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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

fw
00

1

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



Preface 

DURING T H E PAST D E C A D E , acid deposition, more commonly called "acid 
rain" has been the air pollution problem of highest concern in the United 
States. It has caused serious political friction between environmentalists and 
power companies, between states that burn coal for electric power 
production and those upon whom the acid rain falls, and even between the 
United States and Canada, where many citizens feel they are victims of acid 
exported from the United States. To those who are not experts in 
atmospheric chemistry, it seems simple enough: What goes up must come 
down. If you want less acid rain, reduce emissions of sulfur and nitrogen 
oxides that produce it. However, the atmosphere is a complex system and 
if we do not understand the formation and deposition of acids, there is a 
definite possibility that we will devise solutions costing tens of billions of 
dollars without significantly lessening the severity of problems that have 
been attributed to acid rain. 

Although the mechanism for the production and deposition of acid are 
not yet fully understood, atmospheric chemists and meteorologists have 
been studying these problems in depth for the past several years and have 
made considerable progress. Methods and instruments for reliable measure
ments of key species in air and clouds have been developed and exploited 
in field studies. Rates of reactions important in the formation of acids, 
sulfates, and nitrates have been measured. Huge amounts of reliable field 
data have been accumulated. Models have been developed and are being 
tested against bodies of field data. 

The objective of this volume is to describe recent advances in the 
understanding of the sources and chemistry of acidic species in the 
atmosphere. 

We thank the authors for their contributions to this Volume. 

R U S S E L L W. J O H N S O N 

Allied Signal Engineered Materials Research Center 
Des Plaines, IL 60017-5016 
GLEN Ε . G O R D O N 

University of Maryland 
College Park, MD 20742 

July 20, 1987 
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Chapter 1 

A Decade of Acid Rain Research 

Glen E. Gordon 

Department of Chemistry and Biochemistry, University of Maryland, 
College Park, MD 20742 

M u c h progress has been made in our understanding of the sources, 
formation and deposition of acid and sulfate. Large field studies can be 
conducted with good quality control of analyses and data. In the gas 
phase, ∙OH radicals are known to be capable of converting SO2 to sul
fate fast enough to be important. Rates for Η2O2, O3 and O2 in cloud 
droplets are fast under certain conditions. However, serious gaps in 
our knowledge still exist, especially methods for measuring and predict
ing dry deposition and estimates ofthe supply of reactants to active 
cloud systems. A focal point for development of the U. S. control 
strategy is the Regional A c i d Deposition Model ( R A D M ) . Uncertainties 
in some features of the model are likely to be so large that it may not 
provide credible predictions in a time soon enough to be useful to legis
lators or regulators. Hybrid receptor models may be able to provide 
some answers for sulfur species more quickly, although RADM should 
ultimately yield more detailed predictions for more species. Many prob
lems attributed to acid rain, especially damage to trees at high altitudes, 
may be largely due to some other species, e.g., H2O2 or O3. 

In the late 1940s and the 1950s, concerns about air pollution increased enormously 
because of episodes such as the London Fog of 1952, the Donora, P A episode of 
1948, and other similar incidents. The air was physically being cleaned up by use of 
electrostatic precipitators to remove most visible emissions; however, large amounts 
of S 0 2 were being released in metropolitan areas, and it was felt that the SO^ com
bined with particles and droplets in the air was responsible for the abnormally high 
death and illness rates observed during the episodes. London attacked its problems by 
a variety of clean-up methods, the most important being the banning of coal-burning 
in individual living units, resulting in a considerable improvement in both air quality 
and local climate! 

The main U . S. response was restrictions on the use of high sulfur fuels within 
metropolitan areas, which had the effect of forcing in-town sources to switch to low 
sulfur o i l and gas and for new plants to have tall stacks and be built outside of cities. 
A s documented by Altshuller CI), these measures reduced urban levels of S 0 2 to 
nearly rural levels. 

Nearly simultaneously with the U . S. success in reducing urban S 0 2 levels, the 
Community Health and Environmental Surveillance System (CHESS) reported that 
adverse health effects result not from S 0 2 itself, but from the secondary sulfates and 

0097-6156/87/0349-0002$06.00/0 
© 1987 American Chemical Society 
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1. GORDON A Decade of Acid Rain Research 3 

Η ^ 0 4 formed by atmospheric chemical reactions after release of primary S 0 2 (2). 
Furthermore, the moves taken to reduce S 0 2 concentrations in cities simply moved 
the sources to rural areas and increased the altitudes of release, but did not reduce the 
total amount released. Since S 0 2 is converted slowly to sulfate over long distances, 
concentrations of particulate sulfates were nearly as great over large rural areas of the 
eastern U . S. as in cities (1). Not only were these ubiquitous sulfates of concern 
because of health effects, but it was soon recognized that particulate sulfates were 
largely responsible for the haze that blankets huge areas of the East during Summer 
(3), even the "smoke" of the Great Smoky Mountains, which had previously been 
attributed to particles formed from terpenes emitted by trees. This set of problems 
related to the release of SCX, mainly by coal-fired power plants, was the impetus for 
large field studies, especially the Sulfur Regional Experiment (SURE) , supported by 
the Electric Power Research Institute (EPRI) (see G . M . Hidy , This Volume). 

A t about this point in the mid-1970s, results of C H E S S were discounted, largely 
because of the measurement methods used (2). This does not necessarily mean that 
sulfates are not harmful to humans, but that we have no proof that they are. This 
would have removed much of the impetus for studies of atmospheric S 0 2 and sul
fates; however, at about that time, Likens and others (4) published contour plots of 
the p H of rainfall i n the Eastern U . S. for the mid-1950s and the mid-1970s which 
purported to show that the acidity of precipitation had increased greatly over this 
period. Earlier, Swedish scientists had observed increasing acidity of lakes in Scan
dinavia, causing many species of fish to disappear from affected lakes. The decrease 
of fish life in many lakes of New England and Upper New York State was thought 
by many to be the result of acid rain. Later, damage to trees, especially high on 
mountain slopes, both in Europe and in the northeast U . S., was attributed to acid 
deposition. Since about two-thirds of the acid of rainfall is F ^ S C ^ and one-third, 
H N 0 3 , the focus of atmospheric research in the eastern U . S. continued to be on 
sulfur species and, secondarily, nitrogen species. 

Just when acid deposition was becoming the atmospheric research priority in the 
East, people in the West were becoming increasingly concerned about visibility de
gradation, again a problem largely caused by sulfates. Ironically visibility degradation 
is of much greater concern in the West, where visibility is much better than it is in the 
East! The reason appears to be that mountains of the West can be seen for distances 
of 100 k m or more when haze levels are low, whereas the topography of the East and 
buildings in areas where most people live prevent one from seeing more than about 
20 k m even in clear air. 

Thus, atmospheric research in the eastern U . S. has been dominated by the need 
for a better understanding of sulfur species, first because of presumed human health 
effects of SO9, then because of human health effects of sulfates, and now because of 
effects of sulfate and acid upon plant and animal life (and, to a lesser extent, on buil
ding materials, statues, etc.) in the East, and because of visibility degradation in the 
West. 

The huge increase of population and automobile traffic in the Los Angeles Basin 
during World War Π gave rise to a new air pollution phenomenon called "smog", 
which was found to result from atmospheric reactions of hydrocarbons, C O and 
nitrogen oxides ( Ν Ο χ ) during frequent strong inversions in the Basin under influence 
of abundant sunshine in southern California. Originally the "photochemical smog" 
phenomena of southern California was seen as quite a different problem from the 
SO^-and-fog problem of London and the eastern U . S., in part because episodes of 
the latter tended to occur in Fa l l and Winter, whereas smog is usually associated with 
warm weather and sunshine. Indeed, in the earlier years, when concentrations of 
sulfur oxides and particles were much higher in cities, the phenomena may have been 
different However, under today's conditions, the two sets of problems clearly are 
closely related. Huge veils of particulate haze that blanket entire regions of the East 
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4 T H E CHEMISTRY OF ACID RAIN 

now occur mainly between M a y and October. Improved knowledge of gas-phase 
kinetics resulting from studies of photochemical smog and of stratospheric problems 
of supersonic transports and chlorofluorocarbon compounds during the early 1970s 
has revealed many connections between sulfur chemistry and photochemistry because 
of the involvement of highly reactive transient species such as hydroxyl radicals 
( Ό Η ) , as well as of more stable oxidants produced by photochemistry, e.g., 0 3 , 
F ^ O ^ In recent years, most air pollution alerts in eastern cities have occurred be
cause of high levels of oxidants (mainly 0 3 ) during Summer, when sulfate levels are 
also very high. 

Present Knowledge about A c i d Rain 

A s demonstrated by papers presented at this Symposium, the increase of our know
ledge about acid deposition in recent years has been enormous. The S U R E project 
(Hidy, This Volume) demonstrated that huge field projects can be conducted with 
good quality control of samples, analyses and data. K o k , Tanner (This Volume) and 
others have developed highly sophisticated systems for measuring concentrations of 
many species, including the very important Η 2 θ 2 , in clouds and clear air with air
craft. In the area of mechanisms, we know that oxidation by - O H radicals is the 
dominant gas-phase reaction in the conversion of S 0 2 to H 2 S 0 4 and sulfate (5). Fur
thermore, we know that oxidation in solution by F ^ O ^ is rapid and that by 0 3 and O^ 
(the latter catalyzed by metal ions or carbon soot) can oe important under some condi
tions (6; Schwartz, This Volume). 

Despite these advances, large gaps in our knowledge still exist. A s demonstrated 
by many papers in this symposium, methods for collection and analysis of wet depo
sition are wel l established, but understanding of dry deposition remains poor. The 
Environmental Protection Agency (EPA) does not plan to do routine direct measure
ments of dry deposition for the time being. A t most network stations, airborne con
centrations w i l l be measured and dry deposition rates w i l l be calculated from them 
(Hicks et al.. This Volume). Some stations w i l l be equipped to do fast response 
eddy-correlation and airborne concentration measurements for further research on the 
method and comparison with results from nearby stations that w i l l measure only air
borne concentrations over longer averaging times (7, £) . Although the importance of 
Ό Η radicals is clear and millions of dollars have been spent, no reliable, portable in
strument for real-time measurement of their concentrations at low altitudes has been 
developed. W e know that the reaction of H 2 0 2 with S 0 2 in cloud droplets is fast, but 
little is known about the supply of F ^ O j to cloud droplets, which may limit the 
amount of sulfate formed. 

Some of our largest areas of ignorance involve in-cloud processes. Most clouds 
evaporate, releasing any sulfate formed as sulfate aerosol. However, there is not 
usually enough airborne sulfate present to account for the sulfate in rain simply by 
washout of sulfate aerosol beneath the clouds (2). Thus, it appears that much of the 
sulfate brought down by rain must be formed in the clouds that are causing the rain. 
There is a lot of "action" in large storm clouds, e.g., strong updrafts and mixing, 
which may provide a good environment for extensive chemical reactions. However, 
the clouds must be supplied with reactants i f sulfate is to be formed, and it's not clear 
i f this happens. Unfortunately, most in-cloud studies have been conducted in gentle 
clouds. W e may never be able to study large storm clouds, but investigators of the 
P R E C P project (PRocessing of Emissions by Clouds and Precipitation) have devel
oped methods for studying air flowing into and out of such systems (10, H ) . A 
recent study by Dickerson etal . (11) demonstrated that air pollutants are rapidly 
transported to the upper troposphere by thunderstorms. After being transported to 
such high altitudes, they have much longer residence times and can be transported 
much greater distances than can pollutants confined to low altitudes. Thus, one of the 
most serious deficiencies in our knowledge is the almost complete lack of vertical 
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1. GORDON A Decade of Acid Rain Research 5 

concentration profiles of important species, with the exception of data from airplane 
spirals conducted during intensive study periods of the S U R E project. Fortunately, a 
decision has been made recently to include vertical profile measurements in the stu
dies designed to provide data for model testing (8). 

Can W e Provide Timely Information for Design of Control Strategies? 

The National A c i d Precipitation Assessment Program ( N A P A P ) is under pressure to 
provide information needed for development of strategies for control of acid precipi
tation by about 1989. A n important focal point of N A P A P research is the Regional 
A c i d Deposition Mode l ( R A D M ) , a huge Eulerian model requiring input of large 
amounts of meteorological and source-emissions data. The model includes modules 
for treatment of transport and mixing of pollutants, chemical reactions in the gas and 
liquid phases, in-cloud processes, and wet and dry deposition. The hope is that of 
making R A D M sufficiently reliable, as shown by tests against appropriate field data, 
that effects of various control strategies can be assessed by varying the input source-
emissions data and observing predicted changes in airborne concentrations and depo
sition of various species (8). Some modules of R A D M (including the gas-phase 
chemistry module discussed by Stockwell, This Symposium) have been constructed, 
but none has been well tested. There are so many uncertainties, including those dis
cussed above, that there is considerable doubt i f R A D M can be demonstrated to be 
reliable in time to be useful for development of control strategies. The recent move of 
R A D M development from the National Center for Atmospheric Research ( N C A R ) to 
the State University of New York ( S U N Y ) at Albany w i l l surely slow it down by 
several months. 

The U . S . and Canadian agencies dealing with the acid precipitation problem have 
been meeting to design coordinated field studies that should provide appropriate data 
for testing R A D M (8). A major component of the cooperative effort w i l l be the Oper
ational Evaluation Network supported by the electric-power industry via E P R I , an 
extension of the work previously done via the Utilities Deposition Network. Re
quests for proposals for many of the EPA-sponsored portions of the work, including 
the vertical profile measurements, were released in Jan., 1987. The target date for 
providing reliable source-receptor relationships by R A D M has unfortunately slipped 
to 1991. 

A t present, we cannot say with certainty that reductions in emissions of S 0 2 and 
N O w i l l cause a proportional decrease in deposition of sulfur and nitrogen species. 
In their thorough review of this problem in 1983, the "Calvert Committee" of the 
National Academy of Sciences/National Research Council ( N A S / N R C ) summarized 
their findings with the carefully worded statement (6): 

"If we assume that other factors, including meteorology, remain unchanged, the 
annual average concentration of sulfate in precipitation at a given site should be re
duced in proportion to a reduction in S02 and sulfate transported to that site from a 
source or region of a sources. If ambient concentrations ofNOx, nonmethane hydro
carbons, and basic substances (such as ammonia and calcium carbonate) remain un
changed, a reduction in sulfate deposition will result in at least as great a reduction in 
the deposition of hydrogen ion." 
However, even this statement was not accepted by some critics, especially those of 
the Department of Energy laboratories (12), who requested and received major fund
ing for the P R E C P project designed to investigate "non-linear" dependence of depo
sition of species upon emissions. Even i f one accepts the conclusion of the N A S / -
N R C Committee, there is still a question of the distance scale for transport and depo
sition of sulfur and nitrogen species. For example, i f emissions are reduced in Ohio, 
w i l l the effects be mostly local, or w i l l they extend appreciably into upper New York 
State and New England? 
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6 T H E CHEMISTRY OF ACID RAIN 

While the research community has been trying to provide reliable answers, 
pressure has been building, both internally and from Canada, for Congress to legis
late controls. Two major bills for gradual phase-in of controls were under serious 
consideration during 1986. If we do not soon provide a scientific basis for decisions, 
they w i l l probably be made without our involvement. It w i l l surely be a devastating 
blow to the atmospheric research community, who have worked long and hard in 
seeking a good understanding of the problem, i f decisions are made without their 
final results. Unfortunately, this is the nature of environmental regulations, which 
must often be made on the basis of incomplete information. If this happens, the 
priority for determining final answers (and with it, some of the funding) w i l l surely 
be reduced. Not all would be lost, however, as we might be able to learn a great deal 
by following changes resulting from implementation of controls on the release of S 0 2 

a n d N O x . 

Are There Alternative Research Strategies? 

Could the research community and those who fund research devise a strategy for pro
viding answers that, while not as intellectually satisfying as predictions based on a 
reliable R A D M , are credible? In my view, we could provide data on sulfur species in 
ways that save both money and time. If I were today required to devise a control 
strategy based on our present knowledge, I would base it on an empirical "engineer
ing" model published by Fay et al. (13). Their model is a transfer function between 
the emissions of S 0 2 by state and the observed deposition contours. The model con
tains little meteorological data except for an annual average wind vector in the Ohio 
River Valley (towards the Northeast) and a parameter for uniform dispersion in all 
directions obtained from least-squares fitting of the data. The model apportions sul
fate observed at various stations to S 0 2 emissions from the various states, but it is 
obviously useful only for averaging times of one year or more. 

The model of Fay et al. is crude, but one could do better by using "hybrid recep
tor models." Most conventional models used by E P A and other agencies, including 
the R A D M , are source-based models in which source emissions are treated by dis
persion models, which may also include chemical reactions and deposition, as in the 
case of R A D M . Receptor models involve measurement of concentrations of many 
species and other parameters (e.g., wind speeds and directions, mixing heights, etc.) 
to identify sources of the airborne materials (14). Receptor models have mostiy been 
used in urban areas to identify sources of airborne particles based on their elemental 
concentrations (e.g., V are N i from oil-fired power plants, Pb from motor vehicles). 
Recently, receptor models have begun to be applied to regional and global scale 
problems. A "hybrid" receptor model is one that combines the receptor model with 
some aspects of conventional source-based models. 

Rahn and Lowenthal (15,16) proposed a set of ratios of concentrations of six 
elements (V, M n , Sb, Zn , A s and In) to that of Se on airborne particles as indicators 
of the origins of air masses from various large regions of North America and other 
continents. They used the tracer patterns to apportion the areas of origin of particles 
collected during each of many sampling periods at Underhill, V T and Narragansett, 
RI , determined the ratio of sulfate concentrations to those of the tracers for various 
seasons, and used the ratios to assign observed sulfate to the source regions. In 
disagreement with most current minking, they find that about half of the sulfate in 
New England is of fairly local origin. While there has been much criticism of the 
details of their method, the basic idea may provide a useful approach to apportion
ment of sulfate. 

Lewis and Stevens (This Volume and 17) have provided a useful framework for 
hybrid receptor modeling in which one calculates concentrations of various sulfur 
species relative to those of some tracer that is fairly unique to the sulfur source, e.g., 
Se as a tracer from coal-fired power plants. Equations are written for S 0 2 conversion 
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1. GORDON Λ Decade of Acid Rain Research 7 

to sulfate and for deposition of gaseous SO^ and particulate sulfate and Se vs. time 
(or distance, assuming a wind velocity). Kitto and Anderson (This Volume) note that 
gas-phase Β may be an excellent gas-phase tracer for coal-fired power plants, simula
ting the deposition features of S 0 2 , but not being converted to some other species, as 
S 0 2 is. Gordon and Olmez (18) performed calculations of ratios of B/SOn, S0 4/Se, 
S0 4 /S0 2 , etc. in a crude model of air masses moving up the Ohio River Valley and 
into the Northeast. Their results were in surprisingly good agreement with measure
ments by Kit to and Anderson and by Fogg and Rahn (19). However, when Tuncel 
et al. (This Volume) attempted more detailed fits to absolute concentrations of the 
sulfur species and Se vs. distance up the Ohio River Valley, they obtained poor 
agreement with any reasonable choices of parameters. It was impossible to account 
for the observed amounts of sulfate at a rural station in Kentucky without greatly 
overpredicting its concentrations at stations farther up the Valley. Lewis and Stevens 
(This Volume) gave a preliminary account of the application of the hybrid receptor 
model to data collected in the 1983 Deep Creek Lake experiment Samples were col
lected from several coal-fired power plants upwind of an ambient site near Deep 
Creek Lake, M D that is strongly influenced by emissions from those plants. Data on 
concentrations of gas- and particulate-phase sulfur and particulate Se were used to 
calculate an S 0 2 conversion rate of about 6%/hr, which is quite reasonable for A u 
gust conditions. More data w i l l be available soon from the Deep Creek Lake experi
ment, which w i l l allow investigators to perform more thorough tests and development 
of hybrid receptor models. 

The most sophisticated of the hybrid models is that of Samson et al. (presented by 
Keeler, This Symposium). They calculate back trajectories for each sampling period 
of a large data set and assume that sources of observed species are normally 
distributed about the trajectory, with a dispersion parameter that increases with dis
tance from the receptor. B y weighting the backward trajectories by observed con
centrations during the sampling periods, they build up contours of potential strengths 
of the observed species in source areas around the receptor. Their model also has 
provision for treating dry deposition between the source areas and the receptor and, 
most important, they have constructed a gridded precipitation data set, which allows 
them to determine the extent of rain or snow that falls through specific air masses 
associated with each sampling period. One can, thus, include assumptions about the 
fraction of airborne material removed as a function of precipitation intensity and dura
tion. This w i l l allow them to include the effects of precipitation much more directly 
than in any other model of which I am aware. They might discover, for example, that 
the transport of acid and sulfate precursors from the Ohio River Valley to the North
east is governed strongly by whether or not any rain falls on the air mass during its 
transit. 

One of the most important projects in progress in the field of hybrid receptor 
modeling is the Allegheny Mountain study by Pierson et al. of Ford Motor Co.(This 
Volume). Concentrations of many ions, major, minor and trace elements in airborne 
particles, rain, dew and fog and other parameters were measured at Allegheny M t , 
P A and Laurel H i l l , 35 k m to the northwest, from 5 to 28 A u g 1983, approximately 
simultaneously with the Deep Creek Lake studies discussed above. These two huge 
data sets are now nearly complete and ready for detailed interpretations by the partici
pants and other researchers in the field. In particular, Keeler is working with the 
Ford group to apply the Samson method to the data. 

In my view, hybrid receptor models are the most likely approach for provide 
reasonable answers to the sulfate deposition problem within a time that they might be 
of use in influencing controls that may be imposed on S 0 2 and N O sources. This 
does not mean that there is no need for further field studies. The Allegheny M t . and 
Deep Creek Lake data sets were taken so close together that one would feel much 
safer i f similar data were available at several other sites, e.g., the three sites of the 
Ohio River Valley study (20) and one or two sites to the northeast o f Allegheny M t , 
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8 T H E CHEMISTRY OF ACID RAIN 

say Whiteface M L , N Y and Underhill , V T , which have been well studied in the past. 
Furthermore, as noted above, there is still a strong need for vertical concentration 
profiles. The recent work of Dickerson et al. (11) shows that we cannot develop a 
reliable model without inclusion of vertical movements of pollutants. 

A n irony of the acid-deposition problem is that the sulfur problem could be 
understood quickly and at an affordable cost i f one could release radioactive 3 5 S 0 2 

from some coal-fired plants along with normal S 0 2 . Feasibility calculations indicate 
that this could be done with radiation exposures to the general public well within 
guidelines, as 3 5 S decays by weak β emission with an 87-day half life (21). Nuclear 
detection methods are so sensitive that very little activity needs to be observed to ob
tain valid measurements. Radioactive sulfur is the perfect tracer of the dispersion, 
transport, tranformation and deposition of normal sulfur. Samples of sulfur enriched 
in certain stable isotopes could, in principle, be used as tracers, but in the M A T E X 
(Massive Aerometric Tracer Experiment) Feasibility Study, Hidy et al. (22) found 
that the cost of stable isotopes would be prohibitive. N o one has very seriously pro
posed the use of radioactive sulfur because of public fears of exposure. Perhaps with 
the much greater exposures many people now find they are receiving from natural 
radioactivity in their houses, they w i l l be less concerned about a small exposure from 
an experiment. Hidy et al. investigated many schemes for tracing the behavior of 
sulfur in the atmosphere, mainly by releases of non-reactive tracers from S 0 2 sour
ces. However, the non-reactive tracers provide information only about dispersion 
and transport, but not reaction and deposition. The overall uncertainties in determin
ing the behavior of sulfur using only non-reactive tracers are predicted to be so large 
that Hidy et al. did not recommend that such experiments be initiated at this time. 
Ondov and Kel ly (23) are developing a promising tracer for particles of certain sizes 
based on the use of enriched isotopes of certain rare earth elements. 

What Is the Larger Picture? 

Those of us involved in acid deposition research become so deeply involved in the 
subject that we may lose sight of the overall problem. Several important points in this 
regard were made by Dr. J. Laurence Kulp , Director of N A P A P , in mformal com
ments during the Symposium. He noted the recent emphasis on damage to trees, 
especially in the forests of Germany. In general, the damage is worst for species 
growing near the tops of mountains. A s they are frequently bathed in fog, some may 
feel that their problems are caused by direct deposition of fog droplets. However, 
Ku lp noted that stresses of many kinds increase with altitude until one reaches the 
timberline, above which no species can survive. Thus, trees at higher elevations are 
quite vulnerable to many effects, the most frequent of which is drought. Other things 
such as parasites can affect trees. In regard to air pollution effects, he noted that 
ozone, at levels frequently encountered today, is known to have deleterious effects on 
field crops such as soybeans and tobacco. He pointed out that recent evidence sug
gests that F L O ^ itself may produce damage to trees. Thus, we must keep in mind that 
die acid ancf sulfate we are studying are just one of many possible causes of the dam
ages that have been ascribed to acid precipitation. A s in the case of many environ
mental problems, there may be a synergism between a combination of pollutants such 
as acid or sulfate and oxidants such as 0 3 and F L 0 2 . 

If it turns out that the damage to trees results largely from oxidants, the detailed 
studies of atmospheric chemistry related to acid formation as being done under 
N A P A P w i l l be needed for development of optimal control strategies in addition to 
the shorter term hybrid approaches to the understanding of sulfur species discussed 
above. Even i f these more complex studies related to R A D M are not available until 
the early 1990s, they w i l l be of ultimate value. As noted by Woodman and Cowling 
in a recent review of damage to forests (24), it is unlikely that factors responsible for 
tree damage w i l l be identified sooner than mat. 
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Chapter 2 

Subcontinental Air Pollution Phenomena 

G. M. Hidy 

Desert Research Institute, P.O. Box 60220, Reno, NV 89506 

This paper discusses aspects of the accumulating body 
of observations characterizing deposition of airborne 
acid forming substances. Of particular interest are 
sulfur and nitrogen oxides species. The focus of the 
observations and interpretation is on subcontinental 
(or regional) scale phenomena extending over areas of 
106 km2. Spatial and temporal distributions of ambient 
sulfur oxide (or sulfate) and nitrogen oxide (or 
nitrate) concentrations and precipitation chemistry 
are summarized as they reflect dry and wet deposition. 
Comparisons are given between conditions in the 
eastern and western United States. The importance of 
var iabi l i ty in deposition exposure, within year and 
from year-to-year, is outlined. Evidence of linkage 
between source emissions and receptor measurements is 
included to complete the discussion. 

Since the mid-1970 f s , i n c r e a s i n g i n t e r e s t has emerged in the e n v i r o n 
mental consequences of the large sca le d e p o s i t i o n of atmospheric 
contaminants. The d e p o s i t i o n of a c i d - f o r m i n g c o n s t i t u e n t s , s u l f a t e 
and n i t r a t e , i s of p a r t i c u l a r concern for p o t e n t i a l l y adverse 
e c o l o g i c a l e f f e c t s . These species der ive from the o x i d a t i o n of 
s u l f u r d iox ide (S0^) and n i t rogen oxides (NO and N0^). Over most i f 

not a l l of the North American Cont inent , emissions of these gases 
are b e l i e v e d to be dominated by man's a c t i v i t i e s , e s p e c i a l l y from 
f o s s i l f u e l combustion, and the product ion or r e f i n i n g of metals . 

The "scale" of exposure for d e p o s i t i o n covers exposure from 

p o l l u t a n t s i n l a r g e , subcont inenta l areas , the order of 10^ km^. 
although r e g i o n a l ambient a i r concentrat ions are w e l l below l e v e l s 

0097-6156/87/0349-0010S06.00/0 
© 1987 American Chemical Society 
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2. HIDY Subcontinental Air Pollution Phenomena 11 

mandated by the U.S. Clean A i r Act, deposition conditions may s t i l l 
be s u f f i c i e n t l y large i n some areas to cause long term e f f e c t s , 
p a r t i c u l a r l y i n remote, susceptible areas. There are no known 
d i r e c t p u blic health e f f e c t s of dep o s i t i o n , and other r e g i o n a l 
e f f e c t s are h y p o t h e t i c a l , except p o s s i b l y for surface water q u a l i t y . 
Thus, there i s great concern for r e a l i z i n g " s i g n i f i c a n t b e n e f i t s " 
from large increases i n incremental costs of p o l l u t i o n c o n t r o l to 
address deposition exposure. 

S p e c i f i c a t i o n s of " b e n e f i t " from reduction of deposition has 
required a major investment i n studies of airborne acid-forming 
substances and t h e i r consequences to aquatic and t e r r e s t r i a l eco
systems. A major part of these studies has r e s u l t e d i n considerably 
improved knowledge of the s u l f a t e and n i t r a t e d eposition conditions 
i n North America, as well as knowledge of the atmospheric processes 
a f f e c t i n g these d i s t r i b u t i o n s . In t h i s paper, aspects of the cur
rent state of knowledge i n deposition patterns are summarized, with 
notes about unresolved issues. 

D i s t r i b u t i o n of Deposition Exposure 

Deposition of atmospheric contaminants takes place i n two p r i n c i p a l 
forms — dry, by absorption of gases or by p a r t i c l e c o l l e c t i o n at a 
surface, and — wet, by scavenging and deposit v i a p r e c i p i t a t i o n . A 
t h i r d form ("occult" deposition) i s sometimes c i t e d — the c o l 
l e c t i o n of mat e r i a l on surfaces v i a fog or mist. Of the three, the 
bulk of our knowledge centers on wet deposition. Although some 
ambient concentration data have been acquired, the data are very 
l i m i t e d i n temporal and s p a t i a l coverage. Data are v i r t u a l l y non
existent i n remote western areas, p a r t i c u l a r l y i n alpine areas where 
ecosystems are bel i e v e d to be s u s c e p t i b l e . A few exploratory 
measurements of fog deposition have been obtained at mountain s i t e s , 
but no systematic monitoring has been attempted. The fog component 
i s not discussed further here; a v a i l a b l e observations suggest that 
clouds and fog have higher concentrations of acid formers than pre
c i p i t a t i o n (but apparently carry a r e l a t i v e l y small part of the 
t o t a l burden i n most s i t u a t i o n s ) . 

Eastern United States (EUS). The r e g i o n a l l y representative d i s t r i 
bution of ambient s u l f u r oxides and nitrogen oxides over the north
eastern United States was f i r s t c haracterized in the l a t e 1970*s 
from data taken i n the Sulf a t e Regional Experiment (SURE). The 
r e s u l t s have been reported i n several p u b l i c a t i o n s (1). Concentra-

3 
tions of S0 9 i n the East range from 6-26 yg/m , and p a r t i c u l a t e 

1 3 
s u l f a t e concentrations are 4-8 yg/m . The SURE NO and N0~ data 

X 2-
are uncertain i n q u a l i t y compared with the SO^ (SO^ + S0^ ) data 
because of measurement ambiguities. Estimated average ambient 

3 
n i t r a t e concentrations range from 0.3-0.5 yg/m , much of which i s 

believed to be n i t r i c a c i d vapor. NO concentration d i s t r i b u t i o n s 
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12 T H E CHEMISTRY OF ACID RAIN 

were less w ell c h a r a c t e r i z e d , but are reported i n the 7-20 yg/m 
range, mainly as N0^. 

Evidence shows that the ambient concentrations of SO and NO 
χ χ 

i n the EUS are l i n k e d with broad areas of high emission density 
associated with metropolitan areas and heavy i n d u s t r i a l i z a t i o n . 
Comparison between r e g i o n a l l y representative concentrations i n world 
remote areas, and those observed in the EUS show elevations of a 
f a c t o r of ten i n mean concentrations, with short term average con
centrations even higher than baseline conditions. 

Elevated concentrations of s u l f a t e and n i t r a t e associated with 
zones of high emission density are a l s o found i n p r e c i p i t a t i o n . The 
geographical concentration d i s t r i b u t i o n s i n p r e c i p i t a t i o n are 
s i m i l a r to those found for airborne s u l f a t e (SO and NO emission 

χ χ 
d i s t r i b u t i o n s are s i m i l a r i n the EUS). 

Although d i r e c t measurements are extremely l i m i t e d , the dry 
component of deposition can be estimated q u a l i t a t i v e l y from data 
noting that the deposition rate i s the product of a deposition 
v e l o c i t y and ambient concentration observations at ground l e v e l . 
For example, taking s u i t a b l e values of deposition v e l o c i t y , l i s t e d 
for example i n Table I I , and data from the SURE (2), estimates of 
the annual average dry deposition rate for s u l f u r are the order of 
6-60 kgS/ha-yr i n the East. This i s compared with values of 4-16 
kgS/ha-yr i n wet deposition. Although dry deposition l e v e l s of Ν 0 χ 

have not been reported, they would be lower than s u l f u r , since the 
ambient concentrations are s i m i l a r but the deposition v e l o c i t y i s 
smaller. Wet deposition of n i t r a t e based on a v a i l a b l e data in 1980 
i s 2-7 kgN/ha-yr. 

Comparison between deposition components for conditions i n EUS 
i n d i c a t e s that the dry component w i l l s u b s t a n t i a l l y exceed the wet 
component near sources. This r e s u l t s from ambient concentrations 
for SO^ average about 10-20 ppb, and N0^ concentration exceed 10 ppb 
near sources (<50 km d i s t a n c e ) . At distances far from sources, the 
two components are said to be s i m i l a r i n magnitude, for circum
stances measured i n remote areas of eastern Canada, the wet 
component exceeds dry deposition. 

Western United States (WUS). Less i s known about deposition condi
tions i n the West. However, data are becoming a v a i l a b l e from which 
a p i c t u r e of exposure can be deduced. Of p a r t i c u l a r i n t e r e s t i s a 
comparison between eastern and western deposition because of d i f f e r 
ences in t h e i r chemical c l i m a t o l o g i c a l c o n d i t i o n s . Examples of such 
d i f f e r e n c e s are l i s t e d i n Table I. 

To i l l u s t r a t e western p r e c i p i t a t i o n chemistry as compared with 
+ 2-

remote conditions and EUS, H , S0^ and HNO^ concentrations are 
shown in Figure 1. The remote areas shown include marine and 
c o n t i n e n t a l s t a t i o n s located at very remote s i t e s over the world. 
Shown in the Figure are San Carlos, Venezuela (SC), Poker F l a t s , 
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Figure 1. Comparison between p r e c i p i t a t i o n concentrations i n 
world remote areas ( l e f t ) , the eastern U.S. ( r i g h t ) and the 
western states (WS). The range shown f o r the f i r s t two 
categories i s the standard d e v i a t i o n of annual mean values. For 
the western s t a t e s , the range i s the values f o r d i f f e r e n t s i t e s 
observed between 1981 and 1984. (Data f o r the f i r s t two from 
Galloway et a l , 3; for the western s t a t e s , Hidy & Young, Environ. 
Res. & Tech., unpubl. report)(Data reproduced with permission 
from Ref. 3. Copyright 1984 AAAS). 
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16 T H E CHEMISTRY OF ACID RAIN 

Alaska (PF), Katherine, A u s t r a l i a (ΚΑ) , Amsterdam Island, Indian 
Ocean, (AI), and Bermuda, A t l a n t i c Ocean (BD). The eastern U.S. 
s i t e s include M u l t i s t a t e Atmospheric Power Production P o l l u t i o n 
Study (MAP3S) s i t e s at Whiteface Mountain, NY (WH) Ithaca, NY ( I T ) , 
Pennsylvania State U n i v e r s i t y (PS), C h a r l o t t e s v i l l e , VA (CV) and 
Urbana, IL ( I L ) . The western states are National Atmospheric 
Deposition Program (NADP) s i t e s with a continuous record between 
1981-1984 ( i n Colorado, C a l i f o r n i a , Washington, Oregon and Arizona). 

The comparisons suggests that [H +] i n the WUS p r e c i p i t a t i o n i s 
2- -

equivalent to g l o b a l remote conditions, but [SO^ ] and [NO^ ] are 
intermediate between remote and EUS " p o l l u t e d " conditions. 

In both the East and the West, p r e c i p i t a t i o n s u l f a t e tends to 
be larger than n i t r a t e concentrations, except near large sources of 
NO i n the West, χ 

An i n t e r e s t i n g feature of WUS p r e c i p i t a t i o n i s that the annual 
average s u l f a t e concentrations are well c o r r e l a t e d with calcium 

+ 2-(Figure 2). [H ] i s much less well c o r r e l a t e d with e i t h e r [SO^ ] 

or [NO^ ] — c o r r e l a t i o n c o e f f i c i e n t ( r ) = 0.577 and 0.546 respect
i v e l y . This i s quite d i f f e r e n t from EUS conditions where the anions 

are w e l l c o r r e l a t e d with [ H + ] . The reason for the strong asso-
2+ = 

c i a t i o n between [Ca ] and [SO^ ] i n western p r e c i p i t a t i o n may be 
associated with scavenging of gypsum r i c h s o i l dust, or may be 
r e l a t e d to reactions of scavenged limestone dust and s u l f u r i c a c i d . 
Figure 2 suggests a range for the influence of s o i l dust, and a 
value for a s u l f a t e background. A l i n e of slope unity can be drawn 

through the data points at SO^ concentrations less than 20 peq/l. 

This i s s t o i c h i o m e t r i c a l l y consistent with CaSO,. The i n t e r c e p t at 
2+ . 2- . 

zero Ca concentration i s 5 y e q / l SO^ . This value i s consistent 
with a g l o b a l p r e c i p i t a t i o n background expected from remote s i t e s 

2-
shown i n Figure 1. Above 20 yeq/1 SO^ , there i s d e v i a t i o n from 
the 1:1 slope l i n e suggesting the influence of a n o n - s o i l dust 

2-
influenced component (excess SO^ ). This component could be 
i d e n t i f i e d with unneutralized a c i d i c a i r p o l l u t i o n over the WUS. 
From Figure 1, the average of the "excess" s u l f a t e over the West 
would be about 5 y e q / l , much smaller than l e v e l s found in the EUS. 

Measurements of ambient concentrations of species in remote 
locations of the West are very l i m i t e d . However, the few that e x i s t 
show the western r u r a l l e v e l s much lower than in the East. T y p i c a l 
examples are l i s t e d in Table I I . 
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2. HIDY Subcontinental Air Pollution Phenomena 17 

Table I I . Estimates of Annual Dry Deposition For 
Rural/Background Areas i n the West 

(After Hidy & Young, Environ., Res. & Tech., 
unpublished report) 

Deposition Estimated Dry 
T y p i c a l V e l o c i t y Deposition Rate** 

Species Concentration* (cm/sec) (kg/ha-yr) 
S0 2 1 ppb 0.5 2 

S 0 4
2 ~ 2 y g/m 3 0.2 0^3 

T o t a l 2.3 

N0 2 1 ppb 0.1 0.2 

HN03 0.5 ppb 1.0 0.9 

N0 3" 0.5 ug/m3 0.2 0Λ 

T o t a l 1.1 

**As s u l f u r & nitrogen 

These values are used with deposition v e l o c i t i e s to give an estimate 
2-

of western dry d e p o s i t i o n . Wet deposition of SO^ and NO^ respect
i v e l y are 0.8-4.6 kgS/ha-yr. and 0.7-2.3 kgN/ha-yr. These rates are 
generally well below the l e v e l s i n the EUS. 

In the West, dry deposition i s a s i m i l a r l e v e l as wet deposi
t i o n for S and Ν in many areas, except near sources and i n a r i d -
desert conditions where wet deposition i s n e g l i g i b l e . Since measure
ments of wet deposition are taken i n v a l l e y s with low p r e c i p i t a t i o n , 
they underestimate the wet component somewhat for alpine ( e c o l o g i 
c a l l y susceptible) c o n d i t i o n s . The alpine and subalpine areas i n 
the West have much higher annual p r e c i p i t a t i o n rates than lower 
e l e v a t i o n s . 
V a r i a b i l i t y 

C h a r a c t e r i z a t i o n of v a r i a b i l i t y i n deposition i s important for 
bounding u n c e r t a i n t i e s i n exposure l e v e l s . Also t h i s aspect of depo
s i t i o n i s c r u c i a l to d e s c r i b i n g the " p r e d i c t a b i l i t y " of source-
receptor r e l a t i o n s h i p s (SRRs)(4). 

With a c q u i s i t i o n of observations over a period of years, the 
v a r i a b i l i t y i n deposition rates has become better known. Like the 
r e s u l t of a l l atmospheric processes, deposition i s h i g h l y v a r i a b l e 
at a given s i t e and between s i t e s ; and w i t h i n year, or from year-to-
year. 

V a r i a b i l i t y i n observations derives from the measurement 
process i t s e l f , changes i n input (emissions), and the " s t o c h a s t i c " 
character of atmospheric processes i n f l u e n c i n g emitted m a t e r i a l 
before i t i s returned to the earth. The u n c e r t a i n t i e s i n the 
measurement process for p r e c i p i t a t i o n have been defined 
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18 THE CHEMISTRY OF ACID RAIN 

q u a n t i t a t i v e l y . For wet deposition, sampling i s i d e n t i f i e d as the 
major area of measurement uncertainty, e s p e c i a l l y for snow. 

T y p i c a l t o t a l v a r i a b i l i t y i n concentration of species i n bulk 
samples i s shown for s u l f a t e i n Figure 3. These data contain 
v a r i a t i o n s that include a measurement component and the influence of 
atmospheric changes. The data are reported for monthly samples i n 
the U.S. G e o l o g i c a l Survey (USGS) network of New York State. The 
data represent one of the longest records a v a i l a b l e , from 1965 to 
1984. The year-to-year changes at the s i t e , show a small, 
systematic downward d r i f t i n annual median s u l f a t e concentration on 
which i s superimposed a monthly v a r i a b l e component. The normal 
range of monthly (within year) v a r i a t i o n i s shown by the standard 
d e v i a t i o n , and the range of values i n a year are a l s o shown. Two 
o u t l i e r points are included which cannot be r a t i o n a l i z e d by measure
ment uncertainty, but are out of the s t a t i s t i c a l l y expected range. 
This record i l l u s t r a t e s w e ll that several years of data are needed 
to e s t a b l i s h a mean c o n d i t i o n , and provide a basis for d e s c r i b i n g 
" n a t u r a l " v a r i a b i l i t y . 

V a r i a b i l i t y i n dry deposition i s p a r t l y r e f l e c t e d i n ambient 
concentrations, which vary over a much wider range than estimates of 
emissions. This range i s ascribed to meteorological influence (1). 
A large and i l l - d e f i n e d v a r i a t i o n i n dry deposition stems from 
surface conditions. Key to change i s the moisture on a surface as 
w e l l as b i o l o g i c a l a s s i m i l a t i o n c a p a b i l i t y ; both change d i u r n a l l y 
and seasonally (2). 

I n t e r s i t e v a r i a b i l i t y has been studied for both ambient 
concentration data (1), and for wet deposition (5). I n t e r s i t e 

2-
c o r r e l a t i o n s for ambient SO^ and SO^ concentrations i n the EUS 
show dramatic d i f f e r e n c e s i n s p a t i a l s c a l e . SO^ concentrations have 

hi g h l y l o c a l i z e d patterns of c o r r e l a t i o n that exclude a regional 
character. In contrast, airborne s u l f a t e c o r r e l a t i o n s are h i g h l y 
r e g i o n a l i n character. S p a t i a l v a r i a b i l i t y in s u l f a t e i s dominated 
by two to three components that can be i d e n t i f i e d with p r e v a i l i n g , 
p e r s i s t e n t meteorological conditions (1). 

The s p a t i a l scale of i n t e r s i t e c o r r e l a t i o n d i f f e r s somewhat 
with l o c a t i o n . However, the average pattern for wet s u l f a t e and 
n i t r a t e c o r r e l a t i o n i s shown with spacing of s t a t i o n s i n Figure 4. 
The graphs represent an agglomeration of c o r r e l a t i o n data between 
1981 and 1984 for more than 20 EUS s i t e s . The distance over which 
c o r r e l a t i o n occurs for s u l f a t e extends almost to 2000 km, but c o r r e 
l a t i o n decreases r a p i d l y below less than 0.5 w i t h i n 100 km. A 
s i m i l a r pattern i s found for n i t r a t e , except the s t a t i o n spacing 
r e f l e c t i n g no c o r r e l a t i o n i s l e s s than for s u l f a t e (approximately 
1200 km). 

The i n t e r s i t e c o r r e l a t i o n s i l l u s t r a t e well the regional 
character of s u l f a t e and n i t r a t e deposition i n the EUS. Circumstan
t i a l evidence for a s i m i l a r s p a t i a l scale of influence a l s o has been 
reported for the West (6). 

V a r i a b i l i t y i n deposition patterns may be associated with 
c e r t a i n dominant meteorological patterns (1). As noted above, 
ambient conditions can be c l a s s i f i e d m e t e o r o l o g i c a l l y . Some e v i 
dence for such a c l a s s i f i c a t i o n also e x i s t s for wet deposition (5). 
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Figure 2. C o r r e l a t i o n between calcium and s u l f a t e concentration 
i n western p r e c i p i t a t i o n . Data f o r 1981-1984 - annual averages 
of NADP s t a t i o n s . (From Hidy & Young, Environ. Res. & Tech., 
unpubl. report.) 
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Figure 3. Trend i n annual median values of s u l f a t e concentration 
i n bulk d e p o s i t i o n samples at Hinckley, NY (crosses). V a r i a b i l 
i t y i s also i n d i c a t e d i n the boxplot by the standard d e v i a t i o n s 
(-) and the range ( v e r t i c a l bars) and o u t l i e r s (0, ·)(Reproduced 
with permission from Ref. 4. Copyright 1984 APCA). 
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Figure 4. Scale of r e g i o n a l phenomena i n p r e c i p i t a t i o n s u l f a t e 
and n i t r a t e as in d i c a t e d by i n t e r s i t e c o r r e l a t i o n s . Data are an 
average of sev e r a l s i t e s i n EUS. (Reproduced with permission 
from Ref. 5. Copyright 1985 E l e c t r i c Power Research I n s t . ) . 
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Source-Receptor R e l a t i o n s h i p s . 

U l t i m a t e l y the m i t i g a t i o n to the environmental e f f e c t s of ac i d depo
s i t i o n requires decrease i n exposure through emission reduction. 
There has been considerable debate about how much and where 
reductions can be achieved from p r a c t i c a l planning for SO^ and Ν 0 χ 

emission reduction. An important aspect of the p r e d i c t a b i l i t y issue 
l i e s i n the u n c e r t a i n t i e s i n the non-linear character of atmospheric 
processes a f f e c t i n g deposition rates (2). 

Perhaps the best evidence for e s t a b l i s h i n g a d i r e c t l y propor
t i o n a l r e l a t i o n s h i p between emission change i s comparison between 
long term trends l i k e those shown i n Figure 3 with emission changes 
over the same time period. Such a d i r e c t r e l a t i o n i s suggested i n 

s u l f a t e (and p o s s i b l y NO^ ) data i n bulk deposition taken at Hubbard 
Brook, NH (e.g., Figure 5). An average decrease i n s u l f a t e of about 
2%/yr between 1970 and 1982 (not shown i n Figure 5) i s e s s e n t i a l l y 
the same as that estimated from decrease i n regionwide SO^ emissions 
(4,7). 

With the d i s c u s s i o n of s p a t i a l c o r r e l a t i o n above, i t i s l o g i c a l 
to expect that any r e l a t i o n between emissions and r e g i o n a l l y repre
sentative deposition measurements should be consistent for several 
s i t e s . To test t h i s , the Hubbard Brook r e s u l t s were compared with 
l i m i t e d data from the USGS bulk deposition network, p r i m a r i l y 
located i n New York State (4). The st a t i o n s selected are r u r a l and 
are within 550 km of one another. Q u a l i t a t i v e comparison of trend 
i n d i c a t o r s i n the data are summarized i n Table I I I . 

Table I I I . Summary of Apparent Trends 3 i n Annual Median 
P r e c i p i t a t i o n Chemistry Data from the USGS 
Site s and Hubbard Brook (1965-1980) Sit e s 

(Reproduced with permission from Ref. 4, 
Copyright 1984 APCA) 

Parameter Hubbard Hinckley Canton Mays Pt. Salamanca Athens 
Brook NY NY NY NY PA 

P r e c i p i t a t i o n + 0 0 0 0 0 
SO, 2" 0 0 0+ 4_ 
N0 3" +0 + 0 + 0 + 
NH,+ 0 + + + 0 + 4 
pH + - 0 0 - 0 

Trend i n d i c a t o r s are: (+) upward, (-) downward, and (0) no trend. 

