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Distribution and fate of selected oxygenated organic
species in the troposphere and lower stratosphere
over the Atlantic

H. Singh,' Y. Chen,' A. Tabazadeh,' Y. Fukui,' I. Bey,” R. Yantosca,? D. Jacob,’
F. Amold,’ K. Wohlfrom,® E. Atlas,* F. Flocke,* D. Blake,’ N. Blake,’ B. Heikes,*
I. Snow,’ R. Talbot,” G. Gregory,® G. Sachse,’ S. Vay,* and Y. Kondo’

Abstract. A large number of oxygenated organic chemicals {peroxyacyl nitrates, alkyl nitrates,
acetone, formaldehyde, methanol, methylhydroperoxide, acetic acid and formic acid) were measured
during the 1997 Subsonic Assessment (SASS) Ozone and Nitrogen Oxide Experiment (SONEX)
airborne field campaign over the Atlantic. In this paper, we present a first picture of the distribu-
tion of these oxygenated organic chemicals (Ox-organic) in the troposphere and the lower strato-
sphere, and assess their source and sink relationships. In both the troposphere and the lower
stratosphere, the total atmospheric abundance of these oxygenated species (ZOx-organic) nearly
equals that of total nonmethane hydrocarbons (XNMHC), which have been traditionally measured.
A sizable fraction of the reactive nitrogen (10-30%) is present in its oxygenated organic form.
The organic reactive nitrogen fraction is dominated by peroxyacetyl nitrate (PAN), with alkyl ni-
trates and peroxypropionyl nitrate (PPN) accounting for <5% of total NO,. Comparison of obser-
vations with the predictions of the Harvard three-dimensional global model suggests that in many
key areas (e.g., formaldehyde and peroxides) substantial differences between measurements and the-
ory are present and must be resolved. In the case of CH,OH, there appears to be a large mismatch
between atmospheric concentrations and estimated sources, indicating the presence of major un-
known removal processes. Instrument intercomparisons as well as disagreements between obser-
vations and mode] predictions are used to identify needed improvements in key areas. The atmos-

pheric chemistry and sources of this group of chemicals is poorly understood even though their
fate is intricately linked with upper tropospheric NO, and HO, cycles.

1. Introduction

Oxygenated hydrocarbon species have the potential to play
an important role in processes of atmospheric ozone forma-
tion [Loyd, 1979; Singh et al., 1995; Wennberg et al., 1998].
Unlike most hydrocarbons, many oxygenated species can be
photolyzed throughout the troposphere. Carbonyls and perox-
ides are potential sources of HO, free radicals, and molecules
such as acetone can form peroxyacetyl nitrate (PAN) in the up-
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per troposphere (UT) and sequester reactive nitrogen [Singh et
al., 1995; Jaeglé et al., 1997, Wennberg et al., 1998; Craw-
Jord et al., 1999]. In general, measurements of organic oxy-
genated species in remote troposphere are extremely sparse
and often limited to a few species. In the stratosphere, these
measurements are virtually nonexistent [Singh et al., 1997].
The Subsonic Assessment (SASS) Ozone and Nitrogen Oxide
Experiment (SONEX)/DC-8 airborne field campaign of Octo-
ber/November 1997, with its focus on the NO,-HO,-O; chem-
istry, provided a unique opportunity to characterize the distri-
bution of several important oxygenated organic species in the
troposphere and the "lowermost" stratosphere (LS) over the
Atlantic. An overview of the SONEX mission has been pro-
vided by Singh et al. [1999].

In this paper, we provide a description of the atmospheric dis-
tribution of select oxygenated organic species as measured dur-
ing the 1997 SONEX mission. These species include organic
nitrates (peroxyacyl nitrates, alkyl nitrates), carbonyls
(acetone, formaldehyde), alcohols (methanol, ethanol), perox-
ides (methylhydroperoxide), and acids (acetic acid, formic
acid). Instrumentation and measurement methods are not de-
scribed here but have been previously published [Singh et al.,
1999; Schumann et al, 1999; and references therein].
SONEX/DC-8 and the Pollution From Aircraft Emissions in the
North Atlantic Flight Corridor (POLINAT-2)/Falcon aircraft
platforms also offered limited opportunities for instrument in-
tercomparisons and these results are discussed. In addition, the
Harvard three-dimensional (3-D) global model has been used to
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compare these observations with model predictions. We also
provide an assessment of the sources and sinks of these chemi-
cals.

