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Organic Compounds in Cloud Water
and their Deposition

at a Remote Continental Site
Viney P. Aneja

North Carolina State University
Raleigh, North Carolina

Some organic compounds (alkylbenzene, chlorinated hydrocar-
bons and poiycyclic aromatic hydrocarbons) in clouds have been
determined from samples collected above the canopy of a conifer-
ous forest. The cloud samples were collected during 1987 and 1988
at Mt. Mitchell State Park, North Carolina, a remote high elevation
(-2006 m MSL) continental site. Concentrations of the organic
chemicals in clouds were in the range of 0.2 to -200 ng mL1; and
their estimated deposition rates via clouds were found to range
from 1.58 * 104 to 4.67 * 108 ng rrr2 yr1. Great variations in
concentrations were found which can best be explained, based on
72 hour back trajectory analysis, by different source locales and
moving air masses. The concentration of these chemicals exceeded
their water solubility as predicted by Henry's Law, suggesting that
clouds are an excellent scavenger of organic chemicals in the
ambient environment.

A variety of organic compounds have been found in aerosol
particles, rain and snow. The organic pollutants in the aerosol
component have both natural and anthropogenic origin.1"3 Or-
ganic pollutants in rain and snow have been used to identify the
origin of air masses producing them.4'7 Among the organic com-
pounds detected in rain and show are n-alkanes and organic
acids,45813 chlorinated hydrocarbons,101415 phenols,121516 and
poiycyclic aromatic hydrocarbons.5'6810121719 However, data on
organic pollutants in cloud water are rather limited and incom-
plete.20 Carbonyl compounds in cloud water have received more
attention due to their reaction with sulfur.2124 Thus it is desirable
to determine the nature and concentrations of organic pollutants
in cloud water. It is particularly important in light of the wide
variety of organic compounds shown to be present in rain and
snow. Furthermore, the primary deposition pathway of pollutants

Implications

to be an important pathway in their distribution. The results
from this research suggest that clouds provide a unique

relatively easier to monitor them. Moreover, these organic

terns in significant quantities, ty cloud episodes and then
become potentially detrimental to plant life. This route ef

ignored thus far, but it may be a possible oontributor to high

Figure 1 . Map of the Mt. Mitchell State Park, NC showing the location of Mt. Gibbs (Site 1)
and the adjoining towns and roads.

on high elevation forest ecosystems has been shown to be via
clouds.25*26 It is thought that wet and dry deposition of phytotoxic
organic compounds on plant surfaces contributes to the causes of
forest decline.1618-27

Clouds have a natural cycling process which can typically
accumulate the soluble material from a large volume of air into a
small volume of cloud water. Analysis of the cloud water there-
fore affords an unusual opportunity to determine concentrations
of pollutants as low as parts per trillion in cloud-forming air. Capel
et al. (1991)28 have shown that organic chemicals, particularly
hydrophobic organic compounds, may be present in urban fog
significantly in excess of their water solubility. Perona (1992)29

has shown, based on a thermodynamic treatment, that the solubil-
ity of hydrophobic compounds dissolved in small droplets (i.e.,
systems with large surface-to-volume ratios) can be significantly
higher than values obtained with solutions having a small surface-
to-volume ratio and/or planar surface.

Here we report the preliminary results of measurements of
volatile organic compounds (VOCs) in cloud water collected at
Mt. Mitchell State Park (35°44'05"N, 82°17'15"W) — the high-
est peak (2,038 m MSL)—a remote site in the eastern U.S. These
data are compared with ambient concentrations of the same
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TECHNICAL PAPER

Table I. Analytical conditions for cloud water analysis using GC-FID/
ECD.