These i n d i c a t o r s are based on estimated s i g n i f i c a n t change by 
s t a t i s t i c a l t e s t i n g (4). The summary indicat e s that the trends are 
not consistent for s u l f a t e , or for other c o n s t i t u e n t s . 

S p a t i a l and temporal weighting also have been used on the USGS 
data to obtain y e a r l y averaged s u l f a t e deposition for New York 
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1 9 6 4 - 6 5 6 6 - 6 7 6 8 - 6 9 7 0 - 7 1 7 2 - 7 3 7 4 - 7 5 7 6 - 7 7 

Figure 5. Comparison between EUS S O 2 and ΝΟχ emissions and 
annual weighted concentrations of SO^-, N O 3 , and NH^ i n bulk 
d e p o s i t i o n at the Hubbard Brook Experimental Forest from 1964 to 
1977. Line through emissions i s drawn through estimates each 
f i v e year period from 1965. (From Hidy, 8). 
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State. B i l o n i k ' s r e s u l t s (9) i n d i c a t e a maximum i n s u l f a t e deposi
t i o n i n the 1971-1973 period as compared with an apparent EUS SO^ 
emissions maximum between 1970 and 1975. Since deposition rate l s a 
dimensionally consistent parameter with emission r a t e , these r e s u l t s 
q u a l i t a t i v e l y tend to support an SO emission-deposition r e l a t i o n 
ship for the EUS. 

2-
The lack of s p a t i a l consistency i n r e l a t i n g SO^ concentration 

to SO^ emissions may be the r e s u l t of d i f f e r e n c e s i n the influence 

of sources near a given s i t e , to an inadequate q u a n t i t a t i v e data 
base, or to meteorological d i f f e r e n c e s i n exposure. A t e s t of the 
f i r s t factor was attempted, c a l c u l a t i n g the e f f e c t of r e g i o n a l l y 
d i f f e r e n t emission changes on d i f f e r e n t receptors, accounting for 
reduction i n source e f f e c t with distance from the UMACID model (5). 
The r e s u l t s of the c a l c u l a t i o n are given i n Figure 6. The receptor 
loca t i o n s are western New York State (WNY); North Central 
Pennsylvania (NCPA); Muskoka, Ont.; Whiteface Mountain, NY (WFM); 
and northeastern New Hampshire (VT-NH). There are c l e a r l y geo
gr a p h i c a l d i f f e r e n c e s i n expected changes with SO^ emissions a f t e r 

1965, and the s u l f a t e deposition change should not n e c e s s a r i l y be 
l i n e a r since the apparent emissions were not changing l i n e a r l y over 
the period. Nevertheless, a down trend in s u l f a t e should have been 
observed c o n s i s t e n t l y i f meteorological v a r i a b i l i t y was s i m i l a r from 
s i t e - t o - s i t e . These r e s u l t s are ambiguous. The ambiguity derives 
i n part from subregional d i f f e r e n c e s i n emission change over the 
EUS. The Hubbard Brook data are considered higher q u a l i t y than the 
USGS set (7). Thus, the Hubbard Brook data are r e l i e d upon for 
supporting a l i n e a r source-receptor r e l a t i o n s h i p . 

A t e s t for p r o p o r t i o n a l i t y between SO^ emissions and p r e c i p i t a 
t i o n s u l f a t e also has been attempted for the West (6). Smelter 
emissions have dominated SO^ emissions i n the WUS. These emissions 
changed by more than 50% over the 1980-1984 period. Analysis of 

2-
annual averaged [SO^ ] data from NADP for several western s i t e s 
(mostly i n Colorado) provided c i r c u m s t a n t i a l evidence for a propor
t i o n a l SRR. These r e s u l t s were challenged by others (10, 11). 
However, re a n a l y s i s of the same data for monthly v a r i a t i o n appears 
to give a stronger case for p r o p o r t i o n a l i t y (Oppenheimer, Μ., 
E p s t e i n , D., Nature, i n press) over distances of influence beyond 
1000 km. The new ana l y s i s also places i n perspective w i t h i n year 
(seasonal), and year-to-year v a r i a b i l i t y . 

The reason for the strength of p r o p o r t i o n a l i t y r e l a t i o n s h i p i n 
the western data r e l a t i v e to the East i s not apparent; however, i t 
may be r e l a t e d to the s i z e of the emission change " s i g n a l " i n the 
meteorological "noise" compared with h i s t o r i c conditions i n the 
East. 

In estimating the r e l i a b i l i t y of t h e o r e t i c a l p r e d i c t i o n s , i t i s 
important to take into account the year-to-year v a r i a b i l i t y i n SRRs 
estimated from meteorological transport. The p r e d i c t i o n - r e l i a b i l i t y 
question i s c e n t r a l to c o n s t r u c t i n g a cost e f f e c t i v e p r a c t i c a l 
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Y E A R 

Figure 6. Estimated c o n t r i b u t i o n to wet d e p o s i t i o n of s u l f a t e 
from emissions i n the eastern U.S. and southeastern Canada 
based on 1978 meteorology. The wet d e p o s i t i o n index i s the 
d e p o s i t i o n r a t e i f meteorology were the same i n each year. The 
percentage change shown on each l i n e corresponds to the c a l c u 
l a t e d reduction i n wet d e p o s i t i o n from emission change, with 
meteorological conditions assumed to be uniform from year to 
year. The expected range of uncertainty i n estimate of wet 
d e p o s i t i o n using a c t u a l p r e c i p i t a t i o n rather than 1978 l e v e l s 
are i n d i c a t e d by squares and v e r t i c a l bars. (Reproduced with 
permission from Ref. 4. Copyright 1984 APCA). 
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design for s e l e c t i v e emission c o n t r o l improving deposition i n d i s 
tant, susceptible areas. Actual observational data are very l i m i t e d 
through which tests of model v a l i d i t y and performance can be made. 
Data to test the s e n s i t i v i t y of such c a l c u l a t i o n s are even less 
a v a i l a b l e . 

An exploratory a n a l y s i s of the range of v a r i a b i l i t y that may be 
expected was attempted by Samson et a l (see Hidy et a l , 5, p. II-2-
98). Their c a l c u l a t i o n s used actual meteorological data to estimate 
a geographical d i s t r i b u t i o n of "natural p o t e n t i a l " for emissions 
from a source area to reach a receptor area. I f wind conditions 
e x i s t such that wind blows a l l the time from the source over the 
receptor, for example, t h i s p o t e n t i a l would be unity. C a l c u l a t i o n s 
of "natural p o t e n t i a l " were made using meteorological data for 
several years. The year-to-year v a r i a t i o n i n natural p o t e n t i a l 
d i s t r i b u t i o n i s shown i n Figure 7 for the EUS. The example concerns 
the Upper Ohio River V a l l e y source complex. Near to the source area 
and downwind (eastward), there i s a 20% v a r i a b i l i t y i n natural 
p o t e n t i a l , while at greater distances and upwind (westward), the 
c o e f f i c i e n t of v a r i a t i o n i n p o t e n t i a l increases. These c a l c u l a t i o n s 
give at l e a s t a q u a l i t a t i v e p i c t u r e of the r e l i a b i l i t y i n a i r t r a n s
port conditions i n f l u e n c i n g SRRs, p i c k i n g a s i n g l e test year. I f 
the wind f i e l d and mixing conditions were the only source of 
v a r i a b i l i t y , the p r e d i c t i o n s could be reasonably r e l i a b l e i n c e r t a i n 
key areas. However, other v a r i a t i o n such as a i r chemistry, cloud 
scavenging and p r e c i p i t a t i o n are a d d i t i o n a l f a c t o r s unaccounted for 
i n such c a l c u l a t i o n s . 

A number of workers have become concerned about such questions 
so that research i n u n c e r t a i n t i e s has expanded. Unfortunately, the 
observations d e s c r i b i n g chemical v a r i a b i l i t y i n both dry and wet 
deposition are very l i m i t e d for d i r e c t study. There i s need for a 
major investment i n f i e l d programs to acquire such data. 

Summary. 

This paper has summarized c e r t a i n features of observations character
i z i n g dry and wet deposition of airborne a c i d forming species, i n 
p a r t i c u l a r , s u l f a t e and n i t r a t e . The r e g i o n a l or subcontinental 
character of deposition d i s t r i b u t i o n s over the United States i s 
noted. Example data are c i t e d showing d i f f e r e n c e s i n c h a r a c t e r i s t i c 
deposition between the West and the East. The West experiences 
s u l f a t e and n i t r a t e deposition well below that found i n the East, 
but larger than g l o b a l remote s i t e s are suggested. R e l a t i n g a c i d i t y 
to s u l f a t e and n i t r a t e i n the West i s confounded by the strong asso
c i a t i o n between calcium and s u l f a t e i n western p r e c i p i t a t i o n . Dry 
and wet deposition have s i m i l a r rates far from sources (both i n the 
East and the West). Sulfate tends to dominate a c i d species i n pre
c i p i t a t i o n , except near large sources of Ν 0 χ . 

Meteorological processes, emission changes and measurement 
uncertainty lead to v a r i a b i l i t y i n d e p o s i t i o n rates. Deposition 
measurements are uncertain mainly from ambiguities i n sampling tech
niques. Meteorological v a r i a b i l i t y produces p o t e n t i a l l y large 
within year and year-to-year d i f f e r e n c e s i n exposure to deposition. 
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Figure 7. V a r i a t i o n i n year-to-year t r a j e c t o r y c a l c u l a t i o n s 
beginning from the upper Ohio River V a l l e y . The curves represent 
the c o e f f i c i e n t of v a r i a t i o n i n the d i s t r i b u t i o n s of annual 
"n a t u r a l p o t e n t i a l " of m a t e r i a l released i n the upper Ohio River 
V a l l e y reaching l o c a t i o n s downwind from t h i s source area. 
(Redrawn and reproduced with permission from Ref. 5. Copyright 
1985 E l e c t r i c Power Research I n s t . ) . 
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The r e l i a b l e e s t imat ion of source impact on receptor cond i t i ons 
i s d i f f i c u l t from theory because of undetermined u n c e r t a i n t i e s . 
Inference from comparison between emissions and measurements o f f e r s 
an a l t e r n a t i v e to c a l c u l a t i o n s . Measurements i n the East have 
y i e l d e d ambiguous source -receptor r e l a t i o n s h i p s . However, evidence 
suggests that recent changes i n s u l f a t e d e p o s i t i o n i n the West are 
l i n k e d with r e l a t i v e l y large changes i n SO^ emissions from non-
ferrous metal smel ters , e s p e c i a l l y i n New Mexico and A r i z o n a . 

M e t e o r o l o g i c a l v a r i a b i l i t y needs to be cons idered i n e s t imat ing 
the r e l i a b i l i t y of source -receptor c a l c u l a t i o n s . 
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Chapter 3 

Acid Deposition and Atmospheric Chemistry 
at Allegheny Mountain 

W. R. Pierson1, W. W. Brachaczek1, R. A. Gorse, Jr.1, S. M. Japar1, J. M. Norbeck1, 
and G. J. Keeler2 

1Research Staff, Ford Motor Company, P.O. Box 2053, Dearborn, MI 48121 
2Department of Atmospheric and Oceanic Sciences, University of Michigan, 

Ann Arbor, MI 48109 

In August, 1983, members of the Research Staff of Ford Motor 
Company carr ied out a field experiment at two rura l s i tes i n south
western Pennsylvania involving various aspects of the acid deposition 
phenomenon. This presentation will focus on the wet (rain) deposi
t ion during the experiment, as wel l as the re la t ive importance of wet 
and dry deposition processes for n i t ra te and sulfate at the s i t e s . 
Other aspects of the experiment have been discussed elsewhere: the 
chemistry of dew and its role in acid deposition (1), the dry 
deposition of HNO3 and SO2 to surrogate surfaces (2), and the role of 
elemental carbon in light absorption and of the latter in visibility 
degradation (3). 

EXPERIMENTAL 

The experiment was conducted August 5-28, 1983 on abandoned 
radio towers atop Allegheny Mountain (elevation 838 meters) and 
Laurel Hill (elevation 850 meters, 35 km NW of Allegheny Mountain) i n 
southwestern Pennsylvania (Fig . 1). Both s i tes are heavily forested 
and experience little l oca l vehicle traffic. 

A t t h e A l l e g h e n y M o u n t a i n s i t e a t m o s p h e r i c a e r o s o l a n d gas 
m e a s u r e m e n t s , a n d l i g h t - s c a t t e r i n g a n d c o n d e n s a t i o n - n u c l e i - c o u n t 
m e a s u r e m e n t s , we re made a t o p t h e t o w e r 14 t o 17 m e t e r s above t h e 
g r o u n d . W i n d s p e e d a n d d i r e c t i o n , and a t m o s p h e r i c t e m p e r a t u r e , 
p r e s s u r e a n d h u m i d i t y , were c o n t i n u o u s l y r e c o r d e d . R a i n ( a n d dew) 
was c o l l e c t e d i n a 500 m^ mowed c l e a r i n g 60 m e t e r s n o r t h o f t h e 
t o w e r . R a i n was c o l l e c t e d o n a n e v e n t b a s i s 1.8 m e t e r s above t h e 
g r o u n d i n t o t a r e d p o l y e t h y l e n e b o t t l e s , u s i n g a w e t - o n l y c o l l e c t o r 
(Wong L a b o r a t o r i e s M a r k V ) , e q u i p p e d w i t h a r e t r a c t i n g l i d a c t u a t e d 
b y a r a i n s e n s o r . The s t a n d a r d c o l l e c t o r b u c k e t was s u p p l a n t e d b y a 
3 0 . 5 - c m d i a m e t e r p o l y e t h y l e n e f u n n e l f i t t e d i n t o t h e t a r e d c o l l e c t i o n 
b o t t l e . The r a i n f a l l amount ( i n mm o r i n 1 / m 2 ) was d e t e r m i n e d f rom 
t h e s a m p l e w e i g h t a n d t h e c o l l e c t o r g e o m e t r y . The s a m p l i n g s e t u p was 
s i m i l a r a t L a u r e l H i l l . 

A s s o o n as e a c h r a i n s t o p p e d , t h e s a m p l e was r e m o v e d , c a p p e d , 
a n d r e f r i g e r a t e d a t t h e s i t e . I t was t h e n t r a n s p o r t e d t o t h e f i e l d 
l a b o r a t o r y i n S o m e r s e t (midway b e t w e e n t h e s i t e s ) w h e r e i t was 
w e i g h e d a n d k e p t r e f r i g e r a t e d ( n e v e r f r o z e n ) . The a n a l y t i c a l 
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3. PIERSON ET AL. Acid Deposition and Atmospheric Chemistry 29 

p r o c e d u r e s were s i m i l a r t o t h o s e p r e v i o u s l y d e s c r i b e d (1) f o r dew 
s a m p l e s . Q u a n t i t i e s measured i n c l u d e d pH, c o n d u c t i v i t y , t o t a l 
t i t r a t a b l e a c i d , and (by i o n c h r o m a t o g r a p h y ) SO^", N O 3 " , N O 2 " , P O ^ " , 
F", C I " , and B r " . 

The u n u s e d p o r t i o n s o f t h e r a i n s a mples were t r a n s p o r t e d t o 
D e a r b o r n , s t i l l r e f r i g e r a t e d . Some 7 months l a t e r t h e y were r e 
a n a l y z e d ; t o s e l e c t e d samples H 2 O 2 was added b e f o r e a n a l y s i s ( f i n a l 
[ H 2 O 2 ] = 1.5%) t o make c e r t a i n t h a t a l l S ( I V ) h a d b e e n o x i d i z e d t o 
s u l f a t e . A t t h i s t i m e NH^ +, Na and Κ were d e t e r m i n e d by i o n chroma
t o g r a p h y . 

A t m o s p h e r i c N O 2 , S O 2, and O3 were measured by v a r i o u s methods 
( 1 , 4, 5 ) . l i g h t s c a t t e r i n g was measured by i n t e g r a t i n g n e p h e l o -
m e t e r s . H N U 3 ( g ) and a e r o s o l N O 3 " were measured by t h e dénuder 
d i f f e r e n c e method (6-8) u s i n g MgO-coated dénuder t u b e s and n y l o n 
membrane f i l t e r s , w i t h i o n c h r o m a t o g r a p h i c n i t r a t e d e t e r m i n a t i o n on 
a l k a l i n e f i l t e r e x t r a c t s . V a l i d ammonia d a t a were n o t o b t a i n e d 
d u r i n g any o f t h e r a i n p e r i o d s . 

A e r o s o l samples were c o l l e c t e d on f i l t e r s o f v a r i o u s t y p e s 
( i n c l u d i n g i m p a c t o r s and v i r t u a l i m p a c t o r s ) and a n a l y z e d f o r H +, 
Ν Η ^ + , S 0 4 = , and o t h e r components. The f i l t e r , dénuder, and i m p i n g e r 
s a m p l e s were c o l l e c t e d i n 1/2- t o 24-hour p e r i o d s s y n c h r o n i z e d w i t h 
e a c h o t h e r b u t n o t g e n e r a l l y w i t h t h e o n s e t o r s t o p o f r a i n . 
A c c o r d i n g l y i t s h o u l d be u n d e r s t o o d t h a t , i n t h e t r e a t m e n t t h a t 
f o l l o w s , t h e a t m o s p h e r i c c o n c e n t r a t i o n s o f a e r o s o l components, H N O 3 , 

and i m p i n g e r S O 2 t h a t we w i l l a s s o c i a t e w i t h t h e r a i n s a mples a r e t h e 
a v e r a g e c o n c e n t r a t i o n s o v e r t h e s e v e r a l - h o u r p e r i o d d u r i n g w h i c h t h e 
g i v e n r a i n o c c u r r e d , and n o t t h e c o n c e n t r a t i o n s j u s t d u r i n g t h e r a i n 
i t s e l f . I n s p e c t i o n o f t h e c o n t i n u o u s S O 2, Ν 0 χ , O 3 , CNC and b 
t r a c e s i n d i c a t e s t h a t use o f t h e l o n g e r p e r i o d does n o t m a t e r i a l l y 
i n f l u e n c e t h e r e s u l t s . 

RESULTS AND DISCUSSION 

R a i n C h e m i s t r y . The c h a r a c t e r i s t i c s o f t h e 17 r a i n e v e n t s a t 
t h e two s i t e s a r e summarized and compared i n T a b l e 1 t o t h e dew 
s a m p l e s and t h e one s e t t l e d f o g w a t e r sample c o l l e c t e d a t A l l e g h e n y 
M o u n t a i n ( 1 ) . (The dew was s a m p l e d i n a manner t h a t e x c l u d e d p r i o r 
d r y d e p o s i t i o n . The r e p r e s e n t a t i v e n e s s o f t h e f o g w a t e r sample i s 
unknown - o t h e r f o g s o c c u r r e d b u t no s a mples were c o l l e c t e d . ) 

A number o f c o n c l u s i o n s c o n c e r n i n g r a i n a r e e v i d e n t f r o m T a b l e 
1: 

•The r a i n was a c i d i c , w i t h t h e volume - a v e r a g e d pH o f 3.5 b e i n g 
p e r h a p s somewhat l o w e r t h a n t h a t o f t h e a v e r a g e summer r a i n i n 
t h e n o r t h e a s t ( 9 - 1 4 ) . 
•H4" a c c o u n t e d f o r a b o u t 90% o f t h e t o t a l r a i n a c i d i t y . 
•The r a i n H + c o u l d be a c c o u n t e d f o r i n terms o f H 2 S O 4 and H N O 3 . 
•The S04 =/N03~ e q u i v a l e n t s r a t i o o f a b o u t 3.7 i n t h e r a i n was 
c o m p a r a b l e t o t h a t c h a r a c t e r i s t i c o f summer r a i n s i n t h e 
n o r t h e a s t , i . e . , a b o u t 2.3 t o 4 ( 9 - 1 7 ) . 
•The L a u r e l H i l l r a i n s were a b o u t 10% more c o n c e n t r a t e d i n a l l 
s p e c i e s t h a n t h o s e c o l l e c t e d a t A l l e g h e n y M o u n t a i n ( i n agreement 
w i t h a t m o s p h e r i c a e r o s o l and t r a c e gas c o n c e n t r a t i o n s a t t h e 
s i t e s ) . 
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30 T H E CHEMISTRY OF ACID RAIN 

When t h e c o m p o s i t i o n o f t h e r a i n i s compared w i t h t h a t o f t h e 
dew and t h e f o g , a number o f p o i n t s emerge: 

• W h i l e t h e r a n g e s i n i o n c o n c e n t r a t i o n s , i n c l u d i n g H +, a r e w i d e r 
i n dew s a m p l e s , t h e r a n g e s o v e r l a p so t h a t t h e dew was q u a l i t a 
t i v e l y s i m i l a r t o d i l u t e r a i n . 
•The S 0 ^ = / N 0 3 " c o n c e n t r a t i o n r a t i o i n t h e r a i n was a b o u t 3.7 
e q u i v a l e n t s p e r e q u i v a l e n t v s . a r a t i o o f a b o u t 2.5 i n t h e dew. 
T h i s i s n o t s u r p r i s i n g s i n c e s i g n i f i c a n t amounts o f s u l f a t e a r e 
i n t r o d u c e d i n t o r a i n by n u c l e a t i o n s c a v e n g i n g (18) w h i l e a e r o s o l 
s u l f a t e d e p o s i t i o n t o dew i s m i n i m a l ( 1 ) . ( I n f a c t , a t A l l e g 
heny M o u n t a i n (1) S O 2 was r e s p o n s i b l e f o r a b o u t 80% o f t h e dew 
S 0 4 " . ) 
•There i s l i t t l e e v i d e n c e o f t h e p r e s e n c e o f S ( I V ) i n t h e r a i n 
and f o g w a t e r samples ( t h a t i s , no s i g n i f i c a n t i n c r e a s e i n 
s u l f a t e was s e e n b e t w e e n t h e prompt and d e l a y e d a n a l y s e s ) . By 
c o n t r a s t , t h e r e i s e v i d e n c e o f c o n s i d e r a b l e S ( I V ) (up t o 40%) 
r e m a i n i n g u n o x i d i z e d i n t h e dew a t t h e end o f t h e n i g h t ( 1 ) . 
•The c h e m i s t r y o f t h e one s e t t l e d f o g w a t e r sample i s s i m i l a r t o 
t h a t o f t h e more c o n c e n t r a t e d r a i n s . 

A c i d D e p o s i t i o n F l u x e s i n R a i n . T a b l e 2 l i s t s c u m u l a t i v e 
amounts o f v a r i o u s s p e c i e s d e p o s i t e d p e r u n i t a r e a i n r a i n , dew and 
f o g d u r i n g t h e e x p e r i m e n t . T a b l e 2 a l s o shows t h e f l u x e s o b t a i n e d by 
d i v i d i n g t h e a c c u m u l a t i o n by t h e sum o f c o l l e c t i o n t i m e s . The 

H CITIES 
• INOUSTRIALOR POPULATIONO17000)CENTERS 

Δ COAL- FIRED POWER PLANTS > 1000 MW 

χ (L 
E.LIVERPOOL o| 

8 CHESTER . J Λ ALIQUIPPA 

ί ! 
\ » PITTSBURGH 
\ I METRO-
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F i g u r e 1. The s i t e o f t h e f i e l d e x p e r i m e n t i n s o u t h w e s t e r n 
P e n n s y l v a n i a . 
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32 T H E CHEMISTRY OF ACID RAIN 

g r e a t e r f r e q u e n c y o f r a i n a t A l l e g h e n y M o u n t a i n p r o d u c e d a b o u t a 4-
f o l d g r e a t e r a c c u m u l a t i o n o f a l l i o n i c s p e c i e s t h e r e t h a n a t L a u r e l 
H i l l . T h i s r e f l e c t s t h e randomness o f summer c o n v e c t i v e p r e c i p i t a 
t i o n ( a p p r o x i m a t e l y 70% o f t h e r a i n a t A l l e g h e n y M o u n t a i n was 
c o n v e c t i v e i n n a t u r e ) . 

C o m p a r i s o n o f t h e d e p o s i t i o n e f f i c i e n c i e s o f r a i n , dew and f o g 
a t A l l e g h e n y M o u n t a i n shows t h a t d u r i n g t h e 21-day e x p e r i m e n t , r a i n 
was r e s p o n s i b l e f o r t h e d e p o s i t i o n o f 60 t i m e s more a c i d i t y ( t o g e t h e r 
w i t h r e l a t e d s p e c i e s ) t h a n was d e p o s i t e d d u r i n g dew p e r i o d s o r w i t h 
s e t t l e d f o g w a t e r . 

P r e c i p i t a t i o n i n t h e v i c i n i t y o f A l l e g h e n y M o u n t a i n i s a b o u t 107 
cm p e r y e a r ( 1 9 ) , o r c l o s e t o t h e r a t e r e c o r d e d i n T a b l e 2. I f t h e 
r a t i o b e t w e e n d e p o s i t i o n by r a i n and d e p o s i t i o n t o dew d u r i n g t h e 
s a m p l i n g p e r i o d i s a l s o r e p r e s e n t a t i v e o f t h e y e a r , t h e n i t f o l l o w s 
t h a t t h e a n n u a l t o t a l a c i d d e p o s i t e d i n r a i n i s v e r y r o u g h l y 60 t i m e s 
as g r e a t as t h a t d e p o s i t e d t o dew o r i n s e t t l e d f o g w a t e r . 

S c a v e n g i n g R a t i o s f o r S0/, = and N O 3 " by R a i n . I f i t i s assumed 
t h a t t h e c o n c e n t r a t i o n o f a p o l l u t a n t i n p r e c i p i t a t i o n i s dependent 
o n i t s c o n c e n t r a t i o n i n t h e a i r i n w h i c h t h e p r e c i p i t a t i o n f o r m s , 
t h e n t h e s c a v e n g i n g r a t i o , , c a n be d e f i n e d as 

W i - C i r / C i a 

Table 2. Deposition totals and deposition fluxes associated with rain at 

Allegheny and Laurel, August 1983; Allegheny dew and settled fogwater 

shown for comparison 
Rain-Allegheny Rain-Laurel Dew Fog 

(n - 12) (η - 5) (n - 15) (η - 1) 
August 7-27 Accumulations: 

Water g/m2 51000 12940 2722 (~590)a 

Titratable acid peq/m2 16500 4513 295 (~210)a 

H+ 14800 4017 247 (~200)a 

NH 4
+ 2570 898 22 (~185)a 

N0 3
_ 3440 1113 88 (~140)a 

S0 4
2" prompt " 13100 3799 197 (~230)a 

delayed " 13400 3860 220 (~230)a 

Fluxes (accumulations/collection times) 
Water mg/m2/sec 1700 700 5 3.3 
Titratable acid neq/m2/sec 550 244 0.53 1.2 
H + " 490 217 0.44 1.1 
NH 4

+ n 85 49 0.04 0.5 
N03_ w 115 60 0.16 0.8 
S0 4

2" prompt " 440 206 0.35 1.28 
delayed " 450 209 0.39 1.24 

Order-of-magnitude estimate, based on the estimate that 5 times as much was deposited 

during the experiment as i n the one 10-hour sample that was analyzed. The représenta 

tiveness of the sample composition i s not known. 
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where C a and C j _ r a r e t h e volume c o n c e n t r a t i o n s o f s p e c i e s i i n a i r 
( e q u i v a l e n t s p e r c u b i c m e t e r o f a i r ) and i n t h e r a i n w a t e r ( e q u i v a 
l e n t s p e r c u b i c m e t e r o f l i q u i d w a t e r , i . e . , m i l l i - e q u i v a l e n t s p e r 
l i t e r ) . The c a l c u l a t i o n o f s c a v e n g i n g r a t i o s u s i n g g r o u n d - l e v e l 
a t m o s p h e r i c d a t a f u r t h e r assumes t h a t t h e g r o u n d - l e v e l p o l l u t a n t d a t a 
a r e r e p r e s e n t a t i v e o f t h e a i r s c a v e n g e d by a p r e c i p i t a t i n g c l o u d . 
T h i s a s s u m p t i o n a p p e a r s a t l e a s t p a r t i a l l y j u s t i f i e d a t l o c a t i o n s 
remote enough f r o m s o u r c e s f o r v e r t i c a l m i x i n g t o have o c c u r r e d ( 1 8 ) . 

Washout r a t i o s f o r a e r o s o l S 0 4 = and f o r t o t a l N O 3 " ( H N O 3 + 

a e r o s o l N O 3 " ) a r e p r e s e n t e d i n T a b l e 3. These washout r a t i o s 
p r e s u p p o s e , i n a c c o r d a n c e w i t h B a r r i e ' s t r e a t m e n t ( 1 8 ) , t h a t S O 2 does 
n o t c o n t r i b u t e t o t h e r a i n S 0 4

= and t h a t b o t h H N O 3 and a e r o s o l N O 3 " 

c o n t r i b u t e t o t h e r a i n N O 3 ' . A c c o r d i n g l y , t h e s u l f a t e r a t i o s a r e 
u p p e r l i m i t s on W ; and t h e N O 3 " r a t i o s r e p o r t e d a r e c l o s e t o , and 
o n l y s l i g h t l y l e s s ^ t h a n , f o r H N O 3 a l o n e s i n c e H N O 3 i s h i g h l y 
s o l u b l e and d o m i n a t e s t h e ^ t o t a l N O 3 " . Thus f r o m T a b l e 3, 

W . - < 9 χ 1 0 5 

a e r o s o l SO^ 

Wu... = > 19 χ 1 0 5 

H N O 3 

These r e s u l t s a r e s i m i l a r t o d a i l y - a v e r a g e d v a l u e s r e p o r t e d by B a r r i e 
(18) f o r s i t e s i n e a s t e r n Canada ( 1 9 7 8 - 1 9 8 1 ) . H i s mass s c a v e n g i n g 
r a t i o s , m u l t i p l i e d b y 890 ( t h e r a t i o b e t w e e n t h e d e n s i t y o f w a t e r and 
t h a t o f a i r a t t h e 838-m a l t i t u d e o f A l l e g h e n y M o u n t a i n i n o r d e r t o 
match u n i t s ) , g i v e t h e f o l l o w i n g a v e r a g e s f o r 4 remote l o c a t i o n s : 
W S Q - 9 χ 1 0 5 t o 14 χ 1 0 5 f o r a e r o s o l S 0 4

= ; W = 19 χ 1 0 5 t o 26 
χ 4-105 f o r t o t a l N O 3 " ( H N O 3 + a e r o s o l N O 3 " ) . F o r g o n e s u b u r b a n / r u r a l 
s i t e B a r r i e o b t a i n s \J = 10 χ 1 0 5 , W ^ = 11 χ 1 0 5 . 

S 0 4 t-JM03 
E s t i m a t i o n o f Wet and D r y A c i d . N O 3 " . and S0/^= D e p o s i t i o n 

B u d g e t s a t A l l e g h e n y M o u n t a i n . To gauge t h e r e l a t i v e i m p o r t a n c e 
o f wet and d r y d e p o s i t i o n , t h e w e t - d e p o s i t i o n measurements n e e d t o be 
a c c o m p a n i e d by d r y - d e p o s i t i o n e s t i m a t e s . N i g h t t i m e d r y d e p o s i t i o n t o 
dew was measured i n t h e p r e s e n t e x p e r i m e n t ( 1 ) , b u t we l a c k good 
e s t i m a t e s o f d r y d e p o s i t i o n a t n i g h t when dew was a b s e n t and, more 
i m p o r t a n t , we l a c k a good e s t i m a t e o f d r y d e p o s i t i o n d u r i n g t h e day 
when d e p o s i t i o n v e l o c i t i e s a r e e x p e c t e d t o be l a r g e s t . To d e a l w i t h 
t h i s d e f i c i e n c y two a l t e r n a t i v e a p p r o a c h e s a r e a d o p t e d as f o l l o w s . 

F i r s t , n y l o n and T e f l o n 142-mm-diameter membrane f i l t e r s were 
s e t o u t as s u r r o g a t e c o l l e c t i o n s u r f a c e s above t h e canopy a t A l l e g 
h eny d u r i n g d a y l i g h t on f i v e days d u r i n g t h e 1983 e x p e r i m e n t , t o 
gauge t h e r e l a t i v e i m p o r t a n c e o f a e r o s o l N O 3 " and S 0 4 = d e p o s i t i o n (on 
T e f l o n ) and t h e d e p o s i t i o n o f H N O 3 and S 0 2 ( n y l o n - T e f l o n d i f f e r e n c e ) -
( 2 ) . The a p p l i c a b i l i t y o f s u r r o g a t e s u r f a c e s t o r e a l o n e s, however, 
i s q u e s t i o n a b l e on s e v e r a l g r o u n d s . F o r H N O 3 t h e s t i c k i n g e f f i c i e n c y 
t o n y l o n i s p r o b a b l y (20) 100%; f o r S O 2 t h e s t i c k i n g e f f i c i e n c y i s 
l e s s t h a n 100% b u t g r e a t e r t h a n z e r o ( 2 1 ) ; and s t i c k i n g e f f i c i e n c i e s 
a r e b y no means t h e o n l y i s s u e . 

The s e c o n d a p p r o a c h i s t o use t h e measured a m b i e n t c o n c e n t r a 
t i o n s i n c o m b i n a t i o n w i t h d e p o s i t i o n v e l o c i t i e s r e p o r t e d i n t h e 
l i t e r a t u r e ( 2 1 - 2 3 ) . 

The two a p p r o a c h e s g i v e e f f e c t i v e l y t h e same r e s u l t s . F o r 
example, t h e a v e r a g e H N O 3 d e p o s i t i o n v e l o c i t y m e asured by m i c r o -
m e t e o r o l o g i c a l methods above a f o r e s t i n e a s t T e n n e s s e e o r on summer 
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Sources of NO3" and SC>4~ deposition at Allegheny Mountain, 

August 5-28, 1983a 

N0 3

 _ 804 E 

(ueq/m2) (neo/m2*) 

Rain (12 events) 3440 13400 

Fog (1 event) 140 230 

Dew (15 events) 88 220 

Dry - without dew 2400b 5000e 

For NO3" 1 ^equivalent — 1 μπιοίε; for S 0 4 2 μequivalents — 1 /zmole. 

Based on deposition to nylon surrogate surfaces; does not include 
substances not depositing to nylon (e.g., NO2). 

Based on the measurement of dry deposition to nylon surrogate surfaces we 
estimate that SO2 contributed about 5000 /xeq/m2 of dry deposition to the 
S04= total. Aerosol S04 = adds another 300 μeq/m 2 or less. 
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36 T H E CHEMISTRY OF ACID RAIN 

days o v e r an I l l i n o i s p a s t u r e (22) i s a b o u t t h e same as t h e 2.5 + 1.5 
cm/sec mea s u r e d b y t h e s u r r o g a t e c o l l e c t o r s ( t o g e t h e r w i t h atmos
p h e r i c c o n c e n t r a t i o n s ) i n t h e p r e s e n t e x p e r i m e n t . The 0.5 cm/sec S O 2 

d e p o s i t i o n v e l o c i t y t o t h e s u r r o g a t e c o l l e c t o r s i s i n t h e r a n g e 
r e p o r t e d t o v e g e t a t i o n (23) ( a v e r a g e - 0 . 7 cm / s e c ) . The 0.05 cm/sec 
d e p o s i t i o n v e l o c i t y o f a e r o s o l S O ^ t o t h e s u r r o g a t e c o l l e c t o r s i s i n 
t h e r a n g e g i v e n i n t h e l i t e r a t u r e ( 2 3 ) . 

The r e s u l t s e m p l o y i n g d a y t i m e d r y d e p o s i t i o n e s t i m a t e s f r o m t h e 
s u r r o g a t e c o l l e c t o r s a r e g i v e n i n T a b l e 4; t h e s e e s t i m a t e s p r e s u p p o s e 
t h a t t h e f i v e days a r e r e p r e s e n t a t i v e . W h i l e r a i n a c c o u n t e d f o r some 
60% o f t h e N O 3 ' d e p o s i t i o n , d r y d e p o s i t i o n o f H N O 3 i n t h e a b s e n c e o f 
dew a p p e a r s a l s o t o be i m p o r t a n t . T h i s s i m i l a r t o t h e e s t i m a t e made 
by H u e b e r t (22) i n t h e I l l i n o i s e x p e r i m e n t t h a t H N O 3 d r y d e p o s i t i o n 
a c c o u n t e d f o r 48% o f t h e N O 3 " w e t / d r y d e p o s i t i o n . F o r S 0 ^ = d e p o s i 
t i o n , r a i n i s a g a i n t h e d o m i n a n t medium; however, t h e d r y d e p o s i t i o n 
o f S O 2 may a l s o be i m p o r t a n t . The c o n t r i b u t i o n s o f d r y - d e p o s i t e d 
a e r o s o l n i t r a t e a nd s u l f a t e , n o t l i s t e d i n T a b l e 4, were s m a l l ( a b o u t 
5%) a t t h e s i t e . 

I f we now suppose t h a t S O 2 i s t a n t a m o u n t t o H 2 S O 4 i n a c i d i f y i n g 
p o t e n t i a l , on grounds t h a t S O 2 r e a d i l y o x i d i z e s t o H 2 S O 4 , and i f we 
r e c a l l t h a t t h e N O 3 " and S 0 ^ = i n t h e r a i n / d e w / f o g samples c a n be 
r e g a r d e d as m o s t l y H N O 3 and H 2 S O 4 , t h e n t h e t o t a l s t r o n g a c i d 
d e p o s i t e d i n t h e e x p e r i m e n t c a n be a p p o r t i o n e d f r o m T a b l e IV r o u g h l y 
as f o l l o w s : 

47% = H 2 S O 4 i n r a i n ( 34% S O 2 s c a v e n g i n g , 13% a e r o s o l S O ^ 
s c a v e n g i n g ) 

23% = S O 2 d r y d e p o s i t i o n w i t h o u t dew 
16% = H N O 3 i n r a i n 
11% = H N O 3 d r y d e p o s i t i o n w i t h o u t dew 
3% = H N O 3 and H 2 S O 4 i n f o g and dew 

A t t h e r a t e s i m p l i e d b y T a b l e I V , t o t a l wet and d r y H + d e p o s i t i o n 
w o u l d be a b o u t 300 moles H + / h e c t a r e / m o n t h - i n A u g u s t . 
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Chapter 4 

The Western Atlantic Ocean Experiment 

James N. Galloway1, Thomas M. Church2, Anthony H. Knap3, Douglas M. Whelpdale4, 
and John M. Miller5 

1Department of Environmental Sciences, University of Virginia, 
Charlottesville, VA 22903 

2College of Marine Studies, University of Delaware, Newark, DE 19711 
3Bermuda Biological Station, St. Georges West 1-15, Bermuda 

4Atmospheric Environment Service, 4905 Dufferin Street, Downsview, 
Ontario M3H 5T4, Canada 

5National Oceanic and Atmospheric Administration, 8060 13th Street, 
Silver Spring, MD 20910 

The Western Atlantic Ocean Experiment (WATOX) investi
gates the flux and fate of sulfur, nitrogen, and trace-
metal and trace-organic compounds eastward from North 
America. Using a variety of sampling platforms (ships, 
aircraft, islands), samples of gases, aerosols, and 
precipitation have been used to determine the impact of 
North America on atmospheric chemical cycles of the 
western At lan t ic Ocean. This paper provides an overview 
of the results obtained since WATOX began in 1980. 

The Western A t l a n t i c Ocean Experiment (WATOX) i s designed to d e t e r 
mine the amount and the fa te of s e l e c t e d s u l f u r , n i t r o g e n , meta l 
and organic compounds advected eastward from Nor th Amer ica . The 
s p e c i f i c atmospheric f l u x e s be ing i n v e s t i g a t e d are dep ic t ed i n 
F igu re 1 and exp la ined i n Table I ; the p a r t i c i p a t i n g u n i v e r s i t i e s 
and agencies are l i s t e d i n Table I I . T h i s paper presents a b r i e f 
overview of the approach we are us ing to achieve the above-s ta ted 
o b j e c t i v e s and summarizes our accomplishments . 

The measurement program has two components, long- te rm and 
i n t e n s i v e . For the long- te rm component, data c o l l e c t i o n to de t e r 
mine the compos i t i on o f wet d e p o s i t i o n at Lewes, Delaware, and on 
Bermuda began i n 1980. In 1984, another s i t e was added at A d r i g o l e , 
I r e l a n d . From 1981 to 1985 dur ing May-October, p r e c i p i t a t i o n sam
p l e s were a l s o c o l l e c t e d on two ships c r u i s i n g weekly between New 
York C i t y , Bermuda, and Nassau. P r e c i p i t a t i o n - c h e m i s t r y data from 
the three land-based s i t e s and from the ships were used to c a l c u l a t e 

0097-6156/87/0349-0039$06.00/0 
© 1987 American Chemical Society 
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40 THE CHEMISTRY OF ACID RAIN 

Table I . WATOX Fluxes and Methods (see F i g . 1) 

Fluxes from F i g . 1 Determination Methods 

A. Emission to North American 
atmosphere 

B. Advection eastward 

C. Wet d e p o s i t i o n 

Dry d e p o s i t i o n 

D. Atmospheric transformations 

E. Emission from sea surface 

F. Advection eastward 

L i t e r a t u r e search 
C a l c u l a t i o n s ; land-based and 

a i r c r a f t sampling 
F i e l d measurements on ships, 

on Bermuda, and at Lewes, DE 
Concentration measurements on 

ships, on Bermuda, and at 
Lewes, DE 

C a l c u l a t i o n s ; atmospheric 
measurements 

C a l c u l a t i o n s ; estimates from 
l i t e r a t u r e 

C a l c u l a t i o n s ; land-based, ship-
based, and a i r c r a f t sampling 

Table I I . Members of the WATOX Consortium 

I n v e s t i g a t o r 
and Agency 

J . N. Galloway 
U n i v e r s i t y of V i r g i n i a 
C h a r l o t t e s v i l l e , VA 
T. M. Church 
U n i v e r s i t y of Delaware 
Newark, DE 
A. H. Knap 
Bermuda B i o l o g i c a l S t a t i o n 
St. Georges, Bermuda 
J . M. M i l l e r 
NOAA 
S i l v e r Spring, MD 
D. M. Whelpdale 
Atmospheric Environment Service 
Toronto, Canada 
J . Boatman 
NOAA 
Boulder, CO 

WATOX d i r e c t o r 
Atmospheric d e p o s i t i o n of S and Ν 

compounds and organic acids 
Atmospheric d e p o s i t i o n of t r a c e -

metal elements 

Atmospheric d e p o s i t i o n of t r a c e -
organic compounds 

Transport and air-mass t r a j e c t o r i e s 

Transport and air-mass t r a j e c t o r i e s 

A i r c r a f t c o o r d i n a t i o n 

r a t e s of wet d e p o s i t i o n and to t r a c k a i r masses eastward from North 
America. 

The i n t e n s i v e component of the WATOX measurement program 
(Intensives) i n v o l v e s p e r i o d i c sampling to a s c e r t a i n the processes 
c o n t r o l l i n g the tr a n s p o r t , t r a n s f o r m a t i o n , and d e p o s i t i o n of 
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4. GALLOWAY ET AL. The Western Atlantic Ocean Experiment 41 

m a t e r i a l s to the western A t l a n t i c Ocean. During the seven Inten
s i v e s that have already taken place (Table I I I ) , each of which 
l a s t e d from one to four weeks, instruments s p e c i f i c a l l y designed to 
determine atmospheric concentrations of gas and aero s o l species were 
placed at land-based s i t e s and on ships and a i r c r a f t . For each 
In t e n s i v e , s c i e n t i s t s from i n s t i t u t i o n s that were not part of the 
WATOX consortium were i n v i t e d to p a r t i c i p a t e i n such a way as to 
complement the s k i l l s and research a b i l i t i e s of the permanent WATOX 
personnel. 

The f i r s t two Intensives (WATOX-82 and WATOX-83, see Table I I I ) 
i n v e s t i g a t e d changes i n the composition of a i r p a r c e l s that t r a v e l 
from North America to Bermuda. During WATOX-82 and WATOX-83, s c i e n 
t i s t s from General Motors and the U n i v e r s i t y of Miami measured 
concentrations of trace gases and aerosols at Lewes, Delaware, and 
High P o i n t , Bermuda. 

WATOX-84, the t h i r d I n t e n s i v e , used data from samples c o l l e c t e d 
onboard the RV Knorr as i t t r a v e l e d between North America and A f r i c a . 
These data were used to support the gas and aerosol data from WATOX-
82 and WATOX-83 and to t e s t new shipboard p r e c i p i t a t i o n - c o l l e c t i o n 
instruments. 

WATOX-82, -83, and -84 sampled a i r i n the marine boundary 
layer. These s e a - l e v e l measurements gave no i n f o r m a t i o n about upper-
a i r transport. To overcome t h i s d e f i c i e n c y , the f o u r t h through the 
seventh Intensives incorporated data c o l l e c t e d onboard two NOAA 
research a i r c r a f t , the NOAA WP-3D and the NOAA KingAir. (See 
Table I I I f o r the s p e c i f i c species measured.) Both a i r c r a f t c a r r i e d 
sampling and a n a l y t i c a l equipment designed to determine the v e r t i c a l 
and h o r i z o n t a l chemical s t r u c t u r e of the atmosphere. 

For WATOX-85 the K i n g A i r f l e w missions east of Newport News, 
V i r g i n i a , and adjacent to Bermuda during passages of w i n t e r c o l d 
f r o n t s between North America and Bermuda. During these f l i g h t s 
atmospheric gases and aerosols were sampled and the data were 
recorded as a f u n c t i o n of a l t i t u d e and l a t i t u d e . 

We used both a i r c r a f t f o r WATOX-86A. The WP-3D (based at 
McGuire A i r Force Base, New Jersey) f l e w p a r a l l e l to the coast 
between Newfoundland and F l o r i d a and the K i n g A i r (based at Eanscom 
F i e l d near Boston, Massachusetts) f l e w a course o f f Cape Cod. WATOX 
86-B used only the King A i r during three weeks i n February of 1986. 
Data from both 86-A and -B were used to analyze f u r t h e r the v e r t i c a l 
and the h o r i z o n t a l chemical s t r u c t u r e of the atmosphere. WATOX-86C 
used the K i n g A i r out of Bermuda to determine the advection f l u x e s of 
s u l f u r and n i t r o g e n species when a i r f l o w was c o n t r o l l e d by the 
Bermuda High and thus unimpacted by emissions from North America. 

Summary of Findings 

Eastward Advection of S and Ν from North America. To make an i n i 
t i a l estimate of tra n s p o r t and advection eastward from North 
America, M i l l e r and H a r r i s (1) have c a l c u l a t e d back t r a j e c t o r i e s 
from Bermuda and have developed a fl o w c l i m a t o l o g y covering seven 
y e a r s — f r o m January 1975 to December 1981. Using the GAMBIT-1 model 
from the NOAA A i r Resources Laboratory, t h i s group has produced 10-
day back t r a j e c t o r i e s f o r the 850-mb l e v e l , on a d a i l y b a s i s , cover
ing t h i s seven-year period. M i l l e r and H a r r i s (1,) have adopted a 
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Table I I I . WATOX Intensives 

Name/Date L o c a t i o n P l a t f o r m Species Measured 

WATOX-82 
August 

WATOX-83 
February 

WATOX-84 
May 

WATOX-85 
Mar/Apr 

Lewes Ground (G, A, P) 
Bermuda Ground (G, A, P) 

Lewes Ground (G, A, P) 
Bermuda Ground (G, A, P) 

A t l a n t i c R. V. Knorr 
(Dakar to (G, A, P) 
Boston) 

Gas: NO, NO . S0 0 CO 
Aer o s o l : NO? 