2. Discussion of Results

It is pertinent to note that during SONEX attention was fo-
cused on the UT region of the atmosphere that has been previ-
ously minimally studied. SONEX objectives also were such
that much of the data were collected between 40°-65°N lati-
tudes with only one flight going as far south as 20°N. The
stratosphere was frequently sampled although O, concentra-
tions never exceeded 450 ppb, and N,O was never below 300
ppb. This region of the stratosphere has been commonly de-
fined as the “lowermost stratosphere” (LS). With this perspec-
tive 1n mind, a greater emphasis is placed on the UT/LS re-
gions. Only SONEX data collected on the DC-8 are used in this
study. POLINAT Falcon data are occasionally considered for
purposes of comparisons.

The SONEX NOy, data were examined against several tracers
that may be used to distinguish the stratosphere from the tro-
posphere (O,, N,O, and CO). It was determined that a simple
filter (O,>100 ppb and Z>6 km) was adequate to define periods
of stratospheric influences. This filter has been applied to all
tropospheric/stratospheric observations discussed here. Tro-

12

10 - XX 1

ALTITUDE, km
o
T

200

150 T | T T

100 |-

CO, ppb

50 |- C i

0 | t ! 1 |
10 20 30 40 50 60 70

LATITUDE, °N

SINGH ET AL.: DISTRIBUTION OF SELECTED OXYGENATED ORGANIC SPECIES

pospheric observations have also been compared with the
Harvard 3-D global model (4° latitude x 5° longitude grid size),
an earlier version of which has been described by Wang et al.
[1998a, b]. The present version has improved descriptions of
chemistry and emissions, and higher vertical resolution (20
layers versus 9 layers) making it more appropriate for upper
tropospheric simulations. The model transports 24 tracers,
including odd oxygen (O, = O, + NO, + 2NO,), NO,, HNO,,
N,O,, HNO,, three peroxyacyl nitrates, a lumped alkyl nitrate,
CO, alkanes (ethane, propane, higher alkanes), alkenes, iso-
prene, carbonyls (acetone and higher alkyl ketones, formalde-
hyde, and higher alkyl aldehydes, methacrolein, methylvinyl
ketone), and peroxides (H,0,, CH,OOH). A present shortcom-
ing is that the model contains 1993 meteorology. Compari-
son of the 1993 simulation with SONEX observations should
still be useful in terms of mean concentrations and concentra-
tion gradients. Fuelberg et al. [this issue] conclude that,
within the normal year-to-year variability, 1997 was a clima-
tologically average year. In the following section, we shall
discuss the distribution, sources, and sinks of selected organic
species in the troposphere and the LS.

2.1. Tropospheric Distributions

Figure 1 shows the vertical distribution of O, and CO (a use-
ful tracer) as observed during SONEX over the North Atlantic
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Figure 1. Tropospheric vertical and latitudinal distribution of O, and CO over the Atlantic during SONEX.
Periods of stratospheric influences (O;>100 ppb; Z>6 km) are excluded. The vertical structure is for 45°—65°N

with averages calculated over 2-km bins.

Latitudinal distribution is for the upper troposphere based on data

collected between 8-12 km with averages calculated over 5° bins. Results from the Harvard 3-D global model
are averaged over 5°-70°W longitude (SONEX regime) and are shown in similar lines (no data points).
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Figure 2. Tropospheric vertical and latitudinal distribution

of total oxygenated chemicals (XOx-organic) and total non-

methane hydrocarbons (XNMHC) over the Atlantic as measured

during SONEX. Layout is the same as in Figure 1.

(45°~65°N). The mean vertical distribution 1s based on 2 km
altitude bins and mean, median, and percentiles are shown.
The upper tropospheric latitudinal distribution is described by
averaging data over the 8-12 km altitude bin. The actual data
(1-min average) are also shown to give some idea of the distri-
bution of sampling. It is evident that south of 40°N the sam-
pling is much sparser than at higher latitudes. Higher CO mix-
ing ratios in the lower troposphere are indicative of pervasive
continental influences over the Atlantic. The Harvard 3-D
model captures the observed distribution of CO quite well. Tt
overestimates O, and slightly underestimates CO in the UT. A
possible reason for this may be the higher than normal tro-
popause levels observed during SONEX [Fuelberg et al., this
issue].