Parameter

Volume
Purge flow rate
Purge time
Dry purge

Tekmar LSC-2

5ml

60mUmin
10min

2mjn

Desorbtime 4min

Column
Perkin Elmer 3390

60-m, 0.35 mm ID, 1 mm DB-1

He, at 30cm3/sec
rt<Na)
WO

15TC
FID and ECD splits to 1
Two channel Shimadzu

CR5A integrator

chemicals in air and in rain water. The possible mechanisms of air/
cloud exchange are explored in an effort to examine the enhancement
of Henry's Law transport process by the hydrophobic organic
chemicals. Finally, the deposition of organic chemicals in clouds to
the forest canopy at Mt. Mitchell State Park are discussed.

Experimental
Sampling location/Sampling Procedures

The cloud water was collected at Gibbs Peak (-2006 m MSL)
in Mt. Mitchell State Park (Figure 1). At high elevation this region
has stands of red spruce and Frazer fir trees (~6 m tall). A 16.5 m
tall walk-up meteorological tower at the location is equipped at the
top with a passive ASRC (Atmospheric Sciences Research Center,
State University of New York at Albany) cloud water collector.30

In addition, meteorological instruments are located on the tower at
-16 m above ground. These instruments have the capability for
measuring31 temperature, pressure, wind speed and direction,
relative humidity, and solar radiation.

One hour integrated cloud water samples were collected manu-
ally using the ASRC cloud collector which closely simulates the
collection of cloud water by coniferous trees. The pH of the
samples was determined within 15 minutes of collection.
Additional samples were stored in sealed bottles (60 ml) in a
refrigerator for subsequent anions and cations analyses utilizing
ion chromatography; and VOCs utilizing GC-MS (gas chromato-
graph - mass spectrometer), and GC-FID/ECD (gas chromato-
graph - flame ionization detector/electron capture detector).

Ambient gas phase pollutant concentrations of ozone (O3), sulfur-
dioxide (SO^, nitrogen oxides (NO, NO2, and NOx), and hydrogen
peroxide (HJOJ) were measured continuously at the site.3235

Analysis Procedures
The cloud water samples were initially analyzed for VOC

content utilizing gas chromatography/mass spectrometry (GC/
MS) as follows: helium (He) was bubbled through a cloud water

sample (5 ml) contained in a specifically designed purging cham-
ber at ambient temperature to efficiently transfer the VOCs from
the aqueous phase to the vapor phase. The vapor was swept
through a sorbent column (Tenax) to trap the VOCs. After purging
was complete the sorbent column was heated (190 °C) and
backflushed with He to desorb the VOCs onto a gas chromato-
graphic column (30 meters long, 0.3 mm o.d. coated with D85).
The flow rate through the column was 3 ml/min of He. The gas
chromatograph was temperature programmed (10 °C for three
minutes program to 31 °C at 3 °C/minute, changed to 8 °C/min.
to a maximum of 200°C) to separate the VOCs, which were then
detected with a mass spectrometer. VOCs in reagent water blanks
were found to be insignificant. If necessary, an aliquot of the
sample was diluted with reagent water.

The cloud water samples were analyzed additionally for six
selected VOCs [methylene chloride (stationary source), chloro-
form (stationary source), mesitylene, i.e., 1,3,5-trimethyl ben-
zene (stationary and/or mobile source), toluene (stationary and/or
mobile source), ethylbenzene (mobile source), and o-xylene
(mobile source)] using a purge and trap concentration (as dis-
cussed previously) and gas chromatography (GC) with FID/ECD.
The six compounds were selected to cover both stationary and
mobile sources36 on the basis of GC/MS confirmatory analysis.
The source in parentheses is expected to be the major source.
Table I lists the experimental conditions used during this analysis
of cloud water samples. Calibration was performed using two
standards containing each of the six compounds prepared in water
at concentrations of 1 ng/ml and 10 ng/ml. Response factors for
the two standards were averaged and used to calculate the sample
concentrations. Distilled water used to prepare the standards was
analyzed each day. It was found to contain nondetectable amounts
of these compounds.