Lewes 
Bermuda 

WATOX-86A Lewes 
January Bermuda 

McGuire 
AFB 

Hanscom 
F i e l d 

WATOX-86B Lewes 
February Bermuda 

Hanscom 
F i e l d 

WATOX-86C Lewes 
June Bermuda 

Bermuda 

Ground (G, A, P) 
Ground (G, A, P) 

Ground (P) 
Ground (P) 

WP-3D (G, A) 

Ki n g A i r (G, A) 

Ground (P) 
Ground (P) 

Ki n g A i r (G, A) 

Ground (P) 
Ground (P) 
Ki n g A i r (G, A) 

SO^, tr a c e 
metals 

P r e c i p i t a t i o n : Major ions, 
trace metals, organic a c i d s , 
trace organics 

Gas: NO, Ν 0 χ , S 0 2 , CO 
Aer o s o l : N O 3 , SO^, trace 
metals 

P r e c i p i t a t i o n : Major ions, 
trace metals, organic a c i d s , 
trace organics 

DMS 
"SO^, trace 

Gas: H N 0 3 , S 0 0 

A e r o s o l : NO3 
metals, organic acids 

P r e c i p i t a t i o n : Major ions, 
trace metals, organic a c i d s , 
trace organics 

Gas: NO, Ν 0 χ , t o t a l S, CO, 
CO3, trace organics 

A e r o s o l : trace metals, N O 3 , 
so4 

P r e c i p i t a t i o n : Major ions, 
trace metals, organic a c i d s , 
trace organics 

Gas: H N 0 3 , PAN, NO, N 0 2 , ΝΟ χ 

S 0 2 , DMS, CO, O 3 , trace 
organics, o r g a n i c a c i d s 

A e r o s o l : NÔ "", S 0 ^ ~ , trace 
metals, organic a c i d s , trace 
organics 

P r e c i p i t a t i o n : Major ions, or
ganic a c i d s , trace organics 

Gas: H N 0 3 , PAN, NO, N 0 2 , Ν 0 χ 

S 0 2 , DMS, CO, O 3 , trace 
organics, organic acids 

A e r o s o l : Trace metals, N O 3 , 
so4 

P r e c i p i t a t i o n : Major ions, or
ganic a c i d s , trace organics 

Gas: HNO,, PAN, NO, N 0 2 , Ν 0 χ 

S 0 2 , DMS, CO, O 3 , trace 
organics, organic acids 

Aerosol: Trace metals, NO3, 
so4 

P r e c i p i t a t i o n : Major ions, or
ganic a c i d s , trace organics 

NOTE: (G) means that gas was c o l l e c t e d , (A), aerosol, (P), 
p r e c i p i t a t i o n . 
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c l a s s i f i c a t i o n scheme that s t r a t i f i e s a i r f l o w as a f u n c t i o n of 
compass sector. This c l a s s i f i c a t i o n shows that, f o r almost 60% of 
the seven years, there was a d i r e c t f l o w of a i r o f f the North 
American continent. 

To determine the advection rate of S and Ν eastward from North 
America, Whelpdale and h i s colleagues (2) c a l c u l a t e d air-mass advec
t i o n as a f u n c t i o n of l a t i t u d e and a l t i t u d e (Figure 2). Then, using 
r e p r e s e n t a t i v e ground-level and above-ground concentrations of t r a c e 
s u l f u r and n i t r o g e n species, Galloway and h i s colleagues (3) c a l c u 
l a t e d advection f l u x e s of S and Ν by combining the l o n g i t u d i n a l and 
a l t i t u d i n a l v a r i a t i o n s of air-mass f l u x w i t h the l o n g i t u d i n a l and 
a l t i t u d i n a l v a r i a t i o n s of the atmospheric concentrations of S and Ν 
compounds (Figures 3 and 4). They report a broad maximum i n S and Ν 
transport between 38° Ν and 52° N. Of the S and Ν emitted to the 
atmosphere of eastern North America, about 34% and 22-69%, respec
t i v e l y , are advected eastward. Transport at a l l a l t i t u d e s up to at 
l e a s t 5.5 km i s important. 

Impact of North American Emissions on Wet D e p o s i t i o n to the Western 
A t l a n t i c Ocean. Wet d e p o s i t i o n has been c o l l e c t e d by event during 
WATOX at two s i t e s on Bermuda, one s i t e near Lewes, Delaware, and on 
board ships. These wet-deposition samples have been analyzed f o r 
a c i d i c species, metals, and organic compounds. This s e c t i o n d i s 
cusses our i n t e r p r e t a t i o n of the marine p r e c i p i t a t i o n - c h e m i s t r y data 
and the r e s u l t s of our analyses as w e l l as the i n f l u e n c e of North 
American emissions on p r e c i p i t a t i o n composition. 

In i n t e r p r e t i n g marine p r e c i p i t a t i o n - c h e m i s t r y data, the d i f 
f e r e n t i a t i o n of s e a - s a l t and non-sea-salt (or excess s e a - s a l t ) com
ponents i s e s s e n t i a l . U n c e r t a i n t i e s i n such c a l c u l a t i o n s a r i s e from 
the u n c e r t a i n t i e s regarding (1) the composition of seawater, (2) the 
analyses, (3) the amount of dry-deposited sea s a l t i n the samples, 
(4) the v a l i d i t y of assuming a p u r e l y marine source f o r the s e a - s a l t 
reference species, and (5) the v a l i d i t y of assuming no f r a c t i o n a t i o n 
during or a f t e r the production of s e a - s a l t aerosols. Xeene and h i s 
colleagues at the U n i v e r s i t y of V i r g i n i a (4) assessed these uncer
t a i n t i e s and evaluated the assumptions by analyzing the composition 
of p r e c i p i t a t i o n c o l l e c t e d on Bermuda. They report s i g n i f i c a n t 
concentrations of l o c a l l y derived a l k a l i and a l k a l i n e e a r t h metals 
as w e l l as evidence of the i n f l u e n c e of c o n t i n e n t a l and non-sea-salt 
marine sources of excess SO^" concentrations. These observations 
suggest that the past assumptions involved i n s e a - s a l t c o r r e c t i o n s 
are not always v a l i d . Therefore, to s e l e c t the appropriate r e f e r 
ence species, i n d i v i d u a l data sets should be evaluated using objec
t i v e c r i t e r i a . 

The concentration of excess components i n p r e c i p i t a t i o n i s the 
d i f f e r e n c e between the t o t a l concentration and the s e a - s a l t compo
nent of the t o t a l concentration. There are o f t e n large uncer
t a i n t i e s a s s o c i a t e d w i t h excess concentrations r e s u l t i n g from s m a l l 
d i f f e r e n c e s between large numbers. Hawley, Galloway, and Keene 
( U n i v e r s i t y of V i r g i n i a , C h a r l o t t e s v i l l e , unpublished data) have 
derived a nomogram technique to determine the u n c e r t a i n t y involved 
knowing only the t o t a l c o ncentration of the element i n question 
(e.g., SO^-), the t o t a l Na + concentration, and the r e s p e c t i v e analy-
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Γ 
/ - — \ 

Β ! (0 
Ie u J 

North America Western Atlantic Ocean 

Figure 1. A conceptual overview of the fluxes being i n v e s t i g a t e d 
i n WATOX and t h e i r method of measurement (see also Table I ) . 

Figure 2. Net a i r f l u x as a fun c t i o n of l a t i t u d e and a l t i t u d e . 
(Reprinted with permission from r e f . 2. 1984 Pergamon Journals.) 
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Sulfur (Tg.y1) 

Figure 3. Net s u l f u r f l u x as a func t i o n of l a t i t u d e and a l t i t u d e 
(Reprinted with permission from r e f . 3. 1984 Pergamon Journals.) 
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Figure 4. Net nitrogen f l u x as a f u n c t i o n of l a t i t u d e and 
a l t i t u d e . (Reprinted with permission from r e f . 3. 1984 Pergamon 
Journals.) 
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4. GALLOWAY ET AL. The Western Atlantic Ocean Experiment 47 

excess concentrations as a f u n c t i o n of excess and t o t a l concentra
t i o n s . At point A, where the t o t a l and excess S0^~ concentrations 
are 60 μeq/l and 18 μο^/1, r e s p e c t i v e l y , the r e l a t i v e standard e r r o r 
of the c a l c u l a t e d excess concentration i s 20%. However, at po i n t B, 
the e r r o r i s 40% due to the greater c o n t r i b u t i o n of s e a - s a l t SO^". 
This i l l u s t r a t e s that the e r r o r s of the c a l c u l a t e d excess concentra
t i o n are not only a f u n c t i o n of the a n a l y t i c a l u n c e r t a i n t i e s but 
als o of the r e l a t i v e abundance of the excess and s e a - s a l t components 
(see a l s o 4). 

The use of the s i t e on Bermuda to c o l l e c t p r e c i p i t a t i o n that i s 
che m i c a l l y r e p r e s e n t a t i v e of the marine environment assumes that 
Bermuda i t s e l f does not in f l u e n c e the amount or composition of the 
p r e c i p i t a t i o n . Because the i s l a n d i s low and narrow, i t s c o n f i g u r a 
t i o n d i d not i n f l u e n c e the amount (5.) although i t could a f f e c t the 
composition. In analyses of p r e c i p i t a t i o n from two s i t e s on Ber
muda, the s e a - s a l t and excess Ca^ + components of p r e c i p i t a t i o n were 
found to increase as a r e s u l t of turbulence at the sea/land and 
a i r / l a n d i n t e r f a c e s , r e s p e c t i v e l y (Galloway, J. N.; Tokos, J. J.; 
Whelpdale, D. M; Knap, A. H., U n i v e r s i t y of V i r g i n i a , C h a r l o t t e s 
v i l l e , unpublished data). A l s o f o r samples taken from p r e c i p i t a t i o n -
c o l l e c t i o n s i t e s downwind of the i s l a n d , concentrations of excess 
SO^ - and H + were s l i g h t l y increased by l o c a l sources. However, the 
impact of the i s l a n d on the t o t a l excess SO^- and H + concentrations 
was s m a l l r e l a t i v e to the o f f - i s l a n d sources. 

WATOX a l s o used ships as plat f o r m s to c o l l e c t p r e c i p i t a t i o n f o r 
chemical analyses. To t e s t the impact on the p r e c i p i t a t i o n composi
t i o n of the f o s s i l f u e l s used by the ships f o r p r o p u l s i o n , Galloway, 
Knap, and Church (6) had p r e c i p i t a t i o n samples c o l l e c t e d on the 
windward and leeward bridge wings of two ships s a i l i n g between New 
York and Bermuda. They report that the samples from the windward 
bridge wings are unaffected by the ship and are thus r e p r e s e n t a t i v e 
of marine p r e c i p i t a t i o n and appropriate f o r use i n analyses of the 
major chemical c o n s t i t u e n t s sought. 

As part of the WATOX research on the major inorganic species i n 
wet d e p o s i t i o n i n the western A t l a n t i c Ocean, J i c k e l l s and h i s 
colleagues (2) sampled r a i n c o l l e c t e d on Bermuda between May 1980 
and May 1981. They sta t e that there i s a strong c o r r e l a t i o n between 
the presence of s u l f u r i c and n i t r i c acids and the m e t e o r o l o g i c a l 
back t r a j e c t o r i e s of Bermuda storm systems to the North American 
continent. This suggests the long-range t r a n s p o r t of a c i d - r a i n 
precursors to Bermuda from the North American continent. The 
r e s u l t s of the work by J i c k e l l s and h i s colleagues i s supported by 
the analyses reported by Galloway, Knap, and Church (6) of p r e c i p i 
t a t i o n data c o l l e c t e d on board ships i n the western A t l a n t i c Ocean. 

In a d d i t i o n , the analyses of four years of wet-deposition data 
c o l l e c t e d on Bermuda by event a l s o supported these conclusions 
( G a l l o w a y , J . N.J A r t z , R. S.*, Keene, W. C; Church, T. M.; Knap, A. 
H., U n i v e r s i t y of V i r g i n i a , C h a r l o t t e s v i l l e , unpublished data). 
Using the NOAA ARL air-mass t r a j e c t o r y model, the WATOX researchers 
s t r a t i f i e d volume-weighted averages of p r e c i p i t a t i o n composition by 
compass sector. The r e s u l t s of these s t r a t i f i c a t i o n s f o r excess 
SO^~ (Figure 6) showed that Bermuda was an i d e a l sampling p l a t f o r m 
f o r a i r that, at times, was d i r e c t l y impacted by anthropogenic 
t i c a l u n c e r t a i n t i e s . JFiguçe 5 shows «the, r e l a t i v e standard e r r o r of 
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0 20 40 60 80 100 
Excess Sulfate (.u.eq/1) 

Figure 5. R e l a t i v e standard e r r o r of excess s u l f a t e as a f u n c t i o n 
of t o t a l and excess s u l f a t e concentrations (Hawley, M. E.j Galloway, 
J. N.; Keene, W. C, U n i v e r s i t y of V i r g i n i a , C h a r l o t t e s v i l l e , 
unpublished data). 
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Figure 6. Volume-weighted excess SO^ conce n t r a t i o n i n Bermuda 
p r e c i p i t a t i o n as a f u n c t i o n of air-mass t r a j e c t o r y . 
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4. GALLOWAY ET AL. The Western Atlantic Ocean Experiment 49 

sources i n North America and, at other times, was impacted by a i r 
the composition of which was more c o n t r o l l e d by marine processes. 

Church et a l . (8.), i n presenting a d d i t i o n a l i n f o r m a t i o n derived 
from WATOX research, report on the ocean's i n f l u e n c e on p r e c i p i t a 
t i o n from storms that leave the North American continent and t r a n s i t 
over the western A t l a n t i c . They pay p a r t i c u l a r a t t e n t i o n to t h i s 
oceanic i n f l u e n c e on the s u l f u r and n i t r o g e n precursors of a c i d 
r a i n s . They f u r t h e r report that, although sea s a l t c o n t r i b u t e s over 
h a l f (by weight) of the s a l t i n p r e c i p i t a t i o n at the coast and over 
three quarters of the s a l t i n p r e c i p i t a t i o n at Bermuda, most s u l f a t e 
(90% at the coast and 50% at Bermuda) i s i n excess of sea s a l t . 
Since Galloway, Likens and Hawley (9) have found that p r e c i p i t a t i o n 
on Bermuda has s i g n i f i c a n t l y more excess SÔ "", NÔ "", and H than 
more remote marine areas, Church and h i s colleagues (8) have a t t r i 
buted these components to the long-range transport of s u l f u r and 
n i t r o g e n precursors i n the marine troposphere w i t h the s u l f u r i c - a c i d 
component dominating. 

Besides using ships to c o l l e c t p r e c i p i t a t i o n to be analyzed f o r 
major ions as reported by Galloway, Knap, and Church (6), WATOX-84 
al s o used ships to sample p r e c i p i t a t i o n , gases, and aerosols to 
determine the metal, organic, and major S and Ν 0 χ species. Church 
and h i s colleagues (10) have reported on a c r u i s e across the North 
A t l a n t i c from Dakar, Senegal, to Woods Hole, Massachusetts, that 
t r a n s i t e d the area of 18°-48° N, 18°-70° W during the spring. D i f 
f e rent a i r masses that i n f l u e n c e the North A t l a n t i c are analyzed 
from shipboard samples of a i r c o l l e c t e d during t h i s c r u i s e . These 
samples have been analyzed f o r aerosols (N, S, sea s a l t ) , gases 
(S02* DMS, MSA, HNO^, s y n t h e t i c organics), and p r e c i p i t a t i o n (major 
inorganic ions, organic acids, and trace elements). The r e s u l t s of 
these analyses showed that the composition of the lower atmosphere 
over the North A t l a n t i c i s s t r o n g l y i n f l u e n c e d by c o n t i n e n t a l a i r 
masses. When a i r masses have o r i g i n s that have passed over areas of 
high emission i n North A f r i c a ( e a s t e r l i e s ) or North America (wester
l i e s ) w i t h i n 1-2 days, the concentrations of a c i d precursors and 
s y n t h e t i c hydrocarbons i n the a i r and of strong acids, trace metals, 
and, to a l e s s e r extent, organic acids i n p r e c i p i t a t i o n approach 
those found i n eastern North America. Even o f f the northwest coast 
of A f r i c a , t r a j e c t o r y analyses l i n k the Mediterranean region w i t h 
aerosol and p r e c i p i t a t i o n chemistry suggestive of biomass or p e t r o 
leum burning. The burden of atmospheric d e p o s i t i o n to the greater 
North A t l a n t i c may i n f l u e n c e the oceanic surface chemistry of t h i s 
region. 

Using techniques developed f o r the sampling and analyses of 
trace metals i n marine p r e c i p i t a t i o n by Tramantano, Scudlark, and 
Church ( E n v i r o n . S c i . Technol.. i n p r e s s ) , Church et a l . ( i l ) and 
J i c k e l l s et a l . (12) have als o reported on concentration measure
ments of the t r a c e m e t a l s Cd, Cu, Fe, Mn, N i , Pb, V, and Zn i n wet 
d e p o s i t i o n at Lewes, Delaware, and on Bermuda. The purpose of t h i s 
f a c e t of the WATOX research was to assess the sources of, the t r a n s 
port to, and the wet d e p o s i t i o n of trace metals to the western 
A t l a n t i c Ocean during nonsummer months. At t h i s time of the year, 
trace metals are l i k e l y to be transported by a w e s t e r l y air-mass 
flow from North America to the open A t l a n t i c . Church and h i s c o l 
leagues report that the concentrations and wet d e p o s i t i o n of trace 
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metals are greater i n samples from the Delaware coast than from 
those on Bermuda, the order at both s i t e s i s s i m i l a r (Fe > Zn > Pb > 
Cu, Mn, N i > V > Cd). The trace-metal enrichment f a c t o r s f o r a l l 
metals but Mn (based on c r u s t a l Fe) are s i g n i f i c a n t l y greater than 
u n i t y ; again the order i s the same i n samples from the Delaware 
c o a s t as from those from Bermuda (Cd > Pb > Zn > Cu > N i > V). T h i s 
evidence suggests common North American sources f o r the trace metals 
found i n western A t l a n t i c p r e c i p i t a t i o n as w e l l as the important 
atmospheric transport of trace metals to the A t l a n t i c Ocean. The 
c a l c u l a t i o n s using enrichment f a c t o r s from Na-based s e a - s a l t aerosol 
i n d i c a t e that the r e c y c l i n g of trace metals from the sea surface, 
although g e n e r a l l y not considered to be important, could be a poten
t i a l l y s i g n i f i c a n t process c o n t r i b u t i n g to the Mn and V enrichments 
found i n p r e c i p i t a t i o n samples from the open western A t l a n t i c . 

Cutter and Church (13) have determined selenium species i n 
western A t l a n t i c p r e c i p i t a t i o n so that the emission sources using 
t h i s s u l f u r analogue, which i s enriched i n f o s s i l f u e l s ( p r i m a r i l y 
c o a l ) , can be more e x a c t l y i d e n t i f i e d . The r e s u l t s show a c o r r e l a 
t i o n of both t o t a l Se and the Se IV:Se VI r a t i o w i t h i n c r e a s i n g 
protons and excess s u l f u r i n p r e c i p i t a t i o n from Lewes, Delaware, and 
on Bermuda. T h e i r hypothesis i s that, although some reduced forms 
(1 nM/kg) may come from background oceanic emissions, most o x i d i z e d 
Se i s a r e f l e c t i o n of f o s s i l - f u e l emissions from North America. 

As part of the WATOX program to i n v e s t i g a t e the long-range 
transport of components from North America to the western A t l a n t i c , 
Knap (14) has reported on trace-organic contaminants i n 51 samples 
of p r e c i p i t a t i o n c o l l e c t e d on Bermuda from 1 October 1982 to 1 A p r i l 
1983. He presents data on alpha and gamma isomers of hexachloro-
cyclohexane (HCH), chlordane, and d i e l d r i n and notes the presence of 
PCBs and phthalate esters i n some samples although they are not 
qu a n t i f i e d . The rainwater concentrations of the compounds that he 
does q u a n t i f y vary and the s i z e of events are not apparently r e l a t e d 
to the concentrations, i n d i c a t i n g p o s s i b l e gas-phase scavenging. 
A l l the compounds on which Knap reports i n d i c a t e a s e a s o n a l i t y w i t h 
g e n e r a l l y higher concentrations i n the w i n t e r months. The HCH and 
d i e l d r i n concentrations show a c o r r e l a t i o n w i t h air-mass t r a j e c 
t o r y — s t o r m s o r i g i n a t i n g i n the southeastern North A t l a n t i c have 
concentrations a f a c t o r of fou r lower than storms o r i g i n a t i n g west 
of Bermuda. Knap concludes that p r e c i p i t a t i o n i s d e p o s i t i n g some 
p e s t i c i d e s and sy n t h e t i c organic chemicals to the North A t l a n t i c 
Ocean. 

Although HCOOH and CH^COOH are important chemical c o n s t i t u e n t s 
of cloud water and p r e c i p i t a t i o n , we do not yet know the sources f o r 
these compounds i n the atmosphere. In a paper d i s c u s s i n g t h e i r 
research on organic acids i n wet de p o s i t i o n , Keene and Galloway (15) 
report on 465 p r e c i p i t a t i o n samples from 14 c o n t i n e n t a l and marine 
s i t e s around the world that were analyzed i n an attempt to i d e n t i f y 
the source of HCOOH and CH^COOH. Of these samples, 133 were c o l 
l e c t e d as par t of the WATOX program. They als o report that c o n t i 
n ental p r e c i p i t a t i o n during growing seasons contains higher absolute 
concentrations of organic acids and higher r a t i o s of HCOOj (HCOOHft^ 
+ HCOO"") to CH^OOj. (CH3COOHa(1 + CHjCOO") than do marine p r e c i p i t a 
t i o n and c o n t i n e n t a l p r e c i p i t a t i o n during nongrowing seasons. The 
concentrations of BCOOrj. and CĤ COÔ . i n p r e c i p i t a t i o n at most 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
00

4

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



4. GALLOWAY ET AL. The Western Atlantic Ocean Experiment 51 

l o c a t i o n s are al s o h i g h l y c o r r e l a t e d . These r e s u l t s support the 
hypothesis that organic a c i d i t y i n p r e c i p i t a t i o n may o r i g i n a t e from 
two major sources: v o l a t i l e v e g e t a t i v e c o n s t i t u e n t s over continents 
and an unknown, weaker source i n both c o n t i n e n t a l and marine 
regions. 

R e l a t i v e to s i m i l a r r a t i o s of ECOOj. to CH^COOrj. i n the aqueous 
phase, d i f f e r e n c e s i n p r e c i p i t a t i o n pH r e s u l t i n large r e g i o n a l 
d i f f e r e n c e s i n c a l c u l a t e d e q u i l i b r i u m vapor-phase concentrations. 
The mechanism by which proportionate concentrations of HCOO-j. and 
CHgCOOj are maintained i n the aqueous phase has not yet been deter
mined. 

Comparisons between p r e c i p i t a t i o n from impacted and that from 
remote regions i n d i c a t e that anthropogenic emissions, although pos
s i b l y important near large p o p u l a t i o n and i n d u s t r i a l centers, are 
probably not major sources of organic acids i n p r e c i p i t a t i o n over 
broad geographic regions (£). Galloway and h i s colleagues (Univer
s i t y of V i r g i n i a , C h a r l o t t e s v i l l e , unpublished data) a l s o found that 
the region where a storm o r i g i n a t e d d i d not have a s i g n i f i c a n t 
i n f l u e n c e on the amount of organic acids deposited on Bermuda by 
p r e c i p i t a t i o n . This evidence supported the hypothesis that organic 
acids found i n the remote marine troposphere might have a l o c a l , 
p o s s i b l y b iogenic, source. 

The Impact of North American Emissions on the Composition of the 
Atmosphere over the Western A t l a n t i c Ocean. As part of WATOX-82 
(August 1982) and WATOX-83 (January and February 1983), General 
Motors Research L a b o r a t o r i e s operated a i r - m o n i t o r i n g s i t e s on the 
A t l a n t i c coast near Lewes, Delaware, and on the southwest coast of 
Bermuda, 1250 km to the southeast of the Delaware s i t e . T h e i r 
o v e r a l l purpose was to study the transformations of the p r i n c i p a l 
a c i d - p r e c i p i t a t i o n precursors, Ν 0 χ and SO x species, as they were 
transported under c o n d i t i o n s not complicated by emissions from l o c a l 
sources. Three papers have r e s u l t e d from t h i s study (16. 17. 18). 

In the f i r s t paper, Wolff and h i s colleagues (16) describe the 
measurements of gas and p a r t i c u l a t e species found i n the Lewes 
samples and the composition and sources of s u l f a t e aerosol. On the 
average, the t o t a l - s u s p e n d e d - p a r t i c u l a t e (TSP) c o n c e n t r a t i o n at 
Lewes i s 27.9 μg/m w h i l e the PM10 (mass of p a r t i c l e s w i t h diameters 
£ 10 |im) concentration i s 22.0 pg/m3, or 79% of the TSP. The PM10 
c o n s i s t s of 6.1 pg/m3 of coarse p a r t i c l e s (CPM, diameters = 2.5 μιη 
to 10 um) and 15.9 μg/m3 of f i n e p a r t i c l e s (FOM, diameters < 
2.5 um). On a mass b a s i s , the most important c o n s t i t u e n t s of the 
f i n e - p a r t i c u l a t e f r a c t i o n are s u l f a t e compounds at 50% and organic 
compounds at 30%. The mean l i g h t - e x t i n c t i o n c o e f f i c i e n t corresponds 
to a v i s u a l range of from 18 km to 20 km. Most of the e x t i n c t i o n 
can be a t t r i b u t e d to s u l f a t e (60%) and organic carbon (13%). 
P a r t i c l e - s i z e measurements show that the mass median aerodynamic 
diameter f o r both species i s 0.43 um. This i s a l a r g e r p a r t i c l e 
s i z e f o r carbons than has p r e v i o u s l y been reported and r e s u l t s i n a 
more e f f i c i e n t l i g h t - s c a t t e r i n g aerosol. Wolff and h i s colleagues 
(16) conclude that t h e i r principal-component analyses i n d i c a t e that 
coal-combustion emissions from the midwestern United States are the 
most s i g n i f i c a n t source of the s u l f a t e found i n Lewes during the 
summer and winter. 
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The second paper by Wolff and h i s colleagues (17) reports on 
the transformations of aerosol and gaseous species over the western 
A t l a n t i c Ocean during transport from North America. They w r i t e that 
the concentrations and composition of f i n e - a e r o s o l and trace-gas 
species on Bermuda are governed by the type of a i r mass i n f l u e n c i n g 
the i s l a n d . During i n c u r s i o n s of a i r from the northeastern United 
States, which are most frequent during the w i n t e r , they have found 
higher concentrations of anthropogenically derived species, such as 
S04"~, HN03, S0 2, 0 3, Pb, Se, and elemental carbon. Higher S0 4~ 
concentrations are associated w i t h higher concentrations of the 
coal-burning t r a c e r Se and of HNO^ and 0 3· The l a t t e r two r e l a t i o n 
ships suggest a photochemical r o l e and an a s s o c i a t i o n of HN0 3 w i t h 
coal burning. S0 2 i s s t r o n g l y a s s o c i a t e d w i t h the o i l - b u r n i n g 
t r a c e r , V. Wolff and h i s colleagues report i n t r u s i o n s of a i r from 
the northeastern United States during the February 1983 Intensive 
(WATOX-83). However, there were a l s o some i n t r u s i o n s during the 
August 1982 Intensive (WATOX-82) although the summer was dominated 
by a southeasterly f l o w c o n t a i n i n g high concentrations of f i n e 
c r u s t a l m a t e r i a l , probably from the Sahara Desert. 

Although Wolff et a l . (17) f i n d that there are more i n t r u s i o n s 
from North America during the summer, they a l s o f i n d that there are 
some during the winter. T h e i r research shows that days w i t h a 
s o u t h e a s t e r l y a i r f l o w are associated w i t h high l e v e l s of S i , T i , K, 
Fe, Ca, and Mn as w e l l as the lowest enrichment f a c t o r s f o r a l l 
anthropogenic species. The enrichment f a c t o r s f o r the c r u s t a l spe
c i e s are g e n e r a l l y independent of wind d i r e c t i o n f o r K. They go on 
to suggest that woodburning i n the northeastern United States may be 
the source of the higher Κ enrichment f a c t o r s found during the 
winter. They used t h e i r Bermuda Ν 0 χ and S0 x data to make a rough 
estimate of the f l u x e s of these species i n the l a s t 1500 km from 
North America to a north/south l i n e 1250 km east of the United 
States, which passes through Bermuda. S i g n i f i c a n t amounts of both 
ΝΟ χ and S 0 x advected o f f the East Coast reached Bermuda and the 
f l u x e s appear to be c o n s i s t e n t w i t h the f l u x e s c a l c u l a t e d by G a l l o 
way et a l . (3.). 

In the t h i r d paper that r e s u l t e d from the WATOX research i n 
which the General Motors Research L a b o r a t o r i e s took part, Gibson, 
Korsog, and Wolff (18) compare the atmospheric concentrations of 
trace-organic species from samples at Lewes, Delaware, to those from 
Bermuda. T h e i r purpose was to a s c e r t a i n the t r a n s f o r m a t i o n reac
t i o n s of n i t r o a r o m a t i c , p o l y c y c l i c organic matter (POM), and benso-
(a)pyrene (BaP) during t r a n s p o r t from North America. They report 
that the r a t i o s of 1-nitropyrene and hydroxynitropyrenes to i n e r t 
marker species ( f i n e - p a r t i c u l e lead, selenium, and elemental carbon) 
are considerably higher at a remote s i t e on Bermuda than i n Dela
ware. Gibson and h i s colleagues suggest that these n i t r o a r o m a t i c 
POM are formed i n atmospheric r e a c t i o n s . The r a t i o of BaP to the 
marker species i s s i m i l a r at the two s i t e s , which does not r e f l e c t 
the expected l o s s of BaP i n atmospheric photochemical r e a c t i o n s . 

The Influence of North American Emissions on the Surface Ocean. The 
increased d e p o s i t i o n of f i x e d n i t r o g e n to an ocean has the p o t e n t i a l 
to a f f e c t the primary p r o d u c t i v i t y i n the surface of that ocean. 
Knap and h i s colleagues (19), i n t h e i r WATOX-related research on the 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
00

4

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



4. GALLOWAY ET AL. The Western Atlantic Ocean Experiment 53 

i n f l u e n c e of inorganic f i x e d n i t r o g e n ( n i t r a t e and ammonium) on the 
surface ocean, analyzed two years of p r e c i p i t a t i o n data f o r n i t r a t e 
and ammonium concentrations. They conclude that, on the average, 
p r e c i p i t a t i o n plays only a minor part i n p r o v i d i n g inorganic f i x e d 
n i t r o g e n f o r primary p r o d u c t i v i t y i n o l i g o t r o p h i c ocean areas. They 
b e l i e v e t h i s to be true i n s p i t e of the considerable increase of 
n i t r a t e from anthropogenic sources found i n rainwater over the past 
100 years. However, p r e c i p i t a t i o n i s an e p i s o d i c process and the 
d e p o s i t i o n rate of f i x e d n i t r o g e n i s not the same f o r a l l events. 
Of the t o t a l inorganic f i x e d n i t r o g e n , 40% i s wet deposited by only 
11% of the 126 events evaluated by Knap and h i s colleagues. Based 
on t h i s , they speculated that o c c a s i o n a l " h o t " events may be 
important on short time (about one day) and space (a few hundred 
ki l o m e t e r s ) s c a l e s . 

The WATOX data on atmospheric inputs of trace metals i n t o and 
out of the Sargasso Sea i n the North A t l a n t i c have been used, i n 
a s s o c i a t i o n w i t h sediment r e c y c l i n g r a t e s , to generate approximately 
s e l f - c o n s i s t e n t budgets f o r a range of trace elements i n the Sar
gasso Sea. Only f o r A l , Fe, Mn, and V are a d d i t i o n a l l a t e r a l 
oceanic inputs necessary to close such budgets f o r the western 
A t l a n t i c . Thus f o r Cu, N i , Zn, Pb, and C d — a l l of which are en
r i c h e d on atmospheric p a r t i c u l a t e s — a t m o s p h e r i c d e p o s i t i o n repre
sents the l a r g e s t input to the western A t l a n t i c . Much of the Cd, N, 
and Zn i s r e c y c l e d along w i t h n u t r i e n t s and these are then l a r g e l y 
exported from the western A t l a n t i c . Sedimentary r e c y c l i n g of the Cu 
may account f o r much of the t o t a l Cu f l u x to the sediments as 
measured w i t h sediment traps. J i c k e l l s and h i s colleagues (20) 
conclude that, i f the atmospheric concentrations of Cd, Cu, N i , Pb, 
and Zn are c u r r e n t l y enriched i n western A t l a n t i c p r e c i p i t a t i o n by 
anthropogenic processes, then the atmospheric input to the Sargasso 
Sea must have increased by as much as two orders of magnitude since 
p r e h i s t o r i c times. 

Knap, B i n k l e y , and Dueser (21) used the WATOX data on atmos
phe r i c inputs of trace organics to the surface of the Sargasso Sea 
i n c o n j unction w i t h data from sediment traps to i n v e s t i g a t e the f l u x 
of contaminant substances to the deep Sargasso Sea. They had a 
sediment trap moored 3200 m below the ocean surface f o r two years to 
study the concentrations of p o l y c h l o r i n a t e d byphenyls (PCBs), c h l o r -
danes, and d i e l d r i n . These researchers report a deep-sea f l u x of 
PCBs of 1.6 μg/m^ y r , which i s s u r p r i s i n g l y s i m i l a r to the atmos
phe r i c f l u x of these compounds of 1.6-3.1 μg/m^ y r c a l c u l a t e d from 
the measured concentrations of the WATOX-82. They conclude t h a t , 
because t h e i r data c o r r e l a t e w e l l w i t h the data on organic carbon, 
the d e p o s i t i o n mechanism to the sediment i s probably associated w i t h 
b i o g e n i c p a r t i c l e s . 

Beyond the Western A t l a n t i c Ocean. Whelpdale and h i s colleagues 
(Whelpdale, D.M.; E l i a s s e n , Α.; G a l l o w a y , J . N.; Dovland, H.; 
M i l l e r , J. M. T e l l u s , i n press) have examined the transport of North 
American s u l f u r emissions across the n o r t h A t l a n t i c Ocean to Europe. 
In a review of a v a i l a b l e p r e c i p i t a t i o n - s u l f a t e data from the north 
A t l a n t i c and adjacent c o a s t a l regions, they report a concentration 
f i e l d c o n s i s t e n t w i t h known source d i s t r i b u t i o n s and m e t e o r o l o g i c a l 
f a c t o r s . The excess s u l f a t e concentration of marine background 
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p r e c i p i t a t i o n i s 6-8 μβς/1 and excess [SO^ -] decreases from 
>50 μeq/l w i t h offshore f l o w s at the North American east coast and 
to 8-15 μβς/1 w i t h onshore f l o w s at the European west coast. This 
decay i s co n s i s t e n t w i t h a distance constant of 2400 km and a r e s i 
dence time of approximately 80 hours and, i n turn, corresponds to a 
t r a n s - A t l a n t i c f l u x of anthropogenic s u l f u r of 0.3-0.4 Tg/yr. 
Whelpdale et a l . report f u r t h e r on a second independent estimate 
based on the a p p l i c a t i o n of a c l i m a t o l o g i c a l d i s p e r s i o n model that 
accounts f o r long-term average d i f f u s i o n , wet and dry d e p o s i t i o n , 
and to S0 4~ transformation. Using t h i s model, they c a l c u l a t e a 
f l u x of North American anthropogenic s u l f u r at the European west 
coast of 0.2 Tg/yr, which agrees w i t h the f i r s t estimate. 

At the distance of the European west coast, North American 
anthropogenic emissions account f o r approximately 4 μeq/l i n p r e c i 
p i t a t i o n . This i s l e s s than the marine background of 6-8 μβς/1 and 
much l e s s than the annual average excess [SO^] value of approxi
mately 30 μeq S / l appropriate f o r much of the c o a s t a l region. Whelp
dale et a l . conclude, t h e r e f o r e , that, on the average, the amount of 
North American anthropogenic s u l f u r reaching Europe i s small com
pared t o that from other sources. 

Summary 

Over the past few years, p a r t i c i p a n t s i n the WATOX program have been 
able to estimate the eastward advection of s u l f u r , n i trogen, and 
trace-metal and trace-organic species from North America as w e l l as 
t h e i r impact on the p r e c i p i t a t i o n and surface waters of the western 
A t l a n t i c Ocean. The data base compiled by the WATOX consortium, 
although extensive, i s sm a l l r e l a t i v e to the s i z e of the region and 
the degree of s p a t i a l and temporal v a r i a b i l i t y of the measured 
components. Thus, research on the impact of North American emis
sions on the atmosphere and on the surface waters of the western 
A t l a n t i c Ocean continues. We are s t i l l using a i r c r a f t , i s l a n d s , and 
ships to i n v e s t i g a t e the changes i n the North American plume as i t 
t r a n s i t s the A t l a n t i c Ocean, the atmospheric tran s p o r t of m a t e r i a l s 
across the A t l a n t i c , and the impact of atmospheric d e p o s i t i o n i n the 
surface ocean. 
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Chapter 5 

Hybrid Receptor Models 

C. W. Lewis and R. K. Stevens 

Atmospheric Sciences Research Laboratory, U.S. Environmental Protection Agency, 
Research Triangle Park, NC 27711 

A hybrid receptor model is defined as a specified 
mathematical procedure which uses not only the 
ambient species concentration measurements that 
form the input data for a pure receptor model, but 
in addition source emission rates or atmospheric 
dispersion or transformation information character
istic of dispersion models. By utilizing more 
information hybrid receptor modeling promises im
proved source apportionment estimates or, more 
fundamentally, consideration of problems that are 
inaccessible in terms of classical receptor modeling. 
Several examples of hybrid receptor modeling are 
reviewed, emphasizing the great variety in possible 
approaches, and in the choice of input versus out
put quantities. A simple illustration is given of 
a hybrid receptor model applied to the comprehensive 
ambient-source-meteorological data base collected at 
Deep Creek Lake, Maryland during summer 1983. 

A hybrid receptor model is any procedure for estimating 
the sources of ambient a ir pollutants at a receptor s i te , which 
makes use of both receptor and dispersion (source) modeling 
approaches. Thus, not only are the ambient species measurements 
which form the input data for a pure receptor model used, but 
also source emission rates or atmospheric dispersion or transform
ation information characteristic of dispersion models. By ex
ploit ing simultaneously the strengths of the two complementary 
approaches we expect to minimize their individual weaknesses. 
The natural domain of hybrid receptor models is in the treatment 
of reactive a ir pollutants, such as particular organics, S02/sul-
fate and NO x /nitrate. In the (non-exhaustive) review of existing 
hybrid receptor models which follows we hope to i l lus trate the 
variety of possible approaches, and the f l e x i b i l i t y in the choice 
of input data versus calculated outputs, depending on what inform
ation is available. F ina l ly , a comprehensive ambient-source 
meteorological data base collected at Deep Creek Lake, Maryland, 

This chapter is not subject to U.S. copyright. 
Published 1987, American Chemical Society 
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5. LEWIS AND STEVENS Hybrid Receptor Models 

during summer 1983 is described and used in a simple application 
of one hybrid receptor model. 

Hybrid Receptor Model Examples 

Reactive Organic Chemical Mass Balance (Friedlander). In the 
original formulation of the CMB receptor model (1) i t was recog
nized that the fractional amounts of various chemical species 
emitted by a source are not necessarily conserved during the 
transport of the species to the receptor s i t e . This could occur 
through both physical (differential dispersion or deposition) or 
chemical (removal due to atmospheric reactions) processes. This 
possibi l i ty was acknowledged by writing the CMB equations in the 
form 

c i = I aij a i j s j (*) 
J 

where C-j is the concentration of species i measured at the recep
tor s i t e , a-jj (<1) is the mass fraction of species i in the 
emissions from source j , α-,-j (<1) is the fractional decrease 
in a-jj during transport, and Sj is the (unknown) impact of source 
j at the receptor. Practically every application of CMB, however, 
has set each decay factor oqj to unity. An exception is the 
attempt by Friedlander (2) to derive an expression for decay f a c 
tors to be used in the source apportionment of chemically reactive 
polycyclic aromatic hydrocarbons (PAH) in Los Angeles. Fr ied-
lander's result is 

α ι Ί = (1 + K-jG)-1 (2) 

where Κη· is the f i r s t order reaction rate constant for PAH 
species i , and Θ is i ts average residence time in the atmosphere. 
This result i l l u s t r a t e s that a CMB receptor model that includes 
decay factors is actually a hybrid model, because the calculation 
of decay factor values requires information (reaction rates and 
dispersion considerations) that a s t r i c t l y receptor approach 
cannot provide. 

Tracer Hybrid Receptor Model (Lewis). Lewis and Stevens (3) have 
derived a hybrid receptor model for describing the secondary 
sulfate from an SO2 point source. The resulting expression for 
secondary sulfate concentration M$o at the receptor has the form 

MSQ4 = MpAT (3) 

with Mp being the mass concentration at the receptor of primary 
fine particles from the source (calculated from a classical 
receptor model), A representing the ratio of source mass emission 
rates for SO2 and fine part ic les, and Τ describing both the 
transformation of SO2 to sulfate in the atmosphere and i t s loss due 
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to deposition. The function Τ has a simple analytical form de
pending on average values of the transformation and deposition 
rates, and the time of transit between source and receptor. 
Thus, the calculation of secondary sulfate from Equation 3 can be 
thought of as the result of "grafting" additional emission ratio 
and wind speed information onto a conventional receptor modeling 
solution for the primary impact of the source. The principal 
advantage of Equation 3 is that a l l of the secondary sulfate 
dispersion - - and some of the deposition - - complexity is impli 
c i t l y contained in Mp, which acts as the "tracer" for the source. 

An especially simple use of Equation 3 is possible i f a 
particular chemical is known to be emitted only by the source of 
interest. Such an application is given in the last section of 
this a r t i c l e . 

Gordon and Olmez (4) have used Equation 3 to model sulfate 
resulting from a multiple source distribution of coal-burning 
emissions, such as in the Ohio River Valley. Their results are 
quantitatively consistent with measured aerosol S/Se ratios of 
about 1700 and 3000, within and downwind of this region. 

Source Finding Hybrid Receptor Model (Yamartino). The starting 
point of this model (~5) î s à s i t of equations of the form 

where is the concentration of a pollutant at receptor s i t e k 
during time interval t , Qj is the emission rate of the pollutant 
from source j (an identif iable source or a source region), and Ri^ 
is the transfer coefficient between source j and receptor k for 
the meteorological conditions existent during time interval t . 
The C^t's ere measured quantities, the Rjkt' s a r e t 0 be calculated 
from a dispersion model ( e . g . , Gaussian plume), and the Qj 1 s are 
unknowns. The Qj1 s are found by a least squares c r i t e r i o n , i . e . , 
the correct set of Q-j's is assumed to be the one that minimizes 

where J is the number of sources or source regions considered, 
and ACj<t is the uncertainty in C ^ f While Equation 4 bears a 
superficial resemblance to that of a conventional CMB receptor 
model approach, i t is actually very different: the former is 
concerned with one pollutant observed at multiple receptors and 
times, while the latter involves multiple pollutants observed at 
one receptor and time; the source strengths in the former are 
those as observed at the source, while in the latter they 
describe the impact at the receptor; the former requires meteor
ological information (to calculate the R j k t ' s ) » while the latter 
has no such requirement. 

c k t = I R j k t Qj (4) 

(5) 
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5. LEWIS AND STEVENS Hybrid Receptor Modeh 61 

Yamartino (6) has summarized the applications of this ap
proach, which include determining the sources of CO at an airbase, 
the sources of SO2 in West Berl in, and the wet deposition of 
sulfur in Eastern Northern America. The last application required 
estimates of rate constants as well as meteorological data to be 
inputted to calculate the transfer coeff ic ients. 

Diffusion Hybrid Receptor Model (Fay). This approach, beginning 
with the work of Fay and Rosenzweig (7), is perhaps the most 
interesting of a l l the hybrid models that have been proposed to 
date. Not only is i t able to address the usual source apportio
nment problem of estimating source impacts (of SO2 and secondary 
sulfate) at a receptor s ite but i t simultaneously generates e s t i 
mates for the conversion and deposition rate constants and meteor
ological parameters that are influencing the pollutant transfer 
between source and receptor. Consequently, we choose to review 
this model in more detail than the others considered here. 

The starting point of the model are Eulerian diffusion equa
tions whose solutions are the ambient concentrations of primary 
(SO2) sulfur, χ ρ , and secondary (sulfate) sulfur, χ 5 , resulting 
from a single SO2 source having a known constant emission rate Q. 
It is important to appreciate that the diffusion equations are 
time-averaged, so that their proper application is the description 
of seasonal or annual concentration averages, certainly not daily 
ones. The solutions χρ and x s , which are assumed to vary only 
with horizontal position, are zero order Bessel functions of the 
second kind. In addition to Q, χη and xs each depend on nine 
additional parameters: mixing heignt, wind speed and direct ion, 
horizontal d i f f u s i v i t y , f i r s t order rate constants for SO2 conver
sion and wet and dry deposition, and f i r s t order rate constants for 
sulfate wet and dry deposition. All nine parameters are consi
dered constant throughout the flow f i e l d . 

Since the model is l inear, the resultant prediction for the 
concentration of the primary or secondary pollutant at a receptor 
s ite is a linear superposition of the x's for the individual point 
sources. The model is optimized by a least squares c r i t e r i o n : 
the nine parameter values are chosen so as to minimize E 2 , 

Ε 2 = I (observation - prediction) 2 /^ (observation) 2 (6) 

where the summation is over a l l observations. 
The most successful application of this approach has been 

the source apportionment of the wet sulfate deposition rate in 
Eastern North America (8). The parameter values resulting from 
the minimization of E 2 generally f a l l within the expected range 
for each one. The correlation coefficient between three year 
average predicted (using the optimized parameter set) wet deposi
tion and observed values at 109 sites was 0.87. It is then a 
straightforward matter to calculate the percentage contribution 
from each source region at any chosen receptor s i t e . For example, 
at Whiteface Mountain, New York, the three largest contributors 
to wet deposition were Ohio (11.9%), Pennsylvania (11.4%) and 
New York (7.8%). The apportionment of airborne sulfate was 
also accomplished using the same parameter values as obtained 
from the wet deposition problem. 
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62 T H E CHEMISTRY OF ACID RAIN 

The Deep Creek Lake Study 

During August and September 1983 a f i e l d sampling study was con
ducted in rural Maryland at a site (Deep Creek Lake) which was 
anticipated to be heavily impacted by secondary sulfate from 
regional c o a l - f i r e d power plants. When the analytical work in 
progress is completed (x-ray fluorescence, neutron activation 
analysis, ion chromatography), the resulting data base wil l 
consist of ambient aerosol measurements (130 six-hour intervals 
of size fractionated elemental and chemical concentration), am
bient gas measurements (SO2, O3, and N0X concentrations with 10 
min time resolution), source measurements (size fractionated e l e 
mental aerosol composition and gaseous emission rates at 3 region
al power plants expected to impact the receptor s i t e ) , plume 
measurements (size fractionated aerosol composition at elevated 
points between sources and the receptor s i t e ) , airborne aerosol 
regional signatures, and meteorologically-derived back trajector
i e s . The unusually comprehensive content of this data set makes 
i t a valuable resource for investigating various hybrid receptor 
model approaches. 

Ambient Data Characteristics. Table I gives day and night aver
ages of selected fine part icle species and gaseous sulfur mea
sured at the Deep Creek Lake ambient s i t e . 

Table I. Fine Particle and Gaseous Sulfur Concentration 
Averages at Deep Creek Lake, MD, August 1983 

10 AM-10 PM 10 PM-10 AM 
Species (ng/m3) (ng/m3) 

Ν = 48 Ν = 47 

Mass 52700 39800 
Sn* 8570 6630 
SO4 25700 19900 
Pb 42.5 46.8 
Se 4.9 4.9 
S g** 14500* 7950* 
Sq/Sp (dimensionless) 1.7 1.2 

*fine part icle sulfur 
**gaseous sulfur (from SO2) 

The table shows substantial fine mass loadings, with sulfate 
representing about half of the t o t a l . Selenium, which is increas
ingly regarded as a good tracer species for coal combustion, also 
has a high concentration relative to that found in airsheds with 
l i t t l e coal impact. Lead is tradit ional ly a good indicator of 
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5. LEWIS AND STEVENS Hybrid Receptor Models 63 

mobile source emissions. From the average lead concentration 
measured at the Deep Creek Lake s i t e , a total mobile source impact 
of no more than 1-2 pg/rn3 can be inferred (9), a very small 
percentage of the measured mass concentration. 

Table II shows the l inear correlation coefficients of the 
species from Table I. For 95 observations a correlation greater 
than 0.26 is significant at the 1% level . Thus, the correlations 
involving lead are not signif icant (consistent with expectation), 
while the mutual correlations of fine part icle sulfur, selenium 
and mass are impressively large. Correlations involving gaseous 
sulfur are only s l ightly less large. 

Table II. Linear Correlation Coefficients (N = 95) 

Mass Sp Sg Se Pb 

Sn • 94 
s g .60 .53 
Se .75 .73 .71 
Pb .16 .16 -.09 .03 
Sp + Sn .75 .75 .98 .78 -.03 

Tracer Hybrid Receptor Model Application. Even though the Deep 
Creek Lake data base is not yet complete, in terms of al l the 
chemical analyses that are anticipated to be included, i t may be 
useful to give a simple i l l u s t r a t i o n of how a hybrid receptor 
model can provide some insight into the data. 

