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Carboxylic acids in clouds at a high-elevation forested site 
in central Virginia 

William C. Keene, • Byard W. Mosher, 2 Daniel J. Jacob, 3 J. William Munger, 3 Robert W. Talbot, 2 
Richard S. Artz, 4 John R. Maben, • Brace C. Daube, 3 and James N. Galloway I 

Abstract. During September 1990 we sampled coarse (>18-1am diameter) and free (18- to 5.5-1zm 
diameter) droplets and liquid-water content (LWC) in cloud from a tower on a forested ridge top in 
Shenandoah National Park, Virginia. Cloud-water pH and aqueous- and vapor-phase concentrations of 
earboxylic acids (HCOOH and CH3COOH) and formaldehyde (HCHO) were measured in parallel over 1- 
to 1.5-hour intervals. Both size fractions of cloud droplets contained similar concentrations of carboxylic 
species and H + during most sampling; most cloud water was in coarse droplets. The pH of coarse (3.27- 
4.76) and free (3.22-4.70) droplets coupled with total LWC of 0.04-0.56 g m -3 STP (standard m 3 at 0 ø C 
and 1 atto) resulted in the partitioning of earboxylic acids primarily in the vapor phase. The observed 
phase partitioning for CH3COOH was within the uncertainty range of thermodynamic data. However, 
HCOOH exhibited significant phase disequilibria, which could not be explained by artifacts from variable 
LWC or from mixing droplets of different acidities. We hypothesize that the large voltune of liquid water 
deposited on the forest canopy interacted with the near-surface cloud leading to apparent disequilibria 
based on time-integrated samples. HCOOH was selectively depleted relative to CH3COOH in cloud, 
particularly at higher pH, suggesting rapid removal of HCOOH by cloud-water deposition. We saw no 
evidence for significant production of HCOOH from the aqueous-phase oxidation of HCHO. 

1. Introduction 

Carboxylic acids are ubiquitous chemical constituents of 
the global troposphere that contribute significantly to the 
acidity of precipitation and cloud water, especially in regions 
far from anthropogenic influences [e.g., Keene and Galloway, 
1988]. There are many carboxylic acids in the troposphere, 
but HCOOH and CH3COOH are typically in the highest 
concentrations [e.g., Keene et al., 1983]. Various sources for 
atmospheric HCOOH and CH3COOH have been hypothe- 
sized, including gas-phase oxidation of precursor organic 
compounds [Jacob and Woj•y, 1988; Galloway et al., 1989; 
Madronich and Calvert, 1990; Moody et al., 1991]; direct 
emission from plants [Talbot et al., 1990], soils [Sanhueza 
and Andreae, 1991] and formiche ants [Graedel and Eisner, 
1988]; and fossil-fuel and biomass combustion [Kawamura 
et al., 1985; Talbot et al., 1988]. Aqueous-phase chemistry 
in clouds provides either a source or a sink for HCOOH 
[Chameides and Davis, 1983; Jacob, 1986] but is thought to 
have little effect on CH3COOH [Jacob and Wofsy, 1988]. 
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Wet and dry deposition are the primary atmospheric sinks for 
HCOOH and CH3COOH [Sanhueza et al., 1992]; gas-phase 
oxidation by OH is slow [Atkinson, 1990]. 

Several field studies have investigated multiphase 
chemical proc• involving HCOOH and CH3COOH in 
clouds and fogs [e.g., Winiwarter et al., 1988, 1992; 
Facchini et al., 1992; Sanhueza et al., 1992]. Concentrations 
of HCOOH and CH3COOH measured simultaneously in the 
vapor phase and in bulk cloud water or fog water often 
diverge significantly from those based on thermodynamic 
properties, especially at pH greater than 5. Observed 
disequilibria between phases have been attributed to organic 
films on droplets that limit mass transfer [Facchini et al., 
1992] and to artifacts resulting when droplets with different 
acidities mix [Pandis and Seinfeld, 1991] or LWC changes 
during sampling [Winiwarter et al., 1992; Pandis and 
Seinfeld, 1992]. These studies also report no evidence for 
pH-dependent, aqueous-phase production or destruction of 
HCOOH as modeled by Chameides and Davis [1983] and 
Jacob [ 1986]. Several studies suggest that clouds may be a 
net sink for tropospheric HCOOH [Jacob and Wofsy, 1988; 
Sanhueza et al., 1991]. 

The Shenandoah Cloud and Photochemistry Experiment 
(SCAPE) investigated tropospheric oxidative processes and, 
in particular, the chemical dynamics of carboxylic acids and 
carbonyl compounds in surface air at a forested ridge top in 
central Virginia during September 1990. In this paper we 
have analyzed the subset of SCAPE data generated during 
cloud events (1) to assess the size dependence of droplet 
composition and its influence on phase partitioning of 
carboxylic acids and (2) to investigate physiochemical 
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processes controlling in-cloud concentrations of carboxylic 
acids. 