Figure 2 provides a perspective on the abundance and distri-
bution of total oxygenated chemicals (XOx-organic) in rela-
tion to that of nonmethane hydrocarbons (ENMHC) measured
during SONEX. These NMHC included a large number of al-
kanes, alkynes, alkenes, and aromatics. It is evident from
Figure 2 that in the remote troposphere, oxygenated organics
are collectively as abundant as NMHCs. Because many of them
are easily photolyzed at tropospheric wavelengths, their influ-
ence on upper tropospheric chemistry can be far greater than
that of NMHC. As will be discussed in the following sections,
the sources, sinks, and chemistry of these oxygenated mole-
cules can differ greatly from each other. In many cases, sig-
nificant biogenic sources appear to be present.
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2.1.1. Organic nitrates. An onboard gas chroma-
tograph (GC) operated by the NASA Ames group measured
peroxyacetyl nitrate (PAN), peroxypropionyl nitrate (PPN),
methyl nitrate (MN), and ethyl/i-propyl nitrates in real time.
The stable alkyl nitrates (methyl, ethyl, i-propyl, and 2-butyl)
were also measured from the whole air samples collected by the
University of California, Irvine group. Figure 3 shows a scat-
terplot of these measurements obtained by the two groups dur-
ing the SONEX mission. Recognizing that the two techniques
of sample collection are widely different, sampling times are
not exactly identical, and mixing ratios are quite low, agree-
ment between the onboard GC and canister sampled measure-
ments is considered quite good. Statistical measures of ensem-
ble averages indicated that these two data sets could be com-
bined for all intents and purposes. PAN measurements were
not duplicated on the DC-8, and it was also not measured on the
POLINAT-2/Falcon, so no comparison is possible.

Figure 4 shows the tropospheric distribution of reactive or-
ganic nitrogen species along with that of NO,, a measure of
the total available reactive nitrogen. Among this group of or-
ganic nitrates, PAN was the most abundant at =200 ppt in the
lower troposphere and =50 ppt in the UT (Figures 4a and 4b).
Typically PAN accounted for 10-30% of the available NO,.
The higher concentrations in the lower troposphere are indica-
tive of continental pollution influences over the Atlantic.
Figure 4 also shows a comparison of modeled PAN and NO,

with SONEX observations with reasonable agreement. The
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Figure 3. A comparison of methyl nitrate and ethyl/i-propyl
nitrate as measured aboard the DC-8 in real time by NASA
Ames (y axis) and from the analysis of whole air samples by
UCI (x axis) during SONEX.
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Figure 4. Tropospheric vertical and latitudinal distribution of select reactive nitrogen species measured dur-
ing SONEX. Layout is the same as Figure in 1. PAN, peroxyacetyl nitrate; PPN, peroxypropionyl nitrate; MN,
methyl nitrate; TAN, total alkyl nitrates; NOy is the measured sum of total reactive nitrogen (ZN).

distribution of PPN (Figures 4c and 4d) is similar to that of
PAN, but its mixing ratios are significantly lower. This is
largely due to the lesser abundance of PPN precursors as well as
its somewhat shorter lifetime. Unlike PAN and PPN, methyl
nitrate (MN) was nearly uniformly distributed in the tro-
posphere (Figures 4c and 4d). It was clear that a large oceanic
source, as observed in the tropical pacific (H. Singh, unpub-
lished data, 1996), was not present in this region. Collec-
tively, total alkyl nitrates (TAN) were present at relatively low
concentrations with a distribution that was suggestive of sur-
face, probably anthropogenic, sources (Figures 4c and 4d).
Total alkyl nitrates on average accounted for less than 3% of
reactive nitrogen (NOy). All of these species (pernitrates and
nitrates) are thermally and photochemically dissociatable and
can act both as a source or a sink of the available free NO,
[Singh, 1987].