Table III shows ambient measurements obtained on August 5, 
1983, between 10 AM and 4 PM. The concentrations are a l l well 
above their average daytime values. The Sg/Sp ratio is among the 
largest values seen during daytime sampling periods, indicating 
l i t t l e gas to part icle conversion has occurred, and suggestive of 
a short transport time. During this period back trajectory c a l 
culations showed an average wind speed of 14 km/h, from the d i 
rection of the nearest major coal- f i red power plant (Ft. Martin, 
1150 MW) 45 km due west of Deep Creek Lake. Table III also shows 
the measured Sg/Se ratio obtained at the Ft. Martin plant during 
September 1983. Dilution source sampling was employed so that 
the distribution of selenium between its fine part icle and gaseous 
phases should approximate that which is present in the ambient 
environment. 

Under the assumption that the gaseous sulfur, fine p a r t i 
cle selenium and secondary fine part icle sulfur measured at an 
ambient site originates from a single point source the tracer 
hybrid receptor model can be expressed in terms of the two 
equations 

Sp/Sg = [exp((K r + K d ) t ) - l ] K r t / ( K r + K d )t (7) 

Sg/Se = (Sg/Se)0 exp(-(K r + K d )t) (8) 
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64 T H E CHEMISTRY OF ACID RAIN 

Table III. Ambient and Source Fine Particle 
and Gaseous Sulfur Measurements 

Deep Creek Lake, August 5, 1983, 10 AM-4 PM 

S g 37,100 ng/m3 (28.3 ppb) 

S D 18,100 ng/m3 

S£ 7.9 ng/m3 

Sg/Sp 2.0 
Sg/Se 4,690 

Ft. Martin Power Plant, September, 1983 

Sg/Se 16,000 + 5,000 

where t is the source to receptor transport time, K r is the 
average gas to particle conversion rate, Kd is the average 
excess deposition rate for SO2 relative to sulfate, and the zero 
subscript indicates a source measurement. Inserting the three 
ratios from Table III, Equations 7 and 8 have the unique so]_u-
tion_(most easily obtained graphically) 0.25 and 0.93 for K r t 
and K d t , respectively. Assuming the source to be the Ft. Martin 
plant, and thus a 3.2h transport time based on the back t r a j e c 
tory information, we have 

K r = 7.8 %/h (9) 

T<d = 31 %/h (10) 

The uncertainty in K r is estimated to be 20%, while the uncer
tainty in Kç\ is at least 30%. 

The K r value is similar to other measurements for dry 
summer daytime conditions. The Kd value is larger than what 
is frequently assumed, but not implausible. For example, in 
the Four Corners power plant plume study of Mamane and Pueschel 
(10), in complex terrain similar to that considered here, a 
part icle dry deposition rate of 18%/h was found. Since particles 
typical ly are dry-deposited at much lower rates than SO2, a 31%/h 
excess deposition rate for SO2 does not appear unreasonable. 

The results of Equations 9"and 10 do not take account of any 
"background" SO2 and fine part icle sulfur and selenium originating 
upwind of the Ft. Martin plant. This omission is not expected to 
be a major source of error, since any such corrections occur in 
both numerator and denominator of measurement ratios. In any 
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5. LEWIS AND STEVENS Hybrid Receptor Models 65 

case the Deep Creek Lake data set includes upwind measurements 
whose analyses wil l allow this question to be quantitatively i n 
vestigated. 

Although the research described in this art ic le has been 
supported by the United States Environmental Protection Agency, 
i t has not been subjected to Agency review and therefore does not 
necessarily reflect the views of the Agency and no o f f i c ia l en
dorsement should be inferred. 
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Chapter 6 

Trace Element Concentrations on Fine Particles 
in the Ohio River Valley 

S. G. Tuncel1, Glen E. Gordon1, I. Olmez1,3 J. R. Parrington1,4, R. W. Shaw, Jr.2,5, 
and R. J. Paur2 

1Department of Chemistry and Biochemistry, University of Maryland, 
College Park, MD 20742 

2Environmental Research Center, U.S. Environmental Protection Agency, 
Research Triangle Park, NC 27711 

Atmospheric particles were collected from May, 1980 
to Dec., 1981 at 3 sampling sites in the Ohio River 
Valley (ORV). The collected samples were analyzed 
by x-ray fluorescence (XRF) for elemental concentra
tions and their masses determined by β gauging. The 
XRF data and associated wind trajectories were used 
to select a subset (200) of ORV samples in the fine 
fraction for further analysis by instrumental neutron 
activation analysis (INAA). Combined XRF and INAA 
data provided concentration values for up to 40 ele
ments. Chemical mass balances with 11 sources were 
used to f i t trace element concentrations. About 90% 
of the predicted mass arises from the regional sulfate 
component, which accounts for most of the observed 
sulfur. Sulfate concentrations are nearly as high at 
the west station (in KY) as at the center (IN) and 
east (OH) stations in disagreement with the usual 
picture of build-up of sulfate in air masses as they 
move up the Valley, picking up SO2, which is slowly 
converted to sulfate. Even when back trajectories 
are used to limit consideration to samples of air 
masses coming from the southwest, the picture remains 
despite the lack of strong sources upwind in MO, AK 
and OK. We find no reasonable way in which to f i t 
observed sulfate concentrations and S/Se ratios 
with a simple hybrid receptor model. 

Current address: Nuclear Reactor Laboratory, Massachusetts Institute of Technology, 
Cambridge, M A 02139 

^Current address: General Electric Co., Schenectady, N Y 12301 
5Current address: Army Research Office, Research Triangle Park, N C 27709 

0097-6156/87/0349-0066$06.00/0 
© 1987 American Chemical Society 
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6. TUNCEL ET AL. Trace Element Concentrations on Fine Particles 67 

Trace element compositions of airborne p a r t i c l e s are important f o r 
determining sources and behavior of r e g i o n a l a e r o s o l , as emissions 
from major sources are c h a r a c t e r i z e d by t h e i r elemental composition 
patterns. We have i n v e s t i g a t e d airborne trace elements i n a complex 
r e g i o n a l environment through a p p l i c a t i o n of receptor models. A 
subset (200) of f i n e f r a c t i o n samples c o l l e c t e d by Shaw and Paur 
(1,2) i n the Ohio River V a l l e y (ORV) and analyzed by x-ray 
fluorescence (XRF) were re-analyzed by instrumental neutron a c t i v a 
t i o n a n a l y s i s (INAA). The combined data set, XRF plus INAA, was 
subjected to receptor-model i n t e r p r e t a t i o n s , i n c l u d i n g chemical 
mass balances (CMBs) and f a c t o r a n a l y s i s (FA). Back t r a j e c t o r i e s 
of a i r masses were c a l c u l a t e d f o r each sampling p e r i o d and used 
with XRF data to s e l e c t samples to be analyzed by INAA. 

Experimental Methods 

The 3 ORV sampling s i t e s (see Figure 1) were s e l e c t e d i n r u r a l 
areas having minimal e f f e c t s of l o c a l sources. The west s i t e Wc.3 
i n a r u r a l farming community i n Union County, KY, the center s i t e 
i n a s i m i l a r area of F r a n k l i n County, IN, and the east s i t e was i n 
a f o r e s t c l e a r i n g i n Ashland County, OH. The s i t e s l i e along a 
590-km l i n e with roughly equal spacings between them. 

Samples were c o l l e c t e d from May, 1980 to Aug., 1981 using 
dichotomous samplers which separated p a r t i c l e s i n t o two s i z e f r a c 
t i o n s (cut-point at 2.5-μπι diam). P a r t i c l e s were c o l l e c t e d on 1-
μπι pore-diam T e f l o n membrane f i l t e r s . D e t a i l s of the sampling 
p r o t o c o l are discussed elsewhere (1). Sampling periods were 12 h 
f o r some samples, but 24 h f o r most, with samples being changed at 
noon and midnight f o r the former, and midnight f o r the l a t t e r . 
Samples were β-gauged f o r mass determination and XRF analyses were 
performed at Environmental Sciences Research Laboratory (ESRL) of 
the U. S. Environmental P r o t e c t i o n Agency (EPA). 

At Maryland, b a c k - t r a j e c t o r i e s of a i r masses were c a l c u l a t e d 
f o r each sampling p e r i o d using the A i r Resources Laboratory Branch
ing Atmospheric T r a j e c t o r y model (3). Sampling periods were c l a s s i 
f i e d according to the d i r e c t i o n s of t h e i r a s s o c i a t e d back-trajec
t o r i e s as was done p r e v i o u s l y with Shenandoah V a l l e y samples (4). 
Two hundred samples were s e l e c t e d f o r more d e t a i l e d a n a l y s i s by 
INAA. S e l e c t i o n c r i t e r i a included b a c k - t r a j e c t o r i e s c o n s i s t e n t l y 
from c e r t a i n d i r e c t i o n s during sampling durations (with SW t r a j e c 
t o r i e s h e a v i l y weighted) and some periods of stagnations to observe 
high p o l l u t i o n build-ups. As f i n e p a r t i c l e s t r a v e l over longer d i s 
tances and c a r r y more information than coarse p a r t i c l e s , only f i n e 
p a r t i c l e f r a c t i o n s were analyzed f u r t h e r . Results of XRF were also 
used to s e l e c t samples f o r subsequent INAA. 

The s e l e c t e d samples were sent to the U n i v e r s i t y of Mary
land. They were opened i n a Class 100 c l e a n room and h a l f of each 
f i l t e r was cut from the holder with a s t a i n l e s s s t e e l s c a l p e l , 
f o l d e d and t r a n s f e r r e d to an acid-washed polyethylene bag. The 
bags were placed i n t o pneumatic tube sample c a r r i e r s ("rabbits") 
along with standards and f l u x monitors, and i r r a d i a t e d i n the 
N a t i o n a l Bureau of Standards (NBS) reactor at a f l u x of 5 χ 1 0 ^ 
n/cm^-sec. Gamma-ray spectra of the i r r a d i a t i o n products were 
observed with Ge r-ray detectors using procedures discussed by 
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T H E CHEMISTRY OF ACID RAIN 

Figure. 1. Map of Ohio River V a l l e y showing ORV s i t e s and 
c o a l - f i r e d power p l a n t s , with s i z e s of c i r c l e s i n d i c a t i n g 
p l a n t c a p a c i t i e s . West, Center and East sampling s i t e s i n d i 
cated as W, C and E, r e s p e c t i v e l y . 
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Germani et a l . (5). The f i n a l data s e l e c t e d are from INAA except 
f o r Br, S, S i and Pb, taken from XRF. The combined methods y i e l d 
data f o r about 40 elements. 

Results and D i s c u s s i o n 

Average concentrations of s e l e c t e d elements and t h e i r standard 
d e v i a t i o n s f o r a l l samples analyzed by INAA from each s t a t i o n are 
l i s t e d i n Table I. With few exceptions, e.g., Mn at the west st a 
t i o n , concentrations were remarkably s i m i l a r at the 3 ORV s i t e s . 

Factor A n a l y s i s . A major o b j e c t i v e of t h i s p r o j e c t i s to develop 
r e g i o n a l s c a l e receptor models which would use some of the 40-odd 
observed species to determine sources or source regions of the 
p a r t i c l e s . As a f i r s t step we performed f a c t o r a n a l y s i s (FA) on 
a l l samples. In c o n t r a s t to the rather good FA r e s u l t s obtained 
from s i m i l a r data from Shenandoah V a l l e y (4), here the r e s u l t s 
were poor. A 5-factor f i t to 23 v a r i a b l e s i n 200 samples accounted 
f o r only 57% of the variance. Factor 1 (Pb, Br, Sb, As and Se) i s 
a combined motor-vehicle and general anthropogenic component. Factor 
2 (Fe, S i , A l , Sc, La, Sm) i s c r u s t a l . Factor 3 (S, Se, mass and 
south wind, with negative Zn) i s the " r e g i o n a l s u l f a t e " f a c t o r . Not
ably, t h i s f a c t o r contains n e g l i g i b l e Mn, suggesting that the Mn 
observed on t h i s f a c t o r i n Shenandoah V a l l e y (4) and Watertown, MA 
(6) r e s u l t s from both s u l f a t e and Mn being brought i n t o the East 
by the same winds, but not o r i g i n a t i n g from the same sources. As 
shown i n Table I, samples from the West o f t e n c o n t a i n large amounts 
of Mn. Only 7% of the Mn v a r i a t i o n i s accounted f o r by the 5 fac
t o r s . Excess Mn i n the Midwest a r i s e s from a few ferromanganese 
p l a n t s . Other p l a n t s of t h i s type have been shown to be large "hot 
spots" f o r Mn (7). The o r i g i n of Factor 4 (Zn, some S, north wind) 
i s unclear. Factor 5 (V, La/Sm r a t i o and east wind) i s the o i l -
f i r e d p l a n t f a c t o r , perhaps with r e f i n e r y c o n t r i b u t i o n s (8). The 
FA r e s u l t s may be poor because samples were p r e - s e l e c t e d f o r c e r t a i n 
wind t r a j e c t o r i e s and/or concentrations from XRF, whereas the e n t i r e 
data set from Shenandoah V a l l e y was used. Also, there were too few 
samples to s t r a t i f y them by season, whereas a l l Shenandoah samples 
were c o l l e c t e d during summer. 

Shaw and Paur performed FA of a l l elements observed by XRF 
i n a l l samples c o l l e c t e d at the center s i t e . The data from each 
quarter were analyzed separately and data f o r f i n e and coarse p a r t i 
c l e s were included i n the same FAs. For consistency, four f a c t o r s 
were used f o r each quarter. The nature of the f a c t o r s obtained 
v a r i e d somewhat from quarter to quarter, but three f a c t o r s emerged 
c o n s i s t e n t l y : (1) f i n e f r a c t i o n S and Se, corresponding to our 
Factor 3; (2) coarse f r a c t i o n c r u s t a l elements, the coarse counter
p a r t of our Factor 2; and (3) f i n e f r a c t i o n metals (Fe, Zn, Μ η ) , 
f o r which there i s no d i r e c t analog among the FA of a l l samples i n 
t h i s work. However, we also performed FA of the samples analyzed 
from each s t a t i o n . For the center s t a t i o n , Factor 1 was h e a v i l y 
loaded with As, Mn, Sb, Zn, Pb, Br, with smaller loadings of Fe 
and Se, and the wind t r a j e c t o r i e s were from more n o r t h e r l y and 
e a s t e r l y d i r e c t i o n s than the average f o r a l l samples. Note that a 
number of the elements on t h i s f a c t o r are observable by INAA, but 
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Table I. Arithmetic Means and Standard Deviations of Concentrations 
(ng/m^) of Selected Elements Observed i n a Subset of Samples 
Analyzed by INAA and XRF from the Three ORV Sites 

Concentration (ng/m^) 
Element West Center East 

S i t e S i t e S i t e 

Na 79 ±60(43) a 57 
Mg 81 ±43 (23) 88 
A l 98 ±124 b(44) 84 
S i 330 ±430 b(43) 180 
s 3500 ±3600 (44) 3800 

C l 14 ±14 (44) 37 
Κ 131 ±136 b(43) 82 
Ca 80 ±59 b(44) 78 
V 1.0 ±0.79 b(44) 0.87 
Cr 0.93 ±1.3 (44) 0.95 

Mn 13 ±17 b(44) 4.6 
Fe 82 ±85 (44) 72 
Co 0.11 ±0.09 (44) 0.10 
Cu 7.5 ±5.6 (39) 11 
Zn 28 ±82 (44) 18 

Ga 0.2 ±0.3 (39) 0.28 
As 1.1 ±0.8 (43) 0.98 
Se 2.0 ±0.9 (44) 2.3 
Br 7.5 ±4.6 (44) 9.9 
Mo 0.56 ±0.45 (36) 0.46 

Cd 0.89 ±1.1 (27) 0.89 
In 0.009 ±0.007 (39) 0.02 
Sb 0.59 ±0.38 (44) 0.63 
I 1.5 ±0.75 (39) 1.3 
Cs 0.04 ±0.02 (43) 0.041 

La 0.18 ±0.21 b(43) 0.16 
Sm 0.017 ±0.019 b(43) 0.016 
W 0.073 ±0.082 (34) 0.13 
Pb 47 ±22 (43) 61 

±52 ( 5 5 ) a 84 ± 1 1 3 b ( 9 6 ) a 

±43 (35) 98 ±91 b(56) 
±108 (56) 97 ±150 (98) 
±180 (52) 170 ±120 (95) 
±2400 b(56) 2700 ±2300 (99) 

±32 (56) 39 ±37 b(97) 
±46 (55) 79 ±53 (98) 
±66 (55) 48 ±30 (95) 
±0.55 (56) 0.80 ±0.60 (98) 
±0.77 (56) 1.5 ±1.7 b(95) 

±2.7 (56) 8.3 ±9.8 (98) 
±50 (56) 94 ±150 b(97) 
±0.10 (56) 0.23 ±1.4 b(94) 
±11 (53) 12 ±ll b(97) 
±14 (56) 30 ±25 b(97) 

±0.29 (38) 0.30 ±0.23 b(79) 
±0.54 (55) 1.6 ±1.4 b(98) 
±1.3 b(56) 2.0 ±1.4 b(97) 
±4.0 (55) 11 ±7 b(98) 
±0.56 (49) 1.6 ±3.5 b(82) 

±0.85 b(36) 1.0 ±0.68 b(62) 
±0.03 (54) 0.009 ±0.006 b(92) 
±0.35 (56) 0.69 ±0.49 b(97) 
±1.2 (51) 1.5 ±1.4 (91) 
±0.028 (54) 0.06 ±0.06 b(92) 

±0.13 (55) 0.11 ±0.10 (96) 
±0.019 (55) 0.016 ±0.021 (91) 
±0.27 (43) 0.16 ±0.26 b(85) 
±21 b(52) 60 ±31 (97) 

a Number of samples are given i n parentheses 
b Highest s t a t i o n average for element 
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were not included i n the XRF dat set, so there i s good correspondence 
between t h i s f a c t o r and Factor 3 of the FA by Shaw and Paur (2). 
Results from INAA/XRF data suggest a combined motor-vehicle and 
i n d u s t r i a l a c t i v i t i e s component from c i t i e s north and east of the 
s i t e . 

Chemical Mass Balances. To attempt a q u a n t i t a t i v e r e s o l u t i o n of 
the ORV samples, we performed CMBs using 11 components from a source-
composition l i b r a r y developed at Maryland (9): c o a l , o i l and refuse 
combustion, s o i l and marine aerosol, emissions from r e f i n e r i e s , 
motor v e h i c l e s , i r o n and s t e e l p l a n t s , copper p l a n t s and lime k i l n s , 
and r e g i o n a l s u l f a t e . Some components were modified f o r t h i s use, 
e.g., by an increase of Se on the c o a l component to account f o r 
condensation of Se from the vapor phase a f t e r stack gases mix with 
ambient a i r . Table II contains a b r i e f summary of CMBs of ten samples 
from the east s i t e . The q u a l i t y of f i t s i s shown by comparison of 
average p r e d i c t e d and observed concentrations, and by the average 
l a r g e r / s m a l l e r (L/S) r a t i o where, f o r each sample, L/S f o r an element 
i s the predicted/observed r a t i o or i t s inverse, whichever i s l a r 
ger. A p e r f e c t f i t f o r a l l samples y i e l d s an average L/S of 1.00. 

Most previous CMBs, e.g., (10), were performed on w h o l e - f i l t e r 
data se t s , f o r which about h a l f of the mass i s from coarse p a r t i 
c l e s . In that case, many elements a r i s e mainly from c r u s t a l dust, 
making them easy to f i t . By contrast, the f i n e f r a c t i o n contains 
l i t t l e c r u s t a l m a t e r i a l and many elements are h i g h l y enriched ( r e l a 
t i v e to c r u s t a l abundances) because of passage through combustion 
processes. Because of the s e n s i t i v i t y of enrichments to d e t a i l s of 
the combustion sources and t h e i r p o l l u t i o n - c o n t r o l devices, these 
elements are d i f f i c u l t to f i t . 

In view of these problems, the f i t s to the compositions of 
the f i n e f r a c t i o n s are quite good. Only about 80% of the mass i s 
explained, n e a r l y a l l of i t as r e g i o n a l s u l f a t e , but t h i s i s t y p i c a l 
f o r f i t s to f i n e f r a c t i o n s . The missing mass i s probably condensed 
water and carbonaceous m a t e r i a l , n i t r a t e s , etc. Potassium i s s e r i o 
u s l y underpredicted, p a r t l y because we included no wood-smoke compo
nent. The l a t t e r would account f o r r e s i d u a l K, but l i t t l e e l s e . 
Several elements, i n c l u d i n g Cr, Co and Cd may have sources not 
included i n the CMBs, or the components used may be d e f i c i e n t i n 
these elements. 

A major o b j e c t i v e of these CMBs was to determine primary and 
secondary c o n t r i b u t i o n s from c o a l - f i r e d p l a n t s . A r s e n i c and Se are 
of t e n used as "markers" f o r primary emissions from c o a l - f i r e d p l a n ts 
(10), but Table II shows that s u b s t a n t i a l amounts of these elements 
are a s s o c i a t e d with r e g i o n a l s u l f a t e , most of which r e s u l t s from 
tra n s p o r t from d i s t a n t c o a l - f i r e d p l a n t s . The r e g i o n a l s u l f a t e 
component was based l a r g e l y on FA of f i n e p a r t i c l e s c o l l e c t e d i n 
Shenandoah V a l l e y (4), which mainly represents m a t e r i a l transported 
i n t o the area from the west. As p r e v i o u s l y discussed (11), broadly 
s i m i l a r components can be constructed from data of Thurston and 
Spengler (6), Pierson et a l . (12), and Rahn and Lowenthal (13). At 
present, we don't know i f t h i s component i s appropriate f o r samples 
c o l l e c t e d w i t h i n the ORV. Also, i n d u s t r i a l sources such as copper 
pl a n t s and i r o n and s t e e l m i l l s i n t e r f e r e with some elements that 
might otherwise be good markers f o r c o a l combustion. Gallium shows 
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Table I I . CMB F i t s to Selected Elements i n Ten Fine F r a c t i o n 
Samples from the East S i t e 

E l e - Cone, (ng/m-3) Avg L/S Major Sources 
ment Pred. Obs. 
Mass(^g/m 3 ) 23. 6 30. 8 1. 7 RegS (22), MV(0.47),Cmt(0.42) 
Na b 57 56 1. 1 Mar (51), Cmt (3), Iron (3) 
A l b 38 36 1. 4 Coal (17), S o i l (11), Cmt (9) 
S i b 71 75 1. 2 S o i l (47), Coal (28), Cmt(19) 
S b 2500 2310 1. ,1 RegS (2500), Iron(8), 0 i l ( 4 ) 
K b 40 61 1. ,6 Cmt (21), Iron (9) 
C a b 57 46 1. ,4 Cmt (42), Iron (7) 
V b 0. ,80 0. ,66 1. ,6 O i l (0.6), Iron (0.4) 
Cr 0, ,22 0. ,54 3. ,6 Iron (0.11), Cmt (0.05) 
Mn b 2. ,2 2. ,5 1. ,3 RegS (1.0), Iron (0.9) 
F e b 38 36 1. ,1 Iron (22), Coal (8), S o i l (5) 
Co 0. ,04 0. ,08 2. ,9 O i l (0.034), Iron (0.005) 
Cu b 

Z n b 

3. ,4 5. ,9 1. ,8 Cu (2.8), Iron (0.27) Cu b 

Z n b 13 11 1. ,2 I n c i n (5), Cu (5) 
Ga b 0. .04 0. .09 2. ,3 Coal(0.02),Cmt(0.014),Iron 

(0.012) 
A s b 0. ,34 0. ,5 1. .9 Cu(0.11),RegS(0.11),Coal(0.07) 
Se b 0. .7 1. .0 1. .7 RegS (0.45), Coal (0.19) 
B r b 7. .8 7. .7 1. .3 MV (7) 
Cd 0. .22 0. .85 3. .4 MV (0.075),lncin(0.06),Cu (0.06) 
In 0, .004 0, .004 3. .2 RegS (0.004),Incin & Iron(O.OOl) 
Sb b 0, .23 0, .43 2, .1 I n c i n (0.09), RegS (0.05) 
I 0, .43 0, .63 2, .1 Mar (0.29), Coal (0.013) 
L a b 0, .084 0, .064 1, .6 Ref (0.04) 
Ce 0 .70 0, .08 1, .4 Ref (0.034), Coal (0.021) 
Smb 0, .006 0, .008 1, .4 MV (0.004), Coal (0.001) 
Pb b 43 42 1 .1 MV (32), Cu (5) 

aNumbers i n parantheses i n d i c a t e c o n t r i b u t i o n s from i n d i c a t e d 
source. Abbreviations: I n c i n = i n c i n e r a t o r s , Ref = r e f i n e r i e s , MV 
— motor v e h i c l e s , Mar — marine, Iron — i r o n and s t e e l p l a n t s , Cu 
= copper p l a n t s , Cmt = cement p l a n t s , RegS = r e g i o n a l s u l f a t e . 
b I n c l u d e d i n CMB least-squares f i t 
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6. TUNCEL ET AL. Trace Element Concentrations on Fine Particles 73 

promise as a marker, as does gas-phase B, discussed elsewhere (14). 
I f CMBs can be used to d i s t i n g u i s h between primary and secondary 

emissions from c o a l - f i r e d p l a n t s , the r e s u l t s can be used i n h y b r i d 
receptor models to determine important parameters such as distance 
s c a l e s f o r transport and transformation of S species. 

Hybrid Receptor Models 

The meaning of the the term "hybrid receptor model" i s not consis
tent i n the l i t e r a t u r e . Following the d e f i n i t i o n proposed at the 
Q u a i l Roost Receptor Modeling Workshop (15.) , we take i t to be a 
combination of some meteorological aspects of t r a d i t i o n a l source-
based models with some t r a c e r aspects of receptor models. An im
portant feature of such models i s that one oft e n works with r a t i o s 
of species so that some of the most u n c e r t a i n absolute parameters 
of c l a s s i c a l models cancel out. As noted below, f o r example, one 
can c a l c u l a t e the concentration r a t i o of gas-phase S O 2 to gas-phase 
Β as a f u n c t i o n of distance from a common source more ac c u r a t e l y 
than the absolute concentration of e i t h e r species. 

An important step towards treatment of S O 2 conversion to s u l 
f a t e and d e p o s i t i o n of both species that avoids absolute uncertain
t i e s of d i s p e r s i o n and d e p o s i t i o n rates was taken by Lewis and 
Stevens, who i n v e s t i g a t e d the mathematical b a s i s of one form of 
h y b r i d receptor modeling (16). Their model assumes that one measures 
concentrations of S O 2 and S O 4 r e l a t i v e to that of some species borne 
by p a r t i c l e s from the p l a n t . They assumed that (1) d i s p e r s i o n , 
d e p o s i t i o n and transformation of the three species ( S O 2 , S O 4 and f i n e 
primary p a r t i c l e s ) are l i n e a r or pseudo f i r s t - o r d e r processes, but 
may have complex dependences on time; (2) d i s p e r s i o n a f f e c t s a l l 
three p o l l u t a n t s i d e n t i c a l l y ; (3) dry d e p o s i t i o n i s the only type 
of d e p o s i t i o n which occurs; (4) d e p o s i t i o n v e l o c i t y i s the same 
f o r a l l f i n e p a r t i c l e s , but may be d i f f e r e n t f o r S O 2 ; (5) secondary 
s u l f a t e i s produced only by homogeneous o x i d a t i o n of S O 2 . 

Lewis and Stevens' mathematical treatment i s f a i r l y general, 
as i t allows the conversion rate and d e p o s i t i o n v e l o c i t i e s to vary 
with time, as expected. For example, the rate of SO-2 conversion 
i s probably higher during daytime than at night. The value of t h e i r 
formulation i s that the d i s p e r s i o n of both S O 2 and S O 4 and the depo
s i t i o n of S O 4 are handled by norma l i z a t i o n to the concentration of 
f i n e primary p a r t i c l e s from the S O 2 source. They made various assump
t i o n s about the time dependence of conversion and d e p o s i t i o n rates 
and concluded that the e r r o r s are only about 10% or l e s s i f one 
assumes that the rates are equal to the time-averaged values. 

As f i n e p a r t i c l e s a r i s e from many sources, i t would be d e s i r 
able to replace the f i n e p a r t i c l e mass concentration i n the equa
t i o n s by the concentration of an element borne by the f i n e p a r t i c l e s 
from c o a l combustion and no other source. The best candidate f o r 
such an element i s Se (2., 4,17) . I f c o a l - f i r e d power p l a n t s were 
the only s i g n i f i c a n t source of Se (probably a good assumption i n 
many areas), one could measure emission rates of S O 2 , S O 4 and Se 
from the source and t h e i r concentrations at a downwind l o c a t i o n 
and plug the values i n t o the equations and solve them to obtai n 
the conversion and d e p o s i t i o n rates averaged over the t r a v e l time 
of the plume. The model i s a u s e f u l f i r s t step towards the use of 
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receptor methods to determine transformation and d e p o s i t i o n rates, 
but i t i s o v e r - s i m p l i f i e d , e s p e c i a l l y the assumption that one can 
f o l l o w the plume from a large source f o r many hours. There are 
few areas of the world i n which that i s p o s s i b l e . Also, the neglect 
of i n - c l o u d processes i s a serious problem; however, one c o u l d 
t e s t the approach by s e l e c t i n g periods of dominant high pressure 
systems during which there i s l i t t l e cloudiness or r a i n . 

To examine the f i r s t problem i n more d e t a i l , Gordon and Olmez 
performed c a l c u l a t i o n s that crudely simulated an a i r mass moving 
up the Ohio River V a l l e y and i n t o New England (14). They assumed 
that i d e n t i c a l c o a l - f i r e d p l a n ts were spaced at 50-km i n t e r v a l s 
over 1000 km and eliminated them f o r an a d d i t i o n a l 800 km. They 
assumed a r a t i o of Se/S = 0.00028 i n the c o a l , and that 50% of the 
Se i s r e l e a s e d up the stack, of which 50% q u i c k l y becomes attached 
to p a r t i c l e s , with the remainder s t a y i n g i n the gas phase. The 
atmosphere was assumed to be uniformly mixed up to 1.5 km and the 
wind speed, 10 km/hr. Selenium and s u l f a t e p a r t i c l e s were assumed 
to have the same d e p o s i t i o n v e l o c i t y , Vg2, and S O 2 a l a r g e r value, 
— g l * S u l f u r dioxide was a l s o converted at a r a t e k r — 
1.0%/hr. Gordon and Olmez (14) a l s o added a gas-phase t r a c e r to 
the model, namely gas-phase B. In non-coastal areas, i t seems to 
a r i s e mainly from c o a l - f i r e d p l a n t s . Fogg and Rahn suggest that 
B, mainly as H 3 B O 3 , has d e p o s i t i o n p r o p e r t i e s s i m i l a r to those of 
S O 2 , but no chemical r e a c t i o n s i m i l a r to S O 2 conversion i s known 
f o r gas-phase Β (18). Thus, measurements and modeling of B / S O 2 
r a t i o s could add valuable a d d i t i o n a l c o n s t r a i n t s to h y b r i d recep
to r models. Fogg and Rahn used t h i s approach to make rough e s t i 
mates of S O 2 l i f e t i m e s (1-2 days) and o x i d a t i o n rates (1-2%/hr) 
during transport from the Midwest to New England. Gordon and Olmez 
assumed the r a t i o of gas-phase B / S O 2 i n stack emissions to be 0.00070 
based on the r e s u l t s of Fogg and Rahn. Gas-phase Β was assumed to 
have the same d e p o s i t i o n v e l o c i t y as S O 2 , but no chemical decay. Cal
c u l a t i o n s were performed, with Vg^ — 2 cm/sec and Vg2 =0.5 cm/sec. 
As expected, j u s t a f t e r each i n j e c t i o n of f r e s h emissions, the 
p a r t i c u l a t e S/Se r a t i o drops because Se i s added without new S O 4 
u n t i l the new S O 2 has been converted to S O 4 . 

The p r e d i c t e d S O 2 concentration r i s e s to 27 A*g/m3 at 500 km 
and remains almost constant to 1000 km, beyond which no new S O 2 i s 
added, and drops r a p i d l y beyond that point. The s u l f a t e concen
t r a t i o n r i s e s to about 19 /Jg/m3 at 1000 km and continues to r i s e a 
b i t , as S O 2 i s f u r t h e r converted, to a maximum at 1100 km, before 
slowly dropping. The p a r t i c u l a t e Se concentration increases to 
about 3 ng/m3 at 1000 km and slowly decreases to 1800 km. The par
t i c u l a t e S/Se r a t i o a s y m t o t i c a l l y approaches about 2100 up to 1000 
km and increases beyond that p o i n t because a d d i t i o n a l p a r t i c u l a t e 
S i s formed, while no more Se i s added, reaching a value of about 
3100 at 1800 km. The parameters were not chosen to attempt an exact 
f i t to a p a r t i c u l a r data set, but the p r e d i c t e d concentrations of 
species were f a i r l y reasonable. The B / S O 2 r a t i o remains f a i r l y 
constant at about 0.0007 up to 1000 km, then increases by a f a c t o r 
of about 2.5 by 1800 km, as S O 2 i s removed f a s t e r than gas-phase 
B. The l a t t e r i s i n reasonable agreement with the f i n d i n g s of Fogg 
and Rahn (18) The p r e d i c t i o n s were also i n good agreement with 
measurements of gas-phase Β and S and p a r t i c u l a t e B, S and Se i n 
College Park, MD by K i t t o and Anderson (19). 
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Tuncel et a l . tabulated S/Se r a t i o s f o r p a r t i c l e s from many 
l o c a t i o n s (4). The r a t i o i s about 3000 at r u r a l s i t e s downwind, 
but outside of coal-burning areas. In the midst of the ORV, i t i s 
depressed to about 1700, i n agreement with the model. In the midst 
of c i t i e s i n which s u b s t a n t i a l c o a l i s burned, the r a t i o i s depressed 
to 1000 or l e s s . Except f o r a few samples at Allegheny Mt. c o l l e c t e d 
downwind from three power p l a n t s , Tuncel et a l . d i d not see sudden 
drops i n the S/Se r a t i o that one would expect to see o c c a s i o n a l l y 
i n f r e s h plumes from c o a l - f i r e d p l a n t s . A major flaw i n the Gor-
don/Olmez model i s the assumption of uniform v e r t i c a l concentra
t i o n p r o f i l e s , which i s s u r e l y a poor assumption j u s t beyond a 
source. Most power plants have t a l l stacks, whereas, measurements 
are at ground l e v e l . The S/Se r a t i o w i l l s u r e l y be depressed near 
the plume c e n t e r l i n e , but the e f f e c t w i l l u s u a l l y be washed out 
before the plume h i t s ground l e v e l . However, around c i t i e s , there 
are probably some ground l e v e l sources. 

We have performed more d e t a i l e d hybrid-receptor c a l c u l a t i o n s 
i n an attempt to f i t Shaw and Paur's gas-phase and p a r t i c u l a t e S 
data f o r three s t a t i o n s i n the Ohio River V a l l e y (1). S u r p r i s i n g l y , 
S concentrations do not increase s t r o n g l y between the west s t a t i o n 
i n Kentucky and the east s t a t i o n i n Ohio. However, there was the 
p o s s i b i l i t y that high S l e v e l s occurred when a i r masses came back 
down the V a l l e y from the east. Here we have e l i m i n a t e d t h i s p o s s i 
b i l i t y by determining b a c k - t r a j e c t o r i e s f o r a l l samples and found 
the same r e s u l t when cons i d e r i n g only a i r masses coming to the 
s t a t i o n s from the southwest. 

To consider t h i s p o i n t i n more d e t a i l , we used XRF data be
cause of the much greater amount of data a v a i l a b l e (and, thus, 
greater s t a t i s t i c a l s i g n i f i c a n c e ) than from the samples analyzed 
by INAA. S u l f u r i s measured more ac c u r a t e l y by XRF and the Se values 
from XRF agreed w e l l with those from INAA f o r samples analyzed by 
both methods. Concentrations of S and Se, and the S/Se r a t i o s f o r 
a l l samples with SW b a c k - t r a j e c t o r i e s are l i s t e d i n Table I I I . 
Southwest t r a j e c t o r i e s are more prominent during s p r i n g and summer 
than autumn and winter; however, r e c a l l that the sampling p e r i o d 
(May, 1980 to Aug., 1981) contained two summers, but only one autumn, 
winter and s p r i n g . P a r t i c u l a t e S l e v e l s are highest i n summer (pre
sumably because of highest SO2 conversion r a t e s ) , lowest i n winter 
and intermediate i n s p r i n g and autumn. S u l f u r l e v e l s are n e a r l y 
constant up the l i n e of s t a t i o n s i n spring, autumn and winter. 
Even i n summer, the S concentration i s highest at the center s t a 
t i o n , and the concentration at the west s t a t i o n i s only about 30% 
below that at the east s t a t i o n . The f a c t that concentrations are 
highest at the center s t a t i o n may be r e l a t e d to the f a c t that the 
east s t a t i o n i s more d i s t a n t from the Ohio River and the highest 
density of c o a l - f i r e d p l a n ts (see Figure 1). This suggests that 
there may be appreciable primary s u l f a t e r e l e a s e d by those p l a n t s , 
or that s u l f a t e conversion i s f a s t e r than we normally assume. In 
any case, there i s c l e a r l y not a strong build-up of p a r t i c u l a t e S 
as a i r masses move up the ORV from the southwest. 

There i s considerable f l u c t u a t i o n of the Se values, much of 
i t experimental uncertainty, as Se l e v e l s are c l o s e to the l i m i t 
of d e t e c t i o n f o r XRF. Thus, e r r o r s are of the order of ±30% f o r 
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76 THE CHEMISTRY OF ACID RAIN 

Table I I I . Concentrations (ng/nr) of S and Se and S/Se r a t i o s f o r 
f i n e p a r t i c l e s borne by a i r masses ; from the ! southwest 

i n the Ohio River V a l l e v f o r various seasons 
S i t e S u l f u r 

Spring Summer Autumn Winter T o t a l 

East Avg 2200 3500 2200 1400 2600 
Std.Dev. 880 1900 890 600 1600 
No. p t s . 15 21 7 6 49 

Center Avg 2100 3800 2300 1500 3000 
Std.Dev 1300 1500 1100 480 1600 
No. p t s . 10 29 6 7 51 

West Avg 2200 2700 2200 1600 2400 
Std.Dev. 1200 1200 1400 330 1200 
No. p t s . 16 39 9 7 71 

T o t a l Avg 2200 3200 2200 1500 
Std.Dev. 1100 1600 1200 490 
No. p t s . 41 88 22 

Selenium 
20 

East Avg 1.3 1.7 1.4 1.6 1.5 
Std.Dev. 0.6 1.1 0.61 0.75 0.87 
No. p t s . 15 21 6 6 48 

Center Avg 1.8 1.8 0.93 1.6 1.7 
Std.Dev. 0.67 0.59 0.35 0.56 0.64 
No. p t s . 9 28 6 7 50 

West Avg 1.3 1.7 1.6 1.5 1.6 
Std.Dev. 0.79 0.71 0.66 0.57 0.73 
No. p t s . 15 39 9 7 70 

T o t a l Avg 1.4 1.7 1.3 1.6 
Std.Dev. 0.73 0.77 0.63 0.63 
No. p t s . 39 88 21 

S/Se 
20 

East Avg 1900 2700 2100 950 2100 
Std.Dev. 730 1500 1400 360 1300 
No. p t s . 15 21 6 6 48 

Center Avg 1400 2200 2500 1000 1900 
Std.Dev. 540 750 950 300 860 
No. p t s . 9 28 6 7 50 

West Avg 2200 1700 1400 1100 1700 
Std.Dev. 1100 560 540 250 770 
No. p t s . 15 39 9 7 70 

T o t a l Avg 1900 2100 1900 1000 
Std.Dev. 930 1000 1100 320 
No. p t s . 39 88 21 20 
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6. TUNCEL ET AL. Trace Element Concentrations on Fine Particles 77 

the analyses. There are enough data f o r s p r i n g and summer t r a j e c 
t o r i e s f o r these e r r o r s to cancel out, but there are so few data 
f o r autumn and winter that the averages may not be very r e l i a b l e . 
Averaging over the whole year, we see that concentrations of Se 
are s l i g h t l y higher at the center s t a t i o n , but d i f f e r e n c e s are not 
very s i g n i f i c a n t . Averaging over the three s i t e s , Se concentra
t i o n s are higher i n summer and winter than i n s p r i n g and autumn. 
This agrees with source-emissions data ( 2 Ό ) f o r S O 2 emissions: 
there i s a summer " a i r c o n d i t i o n i n g " peak, a winter "heating and 
l i g h t i n g " peak, and somewhat lower demands i n t r a n s i t i o n a l periods. 

The q u a l i t a t i v e behavior of the S/Se r a t i o during summer 
agrees with the comments made above: i t i s lowest at the west s t a 
t i o n , where a l o t of Se has been added, but conversion of S O 4 has 
not come to steady st a t e with removal. The value at the east s t a t i o n 
i s somewhat higher than the value of about 2200 p r e d i c t e d from the 
simple h y b r i d model by Gordon and Olmez (14). There i s a tendency 
towards lower r a t i o s i n s p r i n g and autumn and c l e a r l y lower r a t i o s 
i n winter, as expected from slower conversion when temperatures 
and photochemical a c t i v i t i e s are low. 

In our more d e t a i l e d c a l c u l a t i o n s to t e s t h y b r i d receptor 
modeling against these new data, we r e l a x e d the assumption of a 
constant S O 2 density vs. distance up the V a l l e y , and put i n e s t i 
mates based on the SURE emissions inventory (21). Results from two 
c a l c u l a t i o n s are shown i n Figures 2 and 3. We s t a r t e d the model 
f a r to the SW, i n Texas, to avoid boundary problems at the lower 
end of the ORV. Except f o r a higher assumed conversion rate (1.5 
vs. 1.0%/hr), parameters are the same as f o r the e a r l i e r c a l c u l a t i o n s 
(14). Note that the conversion rate i s a 24-hr average, so i t corres
ponds to a much higher value i n the middle of the day, say 4-5%. 
Here we are attempting to f i t only data taken during summer. 

Concentrations of p o l l u t a n t s remain rather low u n t i l we reach 
the M i s s i s s i p p i River, as there are few strong sources to the south
west u n t i l Texas. The r i s e of concentrations i s so f a s t that p r e d i c 
ted l e v e l s of s u l f a t e and Se are only about 30-40% low at the west 
s i t e . However, the p r e d i c t e d concentrations r i s e so high as we 
move up the V a l l e y that they g r e a t l y exceed the n e a r l y constant 
observed concentrations. The S/Se r a t i o r i s e s to about 3500 as we 
move away from S O 2 sources i n Texas, because the S O 2 i s mostly 
converted to s u l f a t e . This i s about the expected value f o r an area 
downwind from, but outside of areas of high S O 2 emissions (4). As 
expected, the r a t i o drops sharply when we encounter heavy emissions 
of S O 2 j u s t upwind of the west s t a t i o n . There are large emissions 
of Se, but the new s u l f u r i s s t i l l mostly i n the gas phase. Perhaps 
f o r t u i t o u s l y , the p r e d i c t e d S/Se r a t i o s at the three s i t e s are i n 
f a i r l y good agreement with the experimental data. 

The c a l c u l a t i o n of Figure 2 i s rather poor because concen
t r a t i o n s of the s u l f u r species r i s e so high i n the ORV. I t would 
not help to increase d e p o s i t i o n v e l o c i t i e s , as the d e p o s i t i o n fluxes 
(not shown) are already too high. However, the v e r t i c a l p r o f i l e s 
assumed by the model (constant to the mixing height) may be wrong. 
A i r c r a f t s p i r a l s were conducted r o u t i n e l y during the SURE p r o j e c t 
(22). The concentration of S O 2 was found to drop o f f rather q u i c k l y 
above the mixing height. S u l f a t e was not measured i n r e a l time, 
but the l i g h t - s c a t t e r i n g c o e f f i c i e n t , b s c a t , p e r s i s t e d to higher 
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HYBRID R E C E P T O R M O D E L 

VARIABLE F L U X MODEL - T E X A S 10 K M / H R 
70 -, 

W C Ε 

DISTANCE (km) 

• S 0 2 + S 0 4 ο S e ( x 1 0 ) * 0 B . S 0 4 * O B . S e ( x l O ) 

4 

3.5 

3 

2.5 

2 

1.5 
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/ „ λ 
I J \ 1 IV / 
/ / V 1 / \ j 

0 3 3 0 6 6 0 9 9 0 1320 1650 1980 2 3 1 0 
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DISTANCE (KM) 

S / S e ( x 1 / 1 0 0 0 ) + S p / S g ° S / S e ( x 1 / 1 0 0 0 ) Obs 

Figure. 2 . Hybrid receptor model p r e d i c t i o n s of concentrations 
of S O 2 , S O 4 , p a r t i c u l a t e Se and the S/Se r a t i o from Texas up 
through the Ohio River V a l l e y . Experimental data from XRF 
studies of Shaw and Paur ( 1 ) f o r southwest b a c k - t r a j e c t o r i e s 
are connected by dashed l i n e s . 
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HYBRID R E C E P T O R MODEL 
DOUBLED S 0 4 MIXING HEIGHT - 1 5 K M / H R 

W C Ε 

DISTANCE (KM) 

• S 0 2 + S 0 4 ο Se (x10 ) * 0 B . S 0 4 χ O B . S e ( x l O ) 

6 

Figure. 3. Same as Figure 2 except s u l f a t e allowed to mix u n i 
formly to twice the mixing height and wind speed i s increased 
from 10 to 15 km/hr. 
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80 THE CHEMISTRY OF ACID RAIN 

a l t i t u d e s . I f b s c a t i s a measure of p a r t i c u l a t e s u l f u r , t h i s r e s u l t 
probably means that we should allow s u l f a t e to mix to higher a l t i 
tudes than the other p o l l u t a n t s . Figure 3 shows r e s u l t s of c a l c u l a 
t i o n s i n which we allowed the concentration of s u l f a t e to be uniform 
to twice the mixing height and a l s o increased the wind speed to 15 
km/hr. Concentrations r i s e more slowly with distance up the V a l l e y 
and don't reach as high l e v e l s as i n Figure 2 (note d i f f e r e n t ver
t i c a l s c a l e s ) . The changes cause concentrations at the west s i t e 
to be more severely underpredicted, but b r i n g the p r e d i c t i o n s down 
much c l o s e r to the observed values at the center and east s t a t i o n s . 
Except at the center s i t e , the S/Se r a t i o p r e d i c t i o n s are worse 
than i n Figure 2. 

We could f i n d no reasonable combination of parameters that 
f i t the observed l e v e l s at the west s t a t i o n without g r o s s l y over-
p r e d i c t i n g them at the center and east s t a t i o n s . Among other things, 
we allowed up to 5% of the S to be r e l e a s e d as primary s u l f a t e . 
This increased the s u l f a t e l e v e l s rather uniformly, but d i d not 
change the slope vs. distance up the V a l l e y appreciably. The d i f f i 
c u l t y i s that there are very few SO2 sources to the southwest of 
the west s i t e c l o s e r than Texas. P o s s i b l y the observations could 
be f i t t e d by i n c l u d i n g a more s p e c i f i c treatment of wet deposi
t i o n . The lower frequency of r a i n f a l l i n Texas r e l a t i v e to the 
Ohio River V a l l e y may allow s u l f u r to survive transport from Texas 
to Kentucky more e a s i l y than transport up the V a l l e y . C a l c u l a t i o n s 
using another type of h y b r i d model, that of Samson et a l . (23,24), 
which can e x p l i c i t l y handle the removal by p r e c i p i t a t i o n , might be 
the most s u c c e s s f u l approach to understanding these data. Because 
of t h e i r unique and comprehensive nature, these data are some of 
the most important to be f i t t e d by models. No model should be con
s i d e r e d r e l i a b l e unless i t can do so! 

