of instrument types (UV absorption, elec-
trochemical cell, and ethylene or nitric oxide chemilumi-
nescence) appropriate for different platforms (ground,
balloon, and aircraft). The Differential Absorption Li-
dar (DIAL) has allowed measurement of ozone profiles
above and below the aircraft, greatly increasing the
number of Oz observations for a given flight. The DIAL
measurements have been verified to agree with coin-
cident in situ observations [e.g., Browell et al., 1992,
1994].

CO, with mixing ratios in the tens to hundreds of
ppbv, has also been measured precisely from aircraft.
The DACOM instrument, a tunable diode laser sys-
tem used for many of the CO measurements presented
here, has agreed well with grab samples analyzed by
GC in formal and informal intercomparisons [Hoell et
al., 1987b; Harriss et al., 1992b].

Most of the other species discussed here have lev-
els in the pptv range in the free troposphere, and
their measurement is therefore far more difficult. An
added difficulty is that aircraft measurements require
a fast response time in order to provide meaningful
results. From both formal (CITE-1, -2) and infor-
mal (PEM-West) intercomparisons, the chemilumines-
cence and two-photon/laser-induced fluorescence mea-
surements of NO seem to be generally reliable [e.g.,
Hoell et al., 1990, 1997]. However, there are concerns of
interferents and inlet line losses with the measurements
of NO2, and disagreements between observations and
box model calculations are not fully understood {e.g.,
Ridley et al., 1988; Crawford et al., 1996]. NO2 mea-
surements during PEM-Tropics-A with a new photo-
fragmentation method, however, agree well with box
model calculations [Bradshaw et al., 1999).

PAN has been measured using gas chromatography
and electron capture detection for a number of years by
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various groups, without major discrepancies [e.g., Hoell
et al., 1990; Singh et al., 1998]. However, this is the only
technique used in the composites here, which limits the
ability of intercomparisons to uncover errors [Crosley,
1994]. The intercomparison of HNO3 techniques during
CITE-2 showed large disagreements between three tech-
niques (as mentioned above) [Gregory et al., 1990d], but
there have not been subsequent aircraft comparisons to
determine the most accurate techniques. Thus, the data
composites currently only include measurements with
the mist chamber/ion chromatography technique [e.g.,
Talbot et al., 1994]. HNOj is an extremely “sticky”
molecule, and great care must be taken to reduce and
account for losses in inlets [Crosley, 1994, 1996; Brad-
shaw et al., 1998].

It has been found that care must be taken in the use of
canister samples for hydrocarbons, and in particular to
prevent erroneous measurements of alkenes [e.g., Blake
et al., 1992]. Although recent measurements of all re-
ported NMHCs are expected to be reliable with careful
canister handling [e.g., Blake et al., 1994], only obser-
vations of CsHg and C3Hg are included in this analysis.

Peroxides (H2O, and CH30OH) have been measured
by a number of groups using a high performance lig-
uid chromatographic (HPLC) fluorimetric method on
grab samples [e.g., O’Sullivan et al., 1999]. Compari-
son of four techniques to measure H;Oy were made on
the ground during MLOPEX-2. Three used enzyme cat-
alyzed dimerization of p-hydroxyphenylacetic acid with
fluorescence detection, while one used a tunable diode
laser system (TDLAS). Good agreement (20%) among
all the techniques was seen for extended periods; how-
ever, periods of persistent disagreement were also ob-
served, without an explanation found [Staffelbach et al.,
1996).

Formaldehyde (HCHQO) has a very short lifetime in
summer (~5 hours) making it difficult to measure in
the free troposphere away from sources. Analysis us-
ing HPLC was used by two different groups (Jiilich and
URI) for the small amount of HCHO data presented
here [Arlander et al., 1995; Heikes et al., 1996]. An in-
formal intercomparison of five methods was made on
Mauna Loa during MLOPEX-2, where discrepancies
in blanks and calibrations were identified as the main
source of differences between the URI measurements
and similar techniques [Heikes et al., 1996]. Compar-
isons of observations with box model calculations show
an overestimation of the models by a factor of 2-3, in-
dicating the chemistry of HCHO in the remote tropo-
sphere is not completely understood [Jacob et al., 1996;
Hauglustaine et al., 1999].

Acetone (CH3COCH3) is also difficult to measure
at the levels present in the free troposphere, so there
are few measurements to include in these compos-
ites. Measurements were made with the NASA Ames
PAN/Aldehyde/Ketone (PANAK) GC instrument dur-
ing three campaigns (ABLE-3B, TRACE-A, PEM-
West-B) [Singh et al., 1994b].
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2.4. Data Files

Complete data files of the observations and box model
calculations from the NASA GTE campaigns are avail-
able on the NASA Langley Data Archive which can
be accessed from the GTE web site (http://www-gte.-
larc.nasa.gov/). Data from the AASE, SUCCESS,
MLOPEX, and OCTA campaigns have been released
on CD. The ACE-1 observations are available from
the UCAR/CODIAC data server (http://www.joss.-
ucar.edu/codiac/). Additional data (e.g., INSTAC),
as well as merged files, are available from the UM-
SASS Data Archive, which can be accessed through
the data composites web site (http://aoss.engin.umich.-
edu/SASSarchive/).

In order to calculate the averages and statistics for
each 5° by 5° grid box and profile region, “merged”
data files were used, where the measured parameters
are averaged to a common time base. The merged data
files from Georgia Tech and Harvard (available from the
GTE web site), with various averaging times, were used
in a number of cases (as specified in Table 2). In these
merges, lower frequency data are repeated in the file
for the duration of the sampling time, and using these
data for this sort of analysis can lead to erroneous av-
eraging and counting of observations in a region or grid
cell. Therefore different merges were used for differ-
ent species. In many cases, new 1-min average merged
files were created, where data measured more frequently
(O3, CO, NO) were averaged to 1 min and slower fre-
quency data (PAN: 150 s, HNO3: 3-25 min. H;O- and
CH;00H: 5 min, HCHO: 60 s, CH;COCH;: 130 s,
NMHCs: 5 min) were recorded only at the midpoint of
the measurement with the length of the averaging time
also recorded. Observations reported beiow the spec-
ified detection limit were set to half of the detection
limit. For the computed ratios. PAN/NQ, was calcu-
lated if the midpoints were within 1 min of each other,
and for HNO3/NO,, NO, was averaged over the period
of the HNOj3 sample. H>Os and CH3O0H were always
sampled simultaneously, so the ratioc HoO»/CH;OOH
was calculated whenever there were valid measurements
of both species. C3Hg and C,Hg were also measured
simultaneously. The ratios were calculated for each ob-
servation, and the the statistics of each region or grid
box were computed. The ratios of the model results are
treated similarly.

3. Data Composites

The data sets discussed above have been grouped in
two different ways. In the first case, all of the obser-
vations for each campaign were grouped into 5° lati-
tude by 5° longitude by 1 km altitude grid boxes and
the statistics of the data (minimum. maximum, median,
mean and standard deviation, quartiles, and number of
observations) were determined. The 5° grid was cho-

sen so as to resolve relatively small scale variations
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while having a sufficient number of observations for
reasonable statistics. The gridded data for individual
campaigns can be examined, or data can be combined
for each season and averaged over arbitrary altitudes
to form “data composites.” The second set of data
groupings provides vertical profiles for selected regions
of individual campaigns, where the statistics for a 10°-
20° box are determined at each kilometer in altitude.
These “data composites” are available on the Internet
at http://aoss.engin.umich.edu/SASSarchive/ in a va-
riety of forms, including plots of gridded maps and the
data files for individual campaigns. The availability of
each campaign separately allows for them to be used
for evaluation of models run for specific years. Links to
the original data sets and additional information about
the measurements and the campaigns, as well as fig-
ures that could not be included in this paper, are also
available on the web site.

