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Figure 5. (Top) Coefficients of determination (R 2) of nssSO• and NH•- with volume of particles in each 
size bin of the PCASP for low TPM aerosols 1 and 2 and high TPM aerosols 1 and 2, together with the mean 
volume size distributions for each aerosol. (Bottom) Similar to Figure 5 (top) but for OXA and GLYX. 

TPM aerosol 1 at 0.14-0.32 •m for NH•- but not for nssSO•; 
and (2) the R 2 for NH•- in the size range <0.18 •m for low 
TPM aerosol 2 are lower than for nssSO•. 

Significant correlations were found for OXA and GLYX in 
both TPM regimes (Figure 5 (bottom)), with OXA showing 
higher correlations than GLYX. For high TPM aerosol 1 the 
highest R 2 occur for OXA at 0.21-0.45 •m, the same size 
range as the most significant correlations were seen for 
nssSO•. Significant correlations for OXA for high TPM aero- 
sol 2 occur throughout the size range, with the maximum R 2 in 
smaller sizes than that for nssSO•. The largest contrast be- 
tween OXA and nssSO• occurs in the low TPM aerosols, 
where significant correlations for OXA are seen only for sizes 

<0.2 •m and at the largest sizes for aerosol 2. Significant 
correlations are seen for GLYX for high TPM aerosol 2 and 
low TPM aerosol 1 for particle sizes <0.2 •m and 0.21-0.26 
•m for high TPM aerosol 1. Low TPM aerosol 2 do not 
correlate with GLYX. NH•- was more highly correlated with 
volume at these sizes for low TPM aerosol 1 than was nssSO•, 
indicating that NH•- may be associated with the organic anions 
in these size ranges. 

The R 2 given above provide an indication of the distribution 
of mass of the chemical species according to particle size. The 
results for OXA and GLYX suggest that these two species tend to 
present in smaller particles than nssSOj. Similar results for 
OXA were reported for the ground level [Liu e! al., this issue]. 
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3.5. Air Mass Back Trajectories 

The three-dimensional 5-day back trajectories, calculated 
according to the method of Olson et al. [1978], have been 
categorized by Banic et al. [this issue] as having originated in 
one of three sectors shown in Figure 1: background continental 
(BC), anthropogenic continental (AC), and marine tropo- 
sphere (MT). Inspection of the back trajectories for the times 
and altitudes of filter sampling shows that the aerosol were 
collected in air masses of different origins. It is possible that the 
differences seen in the chemistry of low and high TPM aerosol 
may be understood in terms of these air mass origins. 

The air mass origin, altitude of collection, and TPM are 
given in Table 2 for each filter sample. The back trajectories 
for the high TPM aerosol show strong potential for recent 
influence of the anthropogenic pollution sources in eastern 
North America, whereas for the low TPM aerosol the air has 
traversed the marine troposphere or the clean continental re- 
gion. Typical trajectories for the AC, BC, and MT categories 
are shown in Figure 6 for three examples: (1) The high TPM 
regime, sample TO46, was collected at 1246 m on September 
7 at 1900 GMT, with the most applicable trajectories at 925 
and 850 mbar. This shows the air mass traversed much of the 

pollution sources in the industrialized regions in eastern North 
America. (2) For the low TPM sample TO15-2, collected at 
3048 m on August 17, at 1700 GMT, the air mass back trajec- 
tories starting at 700 mbar are applicable, for which little im- 
pact from pollution is expected. (3) For the low TPM sample 