Conclusion 

Considerable progress i s being made i n the development of r e g i o n a l 
s c a l e receptor modeling. There i s s u r p r i s i n g l y l i t t l e v a r i a t i o n of 
r e l a t i v e elemental concentration patterns of f i n e p a r t i c l e s associa
ted with various b a c k - t r a j e c t o r y groups i n the Ohio River V a l l e y . 
The major exception to t h i s i s Mn, which i s s t r o n g l y i n f l u e n c e d by 
emissions from one or more ferromanganese p l a n t s . Factor a n a l y s i s 
d i d not y i e l d much valuable information on ORVS samples, perhaps 
because of our p r e - s e l e c t i o n of samples to be analyzed by INAA and 
the l a c k of seasonal s t r a t i f i c a t i o n . Chemical mass balances of 
f i n e - p a r t i c l e samples are quite promising, although concentration 
patterns are more d i f f i c u l t to f i t a c c u r a t e l y than f o r whole f i l t e r 
data or samples c o l l e c t e d i n urban areas. Various h y b r i d receptor 
modeling methods are p o t e n t i a l l y u s e f u l as an a l t e r n a t i v e to t r a d i 
t i o n a l source-based, "absolute" models f o r understanding s u l f u r 
t ransport, transformation and d e p o s i t i o n . However, simple h y b r i d 
models do not seem capable of e x p l a i n i n g the rather constant s u l 
f a t e l e v e l s from KY to OH i n the Ohio River V a l l e y . Present know
ledge of v e r t i c a l concentration p r o f i l e s of chemical species i s 
very poor, which may g r e a t l y l i m i t our a b i l i t y to develop s u c c e s s f u l 
models of any type. 
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Chapter 7 

Simultaneous Collection of Particles and Acidic Gases 
for Tracing Emissions from Coal-Fired Power Plants 

Michael E. Kitto and David L. Anderson 

Department of Chemistry and Biochemistry, University of Maryland, 
College Park, MD 20742 

Particulate and gaseous atmospheric components have 
been sampled using a multiple-filter system. A Teflon 
filter for particle collection preceded four 7LiOH/ 
glycerol treated Whatman-41 filters in a stacked filter 
arrangement. Up to fifty elements were detected on the 
par t iculate filter, while ten elements (B, N, S, Cl, 
As, Se, Sb, Br, I and Hg) were observed on the base– 
treated filters using the combined techniques of PGAA, 
INAA and IC. The base-treated filters proved to be 
very ef f ic ient col lectors of the acidic gas-phase 
species, but apparently allow some elemental and 
organic species to pass through as shown by studies 
with activated charcoal-impregnated filters. 
Appl icat ion of observed concentrations of atmospheric 
par t ic les and acidic gases are compared to the results 
predicted by a hybrid receptor model. 

In t h i s study we have employed the simultaneous c o l l e c t i o n of 
atmospheric p a r t i c l e s and gases fol lowed by multielement a n a l y s i s as 
an approach for the determinat ion of source -receptor r e l a t i o n s h i p s . A 
number of p a r t i c u l a t e t r a c e r elements have p r e v i o u s l y been l i n k e d to 
sources ( e . g . , V to i d e n t i f y o i l - f i r e d power p lant emiss ions , Na for 
marine a e r o s o l s , and Pb for motor v e h i c l e c o n t r i b u t i o n ) . Receptor 
methods commonly used to assess the i n t e r r e g i o n a l impact of such 
emissions inc lude chemical mass balances (CMBs) and f a c t o r a n a l y s i s 
( F A ) , the l a t t e r often i n c l u d i n g wind t r a j e c t o r i e s . With CMBs, 
source - s trengths are determined (1) from the r e l a t i v e concentrat ions 
of marker elements measured at emission sources . When enough sample 
analyses are a v a i l a b l e , c o r r e l a t i o n c a l c u l a t i o n s from FA and 
knowledge of source-emiss ion compositions may i d e n t i f y groups of 
spec ies from a common source type and i d e n t i f y p o t e n t i a l marker 
e lements . The source composit ion patterns are not necessary as the 
e lemental concentrat ions i n each sample are normalized to the mean 
value of the element. Recent ly a h y b r i d receptor model was proposed 
by Lewis and Stevens (_2) i n which the d i s p e r s i o n , d e p o s i t i o n , and 
convers ion c h a r a c t e r i s t i c s of s u l f u r species i n power-plant emissions 

0097-6156/87/0349-0084$06.00/0 
© 1987 American Chemical Society 
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are r e l a t e d to a f i n e p a r t i c u l a t e tracer element (e.g., Se). In t h i s 
study, we have t r i e d to extend tracer techniques for coal-burning 
u t i l i t y emissions to include gas-phase elements, and to r e l a t e 
receptor measurements to the hybrid receptor model, as modified by 
Gordon and Olmez Ç3). 

Mass balance c a l c u l a t i o n s (4,_5) have accounted for only 30-50% 
of feed coal boron i n the ashes, implying the rest was released i n 
the gas phase. An a l y s i s of s i z e - f r a c t i o n e d f l y - a s h by PGAA showed an 
enrichment of B, as well as S and Cd, on the smaller p a r t i c l e s (6), 
and recent stack measurements of gaseous Β concentrations varied from 
700 to 5000 yg/m3 a f t e r a 20:1 d i l u t i o n with ambient a i r (7_). Fogg 
(8) has shown that, based on the chemical properties of boron 
compounds, the p l a u s i b l e gas-phase Β species i s B(0H)3, b o r i c a c i d . 
B(0H)3 then presents i t s e l f as a p o s s i b l e gas-phase t r a c e r f o r S O 2 , 
as both should have s i m i l a r d i s p e r s i o n and deposition c h a r a c t e r i s 
t i c s , while B(0H)3 w i l l not undergo chemical conversion analogous to 
S O 2 to s u l f a t e . By simultaneously measuring gas-phase B(0H)3 and 
S O 2 , and p a r t i c u l a t e Se and s u l f a t e concentrations at a receptor 
s i t e , we are able to test the hybrid receptor model with tracers i n 
both phases. 

Experimental 

The sampling system was designed for e f f i c i e n t c o l l e c t i o n , high flow 
r a t e s , and minimal a n a l y t i c a l i n t e r f e r e n c e s . The optimum stacked-
f i l t e r system c o n s i s t s of a Teflon-based (Zefluor or Fluoropore) 
p a r t i c l e f i l t e r placed p r i o r to a s e r i e s of ^LiOH/glycerol treated 
Whatraan-41 f i l t e r s i n the air-sample stream. Our studies have shown 
that Whatman-41 p r e f i l t e r s are inadequate to the extent that about 5% 
of some species (e.g., S, Br, I) may pass through the c e l l u l o s e 
matrix. The choice of Z e f l u o r or Fluoropore p r e f i l t e r depends s o l e l y 
on blank-value preferences or a v a i l a b i l i t y . 'LiOH i s used as our 
a n a l y t i c a l techniques are instrumental neutron a c t i v a t i o n (INAA) and 
neutron-capture prompt γ-ray a c t i v a t i o n (PGAA) a n a l y s i s , therefore 
the use of NaOH or KOH would cause severe s p e c t r a l i n t e r f e r e n c e s and 
" n a t u r a l " L i contains enough *>Li to cause s i g n i f i c a n t neutron 
s e l f - s h i e l d i n g i n the sample. Normally, a Teflon f i l t e r followed by 
four treated 110-mm f i l t e r s are contained i n a s i n g l e open-faced 
polyethylene f i l t e r holder with an exposed area of 75 cm^ (Figure 1). 
T y p i c a l flow rates were 3.3 L/s, producing a face v e l o c i t y of a i r at 
the f i l t e r surface of 44 cm/s and a residence time for gases on each 
treated f i l t e r of about 0.5 ms. Although they are simple and h i g h l y 
e f f i c i e n t , annular denuders were not used because they were 
unavailable when the sampling began and are only now being developed 
to accommodate higher flow r a t e s . Also, they require a d d i t i o n a l 
preparation, with possible contamination, of the sample p r i o r to 
a n a l y s i s by nuclear techniques, whereas s t a c k e d - f i l t e r samples could 
be analyzed with very l i t t l e handling or preparation. 

In t h i s study the f i l t e r samples were halved, bagged i n cleaned 
polyethylene tubing, and f i r s t analyzed by PGAA using an external 
i r r a d i a t i o n f a c i l i t y constructed by our group at the National Bureau 
of Standards (NBS) research reactor (9). PGAA provided 
determinations of the elements B, S, and CI on the treated f i l t e r s , 
and B, S, CI, S i , Cd and often others on the p a r t i c l e f i l t e r s . For 
a n a l y s i s of s h o r t - l i v e d isotopes by INAA, the bagged samples were 
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86 THE CHEMISTRY OF ACID RAIN 

i r r a d i a t e d i n the NBS reactor f o r 5 minutes. Subsequent accumulation 
and a n a l y s i s of each sample's γ-ray spectrum were performed at the 
NBS reactor, using a procedure s i m i l a r to that described by Germani 
et a l . (10). A f t e r 3-7 days of cooling the samples were 
r e - i r r a d i a t e d f o r 4 hours to produce intermediate-and l o n g - l i v e d 
(η,γ) products, and two counts were performed at the U n i v e r s i t y of 
Maryland (^4 and ^12 hours a f t e r ~3 and ~30 day decay times, 
r e s p e c t i v e l y ) . Ion chromatography analyses of some of the other 
f i l t e r halves were performed at the NBS Chemistry b u i l d i n g to provide 
a check of S and CI values obtained by PGAA and INAA, as w e l l as to 
provide measurements of N0 X. 

Results and Discussion 

For a set of 14 f i l t e r samples taken i n College Park, MD during May, 
June, and July of 1984, 45-50 elements were r o u t i n e l y determined on 
the p a r t i c l e f i l t e r by the combined techniques, and for the gas-phase 
the concentrations of S, C l , Br, I, As, Se, Sb and Hg (by IIMAA) and 
B, S, and CI (by PGAA) could be measured (Figure 2). The average 
sampling period was about 3 days. The c o l l e c t i o n e f f i c i e n c y of the 
f i r s t three ^LiOH/glycerol s t a c k e d - f l i t e r s (stages 2-4) can 
be observed i n Figure 3. In t h i s t y p i c a l sample (^800 m 3), as for 
others taken at various s i t e s , the f i r s t three base-treated f i l t e r s 
c o l l e c t v i r t u a l l y a l l the a c i d i c gas-phase species. Blank or 
i n s i g n i f i c a n t l e v e l s are observed on stage 5. The percentage of the 
t o t a l mass of elements detected by t h i s system on the base-treated 
f i l t e r s were 78±11, 65±8, 75±26, 23±20, 5±3, 54±15, 0.5±0.8 and 91±3 
f o r B, S, C l , As, Se, Br, Sb and I, r e s p e c t i v e l y . We do not report Hg 
values as the p a r t i c l e data are u n r e l i a b l e due to p o t e n t i a l losses 
during i r r a d i a t i o n . It i s possible that some of the measured gas-
phase concentration i s due to v o l a t i l i z a t i o n from p a r t i c l e s c o l l e c t e d 
on the p r e f i l t e r , and we are d i f f e r e n t i a t i n g between p a r t i c u l a t e and 
gaseous components with an operational d e f i n i t i o n . In t h i s study, the 
t r e a t e d - f i l t e r ("acidic gas-phase") concentrations w i l l include the 
a c t u a l gaseous components i n the a i r stream and a r t i f a c t s due to 
v o l a t i l i z a t i o n from or r e a c t i o n with the p a r t i c l e s on the p r e f i l t e r , 
and any very f i n e p a r t i c u l a t e material that pass through the 
p r e f i l t e r . Also, the " p a r t i c u l a t e " concentration includes a c t u a l 
p a r t i c l e mass plus any gaseous component adsorbed by the p r e f i l t e r . 
This l a t t e r component i s probably very small for Teflon-based 
f i l t e r s , but cannot be ruled out. 

For the p a r t i c l e f i l t e r s we have determined enrichment f a c t o r s 
(EF) using Wedepohl's (11) c r u s t a l values and the equation: 

EF = ( X / A l ) s a m p l e / ( X / A l ) c r u s t (1) 

As expected, B, S, V, Zn, As, Se, Sb, and the halogens were found to 
be strongly enriched. The elements of i n t e r e s t i n t h i s study, B, S, 
and Se have EF values of 35±22, 910±420, and 1940±980, r e s p e c t i v e l y . 
Preliminary r e s u l t s show the lowest B(g), S O 2 , Se(p), and s u l f a t e 
concentrations during IS to Ε winds and the highest values during SW 
to NW winds. A summary of the data i s shown i n Figure 4, and periods 
apparently a f f e c t e d by coal-derived aerosol are c l e a r l y seen. 

A se r i e s of experiments were conducted with a c t i v a t e d - c h a r c o a l 
impregnated f i l t e r s being used i n both side-by-side studies and i n 
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Filter Cassettes 

Rubber Gaskets 
h Ί 

12.3 cm 

Figure 1. Schematic of s t a c k e d - f i l t e r sampler used for 
simultaneous c o l l e c t i o n of p a r t i c l e s and a c i d i c gases. 
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Cs Da La Hf Ta w Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn 
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Figure 2. Atmospheric p a r t i c u l a t e and gas-phase elements, 
observed with INAA, PGAA and IC, c o l l e c t e d by the stacked-filt< 
method. 
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S t a c k e d F i l t e r 

Stage 1 Stage 2 Stage 3 Stage 4 
Particle } Gas Phase \ 

ZZl s/100 (S3 Β ci/10 ESS3 Br K g ι 

Figure 3. Stage-by-stage atmospheric p a r t i c u l a t e and gas-phase 
concentrations of t y p i c a l College Park, MD sample. 

C o l l e g e P a r k , MD 
May - July. 1984 

Figure 4. V a r i a t i o n s of atmospheric concentrations of trace 
elements i n the gas and p a r t i c u l a t e phase observed during a 
continuous two-month sampling period. 
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7. KITTO AND ANDERSON Tracing Emissions from Coal-Fired Power Plants 89 

s e r i e s with /LiOH-treated f i l t e r s . The r e s u l t s i n d i c a t d that the 
gaseous species containing B, S and As were e f f i c i e n t l y trapped by 
the base-treated f i l t e r s , as none was observed above blank l e v e l s on 
the charcoal f i l t e r s when used i n se r i e s behind the base-treated 
f i l t e r s . Approximately equal amounts of a c i d i c and nonacidic ( i . e . , 
organic) CI, Br, and I were observed, while about twice as much Se 
was found to be a c i d i c . Inconclusive evidence e x i s t f o r Sb, as t h i s 
element was observed only once on each f i l t e r type during the 
sampling period. Results f o r Hg i n d i c a t e that only about 4% of the 
gaseous form of t h i s element i s trapped by the base-treated f i l t e r s , 
assuming no loss during i r r a d i a t i o n , and the gas-phase i s dominated 
by nonacidic species. In agreement with Germani (12), charcoal 
f i l t e r s apparently r e t a i n Hg during neutron i r r a d i a t i o n . The 
conclusion from these experiments i s that organic (e.g., G^Br) and 
elemental (e.g., Se°) species i n the atmosphere are not completely 
trapped by the 'LiOH-treated f i l t e r s . Charcoal-impregnated f i l t e r s 
are not r o u t i n e l y used due to the s i g n i f i c a n t l y higher blank l e v e l s 
than the base-treated f i l t e r s (10, 30, 15, 2, 2, and 10 times higher 
f o r B, C l , As, Se, Br, and Sb, r e s p e c t i v e l y ) , the s p e c t r a l 
i n t e r f e r e n c e from the high amount of Mn present and the i n a b i l i t y to 
analyze the f i l t e r matrix by IC. 

A comparison of observed p a r t i c u l a t e concentrations from t h i s 
study to one conducted about eight years ago at the same s i t e (13) 
showed no measureable change f o r a l l the elements associated with a 
c r u s t a l component, with A l and La being representative (Table I ) . 
Other elements (e.g., S, Se) which showed enrichments i n the e a r l i e r 
study continued to be enriched, but notable d i f f e r e n c e s i n elemental 
concentrations existed f o r V and Br, probably from decreased o i l and 
leaded gasoline consumption (1), r e s p e c t i v e l y . I t should be noted 
that discrepancies between the two s t u d i e s 1 concentrations maybe due 
to s l i g h t v a r i a t i o n s i n sampling times (May-July vs Aug.-Sept.), 
methods (Teflon vs Nuclepore f i l t e r s ) and meteorology, though these 
are thought to be minor. While most of the elements have nearly 
i d e n t i c a l concentrations between the two stu d i e s , and V and Br r a r e l y 
reached the average l e v e l s of the previous study. 

Table I. Comparison of Some Elemental Concentrations (ng/m3) 
Observed at the College Park, MD Sit e with Those Reported 
i n Aug.-Sept., 1976 f o r the Same Si t e (13) 

This Study 
(ri = 14) 
(1984) 

Ko waleζyk 
(n = 20) 
(1976) 

T y p i c a l C r u s t a l Elements: A l 
La 

1200 ± 610 
1.3 ± 0.8 

1250 ± 620 
1.4 ± 0.9 

T y p i c a l Enriched Elements: S 
Se 

3700 ± 1800 
2.3 ± 1.0 

3100 ± 500 
2.3 ± 1.3 

Notably D i f f e r e n t Elements: V 
Br 

10 ± 6 
37 ± 17 

20 ± 21 
150 ± 100 
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A p p l i c a t i o n of Data to Receptor Modeling 

Using both a hybrid receptor model, developed by Lewis and Stevens 
(2) and modified by Gordon and Olmez (3), and a simple model of 
emission from the Ohio River Valley, we compare the r e s u l t s of the 
College Park (CP) samples as well as those of another continuous set 
of samples taken from July 3-29, 1983 at Wallops Island, VA (WI), to 
predicted r e s u l t s . Single-source d i f f e r e n t i a l equations (2) are used 
to describe the time-varying concentrations of S U 2 , S04 = and a 
p a r t i c u l a t e element c h a r a c t e r i s t i c of c o a l - f i r e d power plant 
emissions (chosen here as Se). An a d d i t i o n a l equation (3) can be 
added to describe the concentration v a r i a t i o n of Β(0Η)3· The 
fol l o w i n g rate constants apply to the concentrations of the four 
species i n question: 

k ( t ) : d i s p e r s i o n and deposition (a rate assumed to be i d e n t i c a l 
f o r a l l four species) 

k r ( t ) : pseudo f i r s t - o r d e r S O 2 conversion rate (for the 
equations desc r i b i n g S O 2 and S0^~ concentrations) 

and k d ( t ) : a d d i t i o n a l deposition loss rate for the gases ( S U 2 and 
B(0 R ) 3 ) . 

These two gaseous species are both a c i d i c and the wet and dry 
depos i t i o n c h a r a c t e r i c s are assumed to be s i m i l a r , yet B(0H)3 does 
not undergo conversion to another species, therefore the S U 2 
conversion can be monitored by using gas-phase Β as a t r a c e r . In a 
s i m i l a r fashion, p a r t i c u l a t e Se i s assumed to mimic s u l f a t e and can 
be used as a trac e r of S(J 2-to-sulf ate conversion. The solutions to 
the equations f o r the four species are as follows : 

M s o 2 = M s o 2 ( 0 ) C ( 0 ) e x p [ - ( k r + k d ) t ] (2) 

M B = M B(0)C(0)exp [ - 7 dt] (3) 

M S e β M S e(0)exp[-kt] (4) 

M S 0 4 = ( 3 / 2 ) M s o 2 ( 0 ) C ( U ) [ k r / ( k r + k d ) ] [ l - e x p ( - ( k r + k d ) t ) ] 
+ M S 0 4 ( 0 ) C ( 0 ) (5) 

where C(0) = M s /M S e(0) 
k = ( 1 / t ) / k d t f 

k d = ( 1 / t ) / k d dt' 
and k r = ( 1 / t ) / k r d t f . 
For our c a l c u l a t i o n s , we assume that twenty i d e n t i c a l power-plants 
are spaced 50 km apart over 1000 km, as a simple simulation of the 
Ohio River V a l l e y region, and that c o a l - f i r e d power plants are the 
primary source of atmospheric B, S, and Se i n continental regions. 
Using the most r e l i a b l e data a v a i l a b l e from the l i t e r a t u r e about 
B(g), S O 2 , and Se(p) release (3), and assuming atmospheric mixing to 
1.5 km, an average wind v e l o c i t y of 10 km/hr, a f i n e p a r t i c u l a t e (Se 
and s u l f a t e ) deposition v e l o c i t y of 0.5 cm/s, a gas phase (B and 
S0 2) deposition v e l o c i t y of 2 cm/s, and a S0 2 conversion rate of 
1.0%/hr, we can pr e d i c t the atmospheric concentrations and t h e i r 
r a t i o s as a fun c t i o n of distance (Table I I ) . Fluctuations i n the 
model parameters w i l l s l i g h t l y cnange the predicted values, and s h i f t 
the model plot s as a whole. The r a t i o values reported for the s i t e s 
represent the means of the i n d i v i d u a l sample r a t i o s . The model input 
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parameters used were only a " f i r s t t r y " but concentrations observed 
at College Park agree reasonably well for such a simple model. We 
are i n the process of attempting a more r e a l i s t i c representation of 
the Ohio River V a l l e y based on actual power plant l o c a t i o n s and 
outputs. The model was designed to predict r a t i o s , yet the i n d i v i d u a l 
concentrations also agree quite w e l l . For the Wallops Island study, 
the observed gas-phase Β concentrations are e x c e p t i o n a l l y l a r g e , but 
t h i s i s not s u r p r i s i n g as large concentrations of gaseous B(0H)3 have 
been previously reported at marine s i t e s (8). A d d i t i o n a l ambient 
measurements, i d e n t i f i c a t i o n of other sources of gas-phase Β ( i f 
any), accompaning r a i n a n a l y s i s , and a more rigorous d e f i n i t i o n of 
input parameters w i l l help r e f i n e the model. Also, comparing 
sample-to-sample v a r i a t i o n s with wind back-trajectory information may 
help determine i f such a model can be applied to large distance 
scales (~1500 km or more). 

Table I I . Comparison of Hybrid Receptor Model with Observed 
Concentrations at College Park, MD (CP) and Wallops Is., 
VA (WI) 

Concentration Predicted Observed CP Observed WI 
at Distance (km) (May-July, 1984) (July, 1983) 

species 100 700 1000 1800 14 samples 12 samples 

gases 

S0 2 (yg/m 3) 16 27 28 0.2 14.0 ± 5 . 1 8.1 ± 4.9 
Β (ng/m3) 12 22 23 0.53 15.7 ± 6.5 70 ± 50 

p a r t i c l e s 

S0 4 (yg/m 3) 1.0 14 19 11 11.2 ± 5.4 13.2 ± 7.5 
Se (ng/m3) 0.7 2.5 3.0 1.0 2.3 ± 1.0 1.76 ± 0.91 

r a t i o s 

S(p)/S(g) 
B(g)/S0 2 xlOOO 
S(p)/Se(p) 

0.04 0.35 0.46 26.0 0.56 i 0.24 1.20 ± 0.38 
0.75 0.81 0.82 1.80 1.11 ± 0.25 7.9 ± 2.7 
570 1900 2100 3100 1710 ± 530 3040 770 
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Chapter 8 

Aqueous-Phase Reactions in Clouds 

Stephen E. Schwartz 

Environmental Chemistry Division, Brookhaven National Laboratory, 
Upton, NY 11973 

React ion of d i s s o l v e d gases i n c louds occurs by the 
sequence gas-phase diffusion, interfacial mass t rans 
p o r t , and concurrent aqueous-phase d i f f u s i o n and 
r e a c t i o n . Information required for eva lua t ion of 
rates of such react ions inc ludes fundamental data 
such as e q u i l i b r i u m constants , gas solubilities, 
kinetic rate laws, i n c l u d i n g dependence on pH and 
c a t a l y s t s or inhibitors, diffusion coefficients, and 
mass-accommodation coefficients, and situational data 
such as pH and concentrat ions of reagents and other 
species i n f l u e n c i n g r e a c t i o n r a t e s , l i q u i d - w a t e r con
tent , drop s ize distribution, insolation, tempera
ture , e t c . Rate evaluat ions i n d i c a t e that aqueous-
phase o x i d a t i o n of S(IV) by H 2 O 2 and O3 can be 
important for representa t ive c o n d i t i o n s . No impor
tant aqueous-phase reac t ions of n i t r o g e n species have 
been identified. Examination of microsca le mass-
t ranspor t rates i n d i c a t e s that mass t ransport only 
rarely l i m i t s the rate of i n - c l o u d r e a c t i o n for 
representa t ive c o n d i t i o n s . F i e l d measurements and 
s tudies of r e a c t i o n kinetics i n authentic precipita
t ion samples are cons i s t en t wi th rate e v a l u a t i o n s . 

The composit ion of l i q u i d - w a t e r clouds and processes respons ib le 
for t h i s composit ion are of obvious current i n t e r e s t i n conjunct ion 
wi th the s o - c a l l e d a c i d p r e c i p i t a t i o n phenomenon since clouds con
s t i t u t e the immediate precursor of p r e c i p i t a t i o n . A d d i t i o n a l l y , 
c loud composit ion i s of i n t e r e s t because impaction of c loud drop
l e t s on surfaces may d i r e c t l y d e l i v e r d i s s o l v e d substances onto 
n a t u r a l or a r t i f i c i a l m a t e r i a l s . I n - c l o u d processes a l so inf luence 
c l e a r - a i r composit ion s ince d i s s o l v e d substances r e s u l t i n g from 
such reac t ions are re leased into c l e a r a i r as gases or aeroso l 
p a r t i c l e s upon cloud evaporat ion . I t i s thus des i red to gain 
enhanced d e s c r i p t i o n of the composit ion of clouds and the mecha-
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94 THE CHEMISTRY OF ACID RAIN 

nisms whereby clouds a t t a i n that composition. This paper o u t l i n e s 
methods of describing aqueous-phase reactions i n liquid-water 
clouds, with emphasis on processes i n v o l v i n g d i s s o l u t i o n and reac
t i o n of s u l f u r and nitrogen oxides to form s u l f u r i c and n i t r i c 
a c i d s . 

Acid Incorporation Mechanisms 

The processes by which clouds incorporate s u l f u r i c and n i t r i c acids 
are conveniently d i s t i n g u i s h e d into two categories depending upon 
whether oxidation takes place i n the gas phase or i n the aqueous 
phase, as i l l u s t r a t e d schematically i n Figure 1. For an examina
t i o n of gas-phase atmospheric oxidation of S O 2 and N O 2 see (_1,2̂ ). 
Products of thi s oxidation, aerosol s u l f u r i c a c i d and s u l f a t e and 
n i t r a t e s a l t s , and gas-phase n i t r i c a c i d , are expected to be rapid
ly and to great extent incorporated into cloud droplets upon cloud 
formation (3,4). 

Liquid-water clouds (5) represent a p o t e n t i a l l y important 
medium f o r atmospheric chemical reactions i n view of t h e i r high 
l i q u i d water content [10^ to 10 5 times that associated with c l e a r -
a i r aerosol (6)] and high state of d i s p e r s i o n ( t y p i c a l drop radius 
~10 ym). Clouds are quite prevalent i n the atmosphere ( f r a c t i o n a l 
g l o b a l coverage ~50%) and p e r s i s t e n t ( l i f e t i m e s of a few tenths of 
an hour to several hours). The presence of l i q u i d water also con
t r i b u t e s to thermochemical d r i v i n g force for production of the 
highly soluble s u l f u r i c and n i t r i c a c i d s . 

At a microscopic l e v e l , the uptake and r e a c t i o n of a gas in a 
cloud droplet c o n s i s t s of the following steps, as i l l u s t r a t e d i n 
Figure 2: (1) d i f f u s i o n from the bulk gas phase to the air-water 
i n t e r f a c e , (2) t r a n s f e r across the i n t e r f a c e , (3) establishment of 
any rapid aqueous-phase e q u i l i b r i a , and (4) aqueous-phase d i f f u s i o n 
concurrent with (5) aqueous-phase r e a c t i o n . These steps define the 
information necessary to evaluate the rates of such reactions. 
Fundamental data, which must be determined by laboratory experi
ments, include e q u i l i b r i u m constants, gas s o l u b i l i t i e s , k i n e t i c 
rate laws, i n c l u d i n g any dependence on pH and concentrations of 
other reagents c a t a l y s t s , or i n h i b i t o r s , gaseous and aqueous d i f 
f u s i o n c o e f f i c i e n t s , and mass-accommodation c o e f f i c i e n t s . The 
mass-accommodation c o e f f i c i e n t i s the f r a c t i o n of gas k i n e t i c c o l 
l i s i o n s of a gaseous species upon an i n t e r f a c e r e s u l t i n g i n trans
f e r of the species across the i n t e r f a c e , and i s expected to depend 
on the i d e n t i t y of the solute gas and solvent, and the presence, i f 
any, of surface a c t i v e materials. S i t u a t i o n a l data, which must be 
measured i n the f i e l d or else modeled or assumed, include pH and 
concentrations of reagents and other species i n f l u e n c i n g reaction 
rates, liquid-water content, drop s i z e d i s t r i b u t i o n , i n s o l a t i o n , 
temperature, etc. This paper takes the approach of evaluating 
r e a c t i o n rates f o r assumed representative values of these para
meters. Inferences drawn from such evaluations can be examined for 
consistency with f i e l d measurements. 

Oxidants present i n the atmosphere thermochemically capable of 
o x i d i z i n g S 0 2 or N 0 2 include not only molecular O 2 but also the 
trace, highly r e a c t i v e constituents O 3 and H 2 0 2 that are the pro
ducts of secondary atmospheric photochemical r e a c t i o n s . Despite 
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SCHWARTZ Aqueous-Phase Reactions in Clouds 

Figure 1. Schematic representation of pathways for atmospheric 
formation of s u l f u r i c and n i t r i c acids and t h e i r s a l t s . 
(Reproduced with permission from Ref. 28. Copyright 1986 
Lewis Publishers, Inc.) 

GAS P H A S E 

1 2, 
Ρα(°°) » Ρ Α(ο ) - ^ Ά(α) 

C L O U D D R O P L E T 

r A ( r ) ' 
4 alt 

< 11 B ( r ) 

C ( r ) 

Figure 2. Schematic i l l u s t r a t i o n of the subprocesses compris
ing a gas-aqueous reac t i o n i n a single cloud droplet. A repre
sents aqueous phase reagent species transferred from the gas 
phase; Β, species i n rapid equilibrium with A; and C, product 
species, at the surface of the drop (a) or i n the i n t e r i o r ( r ) ; 
PA represents gas-phase p a r t i a l pressure of A at the surface 
of the drop (a) and at large distance from the drop ( o o ) . 
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96 THE CHEMISTRY OF ACID RAIN 

i t s great abundance, 0 2 i s not d i r e c t l y r e a c t i v e with S O 2 or N 0 2 i n 
aqueous s o l u t i o n - - t h e h i g h l y important i n d u s t r i a l r e a c t i o n s produc
i n g H 2 S O 4 and H N O 3 proceed by means of c a t a l y s t s and/or r e a c t i o n 
pathways i n v o l v i n g intermediates. 

Rate Ev a l u a t i o n s 

The rate of aqueous-phase in - c l o u d r e a c t i o n can be evaluated, f o r 
s p e c i f i e d reagent concentrations ( i n c l u d i n g pH) and p h y s i c a l condi
t i o n s , by means of the f o l l o w i n g assumptions: 
1 . Assumption of s o l u b i l i t y e q u i l i b r i u m (Henry's law) f o r reagent 

gases i n cloud d r o p l e t s . Henry's law c o e f f i c i e n t s (H) of 
sol u t e gases that do not react w i t h water, e.g., O 3 , H 2 0 2 , and 
PAN, can be measured by conventional techniques. A v a r i e t y of 
techniques have been a p p l i e d to determination of HJJO2 w i t h 
f a i r l y c o n s i s t e n t r e s u l t s ( 7 ) . 

2 . In the case of gases such as S 0 2 > which are anhydrides of weak 
aci d s ( i . e . , f o r S O 2 , sulfurous a c i d ) , assumption a l s o of 
p e r t i n e n t hydration and a c i d d i s s o c i a t i o n e q u i l i b r i a , which, 
together w i t h the cloud droplet pH, determine the t o t a l s o l u 
b i l i t y . This pH-dependent t o t a l s o l u b i l i t y i s conveniently 
expressed as an e f f e c t i v e Henry's law c o e f f i c i e n t , H*. 
Henry's law c o e f f i c i e n t s and e f f e c t i v e Henry's law c o e f f i c i e n t s 
f o r gases of concern i n cloud chemistry are summarized i n 
Figure 3 . 

3 . Assumption that laboratory-determined rate expressions are 
p e r t i n e n t to e v a l u a t i o n of r e a c t i o n rates i n cloudwater, which 
i n e v i t a b l y contains substances that may be c a t a l y s t s or i n h i b i 
t ors of r e a c t i o n . K i n e t i c rate c o e f f i c i e n t s may themselves be 
pH dependent, r e f l e c t i n g the s p e c i f i c S(IV) moiety involved i n 
r e a c t i o n and/or a c i d c a t a l y s i s . Laboratory k i n e t i c studies of 
the H 2 0 2 - S ( I V ) r e a c t i o n and the 0 3 - S d V ) r e a c t i o n are summa
r i z e d i n Figures 4 and 5. 

Such ev a l u a t i o n s (e.g., 8 - 1 1 ) y i e l d a pH-dependent instantaneous 
aqueous-phase o x i d a t i o n rate and, f o r s p e c i f i e d cloud l i q u i d - w a t e r 
content, a rate that can be expressed as a f r a c t i o n of the gas-
phase reagent o x i d i z e d per u n i t time. Rate evaluations for 
aqueous-phase o x i d a t i o n of S O 2 by O 3 and H 2 O 2 are shown i n Figure 
6 . The left-hand ordinate gives the aqueous-phase r a t e , per ppb 
gas-phase S 0 2 concentration. In the context of r a i n a c i d i f i c a t i o n , 
f o r which a r e a c t i o n rate of, say, 1 0 " 5 M h " l i s important, i t i s 
seen that the H 2 O 2 r e a c t i o n ( f o r assumed H 2 O 2 concentration of 1 

ppb) i s quit e important, n e a r l y independent of pH i n over the r e l e 
vant pH range ( 2_- 6> ). The pH independence r e s u l t s from the decreas
ing s o l u b i l i t y of S O 2 with decreasing pH (Figure 3 ) i n conjunction 
w i t h the a c i d c a t a l y z e d r e a c t i o n (Figure 4 ) . While the instantane
ous r e a c t i o n rate i s quite high, the extent of r e a c t i o n may be 
l i m i t e d by a v a i l a b i l i t y of H 2 Û 2 > since the few a v a i l a b l e measure
ments to date of H 2 O 2 concentrations i n c l e a r a i r ( 1 2-14) and i n 
cloudwater (15) suggest that the concentration of t h i s species 
r a r e l y i f ever exceeds a few parts per b i l l i o n (gas-phase volume 
f r a c t i o n ) and i s oft e n l e s s . The importance of the H 2 0 2 - S ( I V ) 
r e a c t i o n suggested by these evaluations and the l i m i t e d a v a i l a b i l 
i t y of H 2C>2 emphasize the need f o r enhanced understanding of the 
sources of H 2 O 2 , i n c l u d i n g gas-phase f r e e - r a d i c a l reactions and 
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I 0 1 0 

1 1 1 

~ H N 0 3 

-

_ N H 3 ^ \ 

-

- H C O O H ^ ^ 

CH3COOH 

— H 0 2 -^ s o 2 -

1 1 1 
-

4 5 

pH 

H 2 0 2 

H2CO 

+ OH 
CH3CHO 
PAN 

^ N0 2 

NO 

Figure 3 . pH-Dependence of the e f f e c t i v e Henry's law c o e f f i 
c i e n t f o r gases which undergo r a p i d acid-base d i s s o c i a t i o n 
r e a c t i o n s i n aqueous s o l u t i o n , as a f u n c t i o n of s o l u t i o n pH. 
Buffer capacity of s o l u t i o n i s assumed to g r e a t l y exceed i n c r e 
mental concentration from uptake of i n d i c a t e d gas. Al s o i n d i 
cated a t the r i g h t of the f i g u r e are Henry's law c o e f f i c i e n t s 
f o r n o n - d i s s o c i a t i v e gases. For references see (28). 

I0 6i 1 1 1 1 1 | 1 Γ 

pH 

Figure 4. Second-order rate constant k(2) f o r o x i d a t i o n of 
s u l f u r ( l V ) by hydrogen peroxide defined according to 
d[S ( V I ) ] / d t = k ( 2 ) [ H 2 0 2 ] [ S ( l V ) ] , as a fu n c t i o n of s o l u t i o n 
pH. S o l i d curve i s f i t to data by Overton (29). Dashed l i n e s 
(slope = - 1 corresponding to H + catalyzed o x i d a t i o n of H S O 3 " i n 
pH range 3 to 6 ) are a r b i t r a r i l y placed to encompass most of 
the data. Temperature 25°C except as i n d i c a t e d . For r e f e r 
ences see (29). 
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98 THE CHEMISTRY OF ACID RAIN 

p o s s i b l e aqueous-phase reacti o n s i n v o l v i n g O 3 and/or free r a d i c a l s . 
The 03-S(lV) r e a c t i o n e x h i b i t s a very strong pH dependence that i s 
due to the S O 2 s o l u b i l i t y (Figure 3) and rate constant (Figure 5) 
both decreasing w i t h decreasing pH. This r e a c t i o n ( f o r assumed O 3 
concentration of 30 ppb) i s important only a t high pH (>5) and, i n 
view of the formation of strong a c i d by t h i s r e a c t i o n , i s s e l f 
quenched. 

The right-hand ordinate of Figure 6 expresses the r e a c t i o n 
rate as percent of gas-phase S O 2 o x i d i z e d per hour, per u n i t l i q u i d 
water content of the cloud. Oxidation rates i n these u n i t s may be 
compared to c l e a r - a i r o x i d a t i o n r a t e s (of order 1% h " 1 ) , although 
t h i s comparison should be tempered by the small f r a c t i o n of the 
boundary l a y e r that i s occupied by clouds. 

Authentic P r e c i p i t a t i o n K i n e t i c Studies. A recent study (JL6) has 
examined the chemical k i n e t i c s of the H202~S(IV) r e a c t i o n i n r a i n 
water and melt water of snow c o l l e c t e d a t our labor a t o r y to ascer
t a i n whether the rate expression f o r t h i s r e a c t i o n determined with 
nominally "pure" water a p p l i e s to such authentic p r e c i p i t a t i o n 
samples, and by extension, to cloudwater. K i n e t i c studies were 
c a r r i e d out on more than 300 p r e c i p i t a t i o n samples obtained over a 
two-year period; sample c o l l e c t i o n was t y p i c a l l y 30 min, and 
k i n e t i c runs were u s u a l l y made w i t h i n the next 30 min. Reaction 
was i n i t i a t e d by adding t y p i c a l l y no more than 4 μΜ of H 2 O 2 , HS03~, 
or both, as necessary to a sample a l i q u o t . Values of the e f f e c t i v e 
second-order rate constant determined i n these samples are shown i n 
Figure 7. Although the data e x h i b i t considerable s c a t t e r , they 
f a l l c lose to the "pure water" data f o r t h i s r e a c t i o n . Much of the 
s c a t t e r was a t t r i b u t e d to unce r t a i n t y i n pH; i n f l u e n c e of i o n i c 
s trength or of formaldehyde was excluded. We thus gain from t h i s 
study considerable confidence i n the a p p l i c a b i l i t y of laboratory 
studies of the k i n e t i c s of the H20 2-S(IV) r e a c t i o n to evaluations 
i n cloudwater. S i m i l a r studies of other r e a c t i o n s , however, are 
l a c k i n g and should be undertaken. 

Mass-Transport K i n e t i c s . The past s e v e r a l years have seen con
s i d e r a b l e progress i n examining the problem of coupled mass trans
port and aqueous-phase chemical r e a c t i o n a p p l i e d to cloud d r o p l e t s . 
The question that must be addressed i s whether mass-transport 
coupling the bulk ( l a r g e distance from drop) gas-phase concentra
t i o n to, across, and w i t h i n the drop surface i s s u f f i c i e n t l y r a p i d 
to maintain the Henry's law concentration of the d i s s o l v e d reagent 
gas ( r e l a t i v e to the bulk gas phase) i n the face of aqueous-phase 
r e a c t i o n that serves as a sink f o r t h i s species. H y p o t h e t i c a l 
reagent concentration p r o f i l e s i n the v i c i n i t y of a drop are i l l u s 
t r a t e d i n Figure 8. I f mass-transport i n one or more of the 
regions (gas-phase, i n t e r f a c e , aqueous-phase) i s not s u f f i c i e n t l y 
r a p i d to maintain a nearly uniform c o n c e n t r a t i o n p r o f i l e , then the 
diminished aqueous-phase reagent concentration w i l l r e s u l t i n a 
diminished r e a c t i o n rate compared to that f o r assumed Henry's law 
e q u i l i b r i u m a t the bulk gas-phase conce n t r a t i o n . This s i t u a t i o n 
would require that models evaluating gas-aqueous r e a c t i o n s i n 
clouds t r e a t d i f f e r e n t drop s i z e s separately, r e f l e c t i n g d i f f e r i n g 
r e a c t i o n rates and r e s u l t a n t d i f f e r i n g concentrations. Techniques 
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Figure 5. Second-order rate constant k(2) for oxidation of 
s u l f u r ( l V ) by ozone defined according to d [ S ( V l ) ] / d t = 
k ( 2 ) [ 0 3 ( a q ) ] [ S ( l V ) ] , as a function of s o l u t i o n pH at 2 5 ° C 
Curve represents a three-component ( S O 2 , H S O 3 " , S O 3 - ) rate 
expression due to Hoigné (30). For references see (30,31). 

1000 

100 

0.01 

0.001 

Figure 6. Rate of aqueous-phase oxidation of S(IV) by O 3 (30 
ppb) and H 2 O 2 (1 ppb), as a function of s o l u t i o n pH. Gas-
aqueous e q u i l i b r i a are assumed for a l l reagents. R/ps0o 
represents aqueous re a c t i o n rate per ppb of gas-phase S O 2 . P/L 
represents rate of re a c t i o n r e f e r r e d to gas-phase S O 2 p a r t i a l 
pressure per cm3-m~3 l i q u i d water volume f r a c t i o n . 
Temperature 2 5 °C Modified from Ref. (10). 
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I 0 4 

1 0 * 

HYDROGEN P E R O X I D E - S U L F U R ( IV) KINETICS 

IN AUTHENTIC PRECIPITATION S A M P L E S 

Brookhaven National Laboratory, 1983-1985 

Lee et al., 1986 

PH 

Figure 7. Second-order rate constant k ( 2 ) of H2Û2-S(IV) 
r e a c t i o n determined i n f r e s h l y c o l l e c t e d rainwater samples. 
The s o l i d l i n e i s a regression l i n e constrained to slope of 
-1. Dashed l i n e s , t r a n s f e r r e d from Figure 4, represent 
envelope of r e s u l t s from studies i n p u r i f i e d water i n vari o u s 
l a b o r a t o r i e s . Data from Ref. (16). 

AQUEOUS PHASE GAS PHASE 
j I 

Ί 

y 

A* 
-iCpSSio) 

A(a) 

Â S S λ 

Nay j 

1 1 1 // 
0 1 2 3 ' co 

Figure 8. H y p o t h e t i c a l concentration p r o f i l e s i n gas and 
aqueous phases i n d i c a t i n g gradient i n reagent concentration due 
to f l u x of m a t e r i a l i n t o and w i t h i n drop. Concentration scales 
of aqueous-phase ( r < a) l e f t ordinate and gas-phase ( r > a) 
r i g h t ordinate are chosen so that the same coordinate on each 
scale represents the c o n d i t i o n of phase e q u i l i b r i u m . Departure 
from the uniform p r o f i l e at the "bulk' 1 ( r =oo) value represents 
the i n a b i l i t y of mass transport to maintain the reagent concen
t r a t i o n as the reagent i s consumed by aqueous-phase r e a c t i o n . 
(Reproduced w i t h permission from Ref. 28. Copyright 1986 
Lewis P u b l i s h e r s , Inc.) 
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8. SCHWARTZ Aqueous-Phase Reactions in Clouds 101 

f o r such treatment are o u t l i n e d i n Ref. (Γ7). A l t e r n a t i v e l y , i f 
mass-transport l i m i t a t i o n i s absent, model evaluations would be 
g r e a t l y s i m p l i f i e d . 

From the above o u t l i n e , the mass-transport problem i s seen to 
c o n s i s t of coupled boundary value problems ( i n gas and aqueous 
phase) w i t h an i n t e r f a c i a l boundary c o n d i t i o n . Cloud droplets are 
s u f f i c i e n t l y sparse ( t y p i c a l separation i s of order 100 drop r a d i i ) 
that drops may be treated as independent. For cloud droplets 
(diameter ~5 ym to ~40 \im) both gas- and aqueous-phase mass-
transport are dominated by molecular d i f f u s i o n . The f l u x across 
the i n t e r f a c e i s given by the molecular c o l l i s i o n rate times an 
accommodation c o e f f i c i e n t (a < 1) that represents the f r a c t i o n of 
c o l l i s i o n s leading to t r a n s f e r of m a t e r i a l across the i n t e r f a c e . 
Magnitudes of mass-accommodation c o e f f i c i e n t s are not w e l l known 
g e n e r a l l y and t h i s holds e s p e c i a l l y i n the case of solute gases 
upon aqueous s o l u t i o n s . For t h i s reason α i s treated as an adjust
able parameter, and we examine the values of α f o r which i n t e r -
f a c i a l mass-transport l i m i t a t i o n i s s i g n i f i c a n t . Values of α i n 
the range 10~6 to 1 have been assumed i n recent studies (e.g., 
18). As noted below, recent experimental studies have y i e l d e d 
measurements of t h i s important quantity f o r systems of i n t e r e s t i n 
cloud chemistry. 

S o l u t i o n of the coupled mass-transport and r e a c t i o n problem 
f o r a r b i t r a r y chemical k i n e t i c rate laws i s p o s s i b l e only by numer
i c a l methods. The problem i s g r e a t l y s i m p l i f i e d by decoupling the 
time dependence of mass-transport from that of chemical k i n e t i c s ; 
the mass-transport s o l u t i o n s r a p i d l y r e l a x to a pseudo steady state 
i n view of the small dimensions of the system (19). The gas-phase 
d i f f u s i o n problem may be solved p a r a m e t r i c a l l y i n terms of the net 
f l u x i n t o the drop. In the case of f i r s t - o r d e r or p s e u d o - f i r s t -
order chemical k i n e t i c s an a n a l y t i c a l s o l u t i o n to the problem of 
coupled aqueous-phase d i f f u s i o n and r e a c t i o n i s a v a i l a b l e (19). 
These s o l u t i o n s , together with the i n t e r f a c i a l boundary c o n d i t i o n , 
s p e c i f y the concentration p r o f i l e of the reagent gas. In turn the 
extent of departure of the r e a c t i o n rate from that corresponding to 
s a t u r a t i o n may be determined. F i n a l l y c r i t e r i a have been developed 
(17,19) by which i t may be ascertained whether or not there i s 
appreciable (e.g., 10%) l i m i t a t i o n to the rate of r e a c t i o n as a 
consequence of the f i n i t e rate of mass transport. These c r i t e r i a 
are l i s t e d i n Table 1. 

Examination of Mass-Transport L i m i t a t i o n . The a v a i l a b i l i t y of 
c r i t e r i a for mass-transport l i m i t a t i o n allows examination of the 
importance of such l i m i t a t i o n In r e p r e s e n t a t i v e s i t u a t i o n s . This 
i s conveniently achieved by means of graphs, as shown i n Figures 9 
and 10 f o r the S(lV)-03 a n d S(IV)-H202 r e a c t i o n s , r e s p e c t i v e l y . 
Here the i n e q u a l i t i e s i n Table 1 are represented as l i n e s i n a 
plane whose coordinates are log k d ) and log H (or log H*). 
Each of the s e v e r a l c r i t e r i a thus appears as a s t r a i g h t l i n e i n 
t h i s plane. The sense of the f i g u r e i s that mass-transport l i m i t a 
t i o n i s absent ( i . e . , <10%) f o r points ( k ( D , H) below and/or to 
the l e f t of the l i n e s denoting the i n e q u a l i t i e s . In the f i g u r e , 
two l i n e s are i n d i c a t e d f o r each i n e q u a l i t y , corresponding to 10 
and 30 um diameter, since the i n e q u a l i t i e s are p a r a m e t r i c a l l y 
dependent on drop s i z e . A l s o , f o r i n t e r f a c i a l mass-transport, the 
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102 THE CHEMISTRY OF ACID RAIN 

Table I 

Criteria for Absence of Mass-Transport 
Limitation 

Gas Phase Hk ( 1 )<e-AJQg 
RT a2 

Interface Hk ( 1 ) < ε - 3 V a 

4a RT 

Aqueous Phase k ( 1 ) < 1 5 ε - ^ ~ 

ε: Maximum tolerable mass-transport 
limitation 

H: Henry's law or effective Henry's law 
coefficient 

k ( 1 ): Pseudo first-order rate coefficient 

a: Drop radius 

v: Mean molecular speed 
a: Mass accommodation coefficient 

Dg: Gas-phase diffusion coefficient 
Da: Aqueous-phase diffusion coefficient  P
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io"5 io"4 YO~3 io"2 ιο~' ι to to2 io3 to4 

Figure 9 . Examination of mass-transport l i m i t a t i o n i n 0 3 - S d V ) 
r e a c t i o n . S o l i d l i n e s i n d i c a t e onset of appreciable (10%) gas-
and aqueous-phase mass transport l i m i t a t i o n f o r 10 ]xm and 30 um 
diameter drops; hatched bands i n d i c a t e onset of appreciable 
i n t e r f a c i a l mass-transport l i m i t a t i o n , a l s o f o r 10 to 30 um 
diameter drops. Mass-transport l i m i t a t i o n i s absent f o r points 
( k ( D , H) be low and to the l e f t of i n d i c a t e d bounds. 

