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ing to point out that a comparable relative increase was also 
observed for PAN between 1992 and 1991 [Lee et al., 1993]. 
Noting that AC is an important precursor of PAN, we consider 
this corresponding increase in both species self consistent. 
Shepson et al. [1991] reported AC midafternoon averages of 0.7 
and 0.9 ppb for Egbert and Dorset, respectively, again fairly 
similar to the values observed at the Metter site. 

Carbonyls as radical sources. The photolysis rate con- 
stants of the carbonyl compounds calculated for the Metter site 
and the month of July are listed in Table 2, along with the 
second-order rate constants of these carbonyls with the OH 
radicals. The most abundant aidehyde, FA, undergoes photol- 
ysis through two channels, one producing radicals and the 
other molecules: 

H2CO --> 2HO2 + CO (1) 

H2CO --> H2+CO (2) 

From the photolysis rate constants and the midafternoon me- 
dian concentrations of the carbonyls, we estimated the contri- 
bution of FA to free radical production at midafternoon hours 
to be -30% to ---50% of that by 03 photolysis generating the 
OH radicals [Kleinman et al., 1994, 1995]. The rest of the 
carbonyls measured in this work contributed up to ---50% of 
that by FA, or ---25% of that by 03. Clearly, the carbonyls, the 
higher analogs as well as FA, as radical sources is an important 
consideration in photochemical model calculations. In addi- 
tion, since the relative importance of aldehydes as radical 
sources compared to 03 is greater in the morning and late 
afternoon hours [e.g., Cantrell et al., 1992], information on 
diurnal variations of carbonyls is needed to further refine pho- 
tochemical model calculations. 

Isoprene oxidation and PAN production. PAN plays a piv- 
otal role in photochemistry by sequestering NOx in source 
regions and supplying radicals and NO x in clean environments 
[Singh and Hanst, 1981]. In order to quantitatively determine 
the distribution of PAN and other reactive nitrogen com- 
pounds, detailed knowledge of the formation and destruction 
pathways of PAN must be available. Consequently, AC has 
been investigated as the main precursor of PAN through the 
production of the precursor, peroxyacetyl radical (PA): 

hv, OH,O2 

ci-ici-io , ci-ic(o)% (3) 

especially in regions where anthropogenic emission is impor- 
tant. However, for rural and remote areas, it is necessary to 
also consider contributions from biogenic sources. From the 
oxidation of isoprene, PA is produced by two different path- 
ways: the first is the production of MG followed by photolysis 
and reaction with OH [Plum et al., 1983; Atkinson, 1990] 

hv, OH,O2 

CH3C(O)CHO > CH3C(O)O2 + CO (4) 

The second is the direct production of PA from OH initiated 
oxidation of MVK (Figure 1, Tuazon and Atkinson [1989]). 

We first examine the contribution of MG in relation to that 

of AC. Using the midafternoon median concentrations of these 
two carbonyls and their respective photolysis and OH reaction 
rates (Table 2), we determined the relative production rate 
(E) of PA from MG and AC as 

E(MG)/E(AC) = (j(M6)+ kMo[OH])[MG]/(j(AC) 

+ kAc[OH])[AC] = 3.7 x [MG]/[AC] 

Thus MG constituted ---20% (1991) and ---50% (1992) of the 
PA produced from AC, indeed significant. The values are 

Table 5. Composition of Event Precipitation Samples 
Collected During the 1991 Intensive 

Rain 

Date Fall, cm pH FA GA GL MG 

July 25 3.30 4.29 8.2 3.0 0.6 1.3 
July 27 0.38 4.30 9.3 4.4 0.9 2.1 
July 29 1.78 4.08 6.7 3.7 0.5 0.9 
July 30 0.89 4.26 4.0 1.9 0.2 0.3 
July 31 1.24 4.50 2.6 0.8 0.1 0.1 
Aug 02 7.11 4.73 2.1 0.6 0.0 0.1 

Concentration units in micromolars. FA is formaldehyde, GA is 
glycolaldehyde, GL is glyoxal, and MG is methylglyoxal. 

greater if we used [OH] - 2 x 10 6 mol cm -3 as calculated for 
the ROSE site [Cantrell et al., 1992] instead of 5 x 10 6 mol 

--3 
cm . 