2. Methods 

2.1. Site Description 

We sampled cloud water and trace gases from a 15-m 
tower on a mountain ridge at Pinnacles (1037-m elevation) 
in the north central section of Shenandoah National Park 

(SNP), Virginia (38 ø 37' N, 78 ø 2 I'W). The top of the tower 
was 3 in above the surrounding forest canopy. Samples were 
processed in a field laboratory approximately 250 in from the 
tower. The sampling site was at the upper boundary of the 
Shaver Hollow watershed within the Appalachian oak eco- 
region [Bailey, 1978]. The second-growth forest was 
dominated by chestnut oak (Quercusprinus) and northern red 
oak (Quercus rubra) that collectively comprised 65% of the 
total biomass [Harrison and Shugart, 1990]. 

2.2. Sampling and Analytical Techniques 

2.2.1. Chemical composition of cloud water. Coarse 
(>18-1•m diameter) and free (18- to 5.5-1•m diameter) cloud 
droplets were separately sampled over 1.0- to 1.5-hour 
intervals with an active strand collector equipped with a 
fractionating inlet [Hunger et at., this issue). The collector 
was mounted on a retractable mast approximately 2.5 m 
above the top of the tower and the inlet was turned into the 
wind during sampling. Before each event, precleaned 
camidges of Teflon strands for the fine stage were installed 
and the sampler was thoroughly rinsed with approximately 
10 L of type I (>18.3 Mfi cm -l) deionized water (DIW) 
sprayed through the inlet from a pressurized polyethylene 
container. Conductivities of the f'mal rinse water from each 

stage were meamrred to verify cleanliness. After rinsing, 
ambient cloud water was sampled for 0.5 to 1.0 hour 
(depending on LWLD to thoroughly wet and flush the 
collector before any samples were keptfor chemical analysis. 
The collector was thoroughly rinsed with D1W after each 
event and then wrapped with polyethylene film to prevent 
contamination. 

Immediately after collection, cloud-water samples were 
weighed, analyzed for pH and conductivity [Galloway et al., 
1982], and divided into two aliquots. Aliquot 1 was treated 
with 500 I•L of CHCI 3 to prevent microbial degradation 
[Keene et al., 1983], stored in the dark at 4 ø C, and 
transferred to the University of Virginia (LWA) for flaxher 
analysis. HCOOH t (I-ICOOHaq + HCOO-) and CH3COOH t 
(CH3COOHaa + CH3COO-) were measured by ion-exclusion 
chromatography using procedures described by Keene et al. 
[ 1989] for UVA. SO42-, NO3-, and CI- were measured by 
ion chromatography (ILD using Dionex AG4, AS4, and 
AMMS columns and an isocratic 4.0 mM Na2CO 3 ehent. 
Nit + M•+ ' was measured by automated colorimetry and Ca 2+, Na +, and K + by atomic-absorption spectroscopy 
[Galloway et al., 1982]. Data quality was verified by 
assessing ion balances, analyzing lab and field splits, 
intercomparing with laboratories at the University of New 

Hampshire and elsewhere, and analyzing audit solutions 
prodded by the U.S. Environmental Protection Agency and 
the National Institute of Standards and Technology. 
Analytical data were unbiased and precise to approximately 
+_5 %. 

In the second aliquot, carbonyls were derivatized using 
2,4-dinitrophenylhydrazine (2,4-DNPI-I) and then analyzed by 
reverse-phase, high-performance liquid chromatography 
(I-tPLLD; overall measurement uncertainties for HCHO were 
about 20% [Hunger et al., this issue]. Any SOV) adducts in 
the cloud water did not decompose at the low pH used for 
derivatization and thus were not analyzed. 

2.2.2. Liquid water content. LWC was independently 
measured by two techniques. Technique 1 used a LWC- 
sampling device described by Valente et at. [1989]. Cloud 
droplets were removed from the airstream by impacting a 
flow-through polypropylene mesh cartridge. The inlet nozzle 
upstream of the cartridge was positioned into the wind and 
flow rates were manually adjusted based on wind velocity to 
maintain isokinetic flow. We weighed the water collected in 
the cartridge and calculated LWC of the cloud based on the 
volume of sampled air. Technique 2 involved estimating 
LWC for each size fraction of droplets from the conespond- 
ing volume of water sampled by the cloud-water collector, 
the volume of air processed through the collector, and the 
theoretical collection efficiencies of the rods and strands [see 
Hunger et al., this issue]. 

Paired data generated by the two techniques typically 
agreed within about +_5% or +_0.03 g m -3 STP for sampling 
intervals during which clouds were continuously present 
[Hunger et at., this issue]. LWC reported here corresponded 
to those estimated using the cloud-water collector since it 
allowed LWC for the two size fractions of droplets to be 
quantified. 

2.2.3. Interstitial gases. Interstitial carboxylic and 
carbonyl gases were sampled over the same time intervals as 
cloud water. An inertial separator to remove droplets and 
coarse aerosol (> 1-1•m dia_meter) from the sample air 
[Munger et al., this issue] was positioned upstrem of the gas 
samplers. HCOOH(g) and CH3COOH(g ) were sampled in 
DIW-fdled mist chambers and analyzed by IC; overall 
measurement uncertainties were 10-15% [Talbot et al., this 
issue]. Carbonyls were sampled in 2,4-DNPH-filled mist 
chambers and analyzed by HPLC; overall measurement 
uncertainties for HCHO were about 25% [Hunger et al., this 
issue]. 