Figure 10. Examination of mass-transport l i m i t a t i o n i n 
H 2 ° 2 ~ s d V ) r e a c t i o n . As i n Figure 9 . 
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104 THE CHEMISTRY OF ACID RAIN 

s e v e r a l bands represent d i f f e r e n t assumed values of mass-accommoda
t i o n c o e f f i c i e n t a. 

For a given r e a c t i o n , e.g., the 03-S(IV) r e a c t i o n , Figure 9, 
mass-transport l i m i t a t i o n must be examined f o r each reagent and, 
since S O 2 s o l u b i l i t y and r e a c t i o n rate c o e f f i c i e n t s are pH-depen-
dent, as a f u n c t i o n of pH. We f i r s t consider mass-transport 
l i m i t a t i o n of O 3 . For t h i s we assume an S O 2 concentration of 1 
ppb. This c o n c e n t r a t i o n , together w i t h S(IV) s o l u b i l i t y (Figure 3) 
and second order rate c o e f f i c i e n t k d ) (Figure 5) defines a pH-
dependent k d ) = kd)Hs>(iv) P S 0 2

 t h a t c o n s t i t u t e s t n e abscissa of 
the p o i n t to be p l o t t e d . The ordinate of the poi n t i s HQ^* which 
i s independent of pH. The points ( k d ) , H0^) as a fun c t i o n of 
pH generate a curve i n the plane, i n t h i s case a h o r i z o n t a l l i n e . 
These points can be compared to the se v e r a l bounds i n d i c a t i v e of 
the occurrence of appreciable mass-transport l i m i t a t i o n . This 
comparison i n d i c a t e s mass-transport l i m i t a t i o n f o r 1 0 ym drops a t 
pH >5.3 and f o r 30 um drops at pH >4.7. I n t e r f a c i a l mass-transport 
l i m i t a t i o n a l s o i s i n d i c a t e d a t about the same pH f o r α as low as 
1 0 ' 6 . Thus, one must take cognizance of t h i s mass-transport l i m i 
t a t i o n (by the methods of Ref. 17) i n evaluations p e r t i n e n t to 
these circumstances, but can assume s a t u r a t i o n of O 3 a t pH values 
lower than 4.7. Note, however, that f o r higher values of S O 2 con
c e n t r a t i o n the values of k d ) s h i f t to the r i g h t , s h i f t i n g the 
onset of mass-transport l i m i t a t i o n to lower pH values . A s i m i l a r 
a n a l y s i s f o r S 0 2 I s a l s o shown on the f i g u r e . In t h i s case 
(assumed O 3 c o n c e n t r a t i o n 30 ppb) gas-phase mass-transport l i m i t a 
t i o n i s i n d i c a t e d only f o r pH >5.9. However, i f α i s as low as 
1 0 ~ 6 or 1 0 " 4 i n t e r f a c i a l mass-transport l i m i t a t i o n would become 
appreciable a t pH 4 and 5, r e s p e c t i v e l y . 

Examination of mass-transport l i m i t a t i o n to the H 2 0 2 - S ( I V ) 
r e a c t i o n i s given i n Figure 1 0 f o r assumed concentration of each 
reagent of 1 ppb. This examination i n d i c a t e s no gas-phase l i m i t a 
t i o n , and aqueous-phase l i m i t a t i o n only a t q u i t e low pH ( < 2 . 5 ) . 

I n t e r f a c i a l l i m i t a t i o n would be appreciable only f o r values of α 
£ 1 0 - 3 . 

The conclusions drawn from t h i s a n a l y s i s may be summarized as 
f o l l o w s : 
1 . Gas- and aqueous-phase mass-transport l i m i t a t i o n to the rate of 

e i t h e r the 0 3 - S d V ) or the H 2 0 2 - S ( I V ) r e a c t i o n i s f o r the most 
part not appreciable but may be appreciable under some condi
t i o n s of pH and/or reagent concentration. 

2 . I n t e r f a c i a l mass-transport l i m i t a t i o n may or may not be sub
s t a n t i a l depending on values of the p e r t i n e n t mass-accommoda
t i o n c o e f f i c i e n t s . However, f o r mass-accommodation c o e f f i 
c i e n t s > 1 0 " " 3 , l i t t l e or no mass-transport l i m i t a t i o n i s i n d i 
cated f o r most c o n d i t i o n s . 

Accommodation C o e f f i c i e n t Measurements. Recently Lee and Tang ( 2 0 ) 
have presented measurements of the accommodation c o e f f i c i e n t s of 0 ^ 
and S O 2 on aqueous s o l u t i o n . I n the case of O 3 a value of 5 χ 1 0 " ^ 
i s reported. I t i s seen by examination of Figure 9 that an accom
modation c o e f f i c i e n t of t h i s magnitude i s w e l l above the value that 
would lead to i n t e r f a c i a l mass-transport l i m i t a t i o n under circum
stances of i n t e r e s t , i n t e r s e c t i n g the O 3 l i n e only a t pH > 6 , w e l l 
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beyond the onset of aqueous-phase mass-transport l i m i t a t i o n . For 
S O 2 only a lower l i m i t to the accommodation c o e f f i c i e n t has been 
determined, v i z . , α ^ 2 χ 10"3. However even t h i s value i s s u f f i 
c i e n t l y great to r u l e out mass-transport l i m i t a t i o n under most 
circumstances of i n t e r e s t . Thus, the S(IV) curve i n Figure 9 ( O 3 
r e a c t i o n ) crosses the α = 2 χ 10"3 i n t e r f a c i a l bound only at pH 
5.7, and i n Figure 10 ( H 2 O 2 reaction) l i e s e n t i r e l y below t h i s 
bound. 

E v i d e n t l y no information i s a v a i l a b l e p e r t i n e n t to the mass-
accommodation c o e f f i c i e n t of H 2 O 2 on aqueous s o l u t i o n that would 
permit assessment of the r o l e of i n t e r f a c i a l mass-transport l i m i t a 
t i o n of t h i s important r e a c t i o n . 
Nitrogen Oxide Reactions. Examination of p o s s i b l e aqueous-phase 
re a c t i o n s of n i t r o g e n dioxide and peroxyacetyl n i t r a t e has revealed 
no r e a c t i o n s of importance to cloud chemistry (21,22). This s i t u a 
t i o n i s a consequence of the low s o l u b i l i t i e s and/or low r e a c t i v i 
t i e s of these gases with substances expected to be present i n 
cloudwater, although studies with a c t u a l p r e c i p i t a t i o n samples 
would be valuable i n confirming t h i s s u p p o s i t i o n . NO2 has been 
shown (23) to r e a c t with d i s s o l v e d S ( I V ) , but the d e t a i l s of the 
mechanism and rate of t h i s r e a c t i o n remain to be e l u c i d a t e d . 

An i n - c l o u d r e a c t i o n of importance at n i g h t and p o s s i b l e a l s o 
during the day i s the uptake of n i t r i c a c i d by gas-phase reactions 

N O 2 + O 3 — > N O 3 + O 2 

N O 3 + N O 2 — > N 2 O 5 

followed by uptake of N 2 O 5 and/or N O 3 by cloudwater and aqueous-
phase r e a c t i o n (24, 25). Q u a n t i t a t i v e e v a l u a t i o n of the rate of 
t h i s process awaits determination of the s o l u b i l i t y and r e a c t i v i t y 
of N O 3 and N 2 O 5 as w e l l as determination of mass-accommodation 
c o e f f i c i e n t s . 

F i e l d Measurements 

F i e l d measurements, i n a d d i t i o n to p r o v i d i n g concentrations and 
other s i t u a t i o n a l data necessary f o r k i n e t i c e v a l u a t i o n s , a l s o 
allow inferences to be drawn about the occurrence of chemical reac
t i o n s i n clouds. Such inferences include the f o l l o w i n g : 
1. Greater a c i d i t y of cloudwater (measured by the r a t i o 

[ H + ] / ( [ N 0 3 - ] + 2[S04 =]) or [H+]/[NH 4+]) than i n corresponding 
c l e a r - a i r (26) i s i n d i c a t i v e of the occurrence of a c i d forma
t i o n by i n - c l o u d r e a c t i o n . 

2. Greater f r a c t i o n a l conversion of S O 2 to cloudwater s u l f a t e than 
of N O 2 to cloudwater n i t r a t e (27) i s i n d i c a t i v e of more exten
s i v e i n - c l o u d o x i d a t i o n of S O 2 than of N O 2 . 

3 . An apparent mutual e x c l u s i v i t y of gas-phase S O 2 and aqueous 
H 2 O 2 observed i n n o n - p r e c i p i t a t i n g l i q u i d - w a t e r s t r a t i f o r m 
clouds, i . e . , one or the other species present but never both 
at appreciable concentrations (27), i s c o n s i s t e n t with the 
H202~S(IV) r e a c t i o n proceeding to completion i n such clouds. 

These inferences from f i e l d measurements provide support f o r the 
a p p l i c a b i l i t y of evaluations of cloud chemistry based upon labora
tory s t u d i e s . 
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Conclusions 

Techniques are at hand to evaluate the rates of aqueous-phase a c i d 
formation r e a c t i o n s i n clouds. Such evaluations i n d i c a t e that o x i 
d a t i o n of S O 2 by H 2 O 2 and O 3 can be important i n - c l o u d reactions 
f o r assumed re p r e s e n t a t i v e reagent concentrations and other condi
t i o n s . Rapid aqueous-phase reactions do not appear to be i n d i c a t e d 
f o r o x i d a t i o n of n i t r o g e n oxides to n i t r i c a c i d . 
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Chapter 9 

Accommodation Coefficients of Ozone and SO 2: 
Implications on SO 2 Oxidation in Cloud Water 

I. N. Tang J. H. Lee 

Environmental Chemistry Division, Brookhaven National Laboratory, 
Upton, NY 11973 

Interfacial mass t r ans fe r of t race gases i n t o aqueous 
pnase is i n v e s t i g a t e d in a UV abso rp t ion - s top flow 
appara tus . For the first t ime, the mass accommodation 
coefficients are d e t e r m i n d for O 3 (5.3x10-4) and for 
S O 2 (>2x10-2). The results are incorpora ted i n t o a 
simple model c o n s i d e r i n g the coupled interfacial mass 
t r ans fe r and aqueous chemistry in c loud drops . I t i s 
shown that dissolution of O 3 into a drop is f a s t com
pared w i t h its subsequent o x i d a t i o n of d i s s o l v e d SO2. 
In addition, the convers ion ra te of S(IV) to S(VI) i n 
aqueous drops by ozone r eac t ions i s not limited by 
interfacial r e s i s t a n c e . 

I n t e r f a c i a l mass t r ans f e r i s an important c o n s i d e r a t i o n i n many 
dynamic processes i n v o l v i n g the t ranspor t of a gaseous species across 
a g a s - l i q u i d i n t e r f a c e . In p a r t i c u l a r the ra te of t race gas i nco rpo 
r a t i o n i n t o aqueous drops i n the atmosphere has r e c e n t l y r ece ived 
much a t t e n t i o n because of i t s re levance to a c i d p r e c i p i t a t i o n ( 1 , 2 ) . 
In the present paper, mass accommodation c o e f f i c i e n t measurements are 
repor ted for O 3 and S O 2 on water su r faces , us ing an UV a b s o r p t i o n -
stop flow technique . The r e s u l t s are incorpora ted i n t o a simple 
model c o n s i d e r i n g the coupled i n t e r f a c i a l mass t r ans f e r and aqueous 
chemis t ry i n aqueous drops . Some i m p l i c a t i o n s of the measured accom
modation c o e f f i c i e n t s on the o x i d a t i o n of S O 2 by O 3 i n c loud water 
are d i s cus sed . 

Exper imenta l 

A d e t a i l e d d e s c r i p t i o n of the apparatus shown i n F igure 1 and the 
exper imenta l procedure w i l l be g iven e lsewhere . Here, i t s u f f i c e s to 
summarize as f o l l o w s . The experiments were c a r r i e d out i n a thermo-
s ta ted r e a c t i o n c e l l cons t ruc ted of a r ec tangu la r Pyrex tube, 4 cm χ 
8 cm i n cross s e c t i o n and 38 cm i n l e n g t h , and placed w i t h i t s 

0097-6156/87/0349-0109$06.00/0 
© 1987 American Chemical Society 
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length i n a h o r i z o n t a l p o s i t i o n . The c e l l was equipped w i t h an o p t i 
c a l window on e i t h e r end, gas i n l e t and o u t l e t on the top, and l i q u i d 
i n l e t and o u t l e t on the bottom. L i q u i d water was c i r c u l a t e d through 
the lower p o r t i o n of the c e l l by an a l l - T e f l o n diaphragm pump, 
whereas trace q u a n t i t i e s of O 3 or S O 2 i n a humidified c a r r i e r gas was 
flow i n g c oncurrently i n the upper space. The system was designed to 
operate at low pressure, t h e r e f o r e , very p r e c i s e flow and pressure 
c o n t r o l s were e s s e n t i a l to maintain the required s t a b i l i t y during an 
experiment. 

An UV l i g h t beam, obtained with an i n t e n s i t y - r e g u l a t e d deuterium 
lamp and a n a r r o w - s l i t monochromator, passed through the gas phase 
between two p e r f e c t l y a l i g n e d p in holes mounted i n f r o n t of the o p t i 
c a l windows. An EMR 541-N PM tube, w i t h an appropriate i n t e r f e r e n c e 
f i l t e r placed immediately before i t , was used i n conjunction w i t h 
associated e l e c t r o n i c s to continuously monitor the UV i n t e n s i t y as a 
means of measuring changes i n concentration of the reagent gas. 

In a t y p i c a l experiment, the system was pumped down to a s p e c i 
f i e d t o t a l pressure, and at the same time the flow rates of the 
aqueous phase and the humidified c a r r i e r gas were c a r e f u l l y adjusted 
to maintain a s t a b l e flow. O 3 or S O 2 from a r e s e r v o i r was leaked 
i n t o the c a r r i e r gas through a p r e c i s i o n needle v a l v e . As soon as a 
steady l i g h t i n t e n s i t y was obtained, two solenoid valves on the gas 
i n l e t and o u t l e t of the r e a c t i o n c e l l were closed and a t h i r d s o l e 
noid valve on the by-pass l i n e opened. The gas phase i n the r e a c t i o n 
c e l l became stagnant and the l i g h t i n t e n s i t y increased with time as 
the reagent gas was being absorbed i n t o the aqueous phase. 

Results and D i s c u s s i o n 

System A n a l y s i s . Because of the s i m p l i f i e d c e l l geometry and w e l l -
defined operating c o n d i t i o n s , a one-dimensional mathematical model i s 
adequate f o r d e s c r i b i n g the mass transport i n the gas phase. The 
d i f f e r e n t i a l equation i s given by 

where C i s the reagent gas concentration at time t , y the v e r t i c a l 
coordinate expressing the distance between the glass w a l l (y = 0) and 
the g a s - l i q u i d i n t e r f a c e (y = A). The i n i t i a l c o n d i t i o n i s repre
sented by 

Θ0 d2C D (1) 
at a Y 2 

C = C 0, at t = 0; 0 < y < A ( 2 ) 

and the boundary c o n d i t i o n s are 

ac 
ay 

0, at y = 0; t > 0 ( 3 ) 

and 
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Here, D i s the d i f f u s i v i t y of the reagent gas i n the gaseous medium, 
V the mean molecular speed of a Maxwell-Boltzraann gas, and α the 
mass accommodation c o e f f i c i e n t . The standard s o l u t i o n i s r e a d i l y 
obtained (3) as f o l l o w s : 

C(t,y) m ~ 2Lcos(S nyM) ^ (!^)t ( 5 ) 

C 0 n-1 ( L2 + L + 3 2 )cos3 ^ \ I1 / 
η η 

where β η are p o s i t i v e roots of the equation 

3tan3 = L = — (6) 4D 

Equation (5) i n d i c a t e s that by monitoring the gas concentration 
change as a f u n c t i o n of time, the accommodation c o e f f i c i e n t may be 
deduced using a computer program. However, precautions must be 
undertaken to s a t i s f y the boundary c o n d i t i o n that the surface concen
t r a t i o n of the d i s s o l v e d gas must be n e g l i g i b l e at a l l times. This 
can be accomplished i n p r i n c i p l e by a g i t a t i o n and by a d d i t i o n of 
proper chemical reagents i n the aqueous phase to remove the d i s s o l v e d 
gas as q u i c k l y as i t i s absorbed. In a d d i t i o n , the system must be 
operated at s u f f i c i e n t l y low pressure so that the gas-phase r e s i s 
tance i s much smaller than i n t e r f a c i a l r e s i s t a n c e . 

R e s u l t s . For O 3 , experiments were made with both nitrogen and helium 
as c a r r i e r gas i n the pressure range of 29 to 85 t o r r , covering an 
e f f e c t i v e d i f f u s i v i t y range of 1.46 to 5.61 cm^/sec. Data were taken 
at three d i f f e r e n t temperatures, namely, 0, 10 and 19°C The e f f e c t s 
of added chemical reagent on the apparent accommodation c o e f f i c i e n t , 
a a , were studied using pure water, NaOH and Na2S03 s o l u t i o n s . As 
shown i n Figure 2, the decay of O 3 with time under a given c o n d i t i o n 
behaves as expected from the mathematical s o l u t i o n and i s quite 
r e p r o d u c i b l e . 

In pure water, as shown i n Figure 3, a a has a small value of 
1.7x10*7 a s a r e s u l t of the water surface being q u i c k l y saturated by 
O 3 . I t increases only s l i g h t l y to a value of 6xl0~? by the a d d i t i o n 
of 0.05N NaOH, i n d i c a t i n g the slow r e a c t i o n of OH" with d i s s o l v e d 
O 3 . However, a a increases d r a m a t i c a l l y to a value of 4.5x10"^ upon 
adding only 8xlO"^M Na2S03» I t continues to increase w i t h i n c r e a s 
ing Na2S03 concentrations u n t i l i t l e v e l s o f f at a value of 
(5.3*±Ό.4)χ10"4, where the e r r o r s represent one standard d e v i a t i o n 
evaluated from a t o t a l of 79 measurements i n the plateau region as 
shown i n Figure 3. The f a c t that a a no longer changes with s u l f i t e 
c oncentration i n d i c a t e s that an ultimate or true value of accommoda
t i o n c o e f f i c i e n t f o r O 3 on water surfaces has now been reached. 

S i m i l a r experiments were c a r r i e d out w i t h S O 2 i n helium c a r r i e r 
gas. P r e l i m i n a r y r e s u l t s i n d i c a t e d that a a increased from ~ 5 x l 0 ' 5 i n 
pure water to ~ 2 x l 0 - ^ i n 0.05N NaOH s o l u t i o n . These values of a a are 
about two orders of magnitude l a r g e r than those of O 3 under i d e n t i c a l 
experimental c o n d i t i o n s . When 0.2% H 2 O 2 s o l u t i o n (at pH = 13) was 
used, a a increased to about l x l 0 ~ 3 . Further experiments wi t h s o l u 
ti o n s of higher H 2 O 2 concentrations showed that the mass accommoda
t i o n c o e f f i c i e n t of S02 would be greater than 2 x l 0 " 3 . No higher 
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Figure 2. O3 decay i n helium c a r r i e r gas. 
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9. TANG AND LEE Accommodation Coefficients of Ozone and S02 113 

values could be obtained f o r SO2 since H2O2 at high concentrations 
decomposed e x c e s s i v e l y on v e s s e l w a l l s , thereby i n t e r f e r i n g w i t h the 
measurement. However, i t was discovered that NaCIO was a very e f f e c 
t i v e reagent f o r SO2 o x i d a t i o n i n aqueous s o l u t i o n s . Using NaCIO, 
the value of a a f o r SO2 increased to 2 x l 0 ~ 2 and p o s s i b l y higher. The 
f i n a l value could not be measured with good p r e c i s i o n since d i f f u -
s i o n a l processes a l s o became important i n c o n t r o l l i n g mass transport 
rates at such high a a values. Therefore, 2 x l 0 " 2 represents the lower 
bounds of a a f o r SO2. 

Model Studies. The o x i d a t i o n of d i s s o l v e d SO2 i n water has been the 
subject of numerous studies i n the past decade, and i t s atmospheric 
s i g n i f i c a n c e regarding a c i d p r e c i p i t a t i o n needs no f u r t h e r elabora
t i o n here. However, most of the e a r l i e r studies (4-7) have been 
devoted to aqueous chemistry only. Recently, Schwartz and F r e i b e r g 
(8) have considered the importance of mass t r a n s f e r processes i n 
l i m i t i n g the S(IV) o x i d a t i o n rates i n aqueous drops. Chameides (9) 
has made a rather comprehensive model study of the photochemistry of 
a s t r a t i f o r m cloud i n a remote region of the marine atmosphere. He 
concludes that the rate of SO2 conversion to s u l f u r i c a c i d i s s e n s i 
t i v e to a v a r i e t y of parameters i n c l u d i n g the accommodation c o e f f i 
c i e n t s of the reagent gases such as S02, H2Û2, HO2 and OH. Unfortu
n a t e l y , however, no accommodation c o e f f i c i e n t measurements have been 
reported i n the l i t e r a t u r e f o r these gases. 

I t would, t h e r e f o r e , be i n t e r e s t i n g to examine how important the 
newly measured accommodation c o e f f i c i e n t s would be i n the conversion 
of S(IV) to S(VI) i n a water d r o p l e t . A simple model i s set up, 
which considers only aqueous chemistry and gas-phase mass t r a n s f e r of 
O3 and SO2 to a cloud d r o p l e t . At t = 0, the dr o p l e t i s exposed to 
an atmosphere co n t a i n i n g constant concentrations of SO2 and O3. The 
aqueous concentrations of S(IV) and S(VI) are then c a l c u l a t e d as a 
fu n c t i o n of time. 

The chemical r e a c t i o n s considered i n the model are l i s t e d i n 
Table I , together w i t h the appropriate constants used i n the c a l c u l a 
t i o n . The rate expression f o r gas-phase mass t r a n s f e r i s given by 

dC 3ϋγ , . 
dt a 2RT s a 

where a i s the dr o p l e t r a d i u s , R the gas constant, Τ the absolute 
temperature, p s the p a r t i a l pressure of the reagent gas i n the bulk 
gas phase and p a at the d r o p l e t surface. Here, p a i s r e l a t e d to the 
Henry's law constant, H, by 

C Ρ = — 
a Η 

(8) 

and γ, a k i n e t i c c o r r e c t i o n f a c t o r to the Maxwell's equation (γ = 1), 
can be evaluated by one of the several expressions proposed i n the 
l i t e r a t u r e (10). For p r a c t i c a l purposes, however, these expressions 
y i e l d very s i m i l a r values. Consequently, the f o l l o w i n g expression 
due to Fukuta and Walter (11) was used i n the present study: 
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•3 ®-H 

io-6k -

(5 0.05 Ν NaOH 1 

Ο H 2 0 

IO"7' 1 1 1 1 1 1 1 " 
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[no 2 S0 3 ] χ ΙΟ 2 M 

Figure 3 . Apparent accommodation c o e f f i c i e n t of O 3 as a f u n c t i o n 
of Na2S03 concentration i n aqueous s o l u t i o n . 

10° IO1 I O 2 I O 3 I O 4 

T I M E / s e c 

Figure 4. Conversion of S(IV) to S(VI) i n dr o p l e t by ozone 
o x i d a t i o n . 
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Y - (9) 
a + (4D/Va) 

Note that the terra c o n t a i n i n g α i n the denominator accounts f o r 
i n t e r f a c i a l r e s i s t a n c e . 

Equation (7) was combined with appropriate chemical r e a c t i o n 
rate expressions to y i e l d a set of coupled d i f f e r e n t i a l equations 
expressing rates of change i n the d i s s o l v e d O 3 and S(IV) concentra
t i o n s . The equations were then solved n u m e r i c a l l y w i t h the usual 
c o n s t r a i n t s of e l e c t r o n e u t r a l i t y and the appropriate i o n i c e q u i l i b r i a 
given i n Table I . 

Figure 4 shows the r e s u l t s of a case c a l c u l a t i o n performed f o r 
the f o l l o w i n g c o n d i t i o n s : a « 10 um; Τ - 283 Κ; ρ(0β) = 300 ppb; 
p(S02> - 1 ppb; α(0 3) = 5χ10~ 4; a(S0 2) - 2 x l 0 ~ 3 , l x l O " * , l x l O " 5 ; and 
i n i t i a l d r o p l e t pH = 7. In Figure 4 [ S ( I V ) ] * i s the s a t u r a t i o n molar 
concentration of S(IV) i n the absence of O 3 and, t h e r e f o r e , the 
curves represent the time e v o l u t i o n of [S(IV)] and [S(VI)] normalized 
to [S(IV)1* s o l e l y f o r the convenience of comparing and p l o t t i n g the 
c a l c u l a t e d r e s u l t s . 

I t i s i n t e r e s t i n g to observe that i n a l l cases [S(IV)] always 
r i s e s to a peak and then f a l l s o f f g r a d u a l l y . In c o n t r a s t , [S(VI)] 
continues to increase as the o x i d a t i o n r e a c t i o n goes on. I t i n d i 
cates a dynamic process i n which the s t a t i o n a r y - s t a t e concept does 
not seem to apply to the s u l f u r species. On the c o n t r a r y , the c a l c u 
l a t i o n ( r e s u l t s not shown here) i n d i c a t e s that the d r o p l e t q u i c k l y 
becomes saturated with d i s s o l v e d O 3 and, s h o r t l y a f t e r , maintains a 
steady-state [ O 3 ] c lose to s a t u r a t i o n f o r a long time, even though 
the accommodation c o e f f i c i e n t of O 3 used i n the c a l c u l a t i o n i s as low 
as the measured value, 5 x l 0 " 4 . In a d d i t i o n , the e f f e c t of i n t e r -
f a c i a l S O 2 mass t r a n s f e r on o x i d a t i o n i s not considered appreciable 
since the curves c a l c u l a t e d f o r ot(S02) = 1 are almost i d e n t i c a l to 
those c a l c u l a t e d f o r a(S02) = 2 x l 0 ~ 3 . Only when <x(S02) i s substan
t i a l l y smaller than the measured lower l i m i t of 2x10"' i s there a 
n o t i c e a b l e d i f f e r e n c e between curves. Note that the time s c a l e s 
shown i n Figure 4 depend upon the gas-phase concentrations chosen f o r 
a p a r t i c u l a r case study. 

Conclusion 

The mass accommodation c o e f f i c i e n t s have been measured f o r the f i r s t 
time f o r O 3 and S O 2 on water surfaces. Model studies using the 
measured accommodation c o e f f i c i e n t s i n d i c a t e that the conversion rate 
of S(IV) to S(VI) i n aqueous drops by ozone r e a c t i o n s i s not l i m i t e d 
by i n t e r f a c i a l r e s i s t a n c e . 
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Chapter 10 

Photocatalytic Formation of Hydrogen Peroxide 

Detlef W. Hahnemann1, Michael R. Hoffmann, Andrew P. Hong, 
and Claudius Kormann 

W. M. Keck Laboratories, California Institute of Technology, Pasadena, CA 91125 

The two-electron reduction of molecular oxygen to 
hydrogen peroxide can be catalyzed by metal oxide 
semiconductor pa r t i c l e s i n the presence of visible 
and near-UV l i g h t . Even though very high quantum 
y ie lds for this process are observed, rather low 
steady-state concentrations of H2O2 are reached. 
Detailed mechanisms are presented to explain these 
experimental f indings. Metal oxide pa r t i c l e s are 
found i n atmospheric and surface waters. The 
environmental significance of photocatalytic 
formation of H2O2 on these pa r t i c l e s i n natural 
systems i s discussed. 

Hydrogen peroxide, H 20 2, i s one of the most powerful oxidants i n 
haze a e r o s o l s , c l o u d s , and hydrometeors a t low pH ( I ) . A major 
pathway f o r the formation of s u l f u r i c a c i d i n humid atmospheres 
below pH 5 seems to be the o x i d a t i o n of s u l f u r d i o x i d e by H 2 0 2 

(2-41. Hydrometeor concentrations of hydrogen peroxide as h i g h as 
50 μΜ have r e c e n t l y been reported by Kok and co-workers (5-7), 
w h i l e t y p i c a l atmospheric H 2 0 2 l e v e l s up to 5 ppb have been 
p r e d i c t e d from Henry's law c a l c u l a t i o n s (8,9). Various sources 
f o r the pr o d u c t i o n of H 2 0 2 i n the atmosphere have been proposed: 
i t can be generated i n the gas phase by the combination of 
hydroperoxyl r a d i c a l s , Η0 2· (10), a t the a i r - w a t e r i n t e r f a c e due 
to photoinduced redox processes (XX), and i n the aqueous phase v i a 
photo-catalyzed r e a c t i o n s w i t h h u m i c / f u l v i c a c i d and green algae 
as mediators (Zepp, R. G. , EPA Environmental Research Laboratory 
a t Athens, personal communication ). Furthermore , Η0 2· r a d i c a l s 

'Permanent address: Hahn-Meitner Institut, Bereich Strahlenchemie, 
Glienicker StraBe 100, D 1000 Berlin 39, Federal Republic of Germany 

0097-6156/87/0349-0120$06.00/0 
© 1987 American Chemical Society 
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10. BAHNEMANN ET AL. Photocatalytic Formation of Hydrogen Peroxide 121 

which are produced i n the gas phase can be scavenged by the water 
d r o p l e t s where they then form H 20 2. Thi s i n s i t u generated 
hydrogen peroxide together w i t h the H 2 0 2 scavenged from the gas 
phase i s thought to be the main source f o r the H 2 0 2 accumulated i n 
cloudwater d r o p l e t s (10.12.13). Another very l i k e l y p o s s i b i l i t y 
f o r H 2 0 2 production, however, has so f a r been neglected i n the 
design of models f o r a e r o s o l - , fog-, and cloudwater chemistry. 
Various metal oxides, some of which are very abundant i n n a t u r a l 
environments, have been shown to a c t as p h o t o c a t a l y s t s f o r a l a r g e 
v a r i e t y of r e a c t i o n s (14), e.g., the p h o t o l y s i s of desert sands 
r e s u l t e d i n the p r o d u c t i o n of ammonia from d i n i t r o g e n (15). 
Atmospheric p a r t i c u l a t e matter o r i g i n a t e s mainly from n a t u r a l 
sources (721-1850 Tg y r " 1 i n 1979 g l o b a l l y ) but a l s o from man-made 
emissions (125-385 Tg y r " 1 i n 1982 i n the USA) w i t h i r o n , 
t i t a n i u m , and z i n c being some of the most abundant t r a n s i t i o n 
metals detected i n ambient samples (16). These metals are present 
as hydroxides but a l s o f r e q u e n t l y as the r e s p e c t i v e oxides, 
depending upon the environmental c o n d i t i o n s (17). Hence the 
present work addresses the question of hydrogen peroxide formation 
i n aqueous s o l u t i o n s as c a t a l y z e d by metal oxides upon i r r a d i a t i o n 
w i t h v i s i b l e and near-UV l i g h t . 

P h o t o c a t a l v s i s w i t h Semiconductors 

Many metal chalcogenides and oxides are known to be semiconduc
t o r s . These m a t e r i a l s can a c t as s e n s i t i z e r s f o r l i g h t - i n d u c e d 
redox processes due to t h e i r e l e c t r o n i c s t r u c t u r e c o n s i s t i n g of a 
valence band w i t h f i l l e d molecular o r b i t a l s (MO's) and a 
conduction band w i t h empty MO's. A b s o r p t i o n of a photon w i t h an 
energy above the bandgap energy Eg g e n e r a l l y leads to the forma
t i o n of an e l e c t r o n / h o l e p a i r i n the semiconductor p a r t i c l e (18): 

semiconductor ^ e~(cb) + h + ( v b ) (1) 

In the absence of s u i t a b l e scavengers, recombination occurs w i t h i n 
a few nanoseconds (19). Valence band holes ( h + ( v b ) ) have been 
shown to be powerful oxidants (20-23) whereas conduction band 
e l e c t r o n s (e"(cb)) can a c t as reductants (24,25). The redox 
p o t e n t i a l s of both, e~ and h + , are determined by the r e l a t i v e 
p o s i t i o n of the conduction and valence band, r e s p e c t i v e l y . 
Bandgap p o s i t i o n s are m a t e r i a l constants which have been 
determined f o r a wide v a r i e t y of semiconductors (26). Most 
m a t e r i a l s show "Nernstian" behavior which r e s u l t s i n a s h i f t of 
the surface p o t e n t i a l by 59 mV i n the negative d i r e c t i o n w i t h a pH 
i n c r e a s e of ΔρΗ = 1. Consequently e l e c t r o n s are b e t t e r reductants 
i n a l k a l i n e s o l u t i o n s w h i l e holes have a higher o x i d a t i o n 
p o t e n t i a l i n the a c i d pH-range (26). Thus, w i t h the r i g h t choice 
of semiconductor and pH, the redox p o t e n t i a l of the e~(cb) can be 
v a r i e d from +0.5 to -1.5 V (vs. NHE) and that of the h + ( v b ) from 
+1.0 to more than +3.5 V. T h i s s u f f i c i e n t l y covers the f u l l range 
of redox chemistry of the H 20/0 2 system (27). 
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122 THE CHEMISTRY OF ACID RAIN 

H 2 0 2 can the r e f o r e be formed v i a two d i f f e r e n t pathways i n an 
aerated aqueous s o l u t i o n provided e~(cb) and h + ( v b ) a r e generated *· 

0 2 + 2e"(cb) + 2H + -> H 2 0 2 (2) aq 

2H 20 + 2h +(vb) -» H 2 0 2 + 2H + (3) 
aq 

R e a c t i o n 2 has been s t u d i e d i n great d e t a i l (28-44) s i n c e Baur and 
Neuweiler (28) i n 1927 observed the formation of H 2 0 2 when they 
i l l u m i n a t e d aqueous z i n c oxide suspensions i n the presence of 
g l y c e r i n and glucose which i n tu r n were o x i d i z e d . Appreciable 
y i e l d s of hydrogen peroxide are detected only when ap p r o p r i a t e 
e l e c t r o n donors, D, are added p r i o r to i l l u m i n a t i o n . T his 
s t r o n g l y i n d i c a t e s that i t i s the e l e c t r o n donor, D, which i s 
adsorbed on the c a t a l y s t ' s surface and hence s a c r i f i c e d v i a 
React i o n 4. 

D + h + ( v b ) -» ϋ +· (4) 

The presence of s u r f i c i a l D i n t e r f e r e s w i t h the e~/h + 

recombination l e a v i n g e"(cb) (conduction band e l e c t r o n s ) behind 
which then r e a c t w i t h dioxygen v i a Reaction 2. Small q u a n t i t i e s 
of H 2 0 2 detected i n the absence of added donors contained only 
oxygen atoms from 0 2 as shown by l a b e l l i n g s t u d i e s (34) which 
i n d i c a t e s the presence of contaminants i n the semiconductor that 
are a b l e to f i l l the h + ( v b ) . Cadmium s u l f i d e , CdSe, and ZnO 
showed the highe s t c a t a l y t i c a c t i v i t y f o r dioxygen r e d u c t i o n 
(35,38). Titanium d i o x i d e , on the other hand, which seems to be 
the m a t e r i a l w i t h the g r e a t e s t p o t e n t i a l f o r water s p l i t t i n g i s 
reported to have n e g l i g a b l e a c t i v i t y (35,41-43). The o x i d a t i o n of 
water v i a Reaction 3, however, has not yet been demonstrated 
unambiguously. While Rao et αϊ. (45) reported the formation of 
H 2 0 2 i n water s p l i t t i n g experiments on ZnO and T i 0 2 , Salvador and 
Decker (46) co u l d not v e r i f y t h i s o b s e rvation. The intermediate 
p r o d u c t i o n of H 2 0 2 as the f i r s t molecular step of the four- h o l e 
o x i d a t i o n of water to dioxygen has been p r e d i c t e d (46,47) and a 
v a r i e t y of f r e e r a d i c a l intermediates have a l r e a d y been detected 
(48-50). Whenever the o x i d a t i o n of H 20 i s found to proceed w i t h 
h i g h y i e l d s there i s no i n d i c a t i o n of hydrogen peroxide formation 
(51-54), but the dioxygen p r o d u c t i o n seems to proceed v i a 
d i f f e r e n t intermediate peroxides as shown by Baur and P e r r e t 
(51.52): they s t u d i e d the p h o t o c a t a l y t i c formation of 0 2 on ZnO i n 
the presence of s i l v e r n i t r a t e and observed the intermediate 
p r o d u c t i o n of s i l v e r peroxides. I n the case of T i 0 2 , the absence 
of d e t e c t a b l e amounts of H 2 0 2 and 0 2 d u r i n g water 
p h o t o e l e c t r o l y s i s experiments has been e x p l a i n e d w i t h the 
we11-documented a d s o r p t i o n and photo-uptake of these oxo-species 
by the m a t e r i a l (55-71) and t h e i r i n c o r p o r a t i o n i n t o the molecular 
s t r u c t u r e as p e r o x y t i t a n a t e s (68.72.73). 

The above d i s c u s s i o n i n d i c a t e s that a d e t a i l e d study of the 
mechanism of the l i g h t - i n d u c e d hydrogen peroxide p r o d u c t i o n on 
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v a r i o u s oxide surfaces i s warranted i n order to judge i t s 
p o t e n t i a l environmental i m p l i c a t i o n s . Using a newly developed 
p o l a r o g r a p h i c technique f o r the k i n e t i c a n a l y s i s of hydrogen 
peroxide concentrations w i t h a s e n s i t i v i t y of 10~ 7 M, we present 
f u r t h e r i n s i g h t i n t o the p h o t o c a t a l y t i c formation and d e s t r u c t i o n 
of H 20 2. 

Experimental D e t a i l s 

S e v e r a l c a t a l y s t s were prepared from chemicals of highest 
a v a i l a b l e grade. Mechanistic s t u d i e s were performed u s i n g 
c o l l o i d a l d i s p e r s i o n s of z i n c oxide, ZnO, which contained 
p a r t i c l e s w i t h a mean diameter of 5 nm (Bahnemann, D. W. ; Kormann, 
C ; Hoffmann, M. R. .1. Phvs. Chem. submitted 11/3/86). 
Suspensions of such small aggregates e x h i b i t n e g l i g i b l e l i g h t 
s c a t t e r i n g p r o p e r t i e s and conventional s p e c t r o s c o p i c techniques 
can be used to study ongoing r e a c t i o n s (74). The p r e p a r a t i o n of 
t i t a n i u m d i o x i d e p a r t i c l e s , T i 0 2 , coated w i t h c o b a l t ( I I ) t e t r a -
s u l f o p h t h a l o c y a n i n e , Co(II)TSP, has r e c e n t l y been reported (Hong, 
A. P.; Bahnemann, D. W. ; Hoffmann, M. R. J . Phvs. Chem. accepted 
f o r p u b l i c a t i o n 12/12/86). These p a r t i c l e s have a mean diameter 
of 30 nm w i t h 30% of the surface area covered w i t h Co(II)TSP. 
Desert sand obtained from Death V a l l e y has been t r e a t e d w i t h 
s e v e r a l a c i d washing c y c l e s and s e l e c t e d by s i z e and weight 
(Kormann, C. ; Bahnemann, D. W. ; Hoffmann, M. R. unpublished d a t a ) . 
The H 2 0 2 c o n c e n t r a t i o n was measured co n t i n u o u s l y w i t h a YSI-Clark 
2510 Oxidase Probe connected to a YSI model 25 oxidase meter. The 
surface of the e l e c t r o d e was covered w i t h a d i a l y s i s membrane 
(molecular weight c u t o f f 12,000 - 14,000) to prevent any 
i n t e r f e r e n c e caused by the c a t a l y s t p a r t i c l e s . E q u i l i b r a t i o n 
times between 30 and 60 minutes were allowed to ensure a s t a b l e 
s i g n a l once the e l e c t r o d e was immersed i n t o the r e a c t i o n s o l u t i o n . 
F o l l o w i n g e q u i l i b r a t i o n , changes i n H 2 0 2 content were monitored a t 
a s e n s i t i v i t y of 10" 7 M and a time constant of 1 s. The e l e c t r o d e 
was c a l i b r a t e d f o l l o w i n g each k i n e t i c experiment u s i n g a standard 
a d d i t i o n method; l i n e a r response was obtained between 10~ 7 and 
2·10~ 5 M H 20 2. Since t h i s p o l a r o g r a p h i c method i s s e n s i t i v e to 
any species w i t h a redox p o t e n t i a l of 700 mV, d i f f e r e n t methods 
were used to v e r i f y the formation of hydrogen peroxide. F o l l o w i n g 
the i l l u m i n a t i o n an a l i q u o t of the s o l u t i o n was taken and t i t r a t e d 
w i t h i o d i d e i n the presence of a c a t a l y s t (75,76) to form the I 3 ~ 
anion which was q u a n t i t a t i v e l y measured by spectrophotometry 
(fe(352nm) = 26400 M"1 cm" 1) (77). As a second check and when very 
small concentrations of H 2 0 2 were detected w i t h the po l a r o g r a p h i c 
method a very s e n s i t i v e f l u o r o m e t r i c determination ( d e t e c t i o n 
l i m i t : 1.2·10"8 M H 20 2) was employed. Th i s l a t t e r procedure 
i n v o l v e s the r e a c t i o n of H 2 0 2 w i t h p-hydroxypheny l a c e t i c a c i d i n 
the presence of h o r s e r a d i s h peroxidase to y i e l d a product which 
f l u o r e s c e s a t 400 nm (X(ex) = 320 nm) (78.79). Even though the 
pol a r o g r a p h i c method can not d i f f e r e n t i a t e between H 2 0 2 and other 
species w i t h a s i m i l a r e l e c t r o c h e m i c a l half-wave p o t e n t i a l , the 
use of two a l t e r n a t i v e chemical a n a l y s i s techniques e l i m i n a t e s 
such a r t i f a c t s . I n t e r f e r e n c e s by other chemicals such as ozone 
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can a l s o be excluded i n t h i s study s i n c e i t i s extremely u n l i k e l y 
that they should occur w i t h a l l three methods to the same extend. 

F i g u r e 1 shows the expermental set-up f o r the p h o t o l y s i s 
s t u d i e s . White l i g h t of a 450 W Xe lamp (Osram XBO) passes 
through a water f i l t e r , a monochromator (PRA B102) and an 
a p p r o p r i a t e U V - f i l t e r before the c o n t i n u o u s l y s t i r r e d sample i s 
i r r a d i a t e d . The analog s i g n a l of the oxidase meter i s a m p l i f i e d 
to g i v e the r i g h t amplitude f o r the input of the A/D converter 
(MBC Dash 8) which d i g i t i z e s the data and feeds them i n t o an IBM 
PC/AT f o r k i n e t i c a n a l y s i s . Aberchrome 540 i s used f o r the 
determination of the l i g h t f l u x to enable an absolute measurement 
of the quantum y i e l d s (80). 

R e s u l t s and D i s c u s s i o n 

The formation of hydrogen peroxide upon the i l l u m i n a t i o n of an 
a i r - s a t u r a t e d aqueous c o l l o i d a l suspension of z i n c oxide p a r t i c l e s 
i s shown i n F i g u r e 2. No H 2 0 2 i s produced when l i g h t energies 
below the bandgap energy of ZnO where employed (Eg(ZnO)= 3.4 eV or 
X(ex) = 365 nm), e.g., X(ex) = 400 nm. As the i r r a d i a t i o n was 
performed a t lower wavelengths, e.g., X(ex) = 366 and 320 nm, the 
sudden increase of the s i g n a l from the p o l a r o g r a p h i c a n a l y z e r 
i n d i c a t e d H 2 0 2 formation w i t h a wavelength-independent quantum 
y i e l d of 6%. No hydrogen peroxide i s formed or depleted i n the 
absence of l i g h t . Prolonged i l l u m i n a t i o n leads to the formation 
of a steady-state i n [ H 2 0 2 ] of 1.2·10~4 M i n i r r a d i a t e d samples. 
The quantum-yields φ determined from the i n i t i a l slope of the 
[ H 2 0 2 ] vs. time p l o t s depended s t r o n g l y on the oxygen-content of 
the s o l u t i o n : φ increased to 10% i n 0 2 - s a t u r a t e d samples and 
decreased s h a r p l y below 2·10~ 5 M 0 2. No H 2 0 2 i s produced when 
anoxic s o l u t i o n s were i r r a d i a t e d . The f o l l o w i n g mechanism 
e x p l a i n s these observations. E l e c t r o n s and holes are formed i n 
the z i n c oxide p a r t i c l e s under bandgap i r r a d i a t i o n (Reaction 1). 
T h e i r recombination i s prevented by the presence of 2 mM a c e t a t e 
ions which are s t r o n g l y adsorbed onto the ZnO surface and are 
o x i d i z e d v i a : 

CH 3C00~ + h + ( v b ) -> (CH 3C00) # (5) 

(CH 3C00)* -» #CH 2C00"/H* q and/or #CH 3/C0 2 (6) 

The f a t e of the r a d i c a l s produced v i a Reaction 6 i s c u r r e n t l y 
being i n v e s t i g a t e d . I n i t i a l r e s u l t s i n d i c a t e the formation of 
organic peroxides and suggest the intermediate formation of 
p e r o x y - r a d i c a l s (Kormann, C. ; Bahnemann, D. W. ; Hoffmann, M. R. 
unpublished r e s u l t s ) . With the i n h i b i t i o n of charge recombination 
conduction band e l e c t r o n s are now a v a i l a b l e to reduce molecular 
oxygen y i e l d i n g H 2 0 2 (Reaction 2 ) . The observed steady-state 
c o n c e n t r a t i o n of hydrogen peroxide can be understood as a 
c o m p e t i t i o n between Reactions 2 and 7. 
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LIGHT 
SOURCE 
(450 W) 

IR-FILTER 
(HoO) M0N0CHR0-

MATOR 
UV- Γ 
FILTER 

H 20 2 

ELECTRODE 

1cm 
CELL 

MAGNETIC 
STIRRER 

IBM PC/AT 
A/D-

CONVERTER 
(MBC) 

OXIDASE 
METER 
(YSI) 

F i g u r e 1. Experimental c o n f i g u r a t i o n used f o r i r r a d i a t i o n s and 
hydrogen peroxide d e t e c t i o n . 

T I M E / MIN. 

F i g u r e 2 . H 2 0 2 formation upon i l l u m i n a t i o n of an aqueous 
c o l l o i d a l suspension of z i n c oxide i n the presence of 2 mM 
acet a t e (other exp. cond. are g i v e n i n the f i g u r e ) . 
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H 2 0 2 2e"(cb) + 2H + -* 2H 20 (7) 
aq 

The value [ H 2 0 2 ] ( s s ) = 1.2·10"4 M measured i n a i r - s a t u r a t e d 
s o l u t i o n s ( [ 0 2 ] ( s s ) = 2.4·10"4 M) suggests that Reaction 7 i s 
about twice as e f f i c i e n t as the i n i t i a l dioxygen r e d u c t i o n . 