When using these data composites, it is important to
keep in mind that each grid box generally only rep-
resents a single campaign. and actually only from a
short time period. Because of the scarcity of the data,
many grid boxes contain only a few observations and
the statistics are poor. Each of the campaigns were also
focused on particular regions and processes (e.g., con-
vective outflow, biomass burning emissions), which may
bias the observations from the average concentrations at
that location. Qur goal is to compile all of the observa-
tions, without filtering for “plumes” or what might be
considered abnormal events. Use of the median of each
grid box (discussed below) reduces the effect of wide
excursions in the data, as well.

3.1. Global Maps

Several examples of global maps of gridded data are
shown in Plates 1-4, with campaigns sorted by season.
In these plots, each grid cell is the average, weighted by
the number of observations, of the median values of the
5°x5° grid cell for each campaign at that location and
season over the specified altitude range. These maps
show the observations for 2-4 km and 6-8 km, which
in this discussion are referred to as lower and middle
troposphere, respectively. Observations from the upper
troposphere (10-11 km) are shown in a later section.

The distributions of ozone at 2-4 and 6-8 km, includ-
ing both in situ and DIAL measurements, are shown
in Plate 1. Although the measurements are generally
sparse, and the coverage varies with altitude and sea-
son, some seasonal and vertical trends can be seen.
At high latitudes, the ozone mixing ratios are higher
at 6-8 km than 2-4 km, partially due to the influ-
ence of stratospheric air, strongest in winter when the
tropopause is lowest there (e.g., measurements from
AASE). In other locations in the middle troposphere,
the effect of convection of precursors on Oz production
from the surface and lightning-produced NO, can be
seen in the high levels of O3 (e.g., over the South At-
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lantic in SON during TRACE-A [Smyth et al., 1996]).
As well, 40-80 ppbv Ojs is seen along the west coast of
Australia in DJF in the upper troposphere (from the
Shirase measurements), likely due to lightning produc-
tion of NO, and biomass burning over Africa [Emmons
et al., 1998; D.A. Hauglustaine et al., On the role of
lightning NO, in the formation of tropospheric ozone
plumes in the tropics, submitted to Journal of Atmo-
spheric Chemistry, 2000]. During June-August, high
ozone levels are evident over North America in both
the lower and middle troposphere, over the far northern
regions where stratospheric and biomass burning influ-
ences were strong (ABLE-3A) [Shipham et al., 1992],
as well as over the United States where anthropogenic
sources and lightning play a dominant role in ozone for-
mation (CITE-2, -3, ABLE-3A, -3B) [e.g., Shipham et
al., 1994]. There have been three major GTE cam-
paigns during September and October (PEM-West-A,
TRACE-A, PEM-Tropics-A) that have provided a sig-
nificant amount of data for the South Atlantic and Pa-
cific basins. In the SON panel, 40-80 ppbv of Oz ap-
pears in the Southern Hemisphere at both 24 and 6-
8 km, largely due to biomass burning in Africa and
South America (TRACE-A, PEM-Tropics-A) [Hoell et
al., 1999, and references therein]. The maximum over
the South Atlantic has also been observed in TOMS
tropospheric column retrievals [Fishman and Brack-
ett, 1997; Ziemke et al., 1998; Hudson and Thompson,
1998]. In the northern tropics, O3 levels are 10-30 ppbv
where transport from source regions is slow and there
is little or no photochemical production (PEM-Tropics-
A, PEM-West-A). Near North America and Asia some
higher levels are seen, transported from regions of an-
thropogenic influence (OCTA, PEM-West-B).

There are significantly fewer observations of NO
(Plate 2) than of O3, a reflection of the greater difficulty
of measuring NO, as well as the greater coverage pro-
vided by the DIAL O3 measurements. Ambient levels
of NO are highly variable and the observations cover a
wide range of values. This is largely due to the fact that
NO is emitted directly from sources and has a very short
lifetime, though NO is generally in steady state with
NO, within a few minutes after being emitted. It also
has a strong diurnal cycle, being completely converted
to NO; at night. However, the measurements of NO are
less prone to interferences than NOs [e.g., Crawford et
al., 1996], and are often measured without simultaneous
NO5 observations or other coincident measurements to
allow box model calculations of NO; to be made. We
have chosen to present in Plate 2 the distributions of
NO (from measurements made when SZA <90°). The
NO, photolysis rate, and therefore NO/NOQOs, is not very
sensitive to SZA (<80°) [e.g., Hauglustaine et al., 1999;
Ruggaber et al., 1994], therefore the measurements pre-
sented here should be minimally affected by SZA.

The high variability in NO observations is seen dur-
ing all seasons in both the lower and middle tropo-
sphere. In the lower troposphere, higher mixing ra-
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tios are seen over and downwind of continents, show-
ing the influence of anthropogenic emissions from North
America and Asia (SUCCESS and PEM-West-B during
MAM, CITE-2 and ABLE-3A, -3B during JJA), and of
biomass burning in Africa and South America during
September-November (TRACE-A). Over the oceans,
however, NO levels are frequently below 10 pptv, such
as in SON during PEM-Tropics-A. In the middle tro-
posphere some of the same patterns are apparent, ex-
cept that higher values are seen over the oceans, par-
ticularly the South Pacific and South Atlantic during
September-November. These higher mixing ratios are
from biomass burning emissions that have been con-
vected as NO; or reservoirs, or from lightning-produced
NO, and then have been transported from the conti-
nents (PEM-Tropics-A and TRACE-A) [e.g., Smyth et
al., 1996].

Plates 3 and 4 show the observations of CO and CyHg
for the same altitudes. There are fewer CoHg data than
CO because of the coarser sampling required for the
measurements of CoHg. Carbon monoxide and ethane
have similar emission patterns as the surface emissions
of NO, having industrial and biomass burning sources
[e.g., Miiller, 1992], and consequently show similar dis-
tributions in the lower troposphere. However, since
CO and CyHg have longer lifetimes (1-2 months and
less than 1 month, respectively, in summer), the distri-
butions differ away from sources. The highest values
of both species are seen at 2-4 km over North Amer-
ica in summer (ABLE-3), downwind of Asia in early
spring (PEM-West-B), and over southern Africa and
South America during September-November (TRACE-
A). Low values are observed over the central Pacific
at both altitudes (PEM-West-A, PEM-Tropics-A). In
most locations lower values of CO and CoHg are seen
in the middle troposphere than close to the ground, ex-
cept in regions far from the sources where the emissions
have been transported (such as over the South Pacific
during PEM-Tropics-A). Relatively high values are seen
in the western South Pacific at 6-8 km in SON, which
back trajectories indicate come from biomass burning
in Africa and Australia [Fuelberg et al., 1999]. High
levels of CO are seen in the northern polar regions, as-
sociated with the winter-spring maximum in ozone and
its precursors [Penkett and Brice, 1986; Yienger et al.,
1999].