Results and Discussion
The experiments were made to characterize, and attempt to

locate the origin of, organic pollutants present in cloud water
collected in Mt. Mitchell State Park, North Carolina. Seventy-two
hour back trajectory analyses at 850 mb were performed for the
cloud events of interest. The site elevation (2006 m MSL) is such
that 850 mb back trajectories are representative of air flow
responsible for cloud events.

The preliminary results reported here are for cloud water
samples collected for several days between May and October
1987; and May and July 1988. Tables II and III list concentrations
of the organic compounds present in the cloud water samples, air,
and rain. The concentrations of the organic chemicals in clouds
were in the range of 0.2 to -200 ng mL1. Table IV lists the field
pH, total anion and cation concentrations, and the wind direction
during sample collection. The total inorganic ion concentrations
are higher in spring and summer (>500 (iequ/L) than in fall (<300
Mequ/L).

The presence of organic chemicals, particularly hydrophobic
organic compounds (Tables II and III), are observed consistently in
clouds. This seems to suggest that clouds are an efficient scavenger
and/or inclusion mediaof organic chemicals from the atmosphere.28"37

There are at least four main pathways by which these transport
processes may occur, and each of these is discussed.

First, the Henry's Law exchange mechanism proposes that the
organic chemicals in gas and dissolved phases, and the transport
between the two phases follows Henry's Law. It relates the air
concentration of a species to its aqueous concentration in an
equilibrium environment. The justification of the use of Henry's
Law equilibrium in the case of cloud droplets is that the relatively
long atmospheric lifetime of cloud droplets (~ several hours)23

allows the droplets to reach at least a significant portion of their
equilibrium state with the ambient environment.
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Table IL Physical/chemical constants (at 2S°C) and cloud water concentrations of organic chemicals.

Compound

Acetone
Chloroform

Ethyl-benzene
Hexane
Mesitylene

Methylene Chloride
Methyl Furan
o-Xylene
Toluene
Trichloro-ethene

Trimethyl-binsenes
2-butanone

Molecular
Weight

(gm»l«)

58
119
106
84

120
85
B2

106
92

131
120
72

Water
Solubility
(fig m l ' )

6.03 B '
BOOB"

1.52 E5*
9.50 E3"
7,50 E4»

7.00 Ef>

1.52 E6*
1.75 ES"
5.15 E5*

1.10 £6"
7,50 £4*

1.71 £8*

••calculated from octanol/water partition coefficients.
tMackay and Shiu, (1981)*
•Melton, I., (I960)"
"calculated per Wilhoit {1971)48

"calculated per Bcublik, (1984)40

'Ashworiti, ef al., (1988)80calculated a - RT/H, tempe

Vapor
Pressure
(20C)

< * ) •

1.87 E4e

2.11 E48

9.44 E24

5.05 i¥

2.31 £2"

4.74 E4e

1.87 E3»
6.61 E2«
2.91 £3*
3.14 E3e

2.31 E2d

9.33 E2'

rdture - ?93"K.

0.00002
0.00332
0.00601

0.883
0,00571

0.00244

0.00100
0.00474
0.00555
0.00842
0.00571

0.00019

Henry's Uw
Constant

(«)a!20"C
(RT/H)

N/A
7.2
4.0
0.03
4.2
9.8

24.1

§.1
4.3
2.9
4.2

126

H is the Henry's Uw Constant.

Water
Cone.

(ns/mL)

0.46
2.41

0.17
1.56

0.03
8.88
0.22
0.45
0.60
1.38
0.34

13.9

Water
Cone.