2.2.4. Chemical composition of precipitation. During 
cloud events, precipitation was sampled sequentially from the 
top of the tower using 27.9-cm-diameter, high-density poly- 
ethylene funnels threaded onto 2-L, high-density polyethyl- 
ene bottles [Galloway et al., 1982]. The collectors were 
mounted in an anodized aluminum bracket attached to an 

outrig boom on the windward side. We exposed a clean 
precipitation collector at the beginning of each event and 
checked it at the end of each cloud sampling. When enough 
precipitation for complete analysis (about 60 mL) had been 
collected, the sample was recovered and a clean funnel and 
bottle installed. Samples were then processed and analyzed 
following the same proce•es used for cloud water, 
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measurement uncertainties were the same as those for cloud 

water (section 2.2.1). 
2.2.& Site meteorology and transport. Temperature, 

relative humidity, barometric pressure, and wind speed and 
direction were continuously measured from the top of the 
tower using instruments and dam-acquisition equipment 
provided by the Mountain Cloud Chemistry Project (MCCP) 
[Gilliam et al., 1989]. Three-dimensional back trajectories 
for air parcels associated with cloud events were calculated 
using the NOAA HYbrid Single-particle Lagrangiaa 
Integrated Trajectories (HY-SPL1T) model [Draxler, 1992; 
Rolph, 1992, 1993]. The data used to calculate SCAPE 
trajectories had spatial and temporal resolutions of 180 km 
and 2 hours, respectively. The model included 10 sigma 
layers (terrain-following coordinates) in the bottom 
600 mbars of the atmosphere; the lowest layer was approxi- 
mately 200 m above the surface. Simulations were typically 
reliable for 2 or 3 days and were usually reasonable 
indicators of air-parcel origins for several more days. 

800 

3. Results and Discussion 

3.1. Cloud Events Sampled 

We sampled five discrete cloud events during September 
1990; three (September 20, 22, and 30) were relatively short 
(<5 hours) and associated with occasional cloud breaks. 
Paired measurements of LWC diverged significantly during 
cloud breaks suggesting differential rates of evaporation in 
the •mplers. Bexause evaporation would bias concentrations 
of chemical species in cloud water, data corresponding to 
intervals of broken clouds were suspect. Therefore only data 
for the two events with the longest periods of continuous 
cloud were analyzed in detail. 

Cloud event 1 was generated when a cool continental 
polar air mass from Canada encountered maritime tropical air 
as it penetrated into the central Atlantic region. The sampled 
air parcel flowed to the site off the Atlantic Ocean as 
indicated by trajectories following a front that wrapped 
around the Canadian air mass (Figure la). The cloud was 
thus generated in relatively clean Canadian air modified by 
2 to 2t days over the ocean. Continuous cloud enveloped the 
site at approximately 1845 eastern daylight time (EDT) on 
September 8 and cloud sampling started at 2005 (EDT). 
Intermittent drizzle fell during the first half of the event but 
then mopped (Table 1). A total of 0.21 crn of precipitation 
was recorded in the rain gauge during sampling (Table 2). 
Temperatures, barometric pressures, and wind velocities are 
sunmmrized in Table 1. There were occasional breaks in the 

cloud during the last sampling interval, which started at 1405 
(EDT) and stopped at 1530 (EDT) on September 9. 

Compared to polluted clouds typical of the region [e.g., 
Weathers et al., 1988], event 1 was unusually clean, 
reflecting its source over central Canada and possibly other 
factors such as washout during transport. During the middle 
of the event, pH for both fractions of cloud water ranged 
from 4.5 to 4.8 (Figure 2b), specific conductance ranged 
from 10 to 15 p S cm 'l, and ionic strengths were in the range 
of those for precipitation in remote continental regions [e.g., 
Galloway et al., 1982]. 

b. 

800 
2 

Figure 1. Air-parcel back trajectories for the cloud events. 
Tic marks indicate every 12 hours and calculations were 
carried out to a maximum of 10 days. Units for vertical axes 
are millibars. (a) 1200 LIT, September 9, 1990 (event 1). 
(b) 2000 UT, September 13, 1990 (event 2). 

Cloud event 2 was associated with a somewhat weaker 

intrusion of continental polar air that penetrated only into 
southern Pennsylvania where the cold front stalled, 
weakened, and finally dissipated. 'A slower trajectory was 
associated with this more stagnant air mass (Figure lb). 
Although flow was off the Atlantic Ocean during much of 
the period, the trajectory remained either over the heavily 
populated middle Atlantic region or near the shore through- 
out the 10 days. Continuous cloud was sampled from 0646 
to 2330 (EDT) on September 13. Intermittent showers 
during the first half of the event produced 0.98 cm of 
precipitation (Tables 1 and 2). Event 2 was significantly 
more acidic than event 1 (e.g., Figrues 2b and 2h) during 
most sampling. 