3.2. Vertical Profiles

The 5°x5° global maps can be compared with similar
maps of global model output; however, it can be dif-
ficult to quantify their differences, due to the paucity
of data and sharp gradients between grid boxes in the
data composites. Therefore we have selected several
regions from individual campaigns to examine vertical
profiles, as used by Hauglustaine et al. [1998], and simi-
lar to other studies [cf. Wang et al., 1998; Thakur et al.,
1999]. The selection of these regions was based primar-
ily on the availability of data at all altitudes, though
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the spatial variation in ambient levels and meteorolog-
ical conditions were also considered. Although these
profiles represent only a small fraction of the data in
the composites, they provide a different perspective on
the distribution of species from the gridded maps and
are valuable for comparison with model results. The
resolution of the models does not allow simulation of
small-scale features, but average distributions, as repre-
sented by profiles in these regions, should be reproduced
if the models have the general meteorology of the time
of the observations. The regions wherein profiles were
examined are shown in Figure 1, and identified in Ta-
ble 3. As examples, measurements for three regions are
presented, which show the effects of biomass burning
(Africa), industrial pollution (Asia coast), and remote
regions (central Pacific).

Profiles for the “Africa_S” region from TRACE-A are
shown in Figure 2. The data within each kilometer al-
titude in the region are represented by box and whisker
plots, with the number of observations at each alti-
tude listed (solid and dashed lines are model results,
which are discussed in section 5). Although there is
great variability in the data within this region, due
to observations made near and away from fires [Fish-
man et al., 1996; J. Logan, personal communication,
1999], for the comparison with models it is useful to
pick larger regions that represent the range of values
observed. The influence of biomass burning in this re-
gion can clearly be seen in the high mixing ratios of
NO, NO,, CO, and NMHCs in the planetary boundary
layer. The values of NO drop rapidly with altitude as it
is converted to PAN and HNOj3;, as indicated by the in-
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creases in the PAN/NO, and HNO3/NO,, ratios. The
ratio C3Hg/C2oHg is higher in the lower troposphere,
also indicating fresh emissions. The levels of PAN and
CO in the upper troposphere are comparable to those
in the lower troposphere, indicating strong convection
was present in this region carrying these long-lived com-
pounds to the upper troposphere. The mixing ratios of
O3 (both in situ and DIAL) are high (50-100 ppbv)
throughout the troposphere, with the DIAL measure-
ments showing a smooth increase with altitude. The
profiles of NO and NO, increase in the upper tropo-
sphere, due to lightning production and the transport
of surface emissions in the convective systems, as well as
having longer lifetimes in the upper troposphere [Smyth
et al., 1996]. There are very high net ozone produc-
tion rates near the surface, dropping to near zero in
the midtroposphere, and increasing slightly in the up-
per troposphere where NO; is larger and the rate of O3
loss is slower.

The profiles for the PEM-West-B “Japan_Coast _E”
region, shown in Figure 3, have rather different distri-
butions. This campaign took place during February
and March, which is typically a period of strong out-
flow from Asia to the North Pacific [Hoell et al., 1997].
Ozone mixing ratios are quite constant throughout the
troposphere (40-50 ppbv), but increase above 10 km, or
the approximate tropopause, due to stratospheric influ-
ence. High values of NO, NO,, PAN, CO, and NMHCs
are clearly seen near the surface, coming from various
continental anthropogenic sources [Hoell et al., 1997].
The propane/ethane ratio (>0.3) indicates that below
2 km the air was less than 1 day from sources (see sec-

-80
10

Data-Model Comparison Regions

0 120 140 160 180 -160 140 2120 -100" 80" -60 240 -30 O 20 40 B0 80"

Figure 1. Map showing regions for which vertical profiles were compared. Regions are identified
in Table 3. Circles show locations of ozonesondes (discussed in section 4.1).
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Table 3. Regions for Vertical Profile Data-Model Comparisons

Campaign® Region Region Name Latitude Longitude
ABLE-2A 1 Brazil W -5 0 290 300
2 Brazil E -10 0 300 315
CITE-2 3 Pacific 30 45 225 235
4 Calif 35 45 235 250
ABLE-2B 2 Brazil E -10 0 300 315
ABLE-3A 5 Alaska 55 75 190 205
CITE-3 6 Wallops 30 40 280 290
7 Natal -15 5 325 335
ABLE-3B 8 Ontario 45 60 270 280
9 US_Coast-E 35 45 280 290
10 Labrador 50 55 300 315
PEM-West-A 11 Pacific N 15 35 180 210
12 Pacific_Tropics W -5 15 155 165
13 Japan_Coast_E 25 40 135 150
14 China_Coast E 20 30 115 130
15 Philippine_Sea 5 20 135 150
TRACE-A 16 Africa_Coast W -25 -5 0 10
17 Atlantic_S -20 0 340 350
18 Brazil E -15 -5 310 320
19 Brazil_Coast_E -35 -25 310 320
20 Africa_S -25 -5 15 35
OCTA-2 21 NovaScotia 40 50 290 305
22 WAtlantic 40 50 305 320
23 CAtlantic 35 55 320 340
24 SEAtlantic 28 40 340 355
25 NEAtlantic 40 55 340 350
26 England 50 55 350 360
PEM-West-B 13 Japan_Coast_E 25 40 135 150
14 China_Coast_E 20 30 115 130
15 Philippine_Sea 5 20 135 150
PEM-Tropics-A 27 Hawaii 10 30 190 210
28 Christmas_I 0 10 200 220
29 Tahiti -20 0 200 230
30 Easter Island -40 -20 240 260
31 Fiji -30 -10 170 190
32 New_Zealand -60 -30 170 185
33 Guayaquil -15 10 265 285

2Acronyms are defined in the text. See Table 1 for campaign dates.

tion 2.1). The PAN/NO; and HNO3/NO, ratios above
2 km, however, are quite high, suggesting significant
photochemical processing had occurred. The calculated
net ozone production is an average of 1-2 ppbv/day at
1-2 km, moderately low due to low sun angles in winter.

Figure 4 shows the profiles from the “Tahiti” region
of PEM-Tropics-A, with observations from both the P-3
and DC-8 aircraft, where available. High ozone mix-
ing ratios (60-80 ppbv) are seen in the middle tro-
posphere (3-6 km). NO., CO, NMHCs, PAN, and
HNOg3 are much lower than the Japan and Africa re-
gions (Figures 2 and 3), particularly near the surface,
as there are very few source emissions in the vicinity.
C3Hg/CyHg is much less than 0.1, indicating that the
air parcels measured were highly aged. PAN is essen-
tially zero in the warm lower troposphere, since any that
is formed is rapidly thermally decomposed. HNQ3 /NQO,

is roughly 5 and greater, indicative of chemically pro-
cessed air. H,O, is similar to the other regions, but
CH3;0O0H is much greater, and consequently the ratio
H,0,/CH300H is smaller (close to 1). Net Oz produc-
tion is negative throughout the lower troposphere, and
less than 1 ppbv/d above 8 km.