H 2 0 2 i s a l s o produced i n the absence of h o l e scavengers 
provided the r i g h t c a t a l y s t i s used. Figure 3 shows the formation 
of hydrogen peroxide upon bandgap i l l u m i n a t i o n of an oxygenated 
aqueous suspension of T i 0 2 coated w i t h Co(II)TSP which a c t s as an 
e l e c t r o n r e l a y to t r a n s f e r e"(cb) onto 0 2 (Hong, A. P.; Bahnemann, 
D. W. ; Hoffmann, M. R. J . Phvs. Chem. accepted f o r p u b l i c a t i o n 
12/12/86). I t i s c l e a r l y obvious from F i g u r e 3 that the same 
steady-state c o n c e n t r a t i o n of H 2 0 2 i s reached once the system i s 
perturbed by the a d d i t i o n of H 2 0 2 d u r i n g prolonged i r r a d i a t i o n . 
As i n the case of ZnO no formation or d e p l e t i o n of hydrogen 
peroxide i s observed i n the absence of l i g h t . An o c t a h e d r a l l y 
coordinated surface complex, e.g., Ti - 0 ~ - C o ( I I I ) T S P - 0 2 ~ * , has been 
i d e n t i f i e d as the c a t a l y t i c a l l y a c t i v e species i n the 
Ti 0 2 - C o ( I I ) T S P system. With dioxygen being bound i n the form of 
superoxide, 0 2~·, t h i s complex proved to be extremely s t a b l e but 
a c t s as an e f f e c t i v e acceptor f o r conduction band e l e c t r o n s 
produced upon i r r a d i a t i o n of the bulk T i 0 2 : 

T i - 0 " - C o ( I I I ) T S P - 0 2 " - + e"(cb) -» Ti-0"-Co(III)TSP-H 20 + H 2 0 2 (8) 

The aquo complex formed i n Reaction 8 r e a d i l y accepts another 
e"(cb) to form a reduced metal center which then q u i c k l y r e a c t s 
w i t h 0 2 

Ti-0"-Co(II)TSP-H 20 + 0 2 -» Ti - 0 ~ - C o ( I I I ) T S P - 0 2 " * (9) 

y i e l d i n g a g a i n the s t a b l e 0 2~· complex. 
H 2 0 2 i s formed i n quantum y i e l d s c l o s e to 50% by t h i s r e a c t i o n 

sequence. The observed net formation of H 2 0 2 i n d i c a t e s that the 
valence band h o l e s , h + ( v b ) , are a b l e to o x i d i z e water v i a 
React i o n 3. The low steady-state concentrations [ H 2 0 2 ] ( s s ) which 
are reached d u r i n g these experiments (5 - 25 μΜ depending on the 
nature of the c a t a l y s t ) suggest that o x i d a t i o n of H 2 0 2 v i a 

H 2 0 2 + 2h +(vb) -* 0 2 + 2H + (10) 
aq 

e f f i c i e n t l y competes w i t h Reaction 3. When present a t h i g h 
c o n c e n t r a t i o n s , hydrogen peroxide can a l s o compete w i t h molecular 
oxygen (Reaction 9) f o r the open c o o r d i n a t i o n s i t e on Co(II)TSP: 

Ti-0"-Co(II)TSP-H 20 + H 2 0 2 -» Ti-0"-Co(III)TSP-0H + OH" (11) 

React i o n 11 i s analogous to Reaction 8 i n that i t leads to the 
o v e r a l l r e d u c t i o n of H 2 0 2 by two e"(cb). The major d i f f e r e n c e 
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between the z i n c oxide and the T i 0 2 - C o ( I I ) T S P systems i s that the 
surface complex (Co(II)TSP) a c t s as an e l e c t r o n r e l a y i n one case 
w h i l e s a c r i f i c i a l e l e c t r o n donors such as ac e t a t e are a 
p r e r e q u i s i t e f o r i n t e r r u p t i o n of the e"/h + recombination i n the 
other case. 

F o l l o w i n g the s t u d i e s of these r a t h e r w e l l - d e f i n e d model 
systems aerated aqueous suspensions of desert sand p a r t i c l e s were 
i r r a d i a t e d (X(ex) = 350 nm) i n the presence of sodium ac e t a t e . 
The very r a p i d formation of a steady-state c o n c e n t r a t i o n of 0.2 uM 
H 2 0 2 upon i l l u m i n a t i o n i s shown i n F i g u r e 4. T h i s , however, 
decays very q u i c k l y when the l i g h t i s turned o f f . A s i m i l a r 
d e p l e t i o n i s apparent when H 2 0 2 i s added i n the dark. I f the 
l i g h t i s turned on duri n g t h i s decay p e r i o d a steady-state of 
0.2 uM i s again e s t a b l i s h e d . These c y c l e s can be repeated many 
times without any apparent l o s s i n a c t i v i t y . I t has a l r e a d y been 
demonstrated (15) that desert sand contains minerals such as 
hematite, a-Fe 20 3, and anatase, T i 0 2 , and can thus be 
p h o t o c a t a l y t i c a l l y a c t i v e . We e n v i s i o n a mechanism s i m i l a r to 
that proposed f o r the model systems above to account f o r the 
observed formation of H 2 0 2 on desert sands. In t h i s case the 
e"/h + p a i r (Reaction 1) i s i n t e r c e p t e d by the donor acetat e 
(Reactions 5 and 6) l e a v i n g e~(cb) behind to reduce 0 2 v i a 
React i o n 2. The e f f i c i e n t d e s t r u c t i o n of H 20 2, on the other hand, 
might be caused by metal i o n contaminants (M x + ) adsorbed on the 
sand p a r t i c l e s (81-85). Hydrogen peroxide can thus r e a c t w i t h M x + 

i n a Fenton type r e a c t i o n (86), 

M x + + H 2 0 2 -» M i x + 1 ) + + OH" + 0Η· (12) 

fo l l o w e d by the f r e e r a d i c a l Reactions 13 to 17 (87.88). 

H 2 0 2 + 0Η· -> Η 20 + Η0 2· (13) 

Η0 2· τ- ο 2~· + Η + 

aq (14) 

Η0 2· + 0 2"· + Η + 

2 2 aq 
-» Η 2 0 2 + ο 2 (15) 

Η0 2· + 0Η· -» Η 20 + ο 2 (16) 

0Η· + 0Η· Η 2 0 2 (17) 

T h i s r e a c t i o n sequence r e s u l t s i n the overal1 
d i s p r o p o r t i o n a t i o n of H 2 0 2 and thus e x p l a i n s i t s r a p i d 
disappearance i n the dark. F i n a l l y , a word of c a u t i o n should be 
added regarding other p o s s i b i l i t i e s to photogenerate hydrogen 
peroxide i n such an i l l - d e f i n e d n a t u r a l system. I n s p i t e of the 
ri g o r o u s pre-treatment i t i s p o s s i b l e that t r a c e amounts of 
organic adsorbates are s t i l l present on the desert sand samples 
employed i n t h i s study. On the other hand, i t i s w e l l documented 
that n a t u r a l l y o c c u r r i n g humic type m a t e r i a l s can a l s o be 
photochemical l y a c t i v e (89). Thus we cannot exclude the 
p o s s i b i l i t y that p a r t of the observed r a t h e r low steady-state 
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0 

hi> on ' 
-5 mM H202 o ô b e d 

0 30 60 75 165 180 210 240 255 

Time (min) 

F i g u r e 3. Formation and d e p l e t i o n of H 2 0 2 upon i r r a d i a t i o n 
(X(ex) = 366 nm) of an oxygenated aqueous suspension of 0.3 g 
T i 0 2 - C o ( I I ) T S P / l a t pH 12. 

time/min 

F i g u r e 4. Formation and d e p l e t i o n of H 2 0 2 upon i l l u m i n a t i o n and 
i n the dark observed i n an aerated aqueous suspension of Death 
V a l l e y desert sand (other exp. cond. are g i v e n i n the f i g u r e ) . 
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c o n c e n t r a t i o n of H 2 0 2 i s formed v i a the d i r e c t e x c i t a t i o n of such 
molecules. Further experiments are c u r r e n t l y being performed to 
d i f f e r e n t i a t e between these pathways. 

Concluding Remarks 

We have shown that hydrogen peroxide can be produced 
p h o t o c a t a l y t i c a l l y i n the presence of semiconductor p a r t i c l e s . 
Quantum y i e l d s up to 50% and steady-state c o n c e n t r a t i o n s between 
0.2 and 120 μΜ H 2 0 2 have been observed. While the r e d u c t i o n of 
molecular oxygen by e~(cb) seems to be the most l i k e l y process f o r 
H 2 0 2 - f o r m a t i o n , o x i d a t i o n of water by h + ( v b ) should i n p r i n c i p l e 
y i e l d the same products. 

I t i s the obs e r v a t i o n of hydrogen peroxide p r o d u c t i o n upon the 
i l l u m i n a t i o n of an aerated aqueous suspension of desert sand 
p a r t i c l e s that presents the most i n t r i g u i n g r e s u l t of t h i s study. 
Submicron sand p a r t i c l e s are very abundant i n the atmosphere where 
they a c t as condensation n u c l e i (90). T h e i r involvement as 
c a t a l y s t s and/or p h o t o c a t a l y s t s i n chemical transformations 
o c c u r r i n g i n n a t u r a l environments has so f a r been neg l e c t e d even 
though they are ra t h e r p e r s i s t e n t i n the atmosphere w i t h 
h a l f - l i v e s of s e v e r a l days before p r e c i p i t a t i o n takes p l a c e . We 
propose the surface r e a c t i o n of p h o t o c a t a l y t i c a l l y formed H 2 0 2 

w i t h s u l f u r d i o x i d e (S0 2) and n i t r o u s oxides (N0 X) as an 
a d d i t i o n a l pathway f o r the formation of a c i d r a i n . Even though 
due to i t s metal - c a t a l y z e d d i s m u t a t i o n the steady-state 
c o n c e n t r a t i o n of H 2 0 2 observed i n the desert sand experiment was 
ra t h e r low, i t may nevertheless be h i g h enough to y i e l d reasonable 
q u a n t i t i e s of o x i d a t i o n products l i k e H 2S0 4 or HN0 3. Further 
experiments are i n progress to study the p h o t o c a t a l y t i c a c t i v i t y 
of n a t u r a l systems. 
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Chapter 11 

Direct Kinetic and Mechanistic Study 
of the OH-Dimethyl Sulfide Reaction 

Under Atmospheric Conditions 

A. J. Hynes and P. H. Wine 

Molecular Sciences Branch, Georgia Tech Research Institute, 
Georgia Institute of Technology, Atlanta, GA 30332 

A pu l sed l a s e r p h o t o l y s i s - p u l s e d l a s e r induced f l u o r e s 
cence technique was employed to study the OH + CH3SCH3 
r e a c t i o n in N2, air, and O2 b u f f e r gases. Complex 
kinetics were observed in the presence of O2. A four 
step mechanism i n v o l v i n g hydrogen a b s t r a c t i o n , rever
sible a d d i t i o n to the sulfur atom, and scavenging of 
the ( thermalized) adduct by O2 is r e q u i r e d to e x p l a i n 
all experimental observa t ions . In one atmosphere of 
air, the effective b i m o l e c u l a r r a t e constant decreases 
monotonica l ly from 1.58 x 10-11 to 5.2 x 10-12cm3 
molecule-1S-1 over the lower t ropospher i c temperature 
range 250-310K. Over the same temperature range the 
branching ratio for hydrogen a b s t r a c t i o n increases 
monotonica l ly from 0.24 to 0.87. 

On a g l o b a l s c a l e , n a t u r a l emissions of reduced s u l f u r compounds 
account f o r about 50% of the t o t a l s u l f u r f l u x i n t o the atmosphere 
(1-3) . Hence, i t i s important to understand the n a t u r a l s u l f u r c y c l e 
i n order to e s t a b l i s h a "base l i n e " f o r assess ing the s i g n i f i c a n c e of 
anthropogenic p e r t u r b a t i o n s ( p r i m a r i l y SO2 emiss ions ) . D imethyIsu l -
f i d e (DMS) i s the predominant reduced s u l f u r compound e n t e r i n g the 
atmosphere from the oceans (4-9) , and DMS o x i d a t i o n represents a 
major g l o b a l source of S ( V I ) . The atmospheric o x i d a t i o n of DMS can be 
i n i t i a t e d by r e a c t i o n w i t h e i t h e r OH or NO3. In marine environments, 
however, NO3 l e v e l s are t y p i c a l l y very low and DMS i s destroyed p r i 
m a r i l y by OH: 

OH + C H 3 S C H 3 

-> CH3SCH2 + H 2 0 ( la ) 

-> CH 3 S(OH)CH 3 ( lb) 

0097-6156/87/0349-0133$06.00/0 
© 1987 American Chemical Society 
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134 THE CHEMISTRY OF ACID RAIN 

A number of k i n e t i c s studies of Reaction 1 have been reported 
(10-17). In a d d i t i o n , s e v e r a l steady s t a t e photοlys is-end product 
an a l y s i s studies have r e c e n t l y been reported where conclusions were 
drawn concerning the r e l a t i v e importance of hydrogen a b s t r a c t i o n and 
a d d i t i o n to the s u l f u r atom as r e a c t i o n pathways (18-20). Despite 
the rather large data base, n e i t h e r the rate constant nor the branch
ing r a t i o f o r Reaction 1 i s w e l l defined. Values f o r k i have been 
measured d i r e c t l y using both f l a s h p h o t o l y s i s (10,11,13,17) and d i s 
charge flow (14,16) techniques, with reported 298K rate constants 
ranging from 3.2 to 9.8 χ 10~12cm3molecule~l-s~l- and reported a c t i v a 
t i o n energies ranging from -352 to +274 c a l mole" 1. A l l d i r e c t 
measurements were c a r r i e d out i n the absence of the p o t e n t i a l l y 
r e a c t i v e gas 02· Two competitive k i n e t i c s studies (12,15), both of 
which employed one atmosphere of a i r as the b u f f e r gas, report 298K 
rate constants i n agreement with the higher values reported i n the 
d i r e c t s t u d i e s . While there seems to be general agreement that the 
branching r a t i o f o r Channel l a i s s i g n i f i c a n t , the c o n t r i b u t i o n from 
Channel lb remains poorly defined. 

We have employed a pulsed l a s e r p h o t o l y s i s - pulsed l a s e r 
induced fluorescence technique to carry out d i r e c t , r e a l time 
studies of OH reactions with DMS and DMS-dfc i n N 2 , a i r , and O 2 b u f f e r 
gases. Both temperature and pressure dependencies have been i n v e s t i 
gated. We f i n d that the observed rate constant ( k Q b s = d[0H]/[0H] 
[DMS]dt) depends on the O 2 concentration. Our r e s u l t s are consistent 
with a mechanism which includes an a b s t r a c t i o n route, a r e v e r s i b l e 
a d d i t i o n route, and an adduct + O 2 r e a c t i o n which competes with ad-
duct decomposition under atmospheric conditions. 

Experimental 

A schematic of the apparatus i s shown i n Figure 1. OH was produced 
by 248 nm (or 266 nm i n some experiments) pulsed l a s e r p h o t o l y s i s of 
H 2 O 2 and detected by observing fluorescence exc i t e d by a pulsed tun
able dye l a s e r . Fluorescence was e x c i t e d i n the 0Η(Α2Σ + - X^ir) 0-1 
band at 282 nm and detected i n the 0-0 and 1-1 bands at 309+5 nm. 
K i n e t i c data was obtained by e l e c t r o n i c a l l y varying the time delay 
between the p h o t o l y s i s l a s e r and the probe l a s e r . S u l f i d e concentra
tions were measured i n s i t u i n the slow flow system by UV photometry 
at 228.8 nm. 

Results 

A l l experiments were c a r r i e d out under p s e u d o - f i r s t order conditions 
with DMS i n large excess over OH. Exponential OH decays were ob
served under a l l experimental conditions i n v e s t i g a t e d . P l o t s of k ! 

(the p s e u d o - f i r s t order OH decay rate) versus DMS concentration were 
l i n e a r . Values f o r k 0 b s were obtained from l i n e a r l e a s t squares 
determinations of the slopes of k f versus [DMS] p l o t s . Measured 
values f o r k Q ^ s as a f u n c t i o n of temperature, pressure, and O 2 con
c e n t r a t i o n are summarized i n Table I. 

Important observations concerning the data reported i n Table I 
are summarized below 

1. In the absence of 0 2, DMS reacts s i g n i f i c a n t l y more r a p i d l y 
with OH than does DMS-dfc. This suggests that under these experimen
t a l conditions (no O 2 ) hydrogen a b s t r a c t i o n i s the dominant r e a c t i o n 
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11. HYNES AND WINE The OH and Dimethyl Sulfide Reaction 135 

Figure 1. Schematic of the apparatus. AC-absorption c e l l , BPF-
bandpass f i l t e r , CdL-cadmium lamp, CM-capacitance manometer, ID-
frequency doubler, DG-three channel delay generator, DC-dye 
l a s e r , EM-emergy monitor, GI-gas i n l e t , HS-harmonic separator, 
HV-high voltage, ΡA-picoammeter, PD-photodiode, PM-photomulti-
p l i e r , PL-photolysis l a s e r , RC-reaction c e l l , SA-signal 
averager, T - c h r o t t l e , YL-Nd:YAG l a s e r , 7-54F-Corning 7-54 glass 
f i l t e r . 
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Table I. Observed Bimolecular Rate Constants as a Function 
of Temperature, Pressure, and 0 9 Concentration 

S u l f i d e T(K) P(Torr) M Range of k , + 2 a ( a ) 

.. obs --
k 1 ( s ) (10- 1 2cm 3mole-

c u l e ^ l s " 1 ) 

CH 3SCH 3 262 700 

279 700 
298 40 
298 500 
298 50 

298 130 
298 340 
298 590 
298 750 
321 700 

CD 3SCD 3 261 700 

266 700 
275 700 

276 700 
287 700 
287 700 
298 450 
298 100 
298 300 
298 500 
298 700 
298 700 
317 700 
321 700 
340 700 
340 700 
361 700 

(a) er r o r s are 2σ and represent 

a i r 498-•24900 1?.5 + 1.7 
a i r 372-•24200 9.53 + 0.28 
N 2 160-•13700 4.80 + 0.11 
S F 6 53-•7500 4.75 + 0.15 
a i r 151-•8610 4.68 + 0.08 
a i r 1960-•21800 5.04 + 0.14 
a i r 310-•28900 5.18 0.34 

a i r 596-•56100 5.80 + 0.16 
a i r 1850-•65700 6.28 + 0.10 
a i r 420-•22300 5.43 + 0.30 

a i r 1080-•50500 11.6 + 1.1 

°2 854-•48500 13.5 + 1.2 

°2 606-•54200 11.9 + 2.0 
a i r 1650-•47300 9.63 ± 0.63 
a i r 777-•20100 5.29 + 0.44 

°2 593-•23100 6.99 + 0.53 
N 2 1520-•18900 1.82 + 0.11 
a i r 193-•19800 2.10 + 0.15 
a i r 336-•17300 2.68 + 0.09 
a i r 804-•11700 2.97 + 0.13 
a i r 672-•18900 3.40 + 0.13 

°2 1290-•21200 6.50 + 0.72 
a i r 817-•16500 3.02 + 0.18 

°2 620-•13600 3.72 0.27 

a i r 1030--11470 2.32 + 0.11 

°2 547--7880 2.30 + 0.28 
a i r 1110--15200 2.66 0.11 

c i s i o n only 
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11. HYNES AND WINE The OH and Dimethyl Sulfide Reaction 137 

pathway. We have c a r r i e d out conventional FP-RF k i n e t i c studies of 
OH reactions with a s e r i e s of s u l f i d e s i n argon b u f f e r gas (21); 
r e a c t i v i t y trends and a c t i v a t i o n energies observed i n these e x p e r i 
ments support the dominance of Channel l a when no O 2 i s present. 

2. At 298K, k 0 b s increases as a f u n c t i o n of a i r pressure f o r 
both DMS and DMS-d6 reactions with OH. The slopes of k Q b s versus 
^ a i r pl°ts are v i r t u a l l y equal f o r the two s u l f i d e s . 

3. In both a i r and O 2 at 700 Torr t o t a l pressure, k 0 ^ g i n 
creases dramatically with decreasing temperature. 

A l l experimental observations are consistent with the f o l l o w i n g 
mechanism (written f o r C H 3 S C H 3 but i d e n t i c a l f o r C D 3 S C D 3 ) : 

OH + C H 3 S C H 3 > C H 3 S C H 2 + H 20 (la) 

OH + C H 3 S C H 3 + M > CH 3S(OH)CH 3 + M (lb) 

CH 3S(OH)CH 3 + M > OH + C H 3 S C H 3 (-lb) 

CH 3S(OH)CH 3 + 0 2 > products (2) 

OH > loss by r e a c t i o n with H 2 O 2 and 
d i f f u s i o n from the detector f i e l d 
of view (3) 

As mentioned above, i n the absence of O 2 a l l observed OH removal ap
pears to be v i a the a b s t r a c t i o n route, i . e . Reaction l a . Apparently, 
Reaction - l b i s very f a s t compared to the time s c a l e of our experi
ments. However, the adduct l i f e t i m e must be long enough that i t can 
be scavenged by O 2 i n competition with decomposition back to r e a c t -
ants. The dramatic dependence of k 0 ^ s on temperature i s q u a l i t a 
t i v e l y consistent with the above mechanism. The a c t i v a t i o n energy 
f o r Reaction - l b i s expected to be quite l a r g e , so the f r a c t i o n of 
adduct molecules scavenged by O 2 can increase dramatically over a 
r e l a t i v e l y small temperature range. 

At high O 2 l e v e l s , the adduct can be assumed to be i n steady 
s t a t e . Applying the steady s t a t e approximation to the above mechan
ism, one obtains : 

k, (T) + XCOik, (T) + k 1 T ( T ) } [ 0 j k 9 ( T ) , _ l a l a lb l_ γ/ τ\ = * //> 
obs 1 + X(T)[0 2] ' M 1 ; " k_ l b (T) 

We assume that over the l i m i t e d temperature range 260 - 360K, a l l 
rate constants can be expressed i n Arrhenius form: 

k ± ( T ) = A 1 exp (-E ±/RT). (5) 

We have taken the 13 rate constants f o r OH + DMS-d5 measured i n 700 
Torr a i r and 700 Torr 0 2 (Table I) and f i t k g b s ( T , [ 0 2 D to Equation 
4 using a l e a s t squares f i t t i n g c r i t e r i o n . The s u p e r s c r i p t D i n d i 
cates the C D 3 S C D 3 analog of equations 1-4. Values f o r k^ a(T) were 
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138 T H E CHEMISTRY OF ACID RAIN 

taken from the FP-RF results (21). A j b , Α^(Ξ A ^ / A ^ ) and 
Εχ(Ξ E^-E^ ) were taken as independent variables. By analogy with 
known activation energies for OH addition to C H 3 S H (22), C H 3 S D (22), 
and C H 3 S S C H 3 (13)» EÇ b was fixed at -0.7 kcal/mole. As shown in 
Figure 2, equation 4 f i t s the experimental data very well (median 
residual = 5.3%); we conclude, therefore, that the proposed mechanism 
does include a l l important reactions. Best f i t parameters are A Ç ^ = 
3.04 χ 10~l 2cm 3molecule~ls~l, A5 = 5.53 χ 10" 3 1cm 3molecule _ 1, and 
E§/R = 7460K. 

Implications for Atmospheric Chemistry 

Our results demonstrate that both the effective rate constant ( k o b g ) 
and the branching ratio (addition versus abstraction) for reaction 
(1) change dramatically as a function of temperature over the lower 
tropospheric temperature range 250-310K. It should be be kept in 
mind that, for purposes of atmospheric modeling, addition followed by 
decomposition back to OH + C H 3 S C H 3 is treated as no reaction. The 
"effective" addition pathway represents only those adduct molecules 
which are scavenged by O 2 . 

A majority of our experiments employed DMS-dg as the sulfide 
reactant because more information concerning elementary reaction 
rates could be obtained in this matter (this aspect of our study is 
not discussed in detail in this paper). However, enough experiments 
were carried out with DMS to demonstrate that, within experimental 
uncertainty, k o b g values for OH reactions with DMS and DMS-dg differ 
only by the difference in the abstraction rates. The pressure 
dependence data in air at 298K strongly supports this approximation. 
Substituting the appropriate Arrhenius parameters into equation 4 
leads to the following expression for the temperature dependence of 
kobs f o r t h e 0 H + D M S r e a c t i o n i n 760 Torr air (units are cm3 

molecule^s"!) : 

k = Texp(-234/T) +8.64x10 1Qexp(7230/T) + 2.68x10 1Qexp(7810/T) 
° b S 1.04xl0 nT + 88.1exp(7460/T) 

(6) 

Values for k Q b g at ten degree intervals have been calculated 
from equation 6, as have branching ratios for abstraction (B a b s) and 
addition ( B a ^ ) . The branching ratios were calculated from the 
relationships 

Babs - k l a / k o b s " 9. 6xlO- 1 2exp(-234/T)/^^ (7) 

Β ΑΆ = 1 - Β , (8) add abs 

The results are tabulated in Table II. 
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2 op 1 1 1 1 1 Γ 

~ Ο · · · · 0 2 

I L I I I I I I =1 
2.6 3.0 3.4 3.8 

1000/T0O 

Figure 2. Results obtained from using equation 4 to simulate 
the dependence of k 0 b s on L O 2 ] a n ( l temperature f o r the OH + 
C D 3 S C D 3 r e a c t i o n . A l l bimolecular r a t e constants were measured 
at a t o t a l pressure of 700 Torr. The best f i t parameters A Ç B , 
A^, and E^/R are given i n the text. E r r o r bars are 2σ, pre
c i s i o n only. 
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Table I I . Values f o r Κ , , Β , , and Β ,, 
obs abs add 

τ (Κ) 1 0 ^ k , (cm^molecule "'"s obs Babs Badd 
250 15.8 0.24 0.76 
260 14.5 0.27 0.73 
270 12.5 0.32 0.68 
280 9.8 0.42 0.58 
290 7.4 0.58 0.42 
300 5.9 0.75 0.25 
310 5.2 0.87 0.13 

Under atmospheric conditions the a b s t r a c t i o n route i s thought to 
r e s u l t i n production of C H 3 S + H 2 C 0 v i a the fo l l o w i n g r e a c t i o n 
sequence ( 1 7 , 2 0 ) : 

OH + CH 3SCH 3 — 

CH 3SCH 2 + 0 2 4- M 

CH 3SCH 20 2 + NO 

CH 3SCH 20 + M -

-> H 20 + CH 3SCH 2 

> CH 3SCH 20 2 + M 

-> CH 3SCH 20 + N0 2 

> CH3S + CH 20 + M 

(la) 

(9) 

(10) 

(11) 

The ultimate f a t e of C H 3 S i s unknown, although B a l l a , et a l . (23) 
report d i r e c t k i n e t i c evidence that t h i s r a d i c a l reacts very r a p i d l y 
with NO and N0 2 but n e g l i g i b l y slowly with 0 2. P o s s i b l e routes f o r 
the adduct + 0 2 r e a c t i o n include the fol l o w i n g : 

OH 
I 

CH 3SCH 3 + 0 2 

-> CH 3SCH 3 + H0 2 

(DMSO) 

-> CH 30 2 + CH3S0H 

(12a) 

(12b) 

C H 3 S 0 H i s probably converted to CH 3 S 0 3 H (methanesulfonic acid) by 
re a c t i o n with 0 2 while the atmospheric f a t e of DMSO i s unclear. 
DMSO has a very low vapor pressure and may be r a p i d l y removed v i a 
heterogeneous processes. 

At 298K our r e s u l t s demonstrate that r e a c t i o n 1 i n one atmos
phere of a i r proceeds 70% v i a a b s t r a c t i o n and 30% v i a ( i r r e v e r s i b l e ) 
a d d i t i o n . Photooxidation studies have been reported by N i k i , et a l . 
(18) and Hatakeyama and Akimoto (19), where 298K S 0 2 y i e l d s from OH 
i n i t i a t e d o x i d a t i o n of C H 3 S C H 3 were reported to be 22% and 21%, 
re s p e c t i v e l y . Large y i e l d s of methanesulfonic a c i d were observed i n 
both s t u d i e s . At present, there i s i n s u f f i c i e n t information to 
allow S 0 2 production to be associated with e i t h e r the a b s t r a c t i o n 
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11. HYNES AND WINE The OH and Dimethyl Sulfide Reaction 141 

route or the a d d i t i o n route . However, i t should be noted that our 
r e s u l t s suggest that a b s t r a c t i o n i s the dominant r e a c t i o n pathway f o r 
Τ > 300K whi l e a d d i t i o n i s the dominant pathway f o r Τ < 270K. Hence, 
temperature dependent product a n a l y s i s s tud ies should shed some l i g h t 
on the d e t a i l e d pathways f o r S 0 2 and CH^SO^H p r o d u c t i o n . 
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Chapter 12 

SO 2 Oxidation by Hydrogen Peroxide 
in Suspended Droplets 

W. A. Jaeschke and G. J. Herrmann 

Center for Environmental Research, J. W. Goethe-University, P.O. Box 11 19 32, 
D-6000 Frankfurt am Main, Federal Republic of Germany 

One of the most significant reactions in the context of 
acidity in rainwater is the SO2-oxidation by hydrogen 
peroxide in aqueous solution. Therefore a dynamic flowreac-
tor was constructed, where SO2 removal rates could be 
investigated in the presence of H2O-containing droplets. The 
diameter of the suspended droplets was in the size range 
between 1 μm and 25 μm which is comparable to size 
distributions observed in atmospheric clouds or fogs. Pseudo 
first order rate constants of the SO2-Oxidation were mea
sured at different pH-values. The H2O2-concentration in the 
droplets was varied between 2 x 10-5m and 10-2m. The 
obtained second order rate constants were strongly pH– 
dependent (1,48 x 105 I mol-1 sec-1 at pH 2 and 1,3 x 102 I 
mol-1 sec-1 at pH 5,5). At H2O2-concent rations above 10-3 m 
the microphysical transfer of SO2 via droplet interface 
became the rate determining step. From the experiments an 
accomodation-coefficient for SO2 could be calculated which 
was greater than 10-1. 

Recent measurements o f g a s - a n d l i q u i d - p h a s e c o n c e n t r a t i o n s o f h y d r o g e n 
p e r o x i d e i n the t r o p o s p h e r e (1,2) s u b s t a n t i a t e the n o t i o n tha t H2O2 is the 
ma jo r o x i d a n t l e a d i n g t o t he g e n e r a t i o n o f s u l f u r i c a c i d in a t m o s p h e r i c 
m u l t i p h a s e sys tems l i k e fogs a n d c l o u d s . T h e o x i d a t i o n of S ( I V ) a q r e q u i r e s 
a phase t r a n s f e r o f gaseous SO2 i n t o the su spended d r o p l e t s . T h i s t r a n s f e r 
r e p r e s e n t s a c h a i n o f c o n s e c u t i v e p r o c e s s e s i n c l u d i n g t r a n s p o r t o f ( S 0 2 ) g 
to the d r o p l e t s , p h a s e - t r a n s f e r t h r o u g h the g a s - l i q u i d i n t e r f a c e , t r a n s 
p o r t o f d i s s o l v e d S ( I V ) a q i n the l i q u i d p h a s e and subsequen t o x i d a t i o n o f 
S ( IV)aq to S ( V I ) a q by d i s s o l v e d H2O2 . B e c a u s e o f the c o n s e c u t i v e n a t u r e o f 
t h i s m u l t i p h a s e o x i d a t i o n p r o c e s s the s l o w e s t step o f the c h a i n d e t e r m i n e s 
the o v e r a l l r a t e . C o m m o n l y t he o v e r a l l ra tes o f s u c h p r o c e s s e s o c c u r i n g 
i n a t m o s p h e r i c fog and c l o u d s a r e c a l c u l a t e d by l i n e a r e x t r a p o l a t i o n s 
f r o m k i n e t i c da t a g a i n e d i n b u l k - s o l u t i o n e x p e r i m e n t s . It is d o u b t f u l 
w h e t h e r the assumed l i n e a r r e l a t i o n s a r e e x i s t i n g i n a t m o s p h e r i c s y s t e m s , 
e s p e c i a l l y w i t h respec t t o t he l i q u i d w a t e r c o n t e n t ( L W C ) o f fogs and 
c l o u d s b e c a u s e t h i s pa rame te r is the r e s u l t o f the i n t e g r a l o v e r a s p e c t r u m 

0097-6156/87/0349-0142$06.00/0 
© 1987 American Chemical Society 
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12. JAESCHKE AND HERRMANN S02 Oxidation by Hydrogen Peroxide 143 

o f d r o p l e t s i n t h e r a n g e of 1 ^im < r < 2 0 / j m . In t h i s s i z e r a n g e o f d r o p l e t s 
b o t h g a s - p h a s e a n d a q u e o u s - p h a s e mass t r a n s p o r t of S ( I V ) a q m a y become 
t h e r a t e - d e t e r m i n i n g s t e p b e c a u s e t h e o x i d a t i o n r e a c t i o n o f S ( I V ) a q b y 
H2O2 i s a s s u m e d t o be v e r y f a s t . In a d d i t i o n at S 0 2 - m a s s - a c c o m m o d a t i o n -
c o e f f i c i e n t s b e l o w 1 0 - 2 t h e i n t e r f a c i a l t r a n s p o r t o f S ( I V ) - s p e c i e s may a l s o 
g o v e r n t h e r a t e o f t h e m u l t i p h a s e o x i d a t i o n r e a c t i o n ( 3 ) . 

E x p e r i m e n t a l 

In t h i s s t u d y t h e r a t e o f t h e o x i d a t i o n o f g a s e o u s SO2 by H2O2 c o n t a i n i n g 
d r o p l e t s i n a m u l t i p h a s e s i m u l a t i o n e x p e r i m e n t w a s i n v e s t i g a t e d . F o r t h i s 
p u r p o s e a d y n a m i c f l o w r e a c t o r w a s d e s i g n e d i n w h i c h t h e r e m o v a l o f 
( S 0 2 ) g i n t h e g a s - p h a s e a n d t h e f o r m a t i o n o f S ( V I ) a q i n t h e l i q u i d p h a s e 
c o u l d be d e t e r m i n e d . T h e e x p e r i m e n t a l s e t u p ( F i g u r e 1) w a s s i m i l a r t o t h a t 
d e s c r i b e d i n p r e v i o u s p u b l i c a t i o n s ( 4 - 5 ) . C l e a n a i r , h u m i d i f i e d t o 94 % 
r . H . , w a s m i x e d w i t h c e r t a i n a m o u n t s o f ( S 0 2 ) g at t h e t o p of t h e d y n a m i c 
t u b u l a r f l o w r e a c t o r . T h e r e a c t i o n m i x t u r e w a s l e d t h r o u g h t h e r e a c t o r 
w i t h a f l o w r a t e o f 25 l / m i n . D r o p l e t s c o n t a i n i n g H2O2 w e r e g e n e r a t e d by 
a n u l t r a s o n i c d r o p l e t g e n e r a t o r a n d i n j e c t e d i n t o t h e r e a c t o r . T h e d r o p l e t 
d i a m e t e r s r a n g e d f r o m 0.5 t o 1 2 . 5 Jum r a d i u s ( r ) ( F i g u r e 2 ) . A c o m p i l a t i o n 
o f e x p e r i m e n t a l d e t a i l s is g i v e n i n T a b l e I. 

T a b l e I: E x p e r i m e n t a l d e t a i l s 

Pa r amete r P r o v i d e d by R a n g e M o n i t o r e d 

S 0 2 
C y l i n d e r 300 - 8500 ng/m 3 Fl u o r e s c e n c e 

H 2 0 2 Stok s o l u t i o n 2 · 1 0 " 5 - 1 0 " 2 mol/l T i t r a t i o n 

P H HCI 2 - 5.5 T i t r a t i o n 

D r o p l e t s i z e 

( r a d i u s ) U l t r a s o n i c 0,5 - 12,5 /jm L i g h t s c a t t e r i n g 

. d r o p l e t ( P a r t o s c o p e ) 

L i q u i d W a t e r g e n e r a t o r 8 · 1 0 " 3 - 7,5 m l / m 3 C a l c u l a t e d 

c o n t e n t 

R e l . H u m i d . Water v a p o u r 94 % H u m . i n d i c a t o r 

s o u r c e ( V e i s a l a ) 

T e m p e r a t u r e T h e r m o s t a t . 25 ° C 

s y s t e m 

In o r d e r t o a v o i d w a l l e f f e c t s by c o n d e n s a t i o n o f w a t e r v a p o u r at 
r . H . 100 % i t w a s n e c e s s a r y to l o w e r t h e v a p o u r p r e s s u r e o f t h e 
g e n e r a t e d d r o p l e t s u s i n g a n e u t r a l s a l t . S o d i u m c h l o r i d e ( h i g h p u r i t y ) w a s 
c h o s e n a n d t h e c o n c e n t r a t i o n of t h e d i l u t e d r e s e r v o i r s o l u t i o n o f t h i s s a l t 
w a s set t o 1.5 mol l"1 s o t h a t t h e d r o p l e t s g e n e r a t e d f r o m t h i s s o l u t i o n 
w e r e i n t h e r m o d y n a m i c e q u i l i b r i u m w i t h t h e s u r r o u n d i n g m o i s t a i r o f 94 % 
r . H . i n t h e r e a c t o r . T h e p H - v a l u e o f t h e s o l u t i o n w a s a l t e r e d by a d d i t i o n 
o f d i f f e r e n t m l - a m o u n t s o f HCI (25%, r e a g e n t g r a d e ) . 

E a c h m e a s u r i n g p o i n t i n t h e f l o w r e a c t o r c o r r e s p o n d s t o a f i x e d 
t r a n s p o r t t i m e o f t h e m u l t i p h a s e m i x t u r e i n t h e r e a c t o r . T h e t r a n s p o r t 
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144 THE CHEMISTRY OF ACID RAIN 

ZUF/SFB73/001-1/86/D, 

F i g u r e 1. Scheme of t h e e x p e r i m e n t a l set up used f o r k i n e t i c s t u d i e s of 
t h e S 0 2 ~ o x i d a t i o n i n t h e p r e s e n c e o f H 2 0 2 - c o n t a i n i n g d r o p l e t s . 
1. C o m p r e s s o r , 2 . A i r C l e a n e r , 3 . M a s s F l o w C o n t r o l l e r , 4 . V a p o r i z e r , 5. 
S 0 2 - s o u r c e , 6. N e b u l i z e r , 7. Pump, 8. S t o c k s o l u t i o n , 9 . P a r t o s c o p e A , 
1 0 . R e a c t i o n c h a m b e r , 1 1 . T h e r m o s t a t , 1 2 . H u m i d i t y S e n s o r , 1 3 . S 0 2 
D e t e c t i o n , 14. S 0 4 - S a m p l i n g , 1 5 . R e c o r d e r . 
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dD 
1000-

800. 

600. 

4 0 0 · 

200· 

0 

800-

600-

400-

200-

0 -

800 « 

600 · 

400 • 

200 · 

0 · 

600 

400 H 

2 0 0 · 

0,25 I /min 

0,5 l/min 

d l 

dD 
I \xm3

 cm" 3 μ π Γ 1 ] 

- 2 , 0 χ 1 0 3 

-1 ,5 χ 1 0 3 

. 1 , 0 χ 1 0 3 

• 0 .5 χ 103 

0 

• 4 χ 1 0 3 

, 3 χ 10 3 

. 2 χ 1 0 3 

• 1 χ 1 0 3 

- 0 

•2.0 χ 10 4 

• 1 . 5 x 1 0 4 

• 1,0 χ 1 0 4 

0,5 χ 1 0 ; 

0 

U 5 x 1 0 ^ 

1 χ 10 

10 15 20 25 ι 1 1 « 
5 10 15 20 25 D ( μ π ι ) 

-ZUF/SFB73/001-2/86/D« 

F i g u r e 2. S i z e d i s t r i b u t i o n o f d r o p l e t s u s e d i n t h e k i n e t i c s t u d i e s . T h e 
s i z e d i s t r i b u t i o n w a s m e a s u r e d by a P A R T O S C O P E A at t h r e e d i f f e r e n t 
f l o w r a t e s i n t h e n e b u l i z e r . 
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t i m e is i d e n t i c a l w i t h t h e p e r i o d o f t i m e i n w h i c h t h e ( S 0 2 ) g c o u l d r e a c t 
w i t h t h e H 2 0 2 - c o n t a i n i n g d r o p l e t s . C o n s i d e r i n g t h e f l o w r a t e a n d t h e 
g e o m e t r y o f t h e f l o w r e a c t o r , t h e t o t a l t r a n s p o r t t i m e was 340 s e c . 

When d i s s o l v e d S ( I V ) a q is o x i d i z e d i n t h e d r o p l e t s , t h e a b s o r p t i o n 
e q u i l i b r i u m b e t w e e n t h e S ( I V ) a q - c o n c e n t r a t i o n a n d t h e ( S 0 2 ) g - c o n c e n t r a -
t i o n i s d i s t u r b e d . It is c o n t i n u o u s l y r e - e s t a b l i s h e d f o l l o w i n g H e n r y ' s l a w 
a n d t h e w e l l - k n o w n d i s s o l u t i o n e q u i l i b r i a o f S(IV) i n t h e l i q u i d p h a s e . 
T h u s a ( S 0 2 ) g - c o n c e n t r a t i o n - g r a d i e n t between t h e i n l e t a n d t h e o u t l e t o f 
t h e r e a c t o r is f o r m e d , w h i c h is r e l a t e d to t h e t r a v e l t i m e o f t h e m i x t u r e . 

T h e o r y 

F o r k i n e t i c c a l c u l a t i o n s o n l y t h e S ( I V ) a q c o n c e n t r a t i o n is c o n s i d e r e d 

S ( I V ) a q = S 0 2 · H 2 0 + H S O 3 - + S 0 3 = ( 1 ) 

T h e r a t i o o f t h e t h r e e S ( I V ) a q s p e c i e s is p H - d e p e n d e n t . It c a n be 
c a l c u l a t e d f r o m t h e m e a s u r e d ( S 0 2 ) g b y H e n r y ' s l a w e q u i l i b r i u m c o n s t a n t 
H S O 2 a n o " t n e w e " k n o w n f i r s t a n d s e c o n d i o n i z a t i o n c o n s t a n t s KD1 a n d 
K D 2 . 

( S 0 2 ) g H S 0 2 K D 1 ( S 0 2 ) g H S o 2 K D 1 K D 2 

S ( I V ) a q = ( S 0 2 ) g . H S o 2 * ^ j - i * ^ 

K D 1 K D 1 K D 1 
S ( I V ) a q = ( S 0 2 ) g · H S 0 ( 1 + — + — — ) 

2 [ H + ] [ H + l 2 

S ( I V ) a q = ( S 0 2 ) g · H s o 2 ( 2 ) 

H S 0 2 i n E q u a t i o n 2 is d e f i n e d as a p s e u d o H e n r y ' s l a w c o e f f i c i e n t 
t h a t d e p e n d s o n t h e h y d r o g e n i o n c o n c e n t r a t i o n a n d e n c o m p a s s e s t h e 
t o t a l i t y of t h e d i s s o l v e d S ( I V ) a q s p e c i e s ( 3 ) . 

T h e r a t i o b e t w e e n t h e s p a t i a l d i f f e r e n c e o f S ( I V ) a q i n t h e r e a c t o r , 
w h i c h c a n be c a l c u l a t e d f r o m t h e ( S 0 2 ) g - g r a d i e n t , a n d t h e c o r r e s p o n d i n g 
t r a v e l - t i m e i n t e r v a l is e q u a l to t h e r e m o v a l r a t e R: 

d [ S ( I V ) ] d [ S ( V I ) ] a q 

R = = ( 3 ) 
d t d t 

A s t h e g r a d i e n t o f S ( I V ) a q i s r e l a t e d to t h e o x i d a t i o n p r o d u c t S ( V I ) a q 
a p p e a r i n g i n t h e d r o p l e t s an i n v e r s e g r a d i e n t o f t h e S ( V I ) a q - c o n c e n t r a t i o n 
m u s t be n o t i c e a b l e . T h e r e l a t i o n b e t w e e n S ( I V ) - a n d S ( V I ) - c o n c e n t r a t i o n 
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12. JAESCHKE AND HERRMANN S02 Oxidation by Hydrogen Peroxide 

gradients at any given travel time of the mixture can be expressed by the 
following general Equation: 

d [ S ( I V ) ] a q d [ S ( V I ) ] a q d 

R = = = ^ [ 5 ( ΐ ν ) β ρ ] (4) 
d t d t 

k i = 1st proportionality factor 
= const. 

In order to determine k*i and the exponent oL in Equation 4 the 
removal of S(IV) aq and the formation of S(VI)aq should be measured during 
the experiments. The rate-coefficient k i was investigated as a function of 
different experimental conditions which are listed below: 
- concentration of liquid water in the reactor (L) 
- concentration of hydrogen peroxide in the droplets ([H202laq) 
- pH of the droplets ([H + ] aq) 

These parameters have been varied during several separate experi
mental runs. The relative humidity always was kept constant at 94 % and 
the temperature in the reactor was set to 25°C. 

The dependence of the over a l l transformation rate R in Equation 4 
from the liquid water content L can be expressed by an exponential 
dependence of k i from L: 

k i = k2 x \f ( 5 ) 

k2 = 2nd proportionality factor 
β = const. 

The exponent β represents a possible non-linear relationship between 
the removal rate R and the liquid water content which could be caused by 
mass-transport-1 imitations. 

More precisely L is defined by the integral over the size distribution 
of the droplets used in the experiments. 

7Γ f * d N 
= ^ D 3 < d D > d D 

The dependence of R from the concentration of H2O2 in the droplets 
can also be expressed by an exponential equation: 

k 2 = k 3 χ [ H 2 0 2 ] a q (6) 

k 3 = 3rd proportionality factor 
y = const. 

were 2f represents the reaction order with respect to the concentration of 
the oxidant. k 3 represents the rate coefficient of the oxidation reaction in 
the multiphase system at.a certain oH-value- · . . 

American chemical Society. 
Library 

1155 16th St., N.W. 
Washington, O.C. 20036 
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148 THE CHEMISTRY OF ACID RAIN 

T h e i n f l u e n c e of t h e p r o t o n c o n c e n t r a t i o n [ H + ] i n t h e d r o p l e t s o n t h e 
o x i d a t i o n o f S ( I V ) a q c a n be e x p r e s s e d a s : 

ζ 
k 3 = k 4 χ [ H + l a q ( 7 ) 

k4 = 4 t h p r o p o r t i o n a l i t y f a c t o r 
($ = c o n s t , 

w h e r e 8 r e p r e s e n t s t h e r e a c t i o n o r d e r w i t h r e s p e c t t o t h e c o n c e n t r a t i o n o f 
h y d r o n i u m - i o n s i n t h e i n d i v i d u a l d r o p l e t s . k4 r e p r e s e n t s t h e r a t e 
c o e f f i c i e n t o f t h e m u l t i p h a s e r e a c t i o n i n t h e p H - r a n g e u n d e r i n v e s t i g a 
t i o n . 

In s u m m a r y t h e d e p e n d e n c e o f t h e t r a n s f o r m a t i o n o f S ( I V ) a q t o 
S ( V I ) a q i n t h e s y s t e m c a n be e x p r e s s e d b y c o m b i n i n g E q u a t i o n 2, 4, 5, 6 
a n d 7 a s : 

- d S [ ( I V ) ] a q 

d t 

= k 4 [ ( S 0 2 ) g H s o 2 ] * L * [ H 2 0 2 l a q [ H + l a q ( 8 ) 

In t h i s e q u a t i o n t h e b r a c k e t s i n d i c a t e m o l a r c o n c e n t r a t i o n s f o r l i q u i d 
p h a s e s p e c i e s . T h e c o n c e n t r a t i o n o f ( S 0 2 ) g m u s t be g i v e n as p a r t i a l 
p r e s s u r e a n d H * S 0 2 r e p r e s e n t s t h e e f f e c t i v e H e n r y ' s l a w c o n s t a n t o f S 0 2 
c o n s i d e r i n g t h e d i s s o l u t i o n e q u i l i b r i a r e a c t i o n s of S ( I V ) a q . As to be seen 
f r o m E q u a t i o n 8 t h e t r a n s f o r m a t i o n o f ( S 0 2 ) g t o S ( V I ) a q i n a m u l t i p h a s e 
s y s t e m m u s t be m e a s u r e d a s a f u n c t i o n o f ( S 0 2 ) g / L, [ H 2 0 2 l a q a n d [ H + ] a q 

i n o r d e r t o d e t e r m i n e t h e c o n s t a n t k4 a n d t h e e x p o n e n t s * / j3 t X a n d £ . 