(ng/mL)

0-41
0-10

0-0.45
0-14

0-0.23
0-200
0-2

0-2.6
0-1.9
0-6.7
0-1.7

0-78

The effectiveness of Henry's Law exchange is regularly gaged
by comparing the dimensionless Henry's Law constant, a (= RT/
H, H is the Henry's Law Constant), with the overall washout ratio,
W (cloud or rain concentration/air concentration). The washout
ratio for cloud water, Wc|oud, is thus calculated as the concentration
of a chemical in the cloud water divided by the concentration of
the chemical in the gas phase in the air. If the organics found in the
cloud water were present due only to Henry's Law exchange then
a should equal Wdoud

 7>28 As shown in Tables II and III, Wcloud was
consistently larger than a by a factor of one to two orders of
magnitude and sometimes higher. The only exception was ac-
etone which can be explained by the exceptionally high value of
a which reflects its relatively high water solubility. The gas-phase
concentrations of these compounds were not measured during the
time of cloud collection. However, the gas-phase concentrations of
these compounds were ascertained from the literature for typical
urban environment. Thus these washout ratios are underestimates
for clouds. The enrichment, as compared to simple gas-water
exchange, of the hydrophobic organic chemicals in the cloud droplet
is similar to results reported also for hydrophobic organic chemicals
by Capel elul. (1991)28 for urban fog; by Glotfelty eial. (1987)38 for
pesticides; and by Glotfelty eiaL. (1990)39 for insecticides in fog. The
high values for Wdoud lead to the conclusion that Henry's Law
exchange alone cannot account for the observed concentration of
hydrophobic organics in cloud water.

Bearing in mind that Henry's Law relates aqueous concentra-
tion to vapor pressure it is clear that as temperature increases the
ratio of atmospheric to aqueous concentration must increase as
well. Since the dimensionless constant a is generally 1 to 2 orders
of magnitude lower than the cloud washout ratio, the Henry's Law
constant must be reduced to cause a to match Wcloud. Henry's Law
constant is reduced for the majority of the compounds when the
temperature drops. It would require a significantly larger drop in

temperature, say 50 to 75 degrees, than is likely in order to bring
a and Wcloud into parity.

A second possible pathway for the incorporation of organic
compounds into cloud water considered was particle scavenging.
A cloud water droplet can nucleate directly on organics in the
form of aerosols in the atmosphere. There are two likely methods
for such a nucleation onto a hydrophobic organic. If the organic
is in an acidic environment, say in a low pH event due to the
presence of sulfuric or nitric acid formed in the atmosphere, the
organic can become coated with a film of very hydrophilic acid
and then serve as an efficient nucleation site for cloud droplets.
Alternatively, a "bubble" of acid can form on the exterior of the
organic droplet and serve as a site for the nucleation of cloud water
on the organic droplet.40

Such scenarios require the presence of sulfuric or nitric acid in
the atmosphere to provide the acidic coating or bubble site
necessary to cause nucleation on the hydrophobic organic aerosol.
The Mt. Mitchell site seems to provide just such an environment.
The pH measurements of the 15 cloud samples of events collected
(Table IV) range from a low of 2.78 to a high of 4.02 with a mean
of 3.63. Such low pHs, particularly when coupled with the fact
that most of the winds blew out of the industrial Ohio River Valley
area, make the acid environment credible.

Further evidence that low pH may play a role in the levels of
organics in cloud water may be found in the concentration data for
individual events. Three of the organics were detected only during
the event which had the lowest pH reading, 2.78. Those chemicals
were acetone, hexane, and methyl furan. Hexane and methyl furan
are especially convincing because both are rather hydrophobic
organics. Additionally, methylene chloride was detected at extremely
high concentrations of 200 ng/L on 6/3/88, the 2.78 pH day. And
finally, there seems to be some positive correlation in the concentra-
tion of o-xylene, chloroform, and ethyl benzene and low pH.
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Table III. Comparison of concentrations of organic chemicals in cloud, air, and rain; and atmospheric washout ratios in rain and cloud; and estimated
deposition via clouds.