These three regions provide examples of the wide
variability in atmospheric composition around the globe.
However, the Africa and Japan profiles show a great
deal of similarity due to both regions being influenced
by surface emissions despite the different sources (bio-
mass burning versus industrial sources). For example,
NO, shows a “c”-shaped profile for both regions, due to
the sources at the surface, and lightning (particularly
over Africa) and aircraft emissions (more likely over
places like Japan) in the upper troposphere, whereas
in the Tahiti region NO, increases monotonically with
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Figure 2. Vertical profiles of observations and IMAGES and MOZART model results for the
“Africa_S” region from TRACE-A, plotted as a function of pressure altitude (i.e., elevation above
sea level). Boxes and whiskers indicate the central 50% and 90% of the observations, with a
vertical bar at the median, and a star at the mean. The number of observations at each altitude
is given at the right of each panel. Box model results are shown for ozone production, loss, and
net production profiles, as well as for NO,. MOZART results, mean and standard deviation in
time, are shown by the solid and dotted lines. IMAGES results are the long dashed line.



20,516 EMMONS ET AL.: TROPOSPHERIC OZONE AND PRECURSORS

PEM-West-B - Japan_Coast_E
e 12 T

12 12 [T 12 y 12
: L 165 81
10 10 10} el 10} sgl 10
211 18
8 8 8l o] 8 oo 8
119 152
6 ! 6} oo 6} o8 ©
71 88
4 4 4 134 4| 12 4
114 149
2 54 2] 2 18] 2[ _ 19 2
oL, .\ B ol ol =13 o " 2 ol
20 40 60 80 100120140160 20 40 60 B0 100120140160 1 10 100 1000 1 10 100 1000 0 100 200 300 400
O3 (ppb) DIAL O3 (ppb) NO (ppt) NOx (ppt) CO (ppb)
1F] hanasaaasasaas A Alas T 12
167 167 24 1
57] 10 57] o] 101 g 9]
164 165 39 /';' 16)
28] 8 28 6] 8 4 1]
90 90) 23 | 16
33 6 - 33] 7] © q-:_ . 3]
59 ml‘ 59 12] *,'-, 10
104 4| o 104 22l ‘g 20]
92 Y 92) 17 g\ 18
E 3g| 2 -EE,_ 38| 2[:\; of 2y~ 1
X M N - ol il 199 ot % o Wi
~— 0 1000 2000 3000 4000 O 500 1000 1500 20000.0 02 0.4 0.6 0.8 1.0 O 500 1000 1500 2000 O 200400600800 000200400
(0] C2H6 (ppt) C3HB8 (ppt) C3H8/C2H6 PAN (ppt) HNO3 (ppt)
12 12
37
og] 10£ 1 10
37
12 8
36
15] ©
24
44] 4
41
g 2 : K
54 0 ‘qﬂ_ o
0 500 1000150020002500 0 100 200 300 400 500 5
H202 (ppt) CH30O0H (ppt)

12[%

10

55

18| 18

8 29 8 29|
152 152

6 \ 28] O] 28]
e 88 88

4 Dy 129 4 121
143 143

21 19] 2 19]

~
0 : : T s B N 28
0 500 1000 1500 2000 O 200 400 600 800 O 2 4 6 8101214 0 2 4 6 8 10 2 0 2 4 6 8
Acetone (ppt) CH20 (ppt) P-O3 (ppb/day) L-O3 (ppb/day) (P-L)O3 {ppb/day)

Figure 3. Vertical profiles for the “Japan_Coast_E” region of PEM-West-B, as in Figure 2.
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Figure 4. Vertical profiles for the “Tahiti” region of PEM-Tropics, as in Figure 2. Observations
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altitude from very low values at the surface. CO and
NMHCs are also high near the surface, and decrease
with altitude in Africa and Japan contrasting with low
values in Tahiti. Net Oz production, (P-L) is quite large
in the lower troposphere due to surface sources (10-30
ppbv/d over Africa), whereas over Tahiti there is net
destruction (-2 to -5 ppbv/d).

4. Comparison of Data Composites
to Other Climatologies

The data composites presented can be compared with
other data sets and models, and several examples are
shown in this section. Since the aircraft measurements
are essentially “snapshots” and there is seldom more
than one campaign at any given location and season,
it is valuable to compare the composites with true cli-
matologies where possible, as a check of the representa-
tiveness of the composites. One suitable climatology is
that developed from ozonesondes by Logan [1999]. The
measurements of O3 and NO, made from commercial
aircraft in the MOZAIC and NOXAR projects also ap-
proach climatologies, and these results are compared
with the composites.

4.1. Ozonesondes

The aircraft measurements are compared to the ozone-
sonde climatologies presented by Logan [1999} in Fig-
ure 5. Although there are only a few locations where the
ozonesondes are in proximity to the aircraft regions (see
Figure 1), this comparison can help identify instances
where the aircraft observations differ from long-term
averages. The ozonesonde climatology is available as
monthly averages and standard deviations at a stan-
dard set of pressure levels for about 35 sites. Sonde
data from the month of the campaigns have been used.
Also shown with the region data are the median values
from the 5°x5° grids for the nine grid cells surrounding
the ozonesonde site.

The aircraft data from the “Fiji” region of PEM-
Tropics-A (Figure 5a) are significantly higher (20-40
ppbv) than the ozonesonde climatology for Samoa (14°S,
170°W) in September, particularly in the middle tro-
posphere, implying that those observations do not rep-
resent average conditions. The meteorological analy-
sis indicated climatological airflow during the campaign
(see section 2.1), and the ozonesondes at Samoa during
PEM-Tropics-A agreed with previous years [Hoell et al.,
1999; J. Logan, personal communication, 1999]. The
flights during PEM-Tropics-A in that region encoun-
tered rapid transport from Africa (particularly south
of Fiji) and had been strongly influenced by biomass
burning [Fuelberg et al., 1999], thus increasing the av-
erage values observed in that region. Samoa is in the
northeast corner of that region and the relatively small
standard deviation in the sonde profiles (Figure 5a) in-
dicates it is infrequently influenced by biomass burning.
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The observations obtained during two different cam-
paigns in eastern Brazil, the “Natal” region from CITE-
3 and “Brazil E” from TRACE-A are compared to the
ozonesonde data from Natal (6°S, 35°W) in Septem-
ber (Figures 5b and 5c¢). The CITE-3 measurements
are generally higher than the sondes, but the TRACE-
A agreement is good. Comparison of the TRACE-A
“Africa_S” region to sonde climatologies for Brazzaville
(4°S, 14°E) and Pretoria (26°S, 28°E) during Septem-
ber (Figures 5d and 5e) shows much greater variabil-
ity in the aircraft data than indicated by the sondes,
though on average there is agreement between the two.
The sonde profile at Pretoria is slightly lower than at
Brazzaville, probably indicating fewer fires in the south-
ern area. A greater number of aircraft observations were
made near Pretoria (as indicated by the circles).

In Figures 5f and 5g, the “Japan_Coast_E” region
sampled during PEM-West-A is shown with the ozone-
sonde climatologies of Kagoshima (32°N, 131°E) and
Tateno (36°N, 140°E) for September. There is large
variability in the aircraft data during this period; how-
ever, the aircraft data are generally lower than both
sets of sondes throughout the troposphere. The same
region is compared for PEM-West-B (Figures 5h and
5i), and the sonde data from February for the same two
stations are used. Above 8 km there is large variabil-
ity in the aircraft data due to sampling both strato-
spheric and tropospheric air, but the aircraft data is
significantly lower than the sondes at these altitudes.
Below 6 km there is much less scatter in the aircraft
data during February (PEM-West-B) than September
(PEM-West-A) and the agreement overall between air-
craft and sonde data is good, except at Kagoshima near
the surface.