2.1.2. Carbonyls. Acetone and formaldehyde, two of
the most important carbonyls in the atmosphere, were meas-
ured during SONEX. In recent years, acetone has been shown
to be a globally abundant species that has the potential to
both sequester reactive nitrogen as PAN and provide an upper
tropospheric source of HO, radicals [Singh er al., 1994, 1995;
Arnold et al., 1997]. Similarly, formaldehyde is a well known
product of methane oxidation and a major secondary source of

HO,, radicals [Crawford et al., 1999]. Acetone was measured on
the DC-8 with an onboard GC operated by the NASA Ames
group and on the Falcon by the Max-Planck-Institute Heidel-
berg group who used a technique involving Chemical Ioniza-
tion Mass Spectrometry (CIMS) [Arnold et al., 1997,
Wohlfrom et al. 1999]. Both instruments quoted substantial
error bars of #25% (GC) and +50% (CIMS). The CIMS instru-
ment was not directly calibrated, and the reaction of product
ions with water vapor was recognized as a potential source of
error. The GC method collected a sample over a 150-s period,
while the CIMS instrument had a much faster response time (10
s). Figure 5 shows an example of the acetone distribution
measured by the two aircraft when they were in the vicinity of
each other during the two missions, The altitudes of the two
aircraft are also shown, and the CIMS data have been averaged
over the sampling time of the DC-8 instrument. During mis-
sion 5 (Figure 5a), the two instruments produced comparable
data and saw acetone concentration decrease in the stratosphere
(at 11 km). However, the decline observed by the Falcon was
less than that observed by the DC-8. Similarly, during mis-
sion 7, the DC-8 measurement is some 30% lower than the
CIMS measurement. These results are within the quoted error
bars of these instruments. Figure 6 shows the vertical and lati-
tudinal distribution of acetone in the troposphere based only



SINGH ET AL.: DISTRIBUTION OF SELECTED OXYGENATED ORGANIC SPECIES

1500 . . ; 12
Mission 5 -
(Oct. 18)

'% 1000 5
L =
= c
[e] o
= m
5} =
Q 500 3

0 l ] | [ 0

4.5 10* 510* 55 10* 6 10* 6.5 10*

TIME (UTC), seconds
1500 , ‘ . 12
Mission 7

(Oct. 23) 4 10
'% 1000 18 5
w =
Z -4 6 c
o o
= m
o p
Q 500 4 4 3

42

0 0

4 10* 42510* 4510* 4.75 10 5 10*

5
TIME (UTC), seconds

Figure 5. A comparison of acetone as measured on the DC-8
(solid circles) and the Falcon (solid squares) using two inde-
pendent techniques. The altitude profile DC-8 (solid line) and
Falcon-20 (dashed line) 1s shown.

on the GC data collected on the DC-8. A slight decline in the
upper tropospheric abundance of acetone toward the subtropics
was observed. This is expected due to the greater loss of ace-
tone due to photolysis and has been previously observed over
the Pacific [Singh et al., 1995]. Although acetone measure-
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ment accuracy needs to improve in the future, it is evident that
substantial concentrations of acetone are present in the tro-
posphere. The role of acetone as a source of HO, during
SONEX has been discussed by Jaeglé et al. [this issue].

Global sources of acetone are not well known although a
first emissions inventory with a 40-60 Tg yr' source was pre-
sented by Singh et al. [1994]. Here we shall update this emis-
sions data based on new information. In recent years, a num-
ber of previously suggested biogenic pathways have been con-
firmed, and new ones have been identified. Pastures have been
found to emit significant quantities of acetone [Kirstine et al.,
1998], and elevated levels of acetone in rural forested areas are
routinely observed [Goldan et al., 1995, Reimer et al., 1998;
Fall, 1999; Lamanna and Goldstein, 1999]. Singh et al.
[1994] deduced that the 15 (£10)% acetone yield from o-
pinene/OH reaction, as reported by C. Gu and co-workers
(unpublished report, 1984), would constitute an =6 Tg yr'
source of acetone. More recently, - and B-pinenes have been
confirmed to have a 8-15% acetone yield upon OH reaction,
and acetone yields from many other monoterpenes from OH/O,
reactions have been determined [Reissell et al., 1999]. Simi-
larly, OH oxidation of 2-methyl-3-buten-2-ol, another terres-
trial biogenic product, results in a 50-60% vyield of acetone
[Ferronato et al., 1998; Alvardo et al., 1999]. Recent best es-
timates of the global emissions of monoterpenes and 2-
methyl-3-buten-2-ol are 130-150 Tg yr' and 3-6 Tg yr’', re-
spectively [Guenther et al., 1995; 1999; Harley et al., 1998].
On the basis of these emission rates and the available kinetic
information, we calculate that a secondary biogenic source of
=11 Tg yr' of acetone is present. This is likely to be a lower
limit as it only considers the first stages of chemical reac-
tions, and additional secondary formation may occur. It is also
likely that the day/night difference observed in the mixing ra-
t1o of acetone 1n forested areas [Goldan et al., 1995] 1s n part
due to this secondary source. Biomass burning source of ace-
tone has also been determined (3—-10 Tg yr') from direct at-
mospheric measurements and laboratory experiments [Singh et
al., 1994; Holzinger et al., 1999]. Acetone sources from dead
plant matter via abiological processes have been estimated to
be 6-8 Tg yr' [Warneke et al., 1999]. Human breath contains