Compound

Acetone
Chloroform
Ethyl-benzene
Hexane
Mesitylene
Methylene Chloride
Methyl Furan
o-Xylene
Toluene
Trichloro-ethene
Trimethyl-benzenes
2-butanone

Average
Cloud
Water
Cone.
(«HJ/L)

460
2410
170

1560
30

8880
220
450
600

1380
340

1390

Average
Air

Cone.
(ng/L)

14.72"
1.19"

1.267*
6.99(

0.490b

1.24*
1E-6a

1.2866

3.757*
1.537"
1.346"

2.40*

Average
Rain

Cone.
(ng/L)

<K05e

2418
34b

156"
5.1 b

888<>
3E-5a

45"
88b

5.6b

30*
139»

Overall Wash!

0.0034
202.5

26.8
22.3
10.4

716
30
35
23.4
3.6

22,3
57.9

out Ratios
— ,

31.25
2025

134.2
223.2

61.2
7161

2,2 E8
349.9
159.7
897.9
252.6
579.2

Estimated11

Deposition
via Clouds

2.42*10*
1.27*10*
8.94*10/
8.20*10*
1.58*104

4.67*10*
1.16*10*
2.37*10*
3,15*10*
7.25*10*
1.79*10*
7.31*10*

aCzuczwa,eta l , (1989)7

*> Ugocki.etal, (1985)1011

-Grosjean and Wr ight ( 1983P
dBuckholtz and Crow, (1990)51

«Rice,eta l , (1990)6 2

f Warneck, (1988)*3

fl calculated value. For values not found in literature an average volumet-
ric increase from a cloud droplet to a raindrop of 10 was assumed.

11 calculated by cloud concentration (ng/L) x hours of cloud per year x
0.2 mm/hr.

daud

: (rain concentration (ng/L)/air concentration (ng/L))
(cloud concentration (ng/L)/air concentration (ng/L))

A third mechanism that may be at work is the enhancement of
Henry's Law exchange by the association of dissolved organics
with entrained participate organics in a cloud droplet.28 As organic
material is dissolved into the cloud droplet it may then become
associated with any paniculate matter in the droplet, thus reduc-
ing the actual dissolved concentration of the organic. Such a
mechanism could serve to increase the flux of gas phase organic
in the atmosphere into the droplet due to Henry's Law exchange.

A fourth mechanism is suggested by Capel et al. (1990).37 It
was shown that dissolved and/or colloidal organic carbon could
reduce the surface tension of the cloud droplet, thus implying that
some hydrophobic organics are surfactants. Surface active organ-
ics could form an organic film around the cloud droplet which
would then enhance the scavenging of organic compounds.20 The
resulting organic vapor/film equilibrium could be significantly
more efficient in scavenging organic vapor than Henry's Law.
However, the relative contribution of these pathways to incorpo-
rate organic chemicals in clouds is not known at this time.

The relative distribution of more than one C8 (e.g., ethyl
benzene, xylene, etc.), in the case of 1987 samples, is very similar
to those observed in urban air.41 Therefore, it is likely that the
source of these compounds is reasonably close to the mountain
collection site. In fact, the city of Asheville, North Carolina, is
about 30 km southwest of the site; Burnsville, North Carolina, is
about 15 km northwest of the site; and the town of Black
Mountain, North Carolina is only about 15 km south (Figure 1).
It is quite conceivable that vehicular exhaust from these areas (see
Figure 1) and from Interstate Highway 40 (~ 20 km south)
contributed to the presence of aromatic hydrocarbons in cloud
water. This is further supported by the wind direction during most
of the sampling period and its coupling with back trajectory
analysis (Figure 2). Wind direction dependent rainwater organic

compound compositions have been observed by Kawamura and
Kaplan (1986b).6 Furthermore, it has been shown that anthropo-
genic sources in urban areas significantly contribute organic
compounds to rainwater5712 and snow.7

Table IV. Wind direction, pH and inorganic ion concentrations in the
cloud samples collected.