The instances of large differences between the sonde
and aircraft data (e.g., Fiji) imply that those regions of
aircraft data may not be appropriate for evaluation of
models using climatological meteorology. The aircraft
data generally have much higher variability than seen
in the sonde climatology. These factors indicate that
aircraft data can be used more effectively in the evalu-
ation of models using assimilated winds for the time of
the observations.

4.2. Measurements Obtained on Commercial
Aircraft

Measurements using research-quality instrumentation
on commercial aircraft provide a large amount of data
along flight corridors in the upper troposphere, as well
as profiles on takeoff and landing, and can therefore
provide true seasonal averages in these regions. Results
from two programs, Nitrogen Oxides and Ozone Mea-
surements Along Air Routes (NOXAR) and Measure-
ment of Ozone and Water Vapor by Airbus In-Service
Aircraft (MOZAIC), are presented here. Several other
similar programs exist (e.g., CARIBIC [Brenninkmeijer
et al., 1999]; Japan Air Lines [Matsueda et al., 1998]).
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Figure 5. Comparison of profiles and data composites of airborne measurements with ozone-
sonde climatologies [Logan, 1999]. The means and standard deviations of the sonde data for 1
month are shown by solid and dotted lines, respectively. Aircraft data from the 5°x 5° climatology
within 5° of the sonde location are shown by circles. Box and whisker plots indicate the range of
observations within the specified region, and the median is indicated by a vertical bar (see Figure 1
and Table 3). (a) Samoa sondes (September) versus PMT-Fiji region. (b) Natal sondes (Septem-
ber) versus CT3-Natal regions. (c) Natal sondes (September) versus TRA-Brazil_E regions. (d)
Brazzaville sondes (September) versus TRA-Africa_S region. (e) Pretoria sondes (September)
versus TRA-Africa S region. (f) Kagoshima sondes (September) versus PWA-Japan region. (g)
Tateno sondes (September) versus PWA-Japan region. (h) Kagoshima sondes (February) versus
PWB-Japan region. (i) Tateno sondes (February) versus PWB-Japan region.
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NOXAR sampled NO, NO,, and O3 from a Swissair
Boeing 747 between May 1995 and May 1996 [Brun-
ner et al., 1998; Dias-Lalcaca et al., 1998]. The flights
followed three main routes from Zurich, one across the
North Atlantic to the eastern United States, and north-
ern and southern routes to east Asia. It should be
noted that since these measurements are made along
the flight corridors at fixed flight levels some bias in the
measurements is introduced, since the measurements
are affected more than average by aircraft emissions.
When aircraft plumes were excluded from the data (a
few thousand of them, with ages of minutes to 10 hours)
the average NO, concentration over mid-latitudes is
lowered by 26 pptv, which is 20% of the annual average
(D. Brunner, personal communication, 1999). All of the
data, including the plumes, have been binned onto the
same grid as the data composites, with averages made
over each season. The median value of each grid box is
used here, thus reducing the influence of the plumes on
the composites.

The MOZAIC program installed ozone analyzers and
water vapor sensors on five Airbus A340 passenger air-
craft [Marenco et al., 1998], and measurements have
been made since 1994. Ozone climatologies developed
from the first phase of MOZAIC, September 1994- Au-
gust 1996, are included here [Thouret et al., 1998]. The
largest number of flights are across the North Atlantic,
but data were also collected on flight tracks between Eu-
rope and western United States, South America, south-
ern Africa, southeast Asia, and Japan. The MOZAIC
data were provided for 2.5°x 2.5°grid cells for flight level
350 in seasonal averages, which have then been averaged
into the 5°x 5° grid of the data composites.

Observations of O3 and NO at 10-11 km from all of
the research campaigns that are included in the data
composites (listed in Table 2), along with NOXAR and
MOZAIC, are shown in Plate 5. The commercial air-
craft observations at the standard aircraft flight level
350 (approximately 35 kft, or 10.6 km), which is the
altitude where most of the MOZAIC and NOXAR data
have been collected, are shown here.

At this altitude most of the data north of about 45°N
appears to have been obtained in the stratosphere, as

evident from the O3 mixing ratios greater than 100 ppbv.

In previous studies of these data, stratospheric and tro-
pospheric air have been separated, using criteria based
on the ozone or water vapor mixing ratios, or on poten-
tial vorticity analyses [ Thouret et al., 1998; Brunner et
al., 1998]. However, for this comparison with the data
composites we are using the complete data sets. A com-
parison of the ozone measurments from NOXAR and
MOZAIC for the same flight level and within 30 min of
each other showed excellent agreement [Dias-Lalcaca et
al., 1998].

Primarily the NOXAR and MOZAIC data sets signif-
icantly complement the research aircraft measurements
in providing data where none was available previously.
There are a few places, however, where comparisons
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can be made between the data composites and com-
mercial aircraft data sets. Examples of several of these
comparisions are shown in Figures 6 and 7, with the
regions indicated on Plate 5. The comparison of ozone
measurements is made in Figure 6, and includes the in
situ and DIAL measurements from the research cam-
paigns and the NOXAR and MOZAIC data. Overall,
the measurements show general agreement. In the re-
gions across the North Atlantic (Figures 6a—-6c¢) both
MOZAIC and NOXAR data are available. In DJF
over the western North Atlantic (Figure 6a) the aver-
age of the composite data is 100-200 ppbv higher than
NOXAR and MOZAIC, but the ranges all overlap. In
JJA, composite in situ data are 50-100 ppbv lower than
the NOXAR and MOZAIC data, but the range of DIAL
data exceeds that of the commercial air measurements.
Over the eastern Atlantic in JJA (Figure 6c), the nar-
row range of composite data is lower than the lowest
values observed by MOZAIC or NOXAR. There are far
fewer NOXAR and MOZAIC data in the remaining re-
gions over South America (Figures 6d—6f) and eastern
Asia (Figures 6g-6h), however, the agreement with the
composite and DIAL data is quite good.

There are only three regions where the NO data from
NOXAR overlaps with the data composites (Figure 7),
and it is difficult to conclude much from the compari-
son. Over the western Atlantic during DJF (Figure 7a),
NOXAR observations average 60 pptv, whereas the com-
posite data average 100 pptv, and range from below 10
pptv to 700 pptv. In JJA (Figure 7b) the averages agree
well, but the composites include low values not seen in
NOXAR. Over the eastern Atlantic in JJA (Figure 7c),
the composite data average is about twice that of the
NOXAR data. The high variability of the NO distri-
butions makes it difficult to determine if there is much
significance in these discrepancies.