9348 KEENE ET AL.: CARBOXYLIC ACIDS IN CLOUDS 

Table 1. Meteorological Conditions During 
Each Sampling Interval 

Average 

Mid- Temp- Pres- 
point a, examre, sure, 

EDT øC mbar 
Wind Speed, 

m $-1 Raillb 

Event I, September 8-9, 1990 

2039 14.5 844.2 6.1 N/D 
2147 14.6 844.6 6.3 D 
2255 14.3 844.7 7.3 D 
0003 13.9 844.6 7.8 D 

0111 13.6 844.5 7.7 D/N 
0219 13.6 844.2 7.6 N 

0328 13.5 844.2 8.1 N/D 
0436 13.4 843.9 8.8 D 
0543 13.2 843.8 9.6 D 
0650 13.1 843.8 9.9 N 
0757 13.1 844.0 8.7 N 
0912 13.3 844.0 7.8 N 
1026 13.8 844.0 6.7 N 
1146 14.4 843.9 4.7 N 
1319 16.1 843.7 2.5 N 
1448 17.4 843.4 1.7 N 

Event 2, September 13, 1990 

0719 15.8 845.1 3.9 N 
0825 15.3 845.1 4.5 $ 
0933 15.0 845.3 4.2 $ 

1050 15.5 845.4 4.2 S/N 
1218 15.8 845.4 3.9 N/S 
1350 15.9 845.3 3.9 S/N 
1523 15.8 844.9 4.7 $ 
1655 15.7 844.6 5.4 $ 
1830 15.7 844.4 6.5 D 

1956 15.0 844.2 7.4 D/N 
2121 14.8 844.3 6.4 N 
2250 15.4 844.4 3.7 N 

"Corresponds to the midpoint for each sampling interval. 
brain observed as (S) showers or (D) drizzle; (N) no rain 

present. 

these periods of drizzle were similar, however, and thus• 
would have little influence on thermodynamic equilibria. 

In contrast to the typically large size-dependent differences 
in LWC, pH and concentrations of HCOOH t and CH3COOH t 
in the two fractions of cloud water were similar during most 
sampling (Figure 2). Of the three, pH varied the most 
between droplet sizes particularly during the first half of 
event 2 when acidities (p•y H,_SO 4 and HNO 3) of the 
fine fraction occasionally exceeded those of the coarse by 
factors of 2 or more (Figure 2h). Splash from the intermit- 
tent showers during this period (Tables 1 and 2) may have 
diluted coarse-fraction cloud water thereby contributing to 
these differences. Acidity of the precipitation (Table 2) was 
substantially lower than that of the corresponding cloud 
water (Figure 2h) although HCOOH t and CH3COOIt t 
concentrations were similar (Table 2, Figure 2). During most 
intervals, however, size-dependent differences in concentxa- 
tions of H + and the carboxylic species were <25% and often 
statistically indistinguishable. Munger et al. [1989] also 
report s'mfilar concentrations of H + and carboxylic species in 
different size fractions of marine-su•tus-cloud droplets 
despke large size-dependent variabilities in concentrations of 
other solutes. 

3.3. Phase Partitioning and Thermodynamic Relationships 

Phase-partitioning equilibria for HCOOH and CH3COOH 
in clouds are controlled by Henry's law constants (K H) and 
dissociation constants (Ka) for each acid, pH and ionic 
strength of cloud water, LWC, temperature, and pressure 
[e.g., Clegg and Brimblecombe, 1990]. For the cloud 
conditions that we sampled (pH <4.8 and LWC <0.6 g m '3 
STP), both acids were primarily partitioned in the vapor 
phase (Figure 2). The measured vapor-phase fraction of 
HCOOH ranged from 62% to 98% of the total (aqueous plus 
vapor) and that of CH3COOH ranged from 88% to >98 % of 
the total. 

To account for the pH dependence of phase partitioning, 
vapor-aqueous equilibria for partially dissociated acids can 
be expressed as pseudo-Henry's law constants (KH*) [e.g., 
Schwartz, 1984]. 

KH* _- 
[RCOOH,] 

[RCOOH d 
[RCOOHaq]* (1 + Ka 

3.2. Droplet-Size-Dependent Variability 
in LWC and Solute Concentrations 

LWC varied considerably over time during each event 
(Figures 2a and 2g). Most cloud water was in coarse 
droplets and the greatest absolute and relative temporal 
variabilifies were in the coarse fraction. LWC of fine- 

fraction droplets was relatively constant from one sample to 
the next. The presence of drizzle (Table 1) coincided with 
variability in LWC (Figure 2a) during event 1 indicating that 
some drizzle may have been sample d as coarse-fraction cloud 
water. The chemical compositions of cloud water 
(Figures 2b, 2c, 2d) and of precipitation (Table 2) during 

Ka• =KH* (1 + [H* (1) 

where RCOOH t is the total aqueous-phase concentration 
(RCOOHaq + RCOO') and RCOOHg is the corresponding 
vapor-pha• mixing ratio at equilibrium. We calculated 
expected or theoretical KH* (equation 1) for HCOOH and 
CH3COOH using K H (Table 3), K a (1.772 x 10 '4 and 1.754 
x 10 's M, respectively, at 25 ø C), and corresponding 
temperature corrections reported by Clegg and Brimblecombe 
[1990]. Published •tes of K H for HCOOH and 
CH3COOH vary considerably (Table 3) (also see Johnson 
and Bettenon [1993]), however, indicating uncertainties in 
expected phase partitioning of a factor of 2 or more. 