Table 2. Summary of Categorization of the Filter Samples 

TPM Regime 
Sample Altitude TPM Category and Aerosol 

TO15-2 3048 2.9 BC low, aerosol 1 
TO27-2 3043 3.43 BC low, aerosol 2 
TO31-1 593 3.67 BC low, aerosol 2 
TO19 867 4.17 MT low, aerosol 1 
TO18 447 5.31 MT low, aerosol 2 
TO40 293 4.59 MT/AC low, aerosol 2 
TO5-1 1061 4.93 MT low, aerosol 2 
TO 17 1061 5.05 MT low, aerosol 1 
TO14 393 6.3 BC/MT low, aerosol 1 
TO31-2 405 5.32 MT low, aerosol 2 
TO16 534 5.84 MT low, aerosol 1 
TO36 296 7.33 BC low, aerosol 2 
TO15-1 443 7.56 MT/BC low, aerosol 1 
TO28-2 1539 9.41 BC/AC low, aerosol 2 
TO13 1503 10.36 BC low, aerosol 1 
TOll 1129 12.19 AC/MT low, aerosol 1 
TO27-1 300 10.9 AC high, aerosol 1 
TO44 863 11.62 AC high, aerosol 1 
TO28-1 299 10.94 AC high, aerosol 2 
TO12 289 13.86 BC high, aerosol 1 
TO34 1036 15.12 AC high, aerosol 1 
TO26 553 18.48 AC high, aerosol 1 
TO32-2 1443 21.69 AC high, aerosol 2 
TO24 1068 21.84 AC high, aerosol 2 
TO48 1978 25.25 AC high, aerosol 1 
TO35 2271 26.08 AC high, aerosol 1 
TO46 1246 28.15 AC high, aerosol 2 
TO25 906 29.79 AC high, aerosol 2 
TO30 270 35.93 AC high, aerosol 2 
TO29 299 42.29 AC high, aerosol 2 
TO37 1220 45.56 AC high, aerosol 1 
TO33-1 1409 49.87 AC high, aerosol 1 

BC, background continental; MT, marine troposphere; AC, anthro- 
pogenic continental. Category summarized as in the work of Banic et 
al. [this issue]. 

Sept. 7, 1993 
1800 GMT 

August 17, 1993 
1800 GMT 

August 19, 1993 
1800 GMT 

Figure 6. Typical cases for air mass back trajectories from 
(top) AC sector, (middle) BC sector, and (bottom) MT sector. 

TO18, collected at 447 m on August 19 at 1700 GMT, the 1000- 
and 925-mbar trajectories are applicable, which had primarily 
marine tropospheric influences. 

Basically, the air mass back trajectories for each filter sample 
were categorized similarly as one of the three examples. The 
three distinctively different origins had strong impact on the 
aerosol masses and their chemical compositions. For the high 
TPM aerosols the trajectories were mostly impacted by anthro- 
pogenic pollution. This anthropogenic impact is also reflected 
in the aerosol composition with an nssSO] content of 46% of 
TPM on average. In contrast, the low TPM aerosols were 
mostly originated over northern continental regions of Canada 
or over the marine troposphere. The lower nssSO• content in 
the low TPM aerosols (23% of TPM) is a reflection of the less 
influence from anthropogenic sources in these regions and may 
hence be regarded as more representative of the background 
aerosols. 

4. Discussion 

The above analyses yield several important results. First, for 
background continental or marine tropospheric air masses with 
little or no anthropogenic input the TPM was low, with nssSO• 
and the water-soluble organic species accounting for, on aver- 
age, 23 and 20% of the TPM, respectively. The contribution 
from the sum of the water-soluble organics GLYX, OXA, 
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HCHO, PRO, ACE, FOR, and MSA to aerosol particle mass 
and volume was comparable to and often exceeded that from 
nssSO•. However, it is not clear from the present analysis what 
the size distribution of this organic mass and volume is. 

Second, high TPM aerosols were seen in air masses with 
potentially strong anthropogenic input from source regions in 
eastern North America, with nssSOj the dominant contributor 
to the mass. MSA is also higher in these high TPM aerosols 
than in low TPM aerosols, suggesting that biogenic nssSO• 
should be higher in these aerosols as well. However, compared 
to anthropogenic nssSO•, biogenic nssSOj is negligible for 
this region [Li et al., 1996]. The regression shown in Figure 3 
for the relationship between nssSO• and TPM indicates that 
72% of the particle mass of anthropogenic origin added to a 
background aerosol, defined as TPM < 13 p•g m -3, consists of 
nssSO•. A similar regression analysis for NH•- shows that this 
species accounts for 10% of the added mass. In the high TPM 
aerosols, consisting of the background component and the 
anthropogenic addition, the nssSO• together with NHJ con- 
tribute 54% of the mass. The mean mass and volume ratios of 

SumOrg/nssSO• for the high TPM aerosols were seen to be 
0.29 and 0.38, respectively, and so the organic species are still 
important. 