Table 1. An Estimate of the Global Source Inventory of Acetone

Source Type Global Annual Comments”
Emissions, Tg yr!
Primary anthropogenic 2(1-3) =95% NH
Primary biogenic 15 (10-20) not well quantified
Secondary anthropogenic and biogenic
Propane oxidation 15 (10-20) =80% NH
i-Butane/1-pentane oxidation 1(1-2) =80% NH
i-Butene/1-pentene oxidation 1(1-2) =80% NH
Monoterpene/methyl butenol 11 (7-15)
Oxidation’
Dead/decaying plant matter 6 (4-8)
Biomass burning 5 (3-10) =70% SH
Total source strength 56 (37-80)
Total sink strength 40-60 removal via hv, OH, and slow

deposition

*NH, northemn hemisphere, SH, southern hemisphere

"These terrestrial biogenic hydrocarbons are known to have large yields of acetone upon OH and O,

oxidation (see text)
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Figure 6. Tropospheric vertical and latitudinal distribution

of acetone and methanol during SONEX. Layout is the same as
in Figure 1.

relatively high concentrations of acetone (10°-10* ppb), but
this is only a significant source in indoor environments
[Lindinger et al., 1998]. Table 1 provides an updated source
inventory of acetone with a global source of 56 Tg yr' which
is near the upper limit of the 40-60 Tg yr' previously pub-
lished by Singh et al. [1994].

Unlike acetone, formaldehyde has an extremely short life in
the atmosphere (a few hours), and its source is expected to be
largely due to hydrocarbon oxidation. Although direct emis-
sions of formaldehyde from automobile exhaust and biomass
burning are known to exist, these sources are small (<5%) in
comparison with the =10° Tg yr' of HCHO that can be glob-
ally produced from CH, oxidation alone. We note that a sub-
stantial fraction of the HCHO data (42% within 4-8 km and
52% within 8-12 km) were below the limit of detection (LOD).
Here we have used 0.5 LOD as the mixing ratio for these in-
stances. When 0.25 LOD was used for sensitivity purposes,
mean concentrations in the UT were further reduced by 5-10
ppt. It is evident from Figure 7 that substantial concentrations
of HCHO are present in the troposphere. Figure 7 also shows
that the observed mean HCHO concentrations are in reasonable
agreement with those predicted by the Harvard model. During
typical SONEX conditions, we calculate that acetone pho-
tolysis may be responsible for 5-7 ppt of HCHO in the UT. It
should be noted that point models are unable to reconcile
measured concentrations of HCHO which exceeded 70 ppt and
should be the most reliable [e.g., Jaeglé et al., this issue].

SINGH ET AL.: DISTRIBUTION OF SELECTED OXYGENATED ORGANIC SPECIES

There is a weak linear relationship (R? = 0.3) between metha-
nol and formaldehyde concentrations for all cases when data
are above LOD. This relationship might be used to suggest
that methanol is a potential source of formaldehyde or con-
versely a potential interferent in its measurement. At this
point, neither the possibility of additional sources for HCHO
nor the potential for measurement errors can be completely
ruled out. HCHO is a key intermediate of atmospheric oxida-
tion whose atmospheric fate cannot be fully reconciled until
more sensitive and accurate measurements are possible.