KEENE ET AL.: CARBOXYLIC ACIDS IN CLOUDS 9349 

Table 2. h-Cloud Precipitation 

Time On, Time Off, 
EDT EDT 

1905 0038 

0038 1058 

0657 0858 

0858 1132 

1132 1605 

1605 0703 

HCOOH t, CH3COOH t, 
Amount, cm pH pM pM 

Event 1, September 8-9, 1990 

0.13 3.95 14.2 4.5 
0.08 4.30 7.7 2.8 

Event 2, September 13, 1990 

0.38 4.49 4.4 4.5 
0.25 4.48 3.1 4.5 
0.25 4.17 9.0 7.4 
0.10 3.85 11.1 7.0 

Observed KH* (KH*ob s) was calculated from concurrent 
vapor and aqueous measurements in cloud: 

[RCOOHt] 
KH*ol • = (2) 

[RCOOHg] 

Theoretical and observed KH* for each acid were plotted 
as functions of pH in Figures 3a and 3b [e.g., Winiwarter et 
aL, 1988]. The theoretical KH* curve corresponds to 288 K, 
the average temperature during events 1 and 2. For 
comparison we plotted experimental KH* for cloud and fog 
water reported by other investigators [Winiwarter et al., 
1988; Facchini et al., 1992; Sanhueza et aL, 1992]. These 
combined data for HCOOH (Figure 3a) showed large 
departures from expected phase partitioning and, in 
particular, did not capture the expected KH*-versus-pH 
dependency. In contrast, CH3COOH phase partitioning 
measured during SCAPE (Figure 3b) was typically within the 
+_. 2 uncertainty factor for expected values inferred from 
Table 3. The small but systematic undersaturation (82% of 
observations) of cloud water relative to the gas phase 
suggests the possibility that the K H for CH3COOH estimated 
by Clegg and Brimblecombe [1990] may overestimate the 
true value. 

To assess these relationships further, we compared 
temporal variabilities in measured vapor-phase mixing ratios 
for each acid (I-ICOOHg and CH3COOH g) with correspond- 
ing variabilities in vapor-phase mixing ratios calculated to be 
in thermodynamic equilibrium with the measured concentra- 
tions in coarse- and fine-fraction cloud water (Figure 4). 
Such plots allowed us to compare thermodynamic relation- 
ships directly with relative variabilities in conesponding field 
measurements. During the middle of event 1, the aqueous 
and vapor phases for HCOOH partitioned as expected based 
on thermodyn•c data, but during event 2 the two size 
fractions of droplets were alternately supersaturated and 
undersaturated relative to HCOOHg. Equilibria relationships 
for coarse and fine droplets also diverged during the middle 
of event 2 possibly bemuse chemically didnet precipitation 
diluted coarse-fraction cloud water (see section 3.2). 

3.4. Possible Explanations for Disequilibria 
Between Phases 

3.4.1. Sampling artifacts..If a cloud parcel contains 
droplets of different pH in thermodynamic equilibrium with 
the gas phase and the droplets are mixed when sampled, 
partially dissociated acids in the bulk solution will be 
supersaturated relative to the original atmosphere [Pandis 
and SeinfeM, 1991]. Similarly, if cloud-water acidity varies 
substantially during sampling, partially dk•qsociated acids in 
the time-integrated sample will be supersaturated relative to 
the original atmosphere. These effects are most important 
when the pH of the bulk solution is greater than the pK a of 
the acid (i.e., when Kit* is strongly dependent on pH). 

Variations in LWC during sampling can also lead to 
artifact undersaturation [Winiwarter et al., 1992] or 
supersaturation [Pandis and Seinfeld, 1992] of bulk cloud- 
water samples relative to the original atmosphere. The 
magnitude of apparent disequilibria resulting from this effect 
is greatest when the pH of the bulk solution is greater than 
the corresponding pK a of the acid and LWC varies sub•aan- 
tially over the sampling interval. 

The pH of virtually all cloud water we sampled 
(Figures 2b and 2h) was less than the pK a for CH3COOH 
(4.76 at 25 ø C), thus variations in droplet pH and in LWC 
during sampling could not explain the small but systematic 
disequilibria for CH3COOH. Supersaturation of HCOOH in 
cloud water was most frequent at pH less than the pK a of 
HCOOH 0.75 at 25 ø C) (Figure 3). Because such sampling 
artifacts as those described above would only have had a 
minor influence in this pH range, we concluded that other 
processes contributed to this apparent supersaturation. 
During the middle of event 1, both cloud-water fractions 
were in equilibrium with HCOOHg (Figure 4a) despite 
substantial variability in LWC (Figure 2a) and high cloud- 
water pH (Figure 2b) relative to the pK a for HCOOH. 
Compared to all sampling intervals during the entire 
experiment, sampling artifacts •ted with LWC 
variability should have been greatest under these conditions. 
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Table 3. Reported Henry's Law Constants for HCOOH and CH3COOH 

K H ß 10 z, M atm '1 Delta H, id mo1-1 Method a References 

HCCOH 

7.5 -22 exp 
3.6 calc 

13.4 c exp 
10.3 c exp 
5.7 c exp 
5.2 d model 
5.39 calc 
5.6 calc 

3.7 -47.4 calc 

Johnson and Bettenon [ 1993] b 
Betterton [1992] 
Servant et al. [ 1991] 
Servant et al. [ 1991] 
Servant et al. [ 1991] 
Clegg and Brimblecombe [1990] 
Clegg and Brimblecombe [ 1990] e 
Keene and Galloway [ 1986] f 
Chameides and Davis [ 1983] g 