5. Model Evaluation

Results from two models are compared with the ob-
servations as examples of uses of the data compos-
ites. Model for Ozone and Related Chemical Tracers
(MOZART-1) and Intermediate Model of Global Evo-
lution of Species (IMAGES) are both three-dimensional
global chemical transport models (CTMs) for the tro-
posphere. They have similar chemical schemes and cal-
culate the distribution of more than 50 species, includ-
ing O3, HO,, NO,, methane, nonmethane hydrocar-
bons (NMHC) (ethane, propane, ethylene, propylene,
isoprene, a-pinene, and n-butane as a surrogate for
the other higher hydrocarbons), and their degradation
products. The two models differ in their advection, con-
vection and diffusion schemes, meteorology, emissions,
and spatial and temporal resolutions. The global emis-
sions used in the models are summarized in Table 4.
The following two sections briefly describe the models,
and sections 5.3-5.5 present examples of how the data
composites can be used to evaluate model results.
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Plate 5. (a) Data composites of Oz for 10-11 km (i.e., all data in Table 2 available at this
altitude) with the NOXAR and MOZAIC data. (b) Data composites of NO (SZA< 90°) for

10-11 km with NOXAR observations. Boxes indicate regions of comparison between composites,
NOXAR, and MOZAIC.
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Table 4. Global Emissions Used in MOZART and IMAGES

Species, Units Source MOZART® IMAGES®
NO., Tg N/yr industrial 214 21.0
biomass buring 7.5 7.8
biogenic 6.6 5.5
aircraft 0.51 0.44
lightning 7 3
CO, Tg/yr industrial 382 382
biomass burning 662 626
biogenic 162 162
ocean 13 20
CH:O, Tg/yr industrial 2.3 2.3
Acetone, Tg/yr industrial 1.5 1
biomass burning 14 16
biogenic 18 23
C2Hs, Tg C/yr industrial 6.0 6.0
biomass burning 44 4.7
biogenic 0.8 0.8
ocean 0.8 0.8
CsHs, Tg C/yr industrial 3.8 9.8
biomass burning 2.3 1.9
biogenic 1.6 1.6
ocean 14 14
CoHy, Tg C/yr industrial 4.3 4.3
biomass burning 13.6 14.7
biogenic 4.3 4.3
ocean 8.2 8.2
C3Hg, Tg C/yr industrial 1.7 1.7
biomass burning 6.0 6.5
biogenic 0.8 0.8
ocean 9.9 9.9
CsHio, Tg C/yr industrial’ 63.7 63.7
biomass burning 11.3 10.3
biogenic 73.2 0
ocean 58.2 58.2
Isoprene, Tg C/yr biogenic 220 568
Terpenes, Tg C/yr biogenic 130 144

& Brasseur et al. [1998].
bSee text for references.

5.1. MOZART

The version of MOZART used in this study is de-
scribed in detail by Brasseur et al. [1998], and an eval-
uation of the model by comparison with observations
is provided in a companion paper [Hauglustaine et al.,
1998]. The model has a horizontal resolution of about
2.8° latitude by 2.8° longitude and 25 hybrid (o-p) lev-
els in the vertical extending from the surface to 3 mbar.
The numerical time-step for both transport and chem-

istry is 20 minutes. MOZART is driven by global wind,
temperature, humidity, and cloud fields provided by the
NCAR Community Climate Model (CCM, version 2)
[Hack et al., 1993], with dynamical variables (including
convective mass fluxes and diffusion parameters) pro-
vided every 3 hours from preestablished history tapes.

The model accounts for surface emissions of chem-
ical compounds based on the emission inventories as
described by Brasseur et al. [1998], advective transport
using the semi-Lagrangian transport scheme of William-
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son and Rasch [1994], convective transport using the
formulation of Hack [1994] adopted in CCM2, diffusive
exchanges in the boundary layer based on the parame-
terization of Holstag and Boville [1993], wet deposition
using the formulation of Brasseur et al. [1998], and dry
surface deposition [Miller, 1992]. The chemical scheme
includes 140 chemical and photochemical reactions, as
well as washout for 10 soluble species.

5.2. IMAGES

The major features of IMAGES have been described
by Miiller and Brasseur[1995]. Model improvement and
updates are described by Pham et al. [1995], Granier
et al. [1996], and Miller and Brasseur [1999]. The hor-
izontal resolution of the model is 5° by 5°. In the ver-
tical, there are 25 sigma layers between the surface and
the 50 mbar level. Large-scale transport is driven by
monthly averaged winds taken from an analysis of the
ECMWF. The impact of wind variability at timescales
smaller than one month is taken into account as a diffu-
sion process, with diffusion coefficients estimated from
the ECMWF wind variances. The water vapor distribu-
tion is also provided by the ECMWF analysis. Vertical
mixing in the planetary boundary layer is also repre-
sented as diffusion. The effect of deep convection on ver-
tical transport is parameterized following the scheme of
Costen et al. [1988]. The distribution of cloud updrafts
is parameterized using the cumulo-nimbus distribution
estimated by the ISCCP project.

The trace gas emissions used in IMAGES are as in
Miiller and Brasseur [1995], except for the fossil fuel
emissions of NO, and SO, [Benkovitz et al., 1996] and
for the biogenic continental emissions of NMHC [Guen-
ther et al., 1995] and NO; [Yienger and Levy, 1995].
The lightning source of NO is distributed following Price
et al. [1997] in the horizontal, and following Pickering
et al. [1998] in the vertical, scaled to a global source of 3
TgN/yr. The biomass burning emissions are described
in Granier et al. [1996), except that higher NO,, to CO,
emission ratios are used [Miller and Brasseur, 1999)].

5.3. Comparisons by Region

Comparing modeled and observed ozone and its pre-
cursors simultaneously in one region can provide a valu-
able evaluation of the model results. The results from
MOZART and IMAGES are shown with the data in Fig-
ures 2-4. The MOZART results are shown as a solid
line, which represents the mean over the period of the
campaign and the horizontal extent of the region, and
dotted lines indicating the standard deviation in time
over the period of the campaign. The mean over the
region from IMAGES is shown as a dashed line. The
standard deviation is not shown because IMAGES uses
monthly averaged winds and cannot produce the day-
to-day variability seen in MOZART.

In the “Africa_S” region (Figure 2), MOZART under-
estimates both the in situ and DIAL O3 measurements
by 20-40 ppbv throughout most of the troposphere.
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The results from IMAGES also underestimate the ob-
servations, but are within 5-10 ppbv of the data in the
upper troposphere. However, the IMAGES profile has a
minimum at about 4 km that is not evident in either the
MOZART profile or the observations. IMAGES slightly
underestimates NO,, perhaps caused by lower biogenic
and lightning emissions than MOZART (see Table 4) as
well as the “c”-shaped profile used for lightning emis-
sions. However, the total biomass burning emissions
are slightly larger in IMAGES than in MOZART and
this is a region and time where burning is a significant
source. MOZART and IMAGES do not include direct
emissions of peroxides in biomass burning, which the
profiles of HyOs and CH3OO0H, as well as other anal-
yses of the data [Lee et al., 1998], indicate may occur.
It is difficult to draw conclusions about the ability of
these 3-D models to reproduce the observed PAN/NO,
and HNO3/NO, ratios as there are very few data, and
they show a wide range of values. However, compari-
son of the MOZART and IMAGES ratios indicates the
two models have very different partitioning of the NO,,
species, with IMAGES having greater HNO3/NO, in
the lower troposphere and greater PAN/NO,, in the up-
per troposphere than MOZART. The higher PAN/NO,,
ratio may be due to the larger isoprene emissions used
in IMAGES. The ratio of C3Hg/CsHg in IMAGES in-
creases sharply above 6 km, greatly differing from the
data and results from MOZART, and highlighting the
increase in C3Hg. This indicates IMAGES has strong
convection in this region, consistent with the increase
with altitude above 6 km in O3, CO, PAN, and acetone,
as well as ethane and propane. The decreases in HNOj3
and H>O5 in the upper troposphere indicate the influ-
ence of rain with the convection, however the ratio of
H,0,/CH300H indicates that the washout in the mod-
els is too high. Acetone is reasonably well reproduced
by both models, but formaldehyde is under-estimated at
the surface and overestimated in the mid-troposphere.
The 3-D model ozone production and loss rates agree
fairly well with the box model calculations, particularly
above 5 km, where both drop significantly. In the lower
troposphere there is a large amount of scatter in the box
model calculations and IMAGES has loss rates that are
several times higher than those in MOZART, due to its
higher values of O3 and lower NO than MOZART.