nequ./ l

5/18/87
5/21/87
5/22/87
8/13/87
8/19/87
8/19/87
10/6/87
10/12/87
10/12/87
5/25/88
6/3/88
6/9/88
7/12/88
7/20/88
7/20/88

Wind
Direction

SW
Variable
WNW
ESE

WNW
WNW

NE—>SE
Variable
Variable
WNW
WNW
WNW
WNW
WNW
WNW

PH

3.31
3.23
3.44
3.44
3.17
3.14
4.02
3.92
3.92
3.83
2.78
3.85
2.98
3.30
3.44

Total
Anlons

1065
915
629
698
787
885
257
215
148
392

2390
121

1262
796
644

Total
Cations

1097
956
562
604
908
973
309
227
165
367

2252
136

1226
808
647
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Figure 2. The 72-hour back trajectories based on 850 mb level for the 1987 and 1988
cloud samples.

The 1988 data suggests that there are large variations in the
composition and concentration of cloud water organic com-
pounds. For example, the sample collected on June 3, 1988
(Figure 3) contained a very high concentration of methylene
chloride. Also, the number of different organic compounds de-
tected was higher than for the other 1988 samples. Methylene
chloride is emitted into the atmosphere during chemical manufac-
ture and from its use as a solvent.4243 It is primarily of anthropo-
genic origin44 and has a moderate lifetime (-1/2 yr).43 A further
inspection of the June 3,1988 data indicates a relatively low field
pH value (i.e., high acidity) and high anion (SO2

4,NO3, Cl) and
cation (Na+, K\ Mg2+, Ca2+) concentrations (Table IV). The SO%
concentration for this particular sample was 1836 jjcqu/L, which
suggests that the relevant air mass was highly polluted. A high

Scan number
400 800 1200 1600 2000 2400 2800

360000:

320000:

280000:

^ 240000:

I 200000:
£ I60000:

120000:

80000:

40000:

0
4 6 10 12 14 16 18 20 22 24 26 28 30

Time, minute

Figure 3. Gas chromatogram of the cloud sample of June 3,1988.

concentration in combination with a low pH value indicates that
the origin of the air mass may be in the industrialized areas of the
Ohio Valley and the Great Lakes region. Indeed a 72 hour back
trajectory analysis performed for this event (Figure 2) provides
this corroboration.

The significance of the high concentrations of hydrophobic
organic chemicals in cloud water is especially great with respect
to deposition of the organics to the forest canopy of this ecosys-
tem. It has been shown that high levels of organic chemicals can
be detrimental to plant life.161827 The clouds at Mt. Mitchell come
into direct contact with the plant life on the mountain, particularly
the high elevation (<1500 m MSL) forest canopy. When these
clouds contact the forest canopy, a certain amount of the cloud
water is deposited onto the plant life. The deposition rate of cloud
water to forest canopy at Mt. Mitchell has been calculated to be
between 0.14 and 0.27 mm/hr25 at the 10 meter height above the
forest canopy. Mt. Mitchell has been shown to be in clouds about
30 percent of the time.45 This amount of cloud contact represents
a major opportunity for deposition of whatever chemicals may be
residing in the cloud water. Thus, estimated deposition rates via
clouds for the 12 organic chemicals were found to range from 1.58
* 104 to 4.67 * 106 ng m y (Table III), which is similar to
depositional fluxes of organic chemicals from fog in an urban
environment.28

The results of this investigation have clearly shown that
organic chemicals can be deposited on Mt. Mitchell in significant
quantities by cloud episodes. Moreover, clouds provide a unique
pathway to concentrate the organic chemicals; thus making it
relatively easier to monitor them. There appears to be a large
variation in concentration of these organic compounds in clouds.
Based on 72 hour back trajectory analysis at 850 mb, the compo-
sition of these compounds may be explained by varying emission
sources and air mass movements. Admittedly this is a limited data
set, but the results justify further study, especially to be able to
address air toxics related issues in the 1990 Clean Air Act
Amendments.
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