2.1.3. Peroxides. Peroxides are secondary products of
atmospheric oxidation (RO, + HO, - ROOH + O,), and their di-
rect emissions are extremely small in comparison [Heikes et
al., 1996; Lee et al., 1999]. The organic methylhydroperoxide
(CH,00H) is much less soluble than H,0, and can be trans-
ported via moist cloud convection into the UT thus providing a
local source of HO, [Jaeglé et al., 1997, Crawford et al.,
1999]. Both hydrogen peroxide and methylhydroperoxide
were measured during SONEX. A substantial fraction of the
CH,0O0H data (28% within 4-8 km and 44% within 8-12 km)
were below the limit of detection. Here we have used 0.5 LOD
as the mixing ratio for these. When 0.25 LOD was used for
sensitivity purposes, the mean concentrations were minimally
altered (<5 ppt). Figure 7 shows the vertical and UT latitudinal
distribution of CH,0O0H. The atmospheric abundance of
CH,00H is comparable to that of HCHO. Even though the
model appears to be in better agreement with observations in
the UT, this must be considered fortuitous. Throughout the
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Figure 7. Tropospheric vertical and latitudinal distribution
of formaldehyde and methylhydroperoxide during SONEX.

Layout is the same as Figure in 1.
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of NO, during SONEX. Layout is the same as Figure 1n I.

troposphere, the simulation of CH,OOH 1s a substantial over-
prediction ot observations. This overprediction of CH,OOH is
contrary to previous findings from the South Atlantic [Jacob et
al., 1996]. We believe a major reason for this is due to the fact
that the observed NO, 1s nearly a factor of 2 larger than the
model prediction throughout the troposphere (Figure 8), thus
allowing for a much faster rate of CH,O0H formation in the
model. Uncertainties 1n the CH,0, + HO, rate constant
[Demore et al., 1997] also contribute to this disagreement.
CH,O0H is a key intermediate of secondary HO, production
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whose atmospheric fate cannot be fully reconciled with present
knowledge. The need for more sensitive measurements in the
UT is clearly indicated.

2.1.4. Alcohols. Both methanol and ethanol were
measured during SONEX.  Significant concentrations of
methanol (400-800 ppt) were present in the Atlantic tro-
posphere at all times (Figure 6). Ethanol concentrations were
often undetectable and nearly always below 50 ppt. The gas
phase oxidation of methanol via OH leads to formaldehyde
formation (CH,OH + OH + (O,) - CH,0 + HO, + H,0), but
this process is too slow in the UT to be a significant source of
formaldehyde and free radicals [Singh et al., 1995]. Methanol
was less abundant in the UT relative to acetone despite its
longer lifetime 1n the UT due to slow OH reactivity. Methanol
is preferentially partitioned in the gas phase even at very low
temperatures (K,= 10’ M atm™ at 273°K in water). It can be ar-
gued that the greater relative decline of methanol compared to
acetone in the UT is due to the presence of secondary sources of
acetone throughout the troposphere. The presence of un-
known, possibly heterogeneous, processes that could provide
effective sinks for methanol also cannot be ruled out. A weak
linear correlation (R? = 0.4) of methanol mixing ratios with
those of acetone and CO (molecules with comparable lifetimes)
was observed suggesting some commonalty of sources. A
similar relationship (R* = 0.3) between methanol and formal-
dehyde (short-lived) may be used to suggest that methanol is a
potential source of atmospheric formaldehyde or conversely a
potential interferent in its measurement.

A source 1inventory for methanol does not exist, but based
on removal by OH and slow deposition (=0.1 cm s, it has
been calculated that a global methanol source of 40-50 Tg yr'
must exist. Recent studies of emissions from plants and
leaves, and the presence of high concentrations of methanol in
forested and rural areas point to a sizable biogenic source
[MacDonald and Fall, 1993; Goldan et al , 1995; Kirstine et
al., 1998; Reimer et al., 1998; Fall, 1999; Lamanna and Gold-
stein, 1999]. The measured biogenic emission rates are suffi-
ciently large for a methanol source of >100 Tg yr' [Guenther et
al., 1995, 1999]. Large methanol sources from dead plant mat-
ter via ablological processes have been reported to be 18-40
Tg yr' [Warneke et al., 1999]. Additional smaller sources
from biomass burning (3-17 Tg yr') and direct anthropogenic
emissions (2-4 Tg yr') are present [Singh et al., 1995; Holz-
inger et al., 1999; Yokelson et al., 1999]. On the basis of the
globel model of Lawrence et al. [1999], secondary source from

Table 2. An Estimate of the Global Source Inventory of Methanol

Source Type Global Annual Comments
Emissions, Tg yr!
Primary anthropogenic 3(2-4) =95% NH
Primary biogenic 75 (50-125) not well quantified
Methane oxidation 18 (12-24) 3-D model estimate
Dead/decaying plant matter 20 (10-40)
Biomass burning 6 (3-17) =70% SH
QOceanic source 777 likely source
Total source strength 122 (75-210)
Total sink strength 40-50 removal via OH and

slow deposition
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Figure 9. Tropospheric vertical and latitudinal distribution
of acetic acid and formic acid during SONEX. Layout is the
same as Figure in 1.