Third, the mass and volume ratios of SumOrg/nssSOj ap- 
pear to be functions of TPM which can be reasonably summa- 
rized with equations (2) and (3). If these relationships are 
verified in other geographical locations and other seasons, then 
they provide a convenient parameterization relating the bur- 
den of organics to that of sulfate, which can be used in climate 
models. 

Fourth, both high and low TPM regimes show significant 
correlations of particle volumes in some size ranges with 
nssSOj. For the high TPM the correlations are highly signif- 
icant especially in the accumulation mode, consistent with its 
dominant contribution to this aerosol. This is true also for the 

low TPM aerosol, although the statistics are not so convincing, 
consistent with the lower nssSOj mass fraction for these aero- 
sols. The low and high TPM aerosols could be divided into two 
populations with different particle volume distributions. The 
high TPM aerosol 1 mass peaked at 0.21-0.26 /•m, and its 
correlation with nssSO•, indicates nucleation and accumula- 
tion mode nssSO•. In comparison, aerosol 2 mass peaked at 
0.32-0.45/•m, with a significant fraction of mass at 0.45-0.96 
p•m (Figure 4). At the same time, the correlation of aerosol 2 
with nssSO• mass was strong for these size ranges (Figure 5 
(top)), strongly suggesting that at least part of the mass at 
0.45-0.96 •m in aerosol 2 was due to nssSOj. One of the 
atmospheric processes for nssSO• to be present in this size 
range is the processing through stratus clouds [Hoppel et al., 
1986] and may have been responsible for the mass at 0.45-0.96 
p•m of aerosol 2. Although no other aircraft data exist to 
suggest that aerosol 2 had undergone stratus cloud processing, 
observations made at the Chebogue Point site indicated that in 
many cases the ground level aerosol had indeed been pro- 
cessed by marine stratus [Liu et al., this issue], resulting in size 
distribution that is similar to those as seen in aerosol 2. For low 

TPM aerosols, only accumulation mode nssSO• was indicated 
from the correlations with the aerosols in each PCASP size bin. 

It is not clear from the statistical analysis where the organic 
species are distributed in the size spectrum and whether they 
exist in external mixture with nssSOj. Some of the organic 
species, notably OXA and GLYX, were most strongly associ- 
ated with the smaller accumulation-mode particles (i.e., <0.3 

p•m) than was nssSO•. Our newest airborne study in the same 
region in summer 1995, using a size-segregated aerosol sam- 
pler, confirmed such a size distribution. The correlations of the 
organic species with particle size for low TPM aerosols do not 
indicate a strong association with the main volume of the 
accumulation mode, inconsistent with the increasing impor- 
tance of the organic species at low TPM. This may be due to 
the high variability in SumOrg/nssSOj and SumOrg/TPM at 
low TPM, and underscores the difficulty in using this type of 
analysis to represent the actual size distribution of chemical 
species. 

The fact that organic species were relatively abundant in 
aerosol particles transported from areas of low anthropogenic 
impact suggests that aerosol particle radiative properties can- 
not be realistically modeled on a global basis by considering 
sulfate alone. In particular, the impact of these organic species 
on the particle volume is much higher than nssSO• for the 
same mass due to their lower densities. Equations (2) and (3) 
indicate that as the atmospheric particle loading decreases to 
background levels, the importance of organic species relative 
to sulfate increases drastically. The additional volume due to 
these water-soluble organic species can increase the total num- 
ber of aerosol particles and/or increase the volume of particles 
containing sulfate and thus affect the direct radiative proper- 
ties of the aerosol. 

The indirect radiative forcing of aerosols may be enhanced if 
the CCN are increased by the presence of these water-soluble 
organic species. In general, because the organic anions in aero- 
sol particles are hygroscopic, they can be effective CCN. The 
light-weight aldehydes are also highly soluble in water, and 
their presence in aerosol particles will facilitate the activation 
of the particles in cloud, especially if they are present on the 
surface of particles composed of insoluble organic compounds 
and elemental carbon, much like the activation of such parti- 
cles due to coating of sulfuric acid [Wyslouzil e! al., 1994]. 
There is evidence that organic carbon aerosol particles may be 
more effective CCN than nssSO• [Novakov and Penner, 1993], 
possibly because of the presence of water-soluble organic spe- 
cies such as quantified here. In support of this result, Liu et al. 
[this issue] observed a highly significant correlation between 
particulate OXA and CCN activated at 0.4% supersaturation 
during NARE. 