CH:•COOH 

3.1 -37 exp 
9.3 h exp 
11.2 h exp 
6.4 h exp 
5.24 d model 
8.61 calc 
8.8 -54 calc 
8.8 calc 

Johnson and Betterton [ 1993] b 
Servant et al. [ 1991] 
Servant et al. [ 1991 ] 
Servant et al. [1991] 
Clegg and Brimblecombe [1990] 
Clegg and Brimblecombe [ 1990] e 
Jacob et al. [1989] i 
Keene and Galloway [ 1986] f 

Unless otherwise noted, data correspond to 25 ø C. 
aMeasured experimentally (exp), modeled from partial pr•e data (model), or calculated 

empirically from thermochemical data (calc). 
øPaper has been accepted pending revision; K H values are tentative and may be revised; aqueous 

concentration = 2.5 ß 10 '3 M; ionic stxength = 0.01. 
CDetermined for aqueous concentrations of 2.7 ß 10 '5 M, 2.7 ß 10 -4 M, and 2.7 M, respectively; 

temperature = 24 ø C; ionic stxength = 0.01. 
aExplicit temperature corrections reported. 
eUsing data reported by Wagman et al. [ 1982]. 
fusing data reported by Wagman et al. [1965b] and Chao and Zwolinski [ 1978]. 
gUsing data reported by Wagman et al. [1965a] and Weast [1979]. 
hDetermined for aqueous concentrations of 1.8 ß 10 '5 M, 1.8 ß 10-4, and 1.8 M, respectively; 

temperature = 23 ø C; ionic strength = 0.01. 
•Using data reported by Wagman et al. [1982] and Chao and Zwolinski [ 1978]. 

Since we found no large deviations, we concluded that 
variations in LWC during sampling probably did not account 
for artifact undersaturation or supersaturation of HCOOH. 
Other processes probably contributed to the apparent 
disequilibria in our data. 

3.4.2. Influence of canopy water. In the absence of 
precipitation, cloud water at Pinnacles during the growinl[ 
season deposits at an average rate of about 0.02 can h -• 
(0.2 L m -2 h -1) [Sigmon et al., 1989; J. T. Sigmon, Dul• 
University, unpublished data, 1992]. The average LWC of 
clouds at the site is 0.18 g m -3 STP (J. T. Sigmon, Duke 
University, unpublished data, 1992), and thus the average 

volume of cloud water depositedict hour corresponds to the average liquid water in about 1 m 3 STP of cloud. This 
deposition rate suggests, however, that a larger volume of 
cloud interacts with the canopy each hour since canopy- 
collection efficiencies for cloud water normally range from 
<0.05 to 0.3 [e.g., Lovett, 1984, 1988; Joslin et al., 1990]. 

During the growing season, deciduous forest canopies 
typicall• incept and retain on the order of 1 to 3 man (1 to 
3 L m") of incident precipitation [e.g., see Rutter et al., 
1975; Parker, 1983, 1990, and references]. Assuming the 
canopy holds a similar amount of cloud water, this corre- 
sponds to the average liquid water in about 104 m 3 STP of 
cloud at the site. This water mass balance indicates that 

large volumes of cloud pass through and interact with the 
forest canopy during cloud events. Differences in topogra- 
phy, canopy geometry, and wind velocity contribute to the 
rapid rates of canopy ventilation inferred from these data 
(i.e., < 1 minute for a 10-m-deep canopy processing 103 m -2 
h -1 of cloud) relative to those estimated at other locations 
(i.e., 30 min during the day and 5 hours at night in the 
Amazon) [Trumbore et al., 1990]. 

We hypothesize that this large volume of dispersed canopy 
water significantly influenced the chemical composition of 
near-surface clouds. Two liters per square meter of canopy 
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Figure 3. Pseudo-Henry's law constants for clouds and fogs as a function of pH. The line represents 
theoretical values at 288 K and symbols experimentally detemfined values at ambient temperatures (see text 
for calcuhtion details). Squares correspond to coefficients for coarse droplets and dlsmonds to those for 
fine droplets calculated from SCAPE data; pluses are from Winiwarter et ag [1988], triangles from 
Facchini et al. [1992], and crosses from Sanhueza et al. [1992]. Temperature differences contribute to 
variability among the experimentally determined constznts. (a) HCOOH. (b) CH3COOH. 

water uniformly distributed over the forest canopy (surface- 
area index of 5.4 [J. T. Sigmon, Duke University, unpub- 
lished data, 1992]; leaf-area index of 1.84 [Mcintyre et al., 
1990]) corresponds to an aqueous film about 370-pro deep 
or about 10 to 20 times the median diameter of cloud 

droplets. Considerable variability in depth is expected since 
canopy water is not uniformly distributed but pools on leaves 
and in bark crevices. Canopy water should equilibrate 
slowly with cloud parcels because of the thick water layers 
and the large distances between gas molecules and canopy 
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surfaces. Cloud water also deposits slowly relative to the 
total volume of canopy water (see above). Canopy water 
should, therefore, reflect some average of the past chemical 
composition of the cloud and thus equilibria exchange with 
canopy water should buffer temporal variability of carboxylic 
acids in cloud parcels passing through the canopy. The near- 
surface cloud that we sampled contained a mixture of 
parcels; some had interacted with the canopy, some had not. 
Since depositional losses had reduced the LWC of canopy- 
impacted parcels, time-integrated cloud water sampled 
immediately above the canopy was more heavily weighted by 
unimpacted parcels; gases sampled in parallel were equally 
weighted by impacted and unimpacted parcels. 