CH,/NMHC oxidation pathways (2CH,0, —» CH,OH + CH,0 +
O,) can be calculated to be =18 Tg yr' (R. von Kuhlmann,
Max-Planck-Institute for Chemistry, private communication,
1999). Although CH,OH is easily synthesized in seawater
from the hydrolysis of methyl halides, no estimate of its oce-
anic source is presently available. Table 2 summarizes a first
inventory of the global sources (=122 Tg yr'') of methanol in-
dicating that its sources far exceed its known sinks. If this es-
timate of the global methanol source is found to be correct,
then removal mechanisms other than OH oxidation (and slow
deposition) must play an important role. In the boundary
layer, acrosol media containing OH , CI , and SO,  could react
with methanol to form complex products. In the middle and
UT, methanol may also react in clouds to oxidize into organic
acids or react with H,SO, in cloud droplets to form methanesul-
phonic acid [Murphy et al., 1998]. Suffice it to say that
methanol is a globally abundant organic species with limited
atmospheric data and poorly understood sources and removal
processes.

2.1.5. Organic acids. Formic and acetic acids are
ubiquitous trace gases in the atmosphere and contribute a large
fraction of the free acidity in precipitation in remote areas
[Keene and Galloway, 1988]. During SONEX, formic acid was
present in concentrations of =45 ppt in the UT and =120 ppt in
the lower troposphere (Figure 9). The mean abundance of ace-
tic acid was less than half that of formic acid. Unlike formic
acid, a large fraction of the acetic acid data (50% between 4-8

1500 . T T
[NO,, ppt]=18067-55.70 [N,O, ppb]; R*=0.58
a
(=%
~ 1000 + -
o
4
500 !
295 300 315

N,O, ppb
Figure 10. The relationship between NO, and N,O in the

“}owermost” stratosphere. The stratosphere is defined by

0,>100 ppb and Z> 6 km.

km and 85% between 8-12 km) were below the limit of detec-
tion (LOD). As stated earlier, in Figure 9 we have used LOD
data at a value of 0.5 LOD. The UT acetic acid abundance is
clearly highly influenced by the treatment of LOD data. When
0.25 LOD was used for sensitivity purposes, the UT concentra-
tions were reduced by about 10 ppt with no perceptible change

Table 3. Mixing Ratios of Selected Trace
Constituents in the “Lowermost” Stratosphere
(0,>100 ppb; Z>6 km) During SONEX

Trace Chemicals Mixing Ratios

{Meanto (Median, n)}

0,, ppb 191482 (165, 685)
N,O, ppb 30943 (310, 476)
H,0, ppm 46126 (40, 614’
CH,, ppb 1722420 (1728, 582)
CO, ppb 48+14 (48, 581)
NOy, ppt 874+194 (881, 592)
NO; ppt 67158 (51, 586)
NO,, ppt 13683 (133, 477)
HNO,, ppt 649+255 (628, 178)
PAN, ppt 61129 (54, 115)
PPN, ppt 1.7+1.3 (1, 53)°

CH,ONO,, ppt
C,H;ONO,, ppt
i-C;H,ONO,, ppt

HCHO, ppt 31£19 (25, 78)1
Acetone, ppt 3361225 (296, 55)
CH,OH, ppt 104+102 (71, 55)
CH,OO0H, ppt 16114 (12, 232)"
H,0,, ppt 31424 (26, 232)
CH,COOH, ppt 23+10 (21, 172)!
HCOOH, ppt 39427 (30, 178)"
C,H, . ppt 380+160 (381, 220)
C,H,, ppt 38144 (24, 220)
C,H,. ppt 43426 (37, 220)
C,H,, ppt 244 (1, 97)*

C.H, , ppt 45 (2, 178)
ZOx-organic, ppt 563+262 (507, 40)
ZNMHC, ppt 4761245 (220, 449)

CN-fine, number cm™

1.310 6 (1.3, 218)
1.1£0.6 (1.0, 220)
0.740.8 (0.4, 220)

10374659 (896, 685)

*An instrumental offset (=10 ppm) has been detected.