One possible reason for the importance of the organic spe- 
cies in the background aerosol is that they result from anthro- 
pogenic aerosols evolved through preferential removal of sul- 
fate. This could occur if sulfate was initially associated with 
larger particles than the organic species, as indicated above. 
Such an association enhances the potential for activation of 
sulfate in cloud and its removal by precipitation as well as by 
dry deposition. A second possibility is that natural sources of 
these organic species over the continents and ocean are more 
prevalent than natural sources of sulfate. Sources of these 
species are the oxidation in the atmosphere of natural biogenic 
hydrocarbon emissions and natural biomass burning. For our 
understanding of the impact of the aerosols on climate it is 
critical to understand the sources, behavior, and sinks for these 
and other organic species in aerosol particles. 

5. Summary 
Aircraft measurements made during August and September 

1993 as part of NARE indicated that the concentration of 
water-soluble organic and inorganic species in aerosol particles 
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sampled at 0.27 to 3 km were on average much higher than at 
ground level. Back trajectory analysis indicated transport to 
these altitudes from anthropogenic source regions, as well as 
areas which could give rise to continental and marine back- 
ground aerosol. The organic species formate, acetate, propi- 
onate, methanesulfonate, glyoxylic acid, and formaldehyde ac- 
counted for a significant portion of the total particle mass 
(TPM). 

Two regimes in TPM were identified, low TPM (<13 /ag 
m -3) and high TPM (>13 /ag m-3). NssSO• accounted for 
46% of the TPM on average in the high TPM regime but only 
23% of the TPM in the low TPM regime. SumOrg was 20% of 
low TPM on average and 8% of high TPM. NH•- was 8% of the 
TPM in both regimes. The mass ratio SumOrg/nssSO• (Rm) 
was a function of TPM, with high values approaching 2 at the 
lowest TPM, dropping to about 0.15 for the high TPM. The 
best fit function is 

Rm = -(0.17 __+ 0.44) + (3.5 __+ 1.0)TPM -(ø'69+--ø'39) 

Similarly, the volume ratio of SumOrg/nssSO• (R v) was de- 
pendent on TPM, with high values near 3 at the lowest TPM, 
decreasing to approximately 0.3 for high TPM. The best fit 
function is 

Rv = -(0.35 _+ 0.70) + (5.7 _+ 1.7)TPM -(ø'68-+ø'39) 

The increase in particle mass and volume due to the presence 
of these soluble organic species should increase the direct and 
indirect radiative cooling effect of aerosols from that due to 
sulfate alone. It is clear from the volume ratios that the total of 

the organics measured in this study can have a higher impact 
than nssSOj in background aerosol. 

Two aerosol populations were found in each of the two TPM 
regimes, suggesting that some of the aerosol sampled may have 
been processed through clouds, such that nssSOj and oxalate 
mass was added to accumulation mode particles greater than 
0.2/am in size. 

The regressions of the organic species with volume in each 
size bin of the PCASP show that oxalate and nssSO• were 
significantly correlated with the accumulation mode aerosol 
but oxalate with smaller sizes than nssSO], indicating that the 
two species were in external mixture. The correlations also 
indicate that glyoxylic acid was also present in particles of 
<0.26/am. 

Air mass back trajectories show that almost all low TPM 
aerosol were from either background continental or marine 
tropospheric regions, indicating general background aerosol 
particles, while all high TPM aerosols originated over anthro- 
pogenic pollution sources in eastern North America. Anthro- 
pogenic pollution-derived nssSOj particles have a dominant 
effect on aerosol mass in regions of significant anthropogenic 
impact. However, in the low TPM background aerosol the 
soluble organic species contribute comparable mass and vol- 
ume to nssSO]. Global modeling of the radiative role of aero- 
sol in remote areas should consider the chemical composition 
of the aerosol, including both SO• and the organics. 
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