For a cloud with chemistry that varied significantly over 
time, this mechanism predicts that variabilities in measured 
mixing ratios of carboxylic acid gases would be damped 
relative to those expected based on thermodynamic equilibria 
with the aqueous phase. HCOOH data for event 2, which 
exhibited highly variable chemistry (Figures 2h, 2i), followed 
this predicted pattern (Figure 4c). For a cloud with 
chemistry that did not vary significantly over time, no 
influence on apparent equilibria is expected since the 
composition of the canopy water and cloud water would be 
in equilibrium. During the middle of event 1, when cloud 
chemistry was fairly constant (Figures 2b and 2c), HCOOH 
was, as predicted, in thermodynamic equilibrium (Figure 4a). 
Our observations suggest that a rapidly ventilated forest 
canopy wetted by cloud water (dew or precipitation) could 
significantly influence the chemical composition of near- 
surface air. 

Canopy effects may also have contributed to the apparent 
systematic undersaturation of aqueous CH3COOH. If 
vegetation emitted CH3COOH directly [e.g., Talbot et aL, 
1990] or if canopy water leached CH3COOH from plant 
tissue, cloud parcels that interacted with the canopy would be 
enriched in CH3COOH (primarily as vapor at these cloud- 
water acidities) relative to unaffected cloud parcels. The 
LWC of canopy-impacted samples would also be reduced 
(see above). Canopy sources for CH3COOH could, 
therefore, lead to apparent undersaturation of the aqueous 
phase based on time-integrated cloud samples. 

3.5. Aqueous Phase Production of HCOOH 

Photochemical model simulations indicate that during the 

day HCOOH is produced in clouds by reaction of HCHOaq 
with OHaq and destroyed by reaction of HCOO' with OHaq 
[e.g., Chameides and Davis, 1983]. At pH < 5, HCOOH 
produced in the aqueous phase volatilizes to the gas phase 
where it has a long lifetime against oxidation; thus net 
production (production minus destruction) of HCOOH 
increases with decreasing pH down to about pH 3.5 [Jacob, 
1986]. No pH-dependent controls for the concentrations of 
CH3CHOOH are known [Jacob and Wof•, 1988]. 
A•uming there are no other sources of variability for the 
two acids, these studies suggest that total HCOOH in 
daytime clouds should increase relative to total CH3COOH 
as a function of H +. From measured aqueous-phase 
concentrations of I-I*, HCOOHt, and CH3COOH t in bulk 

cloud water sampled in nonprecipitating clouds at the site, 
Keene and Galloway [1988] found that total HCOOH does 
increase relative to total CH3COOH in clouds as a function 
of H +. These observations support the hypothesis that 
HCOOH is produced by aqueous-phase photochemistry. 
Substantial uncertainties were associated with that analysis, 
however, because LWC and vapor-phase mixing ratios of 
each acid in cloud were not measured directly and variability 
in ratios of HCOOHg to CH3COOI-Ig during noncloud 
periods at the site were not known. 

We conducted a similar analysis using the more 
comprehensive data generated during this experiment. In the 
absence of surface clouds, HCOOHg and CH3COOHg were 
highly correlated (slope = 2.78 parts per billion by volume 
(ppbv), intercept -- -0.26 ppbv, r 2 -- 0.88 [Talbot et al., this 
issue]), suggesting similar source and sink relationships for 
both acids throughout the region during SCAPE. Molar 
ratios of total HCOOH to total CH3COOH in events 1 and 
2 (Figures 5a, 5c) were, however, lower than gas-phase ratios 
of the two acids in clear air suggesting that HCOOH was 
selectively depleted relative to CH3COOH in clouds. 
Although ratios of total HCOOH to CH3COOH increased as 
a function of cloud-water pI-I, similar relationships were 
observed during the day and at night (Figures 5a, 5c). Ratios 
of total HCOOH to CH3COOH reported by Keene and 
Galloway [1988] also vary as a function of pH during both 
day and night. Although not necessarily inconsistent with 
photochemical production or destruction of HCOOH in the 
aqueous phase, these relationships suggested that pri- 
dependent variabilities in ratios of total HCOOH to 
CH3COOH in clouds may have been primarily controlled by 
nonphotochemical processes. 