Actual concentrations are lower.
'Generally near the limit of detection.
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Figure 11. Mixing ratios of selected oxygenated species as a function of O, in the “lowermost” stratosphere.

below 7 km. Primary emissions from terrestrial vegetation
and from combustion of fuel and biomass, and secondary for-
mation from gas phase and liquid reactions are known to be
present [Talbot et al., 1990; Fall; 1999; Yokelson et al.,
1999]. Although acetic acid could react with OH radicals to
form HCHO (CH,COOH + OH — CH,0, — CH,00H and
HCHO), the process is quite slow, and this is at best a minor
source of HO;, radicals. In most cases, organic acids are re-
moved from the atmosphere by wet and dry deposition proc-
esses, and their chemistry is at best highly uncertain [Talbot et
al., 1990, 1995; Jacob et al., 1996]. An accurate enough
source inventory for these organic acids is not currently avail-
able to model their global distribution.

2.2. Stratospheric Distributions

The stratosphere was frequently penetrated during SONEX.
Chemical indicators of the stratospheric air suggested that
these instances represented the “lowermost” stratosphere
(0;<450 ppb; N,0>300 ppb). Figure 10 shows the NO, and
N,O relationship for the stratospheric data set defined by
0,>100 ppb and Z>6 km. There is substantial scatter largely
associated with the fact that sampled air is a mix of tro-
pospheric and stratospheric influences. The slope of this line
([NOy, ppt] = 18,067 - 55.7[N,0O, ppb]; R* = 0.6) is compara-
ble to but somewhat less steep than previously reported data
[Singh et al., 1997; Keim et al., 1997]. N,O correlation with
HNO, ([HNO,, ppt] = 25,431 - 80.2[N,O, ppb]; R* = 0.6), O,
([O,, ppb] = 6924 - 21.9[N,O, ppb]; R* = 0.9), and CH, ([CH,,

ppb] = -447 + 7.0[N,0, ppb]; R’ = 0.9) are in good agreement
with previously reported results from the Pacific [e.g., Singh
et al., 1997].

In nearly all cases, mixing ratios of oxygenated organic
species declined rapidly above the tropopause. Deeper into the
stratosphere, mixing ratios of acids, peroxides, formaldehyde,
and methanol were extremely low and near the limit of detec-
tion as O, approached 400 ppb. Figure 11 shows the distribu-
tion of some selected oxygenates as a function of O,. PAN and
acetone declined at a slower rate than methanol and other
NMHC (e.g., C,Hy). In this region, which is believed to have
=10’ molecules cm™ of Cl atoms, Cl chemistry instead of OH
dominates the oxidation process. PAN, however, reacts negli-
gibly slowly with Cl atoms and may have a potential local
source resulting from C;Hy/C,H.-Cl and acetone photochemis-
try [Demore et al., 1997]. Acetone itself can also be produced
from C,H,-Cl oxidation in this region. The slower net loss
rate of acetone compared to methanol is evident from the fact
that the acetone to methanol ratio in the stratosphere increased
from about 2 to 8 as O, increased from 100 to 400 ppb. There
is some indication, based on extremely sparse data, that acetic
acid increased in the LS from 40 ppt (O; =100-150 ppb) to 80
ppt (O, =300-400 ppb). This is consistent with the view that
acetone photolysis followed by reaction of peroxyacetyl radi-
cals with HO, (CH,CO, + HO; — CH,COOH + O,) is a possible
in situ source of the lower stratospheric acetic acid [Singh et
al., 1997]. Table 3 summarizes the mixing ratios of a number
of select trace species as measured in the LS during SONEX.
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Here, as in the troposphere, Ox-organics are as much or more
abundant than NMHC.

3. Conclusions

Oxygenated organic species are important sources of at-
mospheric free radicals and are intricately linked with proc-
esses of tropospheric ozone formation. With the exception of
formaldehyde, the interest in oxygenated hydrocarbon is rela-
tively recent. This study makes a case that these oxygenated
species are ubiquitous and collectively are present in concen-
trations that are comparable to those of nonmethane hydrocar-
bons. They can participate in photochemistry of the tro-
posphere in important ways and have complex biogenic
sources which require better quantification and further study. In
many cases, the sources and sinks of this group of chemicals
are poorly known. It is likely that important new oxygenated
species are present but have not yet been identified.
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