The contribution to PA from the MVK-OH reaction is es- 

timated from the steady state concentration of the coproduced 
GA (Figure 1), whose formation is balanced by its destruction. 
Considering the OH-initiated decay of GA alone, we derive a 
PA production rate of koH[OH][GA] = 1.1 x 10 -s ppb S --1. 
This represents ---25% of that from AC at the same OH con- 
centration, a fairly significant contribution. Since dry deposi- 
tion of GA is conceivably rapid arising from its high solubility, 
we estimate a removal rate of 1 x 10 -s s -1, using deposition 
velocity of 1 cm s-1 and a mixing height of 1 km. This removal 
rate is comparable to that of the OH reaction, thereby increas- 
ing the contribution of the MVK-OH reaction as a source of 
PAN to ---50% of that by AC. 

Being an analog of AC, GA is expected to serve as a pre- 
cursor for a PAN analog, peroxyhydroxyacetyl nitrate (HO- 
PAN), sequestering NO 2. Consequently, this PAN type com- 
pound may contribute to the so-called missing NOy, 
operationally defined as the difference between the total NOy 
and the sum of total nitrate, NO, NO2, and PAN [Parfish et al., 
1993]. The observed median concentrations of AC and GA 
(Table 2) indicate that HO-PAN could reach one third of PAN 
produced from AC. 

Production of carbon monoxide. FA produces CO from all 
three reaction pathways mentioned above, namely, reaction 
(1), (2), and the reaction with OH: 

d[CO]/dt = (j• + j2 + kF^[OH])[H2CO] 

Using thej values listed in Table 2 and an [OH] of 5 x 10 6 mol 
cm -3, we estimated a CO production rate in the midafternoon 
of 1.4 ppb hr -1. GL and MG contribute to CO production 
analogously at k(GL) : 1.2 x 10 --4 S-- 1 and k(MG) = 3.2 x 10 --4 
s -1 [Green et al., 1990]. The resulting rate of 0.16 ppb hr -1, 
however, represents a much smaller contribution compared to 
FA. A 24-hour averaged CO production at the ground level 
from the three aldehydes is ---9 ppb d -1. Since FA and its 
analogs at this rural site are believed to derive mainly from 
isoprene oxidation, the contribution to CO budget of this sig- 
nificant biogenic source must be further examined to better 
characterize the atmospheric distribution of this important 
photochemical species. 

Carbonyls in precipitation samples. During the 1991 in- 
tensive we analyzed six event precipitation samples (Table 5). 
The processes by which the rainwater acquired the dissolved 
species include rain-out and wash-out. The observation of sub- 
stantial amounts of soluble carbonyls in precipitation is ex- 
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pected from their large Henry's law constants and provides 
additional evidence for their presence in the gas phase. Using 
H = 5 x 10 3 M atm -• (22øC, X. Zhou and Y.-N. Lee, 
submitted manuscript, 1995) and the observed concentrations, 
we calculated gas phase concentrations of FA between 0.4 and 
1.8 ppb. These values are similar to but somewhat smaller than 
the surface ambient concentrations, and indicate a vertical 
gradient in FA, decreasing with altitude and/or a diminished 
production of this compound under cloudy conditions. This 
procedure cannot be applied to evaluating the gas phase con- 
centrations of the more soluble multi-oxygenated carbonyls as 
the liquid water concentration needed for these calculations is 
not available. 

The aqueous concentrations of the soluble carbonyls are 
potentially useful for assessing wet deposition fluxes of these 
species provided that statistically meaningful precipitation rate 
and composition are established. Nonetheless, for the 9-day 
period listed in Table 5, we estimated a deposition flux of the 
four carbonyls of 0.08 mgC m -2 hr -•. Since the isoprene flux 
is estimated to be -1 mg C m -2 hr -• for this locality (24-hour 
average based on a rate at 30øC and a photosynthetic active 
radiation of 1000 /zmol m -2 s -• [Guenther et al., 1994a]), it 
appears for this period wet scavenging is only marginally im- 
portant for removing the isoprene carbons from the atmo- 
sphere. We must point out that this analysis is valid only if the 
dissolved carbonyls did not undergo significant aqueous trans- 
formation (see below). Concerning dry deposition, we esti- 
mated a flux of ---0.05 mg C m -2 hr -• for the three multi- 
oxygenated carbonyls for the midafternoon hours using the 
median concentrations given in Table 2 and an upper limit 
deposition velocity of 4 cm s -•. In view of the rather large 
midday isoprene flux, that is, ---3 mg C m -2 hr -•, it appears 
that dry deposition of the multi-oxygenated carbonyls consti- 
tutes only a minor removal pathway for the isoprene carbons. 