One possible explanation relates to cloud-water deposition. 
Relative to total CH3COOI-I, proportionately greater fractions 
of total HCOOH were partitioned in the aqueous phase of 
clouds (Figtu• 2). This pH-dependent phase partitioning 
must have led to proportionately more HCOOH being 
deposited via cloud water from near-surface clouds relative 
to CH3COOH; the magnitude of difference between 
deposition rates must have varied directionally as a function 
of pH. The water mass balance (section 3.4.2) suggested 
substantial fluxes of cloud water to the canopy, and thus the 
potential existed for substantial pH<lependent fractionation 
between the two acids as a result of cloud-water deposition. 
Differential loss rates via cloud-water deposition would have 
been consistent with lower ratios of total HCOOH to 

CH3COOH in clouds relative to clear air, the apparent pH 
dependence of the in-cloud ratios, and the lack of an obvious 
diel influence on the pH dependence of the ratios. 

Simulations of in-cloud photochemisu3r predict that the 
ratio of HCOO' to HCHOa• will approach a steady state 
defined by the oxidation of both species by OI-I• 
[Chameides and Davis, 1983]. For the photochemical 
conditions during SCAPE, several hours would be required 
to reach steady state even in the middle of the day [Jacob, 
1986]. Recently measured rate constants [Chin and Wine, 
1993] suggest an equilibrium ratio of 0.25. During the night, 
ratios of HCOO- to HCHOa• would be expected to diverge 
from this equilibrium value as a result of other chemical or 
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physical pr• (e.g., differential rates of deposition). 
HCOO- to HCHO ratios during event 2 were similar to the 
predicted equilibrium value, but those during event 1 were 3 
to 4 times higher (Table 4). No significant diel variability 
was observed in either case. 

The pH dependence of the ratio of total HCOOH to 
HCHO was also examined for evidence of aqueous-phase 
chemistry. Assuming there were no other sources of 
variability for these species, higher concentrations of total 
HCOOH relative to total HCHO would be expected in more 
acidic clouds during the daytime if HCHO was oxidized to 
HCOOH via aqueous-phase chemistry. Daytime ratios did 
not appear to vary consistently as a function of H + during 
either event (Figures 5b, 5d). 

Like those for most ground-based experiments, SCAPE 
data were generated within a Eulerian framework, yet 
questions concerning in-cloud chemical transformations are 
Lagrangian in nature. The process• that we investigated 
were somewhat obscured by transport, vertical mixing, and 
surface exchange, thus complicating data interpretation. 
Within the inherent uncertainties imposed by the experimen- 
hal design, we saw no clear evidence that aqueous-phase 
oxidation of HCHO within clouds produced HCOOH. 
Processes other than this mechanism apparently dominated 
uansformations involving these species in the near-surface 
clouds we sampled. 

4. Conclusion 

In-cloud measurements from SCAPE provided a unique 
data set with which to assess thermodynamic rehtionships 
and chemical transformations involving carboxylic acids and 
carbonyl compounds at a rural continental site. We sampled 
size-segregated droplets and interstitial gases in two cloud 
events during September 1990. LWC for coarse droplets 
(>18-[tm diameter) exhibited higher absolute concentrations 
and greater absolute and relative temporal variabilities than 
did fine droplets (18- to 5.5-[tm diameter). During most 
sampling, both size fractions of cloud droplets contained 
similar concentrations of carboxylic species and IF. The pH 
of coarse (3.27-4.76) and fine (3.22-4.70) fraction cloud 
water coupled with total LWCs of 0.04-0.56 g m -3 STP 
partitioned carboxylic acids primarily in the vapor phase. 
Measured phase partitioning for CH3COOH was within the 
uncertainty range of thermodynamic data. When temporal 
variability in cloud chemistry was low, phase partitioning for 
HCOOH also agreed with thermodynamic data; but when it 
was high, temporal changes in HCOOH concentrations were g 

damped relative to those expected based on thermodynamic 
equilibria with the aqueous phase. The disequilibria could 
not be explained by sampling artifacts resulting from mixing 
droplets of different acidities or variable LWC. We 
hypothesized that the large volume of liquid water deposited 
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Table 4. Summary of Molar Ratios for [HCOO']][HCHOao] in Clouds 

Event 1, September 8-9, 1990 

Coarse Fraction Fine Fraction 

All Data 

Event 2, September 13, 1990 

Coarse Fraction Fine Fraction 

Median 1.23 1.07 0.32 0.20 

Arithmetic average 1.28 1.09 0.34 0.29 
Standard deviation 0.40 0.48 0.14 0.19 

Number of samples 15 15 12 12 

Daytime Only 

Median 1.21 1.21 0.22 0.22 

Arithmetic average 1.27 1.3 2 0.3 3 0.25 
Standard deviation 0.31 0.50 0.13 0.11 

Number of samples 6 6 9 9 

Nighttime Only 

Median 1.25 0.93 0.36 0.19 

Arithmetic average 1.29 0.93 0.37 0.39 
Standard deviation 0.43 0.52 0.17 0.30 

Number of samples 9 9 3 3 

on the forest canopy buffered temporal variability of 
HCOOH in near-surface cloud parcels with which it 
interacted leading to apparent phase disequilibria based on 
time-integrated samples. There was evidence for selective 
depletion of HCOOH relative to CH3COOH in cloud; this 
depletion was most pronounced at higher pH suggesting 
HCOOH was rapidly removed by cloud-water deposition. 
We saw no evidence of significant HCOOH production from 
the aqueous-phase oxidation of HCHO; it appears that this 
reaction made at most only a minor contribution to the 
HCOOH budget at the site. 
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