There are a number of factors affecting both the
observations and model results in the “AfricaS” re-
gion, making it difficult to conclude the true degree of
agreement and discrepancy between the data and mod-
els. The model results are affected by the location and
strength of the biomass burning emissions of a number
of species (NO,, €O, NMHCs, acetone) and the data
by the precise location of fires in relation to the observa-
tions. The distributions in the middle and upper tropo-
sphere are strongly affected by convection, which can be
quite variable during any measurement campaign and
may not be properly represented in the models.

In Figure 3, the “Japan” region for PEM-West-B, the
ozone values from IMAGES are much higher than both
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the observations and the MOZART profile, except for
the highest observations at 8-12 km, which were likely
influenced by, if not obtained in, the lower stratosphere.
As there are not similarly large discrepancies in other
species (except perhaps acetone) and the ozone produc-
tion and loss rates agree, this likely indicates that the
rate of transport from the stratosphere is too great in
this altitude-region in IMAGES. A similar conclusion
was drawn from comparisons with MOZAIC [Law et al.,
2000]. Both MOZART and IMAGES produce slightly
high values of NO and NO, at the surface, but agree
well throughout the free troposphere. CO is reproduced
well, however, MOZART underestimates the C3Hg mix-
ing ratios in the lower troposphere by 30-50%, caused
by the lower industrial C3Hg emissions in MOZART
than in IMAGES. Both models have higher values of
HNO; than the observations, perhaps due to rain-out
processing of the observed air masses, whereas the PAN
from MOZART matches the data well. Again, the NO,
partitioning is quite different in the two models, per-
haps caused by the higher NMHC levels in IMAGES
than MOZART, leading to production of more PAN.
In this region, the models overestimate the peroxides
in the lower half of the troposphere, although the ratio
H;02/CH300H agrees with the observed ratio. This
agreement may just be fortuitous, but may also indicate
that the models overestimate the HO, concentrations,
which would equally affect HyOs and CH3OOH. IM-
AGES greatly overestimates acetone in the lower and
middle troposphere, which must be due to its higher bio-
genic and biomass burning emissions, although it would
be expected that industrial emissions would be more
significant in this region. It is interesting to note that
the two models calculate the same profile for HCHO
(though there are no data available), probably due to
their similar emissions and having similar HC oxidation
schemes. IMAGES calculates much higher O3 produc-
tion and loss rates, with net production falling slightly
below MOZART and the box model calculations, as a
result of the higher ozone values in IMAGES.

The comparison of the models with data may be bet-
ter in the Japan region than the “Africa_S” region due
to the observations being farther from source emissions
in Asia, and therefore not affected by the precise lo-
cation of sources. Perhaps, also, the Asian industrial
sources are more accurately quantified than the African
biomass burning ermissions.

The “Tahiti” region from PEM-Tropics-A is shown
in Figure 4. The models do not reproduce the ozone
peak in the observations at 3—6 km, although IMAGES
shows a slight maximum there. The values of observed
NO, seem to be captured by both models, but NO is
generally underestimated, which could be the cause of
the underestimation of ozone. Slight peaks, or greater
variability, can be seen in the observations of CO, C5Hg,
PAN, and HNOj; between 3 and 6 km, consistent with
plumes from biomass burning being encountered by the
aircraft [Hoell et al., 1999] that was not reproduced
in the models, probably due to insufficient resolution
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and/or a difference in modeled dynamics from the ac-
tual winds. Overall, the models show reasonable agree-
ment with the observations of CO. The observed val-
ues of CoHg are bracketed by the models throughout
the troposphere, with the difference between the mod-
els an indication of differences in long-range transport.
The models do not show any indication of the observed
peak in PAN at 3-7 km, but IMAGES produces a peak
in HNOj3 there. MOZART results for HNOj3 lie within
the observed values, but do not drop off in the up-
per troposphere. Hs0s and CH3OOH in the models
reproduce the maximum in the profiles at the top of
the boundary layer (2 km) though slightly underesti-
mate the peak value. Once again, there are very few
PAN/NO, and HNO3;/NO, data points, and the mod-
els show very different ratios. The underestimation of
PAN/NO, in the models below 7 km is due primarily to
the underestimation of PAN, coincident with an overes-
timation of HNO3/NO,. The global models reproduce
the box model calculations of very low rates of P(O3)
and L(O3) fairly well.

5.4. Comparison of One Species in Several
Regions

It is also valuable to compare many regions at one
time for each species, which can allow identification of
systematic differences between the model results and
observations. The comparison of data and models for
“Africa_S” (Figure 2) indicated that perhaps biomass
burning emissions and/or convection were too low, and
we have examined other regions where burning occurs.
Figures 8-13 present O3, CO, NO, PAN, HNO3/NO,,
and acetone for regions that are influenced by emis-
sions from biomass burning. In most of these regions,
MOZART, and to a lesser extent IMAGES, underesti-
mate the observations of ozone (Figure 8). However,
in general, the observations of CO (Figure 9) are repro-
duced by both models, although for TRACE-A/“Brazil-
E” and PEM-Tropics-A/“Fiji” the models fall short of
the observations. Underestimation of ozone often coin-
cides with an underestimation of NO (Figure 10), imply-
ing that the NO emissions are too low, or the formation
of reservoirs is too high, as indicated by HNO3/NO, be-
ing too high. In some cases the models are low by only
a few pptv, but this can correspond to a significant frac-
tion of the total NO. As was shown in Figure 5a, the
ozone observations in the “Fiji” region were significantly
higher than the ozonesonde climatology at Samoa, and
so may not be suitable for comparison with these cli-
matological models. The observed values of PAN (Fig-
ure 11) cover a wide range of values, both within and
among regions. In almost all cases MOZART values are
less than IMAGES and are often less than observations,
except for ABLE-2B, where both models are high. Both
MOZART and IMAGES significantly underestimate the
PEM-Tropics-A observations in the middle troposphere,
as discussed above in the discussion on “Tahiti” and
Figure 4. For HNO3/NOQO,, the models are high except
for “Africa_S” and “Fiji” (Figure 12). For “Fiji” the
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Figure 9. CO profiles for regions influenced by biomass burning.
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Figure 10. NO profiles for regions influenced by biomass burning,.
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Figure 11. PAN profiles for regions influenced by biomass burning.

MOZART results for HNO3; and NO, are too low (not
shown), and it is only fortuitous that the ratio agrees
with the observations. There are few measurements of
acetone (Figure 13), but IMAGES matches them well.
The MOZART calculations of acetone are too low in
the upper troposphere, and lower than IMAGES for all
regions, an indication of too low emissions and too weak
convection (a known symptom of the Hack scheme).
The high mixing ratios of PAN calclated by IMAGES
(Figure 11) are consistent with the high acetone levels
in the upper troposphere since PAN is produced in the
breakdown of acetone [Singh et al., 1995].