With the limited precipitation data, we note that all the 
carbonyls were highly correlated, r - 0.9, in contrast to those 
measured in the gas phase. In addition, the observed GA/MG 
ratio of 2 in precipitation is in excellent agreement with that 
expected from gas phase isoprene oxidation [Paulson and Sein- 
feld, 1992]. One rationale for the preserved relationships may 
be a reduced photolysis rate of the secondary products under 
cloudy conditions. One might also argue that because of the 
rapid in-cloud gas liquid mass transfer [Schwartz, 1986], soluble 
products are scavenged before much gas phase reaction can 
occur, thereby retaining the gas phase reaction stoichiometry. 
In any case, it may be pointed out that the retention of the 
product yields suggests slow aqueous phase decay of these 
species. Also, dry deposition which is an important consider- 
ation for surface concentrations plays a much reduced role for 
air masses aloft in or near clouds. 

Some contrast between the two intensives. We briefly com- 
pare the results obtained in the two intensives for possible 
insights into the chemistry of isoprene. Since the median tem- 
perature, humidity, and total UV irradiance in the midafter- 
noon were all greater in 1991 than 1992 (Table 3), we expect 
isoprene emission to be stronger in 1991 as well [Lamb et al., 
1986; Guenther et al., 1993]. Following that, we may also expect 
greater concentrations of the downstream products of isoprene 
in 1991 than in 1992. Although FA seemed to fit this expecta- 
tion, the other three soluble carbonyls exhibited the opposite 
behavior, greater in 1992 than in 1991. Consequently, it ap- 
pears that higher isoprene concentrations do not necessarily 
lead to higher concentrations of the downstream products. 

This behavior has also been observed at the ROSE site. Com- 

paring July 11 to July 14 for which isoprene concentrations 
were 5.6 and 1.9 ppb, respectively, Cantrell et al. [1993] re- 
ported a smaller MVK level but a slightly higher concentration 
for MACR for July 14, despite the similar NO and UV irra- 
diance levels of these two days. For the Metter site, the weaker 
UV irradiance of 1992 may be partially responsible for the 
increased atmospheric lifetimes and therefore the steady state 
concentrations of the soluble carbonyls. As mentioned earlier, 
the levels of NOx could also influence the product distribution: 
the ---50% increase of NOx in 1992 over 1991 (Table 3) would 
favor the production of the carbonyls from RO 2 radicals at the 
expense of organic peroxides. Modeling work by Cantrell et al. 
[1992] also showed that at -70 to 80 ppt of NO, RO 2 reaction 
is dominated by NO, leading to greater concentrations of the 
carbonyl compounds. The higher level of carbonyls in response 
to increased NOx levels may offer a mechanistic understanding 
of the greater 03 concentration observed in 1992 over 1991. 

Conclusion 

A series of carbonyl compounds known as formaldehyde 
(FA), acetaldehyde (AC), acetone (AN), glycolaldehyde (GA), 
glyoxal (GL), methylglyoxal (MG), glyoxylic acid (GD), and 
pyruvic acid (PD) were measured at a rural site in Georgia 
during two field intensives in summers of 1991 and 1992 as part 
of the Southern Oxidants Study (SOS) aiming at gaining un- 
derstanding of hydrocarbon oxidation and ozone production in 
the southeastern United States. We conclude based on the 

following measurement results: (1) The identification of GA, 
GL, MG along with FA at this rural site where isoprene is 
expected to be the dominant hydrocarbon provided corrobo- 
rative evidence for the laboratory developed isoprene oxida- 
tion mechanism. (2) The concentration ratios of these carbon- 
yls are in qualitative agreement with the yields of the 
mechanism, consistent with the notion that isoprene is the 
dominant HC. (3) The contribution to radical formation from 
FA and the higher carbonyls is highly important and accounts 
for ---70% of that by 03. (4) Concerning the formation of PAN, 
it was found that MG and methyl vinyl ketone derived from 
isoprene oxidation is equal to or more important than AC as a 
precursor of the peroxyacetyl radicals. (5) FA is a major source 
of CO over other carbonyls with a CO production rate of ---9 
ppb d-•. (6) Wet scavenging of the soluble carbonyls, that is, 
GA, GL, and MG, appears to only play a minor role in remov- 
ing the isoprene carbons from the atmosphere. 
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