The conclusions drawn here about the ability of
MOZART to reproduce the tropospheric observations

presented here agree, in general, with those presented
by Hauglustaine et al. [1998]. However, the limitations
of MOZART to reproduce ozone, as well as nitrogen
species, in biomass burning regions has been made more
evident in these comparisons. The fair agreement be-
tween IMAGES and observations shown by Mdller and
Brasseur [1995], as well as the ability of IMAGES to re-
produce acetone measurements [Miiller and Brasseur,
1999] are also shown here.

5.5. Comparison of Variability

Another measure of the ability of a model to repro-
duce the actual atmosphere, can be obtained through
comparisons of the range of variability produced by the
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model with the range of the observations. IMAGES
uses a l-day time step and monthly averaged meteo-
rology, whereas MOZART has a 20-min time step and
uses 6-hour average meteorology. Therefore IMAGES
shows much less variability, and only the results from
MOZART will be shown.

Figures 14 and 15 show the frequency distributions
of model grid points and observations of CO and Os
for the “Africa_S” and “Japan” regions for 2-km alti-
tude bins. The MOZART distributions are determined
from the grid points within the region for 6 days corre-
sponding to the period during which observations were
made, and are shown as solid lines. The observations
are shown by dotted lines. The MOZART results shown

TRACE-A - Africa_Coast_W

TRACE-A - Atlantic_S
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here are based on 24-hour averages (due to storage space
limitations), although the model time step is 20 min, so
the actual model variability is likely to be underesti-
mated by this representation. The mixing ratio bins
are 5 ppbv for O3 and 10 ppbv for CO, and the prob-
ability distributions have been normalized by the total
number of points in each altitude bin.

In the “AfricaS” region (Figure 14) the observed
variability of Os (left panels) is greater than in the
model results, implying that the model does not repro-
duce small-scale plumes of high O3 produced from fire
and lightning emissions, that the aircraft sampled [Fish-
man et al., 1996]. In the models, high emissions from
a relatively small source (e.g., a fire or thunderstorm)
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Figure 12. HNO3;/NO, profiles for regions influenced by biomass burning.
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Figure 13. Acetone profiles for regions influenced by biomass burning.

must be represented as an average value for the grid
box in which it occurs, effectively diluting the source
emission. The emissions are also set as monthly aver-
ages, which results in further dilution. The peaks in
the MOZART distributions are significantly less than
the observations, particularly at low altitudes. The fre-
quency distributions of the CO observations and cal-
culations (right panels) are similar, except in the upper
troposphere, where high values (300 to >500 ppbv) were
observed but not reproduced. This could be due to in-
sufficient convection of biomass burning emissions, or
the inability to reproduce small-scale plumes.

In the “Japan” region (Figure 15) the frequency dis-
tributions of O3 and CO are very similar for model and
data. The MOZART results generally reproduce the
observed values, especially in the middle troposphere.
Although O3 is underestimated and CO overestimated
in the lower troposphere, the width of the distributions
are similar. As in Figure 14, MOZART underestimates
CO in the upper troposphere, which could again in-
dicate insufficient convection in the model. Although
there are some discrepancies, it appears that the results
from MOZART are, in general, capable of reproducing
variations comparable to true atmospheric variability.

6. Summary

In this paper, we have presented data composites cre-
ated from aircraft measurements of ozone and its pre-

cursors. Data from each measurement campaign have
been gridded to 5° by 5° by 1 km boxes. In addition,
vertical profiles have been created for selected regions.
The gridded data plotted on maps for given altitudes
help provide an overall view of the available measure-
ments, while the vertical profiles are particularly useful
for model evaluation.

There clearly remain significant gaps in our knowl-
edge of the distribution of ozone and its precursors in
the troposphere. Although intensive aircraft campaigns
have greatly added to our understanding of species’ dis-
tributions in a number of regions during one or two
seasons (the western Pacific, South Pacific, and South
Atlantic basin, for example) we are still far from having
sufficient data to determine climatologies of these tropo-
spheric species from observations alone. The data com-
posites shown here are a means of summarizing a major
part of our current knowledge of atmospheric distribu-
tions based on selected field campaigns, and provide a
framework for the addition of future measurements.

Improved measurement capabilities would also greatly
improve our ability to evaluate global models. Signif-
icant questions remain about our ability to accurately
measure HNO3g and NO,, which are two observations
that can provide significant information regarding pho-
tochemical processes in the troposphere. More mea-
surements of acetone and formaldehyde, as well as di-
rect measurements of HO, in the upper troposphere
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are needed to address questions about the HO, budget.
Many of the measurement techniques currently used on
research aircraft require continuous attention for suc-
cessful operation. If more automated techniques were

TRACE-A Africa_S
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developed, these instruments could be used on commer-
cial aircraft, such as in the MOZAIC and NOXAR pro-
grams, and would provide valuable long-term measure-

ments.
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for O3 and 10 ppbv for CO.
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Figure 15. As in Figure 14, for the PEM-West-B “Japan_Coast E” region, March 7-12.

Several examples of how these data composites can
be used to evaluate global models have been shown and
compared with two global CTMs, MOZART, and IM-
AGES. Comparisons were made for a number of species
in three regions, as well as for single species in sev-

eral regions. Frequency distributions were also shown
as a way to evaluate model results. From the results
of PEM-Tropics-A and TRACE-A it is evident that
biomass burning has a strong influence on the atmo-
spheric composition of the Southern Hemisphere during
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the dry season. The comparisons for southern Africa
and other biomass burning regions indicate that the
magnitude, and perhaps location, of burning is not com-
pletely understood or correctly modeled. Additional
measurements in South America, Africa, and Southeast
Asia during both NH and SH burning seasons of di-
rectly emitted species (CO, NO,. NMHCs) as well as
their photochemical products (PAN. HNO3, O3) would
greatly improve our understanding of the influence of
biomass burning on the troposphere. Comparisons of
observations with models using analyzed winds for the
specific year of observations would reduce a possible
source of disagreement and allow a better determina-
tion of errors in the modeled chemistry.

Many questions remain about the accuracy of mod-
eled convection and the quantity and vertical distribu-
tion of NO; produced by lightning. Additional mea-
surements of NO, and surface-emitted tracers around
thundersterms could greatly improve our understand-
ing of the degree of transport between the surface and
the upper troposphere.

The anthropogenic influences in the Northern Hemi-
sphere have far-reaching effects. Continued measure-
ments in the western Pacific will be needed to assess
the impact of increasing emissions in Asia on the down-
wind regions of the Pacific basin and North America
[Jacob et al.. 1999; Berntsen et al., 1999]. Also, addi-
tional measurements are needed to determine the effect
of North American emissions on Europe and European
emissions on Asia. Understanding these influences is
critical in determining the requirements for restrictions
on emissions in order to preserve air quality and miti-
gate climate change.

The data composites presented here will continue to
be expanded as new data sets become available. Addi-
tional species (e.g., HoO, CH,, other NMHCs, includ-
ing isoprene, sulfur, and halogen compounds), as well
as aerosol concentrations and composition will also be
added. These data sets will continue to be used in the
evaluation of models under development and in com-
parison with satellite measurements.
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