R e s u l t s a n d D i s c u s s i o n 

In F i g u r e 3 t h e d e c a y s o f t h e S ( I V ) a q - c o n c e n t r a t i o n s at v a r i o u s l i q u i d 
w a t e r c o n t e n t s a r e p l o t t e d i n a s e m i - l o g a r i t h m i c s c a l e a g a i n s t t h e r e a c t i o n 
t i m e . T h e e x p e r i m e n t s w e r e p e r f o r m e d at p H = 4 a n d [ H 2 0 2 ] a q = 10"3 m o l 
1-1. 

T h e f o r m a t i o n of S ( V I ) a q is p l o t t e d u s i n g t r a n s f o r m a t i o n v a r i a b l e s i n 
o r d e r to g a i n c o m p a r a b l e v a l u e s w i t h t h e i n v e r s e g r a d i e n t of S ( V I ) a q . In 
a l l c a s e s l i n e a r d e p e n d e n c e s a r e o b t a i n e d w h i c h m e a n s t h a t t h e e x p o n e n t 

d - i n E q u a t i o n 8 is e q u a l to o n e . T h u s t h e S ( I V ) a q - r e m o v a l c a n be c o n s i d e r e d 
k i n e t i c a l l y as a p s e u d o - f i r s t - o r d e r r e a c t i o n w i t h r e s p e c t t o S ( I V ) a q . T h e 
d i f f e r e n t s l o p e s o f t h e s t r a i g h t l i n e s i n F i g u r e 3 c o r r e s p o n d to d i f f e r e n t 
v a l u e s o f t h e l i q u i d w a t e r c o n t e n t . T h e s e s l o p e s d i r e c t l y r e p r e s e n t v a l u e s 
o f k i s i n c e i * = 1 . T h e y a r e c o m p i l e d t o g e t h e r w i t h t h e r e s p e c t i v e v a l u e s o f 
t h e l i q u i d w a t e r c o n t e n t i n t h e t a b l e b e y o n d F i g u r e 3 . 

In o r d e r to d e t e r m i n e t h e v a l u e o f t h e e x p o n e n t β i n E q u a t i o n 5 t h e 
v a l u e s o f k i a r e p l o t t e d i n a l o g - l o g d i a g r a m v e r s u s t h e c o r r e s p o n d i n g 
l i q u i d w a t e r c o n t e n t ( L ) ( F i g u r e 4 ) . F r o m t h e s l o p e o f t h e l i n e a r 
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12. JAESCHKE AND HERRMANN S02 Oxidation by Hydrogen Peroxide 149 

200 300 
Verweilzeir ( s ] 

Symbol 

S(IV) S(VI). ml m -3 -1 

Ο 
• 

χ 

8.3x10 
9.1x10" 
8.3x10" 

3x10 
5x10" 
lxlOp 
5xlO L 

-1 

< 1 0 - 4 <10 4 _ 
(3.6+0.54)xl0 jt 
(2.5+0.38)xl0"^ 
(5.0+0.40)xl0"^ 
(1.7+0.10)xl0 , 
(9.3+2.30)xl0 

.ZUF/SFB73/001-3/86/D-

F i g u r e 3 . S e m i l o g a r i t h m i c p l o t o f S ( I V ) - d e c a y a n d [ S ( V I ) l a q " i n c r e a s e 
v e r s u s r e a c t i o n t i m e . [ S ( V I ) ] a q p l o t t e d w i t h c i r c l e d s y m b o l s a s 
t r a n s f o r m a t i o n v a r i a b l e . 
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150 THE CHEMISTRY OF ACID RAIN 

io-1 

10-2· 

10-*·-

.ZUF/SFB73/001-4/a6/D. 

F i g u r e 4 . P s e u d o - f i r s t - o r d e r r a t e c o n s t a n t k i as f u n c t i o n o f t h e l i q u i d 
w a t e r c o n t e n t ( L ) ; [ H 2 0 2 ] a q = 1 0 - 3 m o | | - 1 ; p H = 4 . 0 . 
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12. JAESCHKE AND HERRMANN S02 Oxidation by Hydrogen Peroxide 151 

r e g r e s s i o n l i n e t h e v a l u e o t t h e e x p o n e n t c a n be c a l c u l a t e d to be β = 1.08. 
B e c a u s e of t h e m i n o r d e v i a t i o n f r o m o n e ( w i t h i n t h e e x p e r i m e n t a l e r r o r s ) 
t h e d e p e n d e n c y o f t h e t r a n s f o r m a t i o n of S ( I V ) a q to S ( V I ) a q f r o m t h e l i q u i d 
w a t e r c o n t e n t c a n be s t a t e d as l i n e a r . A r e m a r k m u s t be g i v e n on t h i s 
l i n e a r r e l a t i o n s h i p of R f r o m L: T h e l i n e a r d e p e n d e n c y h o l d s o n l y f o r t h e 
u s e d d r o p s i z e s p e c t r a w i t h r a d i i between 0.5 a n d 12.5 juxrx r e p r e s e n t i n g L 
( F i g u r e 2 ) . In t h e p r e s e n c e o f d r o p l e t s w i t h a l a r g e r s i z e , (> 12.5 pm) mass 
t r a n s p o r t l i m i t a t i o n s a r e t o be e x p e c t e d a n d t h u s t h e r e l a t i o n s h i p between 
R a n d L w i l l no l o n g e r be l i n e a r . T h i s p h e n o m e n o n w i l l be i n v e s t i g a t e d i n 
t h e n e a r f u t u r e . 

In a s e c o n d s é r i e of e x p e r i m e n t s t h e c o n c e n t r a t i o n o f h y d r o g e n 
p e r o x i d e i n t h e d r o p l e t s w a s v a r i e d i n t h e r a n g e f r o m 2 χ 10"5 to 5 χ 10*3 
m o l | - 1 w h i l e t h e o t h e r e x p e r i m e n t a l c o n d i t i o n s w e r e k e p t c o n s t a n t . T h e 
p H o f t h e d r o p l e t s w a s set t o 4 . 0 . A g a i n t h e S ( I V ) a q d e c a y s h o w e d a 
p s e u d o - f i r s t - o r d e r k i n e t i c . T h e m e a s u r e d r a t e c o n s t a n t s a r e p l o t t e d i n a 
l o g - l o g d i a g r a m i n F i g u r e 5 i n d e p e n d e n c e o f t h e r e s p e c t i v e H 2 O 2 -
c o n c e n t r a t i o n . 

T h e s l o p e o f t h e l o g - l o g l i n e i n F i g u r e 5 g i v e s a v a l u e f o r t h e 
e x p o n e n t Y = 1.12 i n E q u a t i o n 6. T h i s i n d i c a t e s a n e a r l y l i n e a r d e p e n d e n c y 
between t h e o v e r a l l S ( I V ) a q r e m o v a l r a t e a n d t h e H2O2 c o n c e n t r a t i o n i n 
t h e r a n g e of 2 χ 10"5 to 5 χ 1 0 ' 3 mol | - 1 at p H = 4.0 i n t h e p r e s e n c e o f 
d r o p l e t s between 0.5 a n d 1 2 . 5 / j m r a d i u s . T h e v a l u e of k3 c a n be c a l c u l a t e d 
f r o m t h e r e g r e s s i o n a n a l y s i s to be e q u a l to (8.89 ±_ 1.51) χ 103 I m o l " 1 s " 1 . 

I n v e s t i g a t i o n s c o n c e r n i n g t h e p H - d e p e n d e n c e of t h e t r a n s f o r m a t i o n 
of S ( I V ) a q to S ( V I ) a q w e r e p e r f o r m e d b e t w e e n p H 2.0 a n d 5.5 b e c a u s e p H -
v a l u e s i n t h a t r a n g e may o c c u r i n a t m o s p h e r i c m u l t i p h a s e s y s t e m s . T h e 
r e s u l t s o f t h e s e e x p e r i m e n t s a r e s h o w n i n F i g u r e 6 f o r p H - v a l u e s 2 . 0 , 
3 . 0 , 4.0 a n d 5 . 5 . In t h e t a b l e i n F i g u r e 6 t h e v a l u e s of t h e e x p o n e n t a n d 
t h e s e c o n d o r d e r r a t e c o n s t a n t s k3 a r e l i s t e d f o r t h e d i f f e r e n t p H - v a l u e s 
o f t h e d r o p l e t s . T h e r e a c t i o n o f S ( I V ) a q w i t h d r o p l e t s c o n t a i n i n g H2O2 
s h o w s a l i n e a r d e p e n d e n c y f r o m t h e o x i d a n t o v e r t h e p H - r a n g e u n d e r 
i n v e s t i g a t i o n . T h e s l o p e s of t h e l i n e s i n F i g u r e 6 a r e n e a r l y o n e a n d t h e 
d e v i a t i o n s a r e w i t h i n t h e l i m i t s o f t h e e x p e r i m e n t a l e r r o r . T h e v a l u e s o f 
t h e k3 m e a s u r e d i n s u s p e n d e d d r o p l e t s r a n g e f r o m (1.21 i 0.29) χ 102 I 
m o l - 1 s - 1 at p H = 5.5 up to (1.97 1 0.35) χ 1θ5 I m o M s ' l s h o w i n g a 
s u r p r i s i n g l y g o o d c o r r e s p o n d e n c e w i t h r a t e c o e f f i c i e n t s m e a s u r e d i n 
b u l k - s o l u t i o n e x p e r i m e n t s ( 6 ) . 

F r o m t h e l o g - l o g p l o t ( F i g u r e 7) o f k3 a g a i n s t t h e H + - c o n c e n t r a t i o n 
t h e d e p e n d e n c e of R f r o m t h e p H o f t h e d r o p l e t s c a n be c a l c u l a t e d . T h e 
s l o p e o f t h e s t r a i g h t l i n e i n d i c a t e s t h a t t h e v a l u e of e x p o n e n t S e q u a l s 
0 . 9 3 . T h u s a n e a r l y l i n e a r r e l a t i o n s h i p f r o m t h e p H - v a l u e o v e r t h e p H -
r a n g e 2.0 t o 5.5 is e x i s t i n g a n d t h e v a l u e of t h e 3 r d o r d e r r a t e c o n s t a n t k4 
i n E q u a t i o n 8 c a n be c a l c u l a t e d t o (2.43 ±_ 0.73) χ 107 |2 m o | - 2 s - 1 . In o r d e r 
t o g i v e an i m p r e s s i o n o f t h e e r r o r s c o n n e c t e d w i t h t h e s e k i n d s o f 
m e a s u r e m e n t i n m u l t i p h a s e s i m u l a t i o n e x p e r i m e n t s t h e k 3 - v a l u e s i n F i g u r e 
7 a r e g i v e n w i t h e r r o r b a r s . T h e v e r t i c a l e r r o r b a r s r e f l e c t t h e 
u n c e r t a i n t i e s o f t h e m e a s u r e m e n t t e c h n i q u e s a n d t h e d e v i a t i o n o f k 3 -
v a l u e s d u r i n g r e p e a t e d e x p e r i m e n t s . T h e h o r i z o n t a l e r r o r b a r s r e p r e s e n t 
c h a n g e s i n t h e p H - v a l u e o f t h e d r o p l e t s o l u t i o n d u e to t h e f o r m a t i o n o f 
s u l f u r i c a c i d i n t h e d r o p l e t s a n d s u b s e q u e n t d i s s o c i a t i o n o f H 2 S O 4 . T h e 
v a l u e o f k 3 at p H 5.5 r e p r e s e n t s a m e a n v a l u e i n t h e p H - r a n g e of 4.5 to 
5 . 5 . A t p H - v a l u e s b e l o w 4 . 5 t h e i n c r e a s e of t h e H + - c o n c e n t r a t i o n due t o 
s u l f a t e f o r m a t i o n w a s o f m i n o r i m p o r t a n c e . 

A f i n a l set o f e x p e r i m e n t s w a s p e r f o r m e d i n o r d e r t o i n v e s t i g a t e t h e 
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k, /L Is*'] 
10' 

logk,/L =logk 3 . v l o g ( H 2 0 2 ] « , 
logk 3 = 3.9C9 

γ = 1.12 
k3 = 8.89 Η 1031 moTV 1 

10'3 ίο- 2 

ZUF/SFB73/0O1-5/86/D 

F i g u r e 5. N o r m a l i z e d p s e u d o - f i r s t - o r d e r r a t e c o n s t a n t s k-]/L v e r s u s 
[ H 2 0 2 ] a q ~ c o n c e n t r a t i o n o f t h e d r o p l e t s ( p H = 4 . 0 ) . 
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pH=5,5 . / 

/ 

/ 
κ 

/ 

y 
pH=<•,() 

y^8 

y^ * 
y 

y 
pH=3,0 ^y* 

/ 
X 

/ 
X 

/ 

pH = 2.0 K / 
y 

pH r k3 
1 mol" 1 s" 1 

5.5 0.93 (1.21+0.29)xl0* 
4.0 1.11 (8.87+1.51)xl0^ 
3.0 1.03 (5.87+0.70)xl0^ 
2.0 0.94 (1.97+0.35)xl0 3 

.ZUF/SFB73/001-6/86/D, 

F i g u r e 6. N o r m a l i z e d p s e u d o - f i r s t - o r d e r r a t e c o n s t a n t s k l / L as f u n c 
t i o n s o f t h e [ H 2 0 2 ] a q - c o n c e n t r a t i o n f o r p H = 5 . 5 , 4 . 0 , 3 . 0 , 2 . 0 . 
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i n f l u e n c e o f m a s s - t r a n s p o r t l i m i t a t i o n s a t t h e u s e d d r o p l e t d i s t r i b u t i o n s . 
F i g u r e 8 s h o w s t h e r e s u l t s o f t h e s e e x p e r i m e n t s p e r f o r m e d at p H 2.0 a n d 
w i t h H 2 0 2 - c o n c e n t r a t i o n s up t o 10"1 m o l l " 1 . T h e c r o s s e s r e p r e s e n t 
v a l u e s o f r a t e c o e f f i c i e n t s g a i n e d at L = 9.1 χ 10~3 ml m - 3 a n d t h e c i r c l e s 
s h o w t h e r e s p e c t i v e c o e f f i c i e n t s a t L = 2.5 χ 10~3 ml m~3. T h e d e c r e a s e of 
L f r o m 9.1 χ 10"3 ml m - 3 t o t h e l o w e r v a l u e c a u s e d a s h i f t i n t h e d r o p l e t 
d i s t r i b u t i o n f r o m a mean r a d i u s o f 1 /im t o 0.7 /im. A t H2O2 c o n c e n t r a t i o n s 
a b o v e 5 χ 10"3 m o l l"1 a d e v i a t i o n f r o m t h e f i r s t o r d e r r e l a t i o n s h i p w i t h 
r e s p e c t to H2O2 w a s o b s e r v e d a n d a n e a r l y z e r o o r d e r d e p e n d e n c e o f t h e 
t r a n s f o r m a t i o n at H 2 0 2 - c o n c e n t r a t i o n s between 1 0 " 2 a n d 10"1 mol l"1 w a s 
o b s e r v e d . A c o m p a r i s o n o f c h a r a c t e r i s t i c t i m e s f o r t h e c o n s e c u t i v e 
p r o c e s s e s (3) s h o w s t h a t a c o m b i n a t o r y e f f e c t o f i n t e r f a c e t r a n s p o r t a n d 
l i q u i d p h a s e t r a n s p o r t l i m i t a t i o n is p r o b a b l y t h e e x p l a n a t i o n f o r t h i s 
p h e n o m e n o n . When t h e l i q u i d w a t e r c o n t e n t w a s d e c r e a s e d by a r e d u c t i o n 
o f t h e d r o p l e t d i a m e t e r a n i n c r e a s e o f t h e r a t e c o n s t a n t s o c c u r e d . 
H o w e v e r t h e l i n e a r r e l a t i o n s h i p a l s o w a s l o s t at L = 2.5 χ 10"3 a n d ^ d é 
c o n c e n t r a t i o n s o f 10~2 m o l A n a n a l y s i s o f t h e c h a r a c t e r i s t i c t i m e s 
s h o w e d , t h a t o n l y f o r t h e h i g h e s t H 2 0 2 ~ c o n c e n t r a t i o n (10*1 mol l"1) m a s s 
t r a n s p o r t l i m i t a t i o n s i n t h e l i q u i d p h a s e o c c u r e d . S i n c e g a s p h a s e 
d i f f u s i o n o f SO2 c o u l d not a c c o u n t f o r t h e l i m i t a t i o n s ( c h a r a c t e r i s t i c t i m e 
102 t i m e s f a s t e r ) t h e i n t e r f a c e t r a n s p o r t m u s t be t h e r a t e d e t e r m i n i n g step 
of t h e m u l t i p h a s e S O 2 - r e a c t i o n . A q u a l i t a t i v e e s t i m a t i o n c o u l d be 
p e r f o r m e d r e g a r d i n g v a l u e s f o r t h e a c c o m m o d a t i o n c o e f f i c i e n t o f SO2 
b e t w e e n 10"*· a n d 10~4. T h e r e s u l t i n g v a l u e f o r SO2 g i v e s a r a n g e f o r t h e 
a c c o m m o d a t i o n c o e f f i c i e n t b e t w e e n 1 0 " 3 a n d 10~2. 

T o g e t h e r w i t h t h e l i m i t a t i o n s s h o w n a b o v e , i . e . d r o p s i z e d i s t r i b u 
t i o n s b e t w e e n 0.5 a n d 12.5 um, H 2 0 2 - c o n c e n t r a t i o n s b e l o w 5 χ 1 0 ' 3 m o l l"1 
a n d p H - v a l u e s between 2.0 t o 5.5 t h e r e s u l t s o f t h i s s t u d y c a n be a p p l i e d 
to a t m o s p h e r i c m u l t i p h a s e s y s t e m s s u c h as f o g s a n d c l o u d s . k - | - v a l u e s f o r 
d i f f e r e n t a t m o s p h e r i c r e l e v a n t H 2 0 2 ~ c o n c e n t r a t i o n s a n d l i q u i d w a t e r 
c o n t e n t s r e p r e s e n t a t i v e f o r c u m u l u s ( 1 ml m - 3 ) / s t r a t u s (10"1 ml m"3) a n d 
f o g s (10*2 ml m~3) c a n be c a l c u l a t e d . In F i g u r e 9 r e s u l t s o f s u c h 
c a l c u l a t i o n s a r e s h o w n f o r s t r a t u s c l o u d s w i t h a H 2 0 2 - c o n c e n t r a t i o n o f 
1 0 " 3 m o l l~1 a n d d i f f e r e n t p H - v a l u e s i n t h e d r o p l e t s . T h e r i s i n g v a l u e s o f 
k i w i t h d e c r e a s i n g p H s h o w t h e i n f l u e n c e o f t h e a c i d c a t a l y s e of t h e 
H 2 0 2 " S ( I V ) - r e a c t i o n on t h e t r a n s f o r m a t i o n r a t e s ( 7 ) . 

T h e e x p e r i m e n t s w i t h s u s p e n d e d d r o p l e t s s h o w t h a t t h e l o w e r 
s o l u b i l i t y o f SO2 at l o w e r p H - v a l u e s is o f n o i n f l u e n c e on t h e S O 2 -
r e m o v a l r a t e , as l o n g as t h e t r a n s f e r o f ( S 0 2 ) g f r o m t h e g a s - p h a s e i n t o 
t h e d r o p l e t is f a s t e r t h a n t h e c h e m i c a l r e a c t i o n . T h i s c a n a l s o be s e e n 
t h e o r e t i c a l l y f r o m E q u a t i o n 9 w h i c h i s t h e i n t e g r a t e d v e r s i o n o f E q u a t i o n 
8 u s i n g t h e e x p e r i m e n t a l r e s u l t s t h a t d = β = }{ = <!)=: 1. 

r / c ^ \ υ » τ r / c ^ \ u » , - 2 , 4 3 x 1 0 " 7 L [ H 2 O 2 ] [ H + ] t ( 9 ) [ ( S 0 2 ) g H S o 2 ] t = [ ( S 0 2 ) g - H S o 2 ] t ( ) e ' 2 2^ 

( L i s g i v e n as m a s s m i x i n g r a t i o . ) 

T h e p s e u d o - H e n r y ' s l a w c o e f f i c i e n t has n o i n f l u e n c e on t h e r a t e c o n s t a n t 
o f t h e r e a c t i o n b e c a u s e i t i s n o t a r a t e - b u t a n e q u i l i b r i u m - c o n s t a n t . T h e 
r a t e c o n s t a n t i n t h e m u l t i p h a s e s y s t e m is o n l y g o v e r n e d by t h e l i q u i d 
w a t e r c o n t e n t a n d t h e c o n c e n t r a t i o n s of t h e o x i d a n t a n d t h e H + I o n s . 
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io-J 10* ίο-1 

Ι Η Ί Μ Imol r1) 
-ZUF/SFB73/00V-7/86/D-

F i g u r e 7. L o g - l o g p l o t o f t h e s e c o n d - o r d e r r a t e c o n s t a n t s k3 v e r s u s 
t h e r e s p e c t i v e c o n c e n t r a t i o n o f [ H + ] a q i n t h e d r o p l e t s . 

t H j 0 2 l , q Imoir 1 ] 
ZUF/SFB73/001-8/86/D-

F i g u r e 8 . P s e u d o - f i r s t - o r d e r r a t e c o n s t a n t s as f u n c t i o n o f t h e 
[ H 2 0 2 ] a q - c o n c e n t r a t i o n f o r h i g h H 2 0 2 - c o n c e n t r a t i o n s (> 1 0 - 3 m o l 1-1) 
at p H = 2 . 0 . S y m b o l s : x : L = 9.1 χ 1 0 - 3 ml m - 3 ; o : L = 2.5 χ 1 0 - 3 ml m - 3 . 
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F i g u r e 9 . S 0 2 - R e m o v a l a t a s i m u l a t e d c o n c e n t r a t i o n o f L = 0,1 [ml/m3] 
a n d [ H 2 O 2 ] = 1 0 - 3 m o l 1-1 a n d 3 d i f f e r e n t p H - V a l u e s . 
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Chapter 13 

Measurement of Concentration and Oxidation Rate 
of S(IV) in Rainwater in Yokohama, Japan 

Shigeru Tanaka, Kazuo Yamanaka, and Yoshikazu Hashimoto 

Department of Applied Chemistry, Keio University, Hiyoshi, Yokohama 223, Japan 

Sulfite and bisulfite in rain water are rapidly oxidized to 
sulfate by the catalytic effect of metallic ions such as 
Fe(III) and Mn(II). The rates of oxidation of S(IV) in 
test solutions were measured using ion chromatography. The 
rate constant, k, measured for a 12.5 μΜ S(IV) solution was 
found to be 0.6-10.4 hr-1 at pH 3-6 in the presence of 1.8 
μM Fe(III) and 0.18 μΜ Mn(II) catalysts, and 0.4-5.9 x 10-3 
hr-1 without the catalysts. Triethanolamine (TEA) was used 
to stabilize actual rain water samples prior to analysis. 
TEA masks the catalytic effect of metallic impurities found 
in the rain water. The concentrations and the rates of 
oxidation of S(IV) in rain waters from Yokohama, Japan 
measured by this method were 0.8-23.5 μΜ (16 samples) and 
0.12-3.3 hr-1 (8 samples), respectively. 

In recent years, the effects of acid rain on lake water, heavy 
metals contaminated soi ls and structural materials have been widely 
discussed (1). Sulfur and nitrogen contained in foss i l fuels are 
released into the atmosphere by combustion. Sulfur and nitrogen 
oxides dissolve in rain drops as b i su l f i t e , sulf i te and n i t r i t e 
ions. These components are further oxidized into sulfate and 
nitrate ions. Since these species lower pH, i t is important to 
accurately determine them in rain water. However, these ions are 
d i f f i c u l t to analyze because they rapidly oxidize in the presence of 
catalysts such as f err ic and manganous ions. Light, temperature, 
and pH also affect the oxidation rate of S(IV). 

In this study, the rate of S(IV) oxidation in test solutions 
was measured as a function of the concentration of metallic ions. 
The relations between the rate of oxidation of S(IV) and the 
metallic ions were also investigated using actual rain samples. The 
effect of pH on the oxidation of S(IV) to S(VI) was also examined. 

0097-6156/87/0349-0158$06.00/0 
© 1987 A m e r i c a n Chemica l Society 
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Experimental 

The oxidation of S(IV) is a f i r s t order reaction with respect 
to S(IV) (2,3). This reaction is accelerated by the presence of 
metallic ions such as f e r r i c and manganous ions which act as 
catalysts (4-8). Therefore, the effect of the metallic ions on the 
oxidation of S(IV) was investigated by using test solutions. Table 
I shows experimental conditions for the oxidation of S(IV) in test 
solutions. The pH values of synthetic rain water samples were 
adjusted between 3 and 6. S(IV) concentration in the test solutions 
was adjusted to 12.5 yM; most of S(IV) existed as b i s u l f i t e at pH 3-
6 (9). The rate of S(IV) oxidation was measured using ion chromato
graphic analysis. The pH of each test solution was adjusted by 
using a buffer. 

In this study, a Model IC 100 ion chromatograph made by 
Yokogawa Co. was used for determination of S(IV) in the solution. 
A 2 mM Na2C03/4 mM NaHCOo eluent was used to separate chloride, 
n i trate, sulfate, and sulfide ions. 

Table I. Experimental Conditions for 
the Oxidation of S(IV) in Test Solutions 

PH 3, 4, 5, 6 

Catalyst F e 3 + , 1.8 yM 

M n 2 + , 0.18 yM 

F e 3 + , 1.8 yM; M n 2 + , 0.18 yM 

F e 3 + , 18 yM; M n 2 + , 1.8 yM 

S(IV) 12.5 or 125 yM 

Temp. 25°C 

Results and Discussion 

The result of measurements of the rate constant and half l i f e 
of S(IV) in the test solutions are shown in Table II. The rate of 
oxidation of S(IV) in the solution without a catalyst was 0.4-5.9 χ 
10" J hr . The rate increases by 2 to 4 orders of magnitude in the 
presence of metallic ions, and a signif icant catalyt ic effect of 
f e r r i c and manganous ions was found in these experiments. In the 
test solution containing both f e r r i c and manganous ions, the rate 
enhancement was additive. 

In the presence of these metallic ions, different oxidation 
rates were observed for each pH value. The maximum rate of 
oxidation occurred at pH 4 to 5. This is due to the change of the 
chemical form of each metallic ion with changing pH. 
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In urban areas l ike Yokohama, Japan, the concentrations of 
f e r r i c and manganous ions in rain water are generally in the range 
of 0.2-2.0 μΜ and 0.02-0.2 μΜ respectively, and the pH value of rain 
water is between 4 and 5. Therefore, a high S(IV) oxidation rate in 
rain water is expected from the data in Table II. A half l i f e of 
several minutes to an hour is predicted. Furthermore, S(IV) in rain 
water is oxidized during sampling, making the measurement of S(IV) 
in rain water d i f f i c u l t . This fast oxidation rate must be one of 
the reasons why few reports are found on the measurement of S(IV) 
in rain water. 

In order to determine S(IV) in rain water, i t is necessary to 
prevent the oxidation of S(IV) between sampling and analysis. The 
suppressive effect on the oxidation of S(IV) was investigated by the 
addition of EDTA (Ethylenediaminetetraacetate) or TEA (Triethanola-
mine) as masking reagents for F e 3 + and Mn . Table III shows the 
suppressive effect of EDTA or TEA at various pH values. The sup
pressive effect was not observed between pH 3 and 5, because neither 
EDTA nor TEA chelate with F e J + and M n z + at these pH values. EDTA 
and TEA were found to be very effective for the suppression of the 
oxidation of S(IV) in solutions having neutral and basic pH values. 

Figure 1 shows ion chromatrogram of the test solution added 
with EDTA or TEA. It was d i f f i c u l t to determine S 0 4

z " due to the 
overlapping peaks of EDTA and SO* . However, TEA was found to be 
suitable for determination of anions present in rain water by ion 
chromatography. 

Table III. Suppressive Effect of EDTA and TEA 
on the Oxidation of S(IV) at Various pH at 25°C 

(1) EDTA 1.0 mM (2) TEA 0.25 mM (3) F e 3 % M n 2 + 

pH of k χ 10 3 \ k χ 10 3 \ k χ 10 3 \ 
sol 'n [hr"1] (hr] [hr"1] [hr] [hr"1] [hr] 

3 39.6 17.5 5840 0.12 
4 16.6 41.7 5730 0.12 10400 0.067 
5 9.04 76.7 1420 0.49 6830 0.10 
6 4.26 163 5.24 132 598 1.16 
7 0.96 111 

9.3 1.23 564 

(1) 18 μΜ, F e J + ; 1.8 μΜ, Mr/+; 125 y M , S(IV) 

(2) 1.8 μΜ, F e 3 + ; 0.18 μΜ, M n 2 + ; 12.5 μΜ, S(IV) 

(3) 18 μΜ, F e 3 + ; 1.8 V M , M n 2 + ; 12.5 μΜ, S(IV) 
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162 THE CHEMISTRY OF ACID RAIN 

(a) with EDTA 

I I I I 1 1 
0 2 4 6 8 10 

Time ( min ) 

Figure 1. Ion chroma to gram of S O 3 2 " and S0t+ 2 ~ in the test 
solution added with EDTA(ethylenediaminetetraacetic 
acid), and with TEA(triethanolamine) 
S O 3 2 " cone; 125yM, Temp.; 25°C 
(a) EDTA cone.; 1.OmM 
(b) TEA cone.; 2.5mM 
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An anion chromatogram of the rain water sample is shown in 
Figure 2. The upper ion chromatogram represents a sample where TEA 
was added to the rain col lector before sampling. In the sample to 
which TEA was added, S(IV) was determined to be 2.3 μΜ. On the 
other hand, only traces of S(IV) were detected in the sample without 
TEA because of the rapid S(IV) oxidation. Therefore, the addition 
of TEA to sample enables the determination of S(IV) in rain water. 
A 10 mL mixture that was 250 mM TEA and 250 mM Na 2C0 3 was added to 
stabi l ize and buffer the solution. Less than 1 l i t e r rain water was 
collected so that the concentration of TEA would remain effect ive. 

Rain water samples were collected on the roof of the Faculty of 
Engineering Building at Keio University, Hiyoshi, Yokohama, from May 
to November, 1985. Hiyoshi, Yokohama is located at 5 km to the 
south of Kawasaki, and is affected by a i r pollution from the Tokyo-
Yokohama Industrial Zone. 

Analytical results of rain water collected at Hiyoshi, 
Yokohama, from May to November, 1985 are shown in Table IV. A l l 
samples were f i l t r a t e d with a membrane f i l t e r (Mill ipore Type HA), 
and then the concentration of each ion and the pH values were mea
sured. Rain water was sampled 16 times in 13 d i s t i n c t rain events 
totaling 273 mm of precipitation. The pH value ranged between 3.7 
and 4.8 with an average of 4.4. Concentrations of S(IV) and S(VI) 
were determined to be 0.8-23.5 μΜ and 6.8-84.4 μΜ, respectively. 
The average concentrations were 5.7 μΜ for S(IV) and 30.7 μΜ for 
S(VI). The detection l imit of S(IV) by ion chromatography was 
estimated to be 0.3 μΜ at the injection of 100 μΐ sample solution. 

Oxidation of S(IV) to S(VI) decreases the pH value of rain 
water. On the basis of the S(IV) concentration, the influence of 
the S(IV) oxidation on lowering pH values is shown in Table V. The 
calculation was made by subtracting the hydrogen ion concentration 
resulting from carbon dioxide equilibrium in the a i r from the 
measured hydrogen ion concentration in the rain samples, to obtain 
the hydrogen concentration caused by other acids. Then, the 
potential hydrogen concentration caused by the oxidation of S(IV) 
in rain water was calculated. The ratio between this potential 
hydrogen concentration and that caused by other acids excluding 
carbon dioxide was calculated. The results given in Table V show 
that the contributions of S(IV) to the decrease of pH in rain water 
are in the range of 6-67%. 

Figure 3 shows the decay in the concentration of S(IV) for rain 
water collected at Hiyoshi, Yokohama. Five mL of 2.5 mM (S(IV) 
solution was added to 195 mL of rain water, and the i n i t i a l con
centration of S(IV) was adjusted to 62.5 μΜ. The decay of S(IV) 
concentration was l inear as seen in Figure 3. This is consistent 
with a f i r s t order reaction with respect to S(IV). A difference of 
oxidation rate between f i l t r a t e d and non-fi ltrated samples was 
observed. The high oxidation rates in the non-fi ltrated rain water 
is assumed to be due to the presence of suspended particulate 
matter. 

Table VI shows the rates of S(IV) oxidation measured in rain 
water collected in Yokohama, 1985. The rate constants of the S(IV) 
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0.5uS/cm 

1 I I I I 1 

0 3 6 9 12 15 
Time ( min ) 

Figure 2. Ion chromatogram of anion i n rain water 
a) without TEA(triethanolamine) 
b) added with TEA(triethanolamine) 
Rain water was collected on May 20, 1985. 
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13. TANAKA ET AL. Concentration and Oxidation Rate of S(IV) in Rainwater 165 

Table IV. A n a l y t i c a l R e s u l t s of Rain Water 
by Ion Chromatography, Yokohama, 1985 

Sample* Rain F a l l C o n c e n t r a t i o n (μΜ) N O 3 -Date Time (mm) pH_ S(IV) S(VI) c r N O 3 -

May 20-21 1745-1100 53 4.8 2 . 3 2 1 . 5 11.6 7.1 

May 24 
24-25 

1200-1645 
1700-1800 

10.2 
15.4 

4 . 5 
4.6 

2 . 1 
2 . 2 

22.8 
18.7 

8 . 4 
3 3 . 5 

9 . 8 
14.0 

May 28-29 1850-1150 
1200-1700 

4 . 1 
6 . 1 

4 . 5 
4 . 5 

9 . 1 
2 . 8 

49.0 
17.7 

16.6 
15.8 

2 6 . 0 
18.6 

June 8 830-1300 7.4 4.2 2 . 0 11.1 30.1 52.3 

June 11-12 3 . 4 3.8 5.4 84.4 191 151 

June 12-13 2300-1615 20.4 4.4 2 . 5 19.3 26.8 28.6 

June 18 
18-19 

1100-1840 
1900-1230 

5.7 
2 7 . 5 

4.2 
4.8 

4 . 1 
0 . 8 

51.2 
6.8 

9 4 . 9 
12.1 

4 5 . 3 
10.2 

S e p t . 24-25 830-1015 2 . 3 3.7 11.9 62.7 278 55.8 

S e p t . 28-30 1500-900 34 4 . 5 2 . 0 15.9 4 2 . 5 15.2 

Oct. 5-6 65 4.7 1.1 14.5 2 5 . 6 9 . 7 

Oct. 29-30 1300- 4 . 8 4 . 1 2 3 . 5 39.5 110 2 6 . 8 

Nov. 1 1040-1800 4 . 4 4 . 1 14.6 39.0 4 2 . 5 33.2 

Nov. 6 1030-1500 8.9 4 . 5 4 . 4 16.7 73.0 16.3 

min. _ 3.7 0 . 8 6.8 8 . 4 7.1 

max. - 4.8 2 3 . 5 84.4 278 151 

Av. _ 4.4 5.7 30.7 63.3 3 2 . 5 

* Samples were f i l t r a t e d by M i l l i p o r e membrane f i l t e r (pore s i z e : 0.45 ym). 
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Table V. C o n t r i b u t i o n of S(IV) O x i d a t i o n on Lowering pH of Rain Water 

C o n c e n t r a t i o n (yM) 

Date Time pH_ H + JUL S(IV) H+**/H' 

May 20-21 1745-1100 4 . 8 14.8 12.3 2 . 3 4 . 6 0.37 

May 24-25 
24-25 

1200-1645 
1700-1800 

4 . 5 
4.6 

30.9 
2 4 . 5 

2 8 . 4 
2 2 . 0 

2 . 1 
2 . 2 

4 . 3 
4 . 5 

0.15 
0.20 

May 28-29 
29 

1850-1150 
1200-1700 

4 . 5 
4 . 5 

3 5 . 5 
3 5 . 5 

33.0 
3 3 . 0 

9 . 1 
2.8 

18.2 
5.5 

0.56 
0.17 

June 8 830-1300 4.2 70.8 6 8 . 3 2 . 0 4 . 0 0.06 

June 11-12 3.8 174 171 5.4 10.7 0.06 

June 12-13 2300-1615 4.4 37.2 34.6 2 . 5 5.1 0.15 

June 18 
18-19 

1100-1840 
1900-1230 

4.2 
4.8 

6 7 . 6 
17.0 

6 5 . 1 
14.5 

4 . 1 
0.8 

8 . 2 
1.6 

0.13 
0 . 1 1 

Sept. 24-25 830-1015 3.7 194 191 11.9 23.8 0.12 

Sept. 28-30 1500-900 4 . 5 3 4 . 5 32.9 2 . 0 4 . 0 0.12 

Oct. 5-6 4.7 2 1 . 3 1 8 . « 1.1 2.2 0.11 

Oct. 29-30 1300- 4 . 1 7 2 . 4 69.9 2 3 . 5 47.0 0.67 

Nov. 1 1040-1800 4 . 1 8 3 . 1 8 0 . 6 14.6 29.2 0.36 

Nov. 6 1030-1500 4 . 5 34.7 32.2 4.4 8.7 0.27 

min. 3.7 14.8 12.3 0 . 8 1.6 0.06 

max. 4.8 194 191 2 3 . 5 47.0 0.67 

Av. 4.4 59.2 56.7 5.7 11.4 0.23 

H + *: The hydrogen i o n c o n c e n t r a t i o n c o r r e c t e d f o r 2 . 5 yM carbon d i o x i d e 
c o n c e n t r a t i o n . 

H + **: Nominal hydrogen i o n c o n c e n t r a t i o n generated by o x i d a t i o n of S ( I V ) . 
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0 2 4 6 8 
Time (hr) 

Figure 3. Variation of S(IV) concentration in rain water with 
time by an addition of S(IV) 
Initial S(IV) concentration; 62.5μΜ 
Rain water was collected on May 20-21, 1985. 
#; Filtrated by Millipore membrane fi l t e r 

(pore size 0.45ym) 
O; Not filtrated 

Rain water was collected on May 24-25, 1985 
• ; Filtrated by Millipore membrane fi l t e r 

(pore size 0.45ym) 
Λ; Not filtrated 

* 
Metal ion concentration (yM) 

Figure 4. Rate constant of oxidation of S(IV) end metallic 
Ion concentration in rain water 
·; Filtrated by Millipore membrane fi l t e r 

(pore size 0.45ym) 
Ο ; Not filtrated 
* Total Concentration of Fe and Mn 
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13. TANAKAETAL. Concentration and Oxidation Rate of S(IV) in Rainwater 169 

oxidation, k, are 0.12-3.3 h r " 1 , which are similar to the oxidation 
rates in the test solutions in Table II . A large variation of the 
measured oxidation rates was observed in the rain water samples. It 
is assumed that the oxidation rate depends on the F e J + and Mn^+ con
centration. 

Figure 4 shows the relationship between the oxidation rate of 
S(IV) and the metallic concentration of F e J + and Mn^+ in rain water. 
The concentrations of iron and manganese in the rain water were 
analyzed by atomic absorption spectrometry. The increase of the 
oxidation rate with the increase of the metal ion concentration is 
shown in Figure 4. Therefore, a strong catalyt ic effect of F e J + and 
Mn^+ on the oxidation of S(IV) in rain water was observed. 

Summary 

The oxidation reaction of S(IV) in both test solutions and rain 
water was found to be a f i r s t order reaction. Metall ic ions such as 
f err i c and manganous ions strongly catalyze the oxidation of S(IV) 
in rain water. A correlation was found between the concentration of 
metallic ions and the rate of S(IV) oxidation. The rate constant 
for the oxidation of S(IV) was found to be 0.12-3.3 hr" 1 (half l i f e : 
0.21-5.8 hr) in rain water samples collected at Yokohama, Japan, 
1985. Hydrogen ions produced by the oxidation of S(IV) in rain 
water contribute substantially to ac idi ty . 
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Chapter 14 

Spectroscopic Identification of Products 
Formed in the Gas-Phase Reaction of OH 

with Atmospheric Sulfur Compounds 

S. C. Bhatia1 and J. H. Hall, Jr.1,2 

1Dolphus E. Milligan Science Research Institute, Atlanta University Center, 
440 Westview Drive, SW, Atlanta, GA 30310 

2School of Geophysical Sciences, Georgia Institute of Technology, Atlanta, GA 30332 

The matrix-isolation infrared study of the reactions OH 
+ R(R = CH3SH, CH3SSCH3, SO2) indicate that the pro
ducts observed for CH3SH + OH reaction are the pro
posed intermediate CH3SHOH and S O 2 while CH3SH, CH3SHOH 
and SO2 are formed in CH3SSCH3 + OH reaction. The 
reaction of hydroxyl radical with sulfur dioxide yields 
HOSO2 · H2O complex as the final product. The 
vibrational assignments for the observed products are 
reported. 

The mechanism for the conversion of naturally occurring atmos
pheric sulfur compounds to sulfur dioxide is not yet established ( Ο . 
The sulfur dioxide produced during degradation of sulfur compounds 
can undergo further chemical and/or physical interactions to form 
sulfuric acid (2), which is one of the components of acid ra in . A 
number of sulfur compounds (3) have been detected in the atmosphere; 
COS (carbonyl sulf ide) , CS 2 (carbon disulf ide) , H 2S (hydrogen 
sulf ide) , C H 3 S H (methyl mercaptan), C H 3 S C H 3 (dimethyl sulf ide) , and 
C H 3 S S C H 3 (dimethyl disulf ide) . It is generally believed that the 
biological reduction of sulfur compounds is a major natural source 
for these atmospheric sulfur compounds. The chemical degradation of 
sulfur compounds of the type X-S-Y (X = Η or C H 3 , Y = H, C H 3 or S C H 3 ) 

is proposed to be in i t iated by their reactions with OH radicals . Cox 
and Sheppard ( 5 ) by gas chromotgraphic techniques have identified 
sulfur dioxide as the f ina l product for the reaction. 

X-S-Y + OH > Intermediates > S 0 2 

The proposed mechanisms (1.) for the C H 3 S H and C H 3 S S C H 3 used in this 
study are: 1 ) the OH radical forms a weak complex with C H 3 S H which 
further reacts with 0 2 before decomposing to form sulfur dioxide. 2) 
an adduct is formed between C H 3 S S C H 3 and OH radical which decomposes 
to y ie ld C H 3 S and C H 3 S O H . These mechanisms have been proposed to 
account for the pressure-dependence and temperature-dependence of 
the observed reaction rates. The mercaptyl radical thus formed 

0097-6156/87/0349-0170$06.00/0 
© 1987 American Chemical Society 
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14. BHATIA AND HALL Reaction Products of OH with Sulfur Compounds 111 

could undergo f u r t h e r chemical r e a c t i o n s . To date only few studies 
(6,7) have been performed to i d e n t i f y the intermediates or products 
formed f o r the hydroxyl r a d i c a l i n i t i a t e d o x i d a t i o n of C H 3 S H (6), 
C H 3 S C H 3 (6b,7), and C H 3 S S C H 3 . 

The i n i t i a l r e a c t i o n of S O 2 with OH i s proposed to form H S O 3 
(8). The H0S02(HS03) has r e c e n t l y been i d e n t i f i e d and c h a r a c t e r i z e d 
by m a t r i x - i s o l a t i o n i n f r a r e d spectroscopy (9). Various mechanisms 
(10) have been proposed to account f o r the conversion of H S O 3 to 
f i n a l product H 2 S O 4 . 

This study was undertaken to i s o l a t e and s p e c t r o s c o p i c a l l y 
i d e n t i f y the proposed or other intermediates. The technique em
ployed i n t h i s work i s that of " M a t r i x - I s o l a t i o n " where the r e a c t -
ants are allowed to react i n a gas-phase k i n e t i c c e l l and the 
products are subsequently i s o l a t e d by an i n e r t gas. The i s o l a t e d 
products are then trapped at a c o l d window (10K) to record the 
i n f r a r e d spectra. This technique i s w e l l s u i t e d to study the 
re a c t i o n s i n which intermediates or the f i n a l products are e i t h e r 
unstable or could undergo f u r t h e r chemical r e a c t i o n s . 

Experimental 

The methyl mercaptan (Matheson) and diamethyl d i s u l f i d e (Kodak) 
were p u r i f i e d by trap to trap d i s t i l l a t i o n . S u l f u r dioxide (AIRCO) 
was used without f u r t h e r p u r i f i c a t i o n . The i n f r a r e d spectra of 
CH3SH/Ar (1:50), CH 3SSCH 3/Ar (1:50) d i d not i n d i c a t e the presence of 
any impurity. The i n f r a r e d spectra of S0 2/Ar (1:100) i n d i c a t e the 
presence of m a t r i x - i s o l a t e d water. 

The hydroxyl r a d i c a l s were produced by microwave discharge of 
^O/Ar (1:50) mixture using a Kiva Corp. microwave discharger 
operating at 50 watt power. The r e f l e c t e d voltage was always 
adjusted to zero to ensure the same amount of i n c i d e n t power on the 
quartz tube. This method of producing OH r a d i c a l s have H O 2 , 0 and H 
atoms as byproducts (11). We observe a weak absorption due to H O 2 
(1385.7 cm"*) i n agreement with published data (^2). In each ex
periment, NO was observed at 1876.9 cm"^. This i s due to the 
presence of N2(<5 ppm) as impurity i n the UHP argon gas. 

Gas mixtures were prepared by standard manometeric technique. 
The r e a c t i o n was c a r r i e d out i n a gas-phase k i n e t i c c e l l (13). The 
CH 3SH/Ar (1:50) or CH 3SSCH 3/Ar (1:50) or S0 2/Ar (1:00) mixtures were 
introduced through i n l e t A, while the discharged ^O/Ar (1:50) 
mixture was introduced through port 3 (gas-phase path length ~28 
cm). In each experiment, ~2.3 mmoles of the s u l f u r compounds ( C H 3 S H 
or C H 3 S S C H 3 or S02)/Ar mixture and 1.2 mmoles of microwave discharged 
H20/Ar mixture were codeposited. The d e p o s i t i o n times ranged from 1 
hour to 1.5 hours. The products of the gas phase re a c t i o n s were 
m a t r i x - i s o l a t e d on the C s l window at 10K ( f o r d e t a i l s of the 
experimental set up, see reference 13). 

The i n f r a r e d spectra were recorded using a Beckman IR-4250 
spectrometer with a r e s o l u t i o n b etter than 1 cm~^ i n the area of 
i n t e r e s t . The spectrometer was i n t e r f a c e d with a MINC 11 micro
computer, with a l l spectra d i g i t a l l y recorded and analyzed using our 
software. 
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172 THE CHEMISTRY OF ACID RAIN 

R e s u l t s and D i s c u s s i o n 

C H 3 S H + OH Reaction. The observed absorptions f o r CH3SH/Ar (1:50) 
are i n agreement w i t h the published data (^4). The observed 
absorption due to S-H s t r e t c h i s at 2941.9 cm"1, w h i l e i n the gas-
phase t h i s s t r e t c h i s observed a t 2947.1 cm"1. The d i f f e r e n c e 
between the matrix and gas-phase v i b r a t i o n a l frequencies i s w i t h i n 
the expected range f o r S-H s t r e t c h and other modes of v i b r a t i o n s 
(15). The observed i n f r a r e d s p e c t r a f o r the C H 3 S H + OH r e a c t i o n i s 
shown i n Figure 1A. The absorptions which are not observed i n 
C^SH/Ar, but are observed i n C H 3 S H + OH r e a c t i o n must a r i s e from 
the products or intermediates formed i n t h i s r e a c t i o n . These 
absorptions are l i s t e d i n Table I . 

Table I : Observed V i b r a t i o n a l Frequencies f o r Products 
of the C H 3 S H + OH Reaction 

Absorbing Species Frequency a (cm" 1) Assignment 

2879.4 
2551.3 

C H 3 S N 0 1527.9 S-NO s t r e t c h 
s o 2 

1360.0 S-0 s t r e t c h 
s o 2 1357.6 S-0 s t r e t c h 
s o 2 1350.0 S-0 s t r e t c h 
S 0 2 · H 20 1340.4 S-0 s t r e t c h S 0 2 · H 20 

1285.7 
s o 2 1154.4 S-0 s t r e t c h 
s o 2 1149.7 S-0 s t r e t c h 
C H 3 S H O H 1038.8 S--0 s t r e t c h 
C H 3 S H O H 1007.6 S--0 s t r e t c h 

707.6 
s o 2 513.8 S-0 bending 

aThe i n f r a r e d absorption frequencies were c a l i b r a t e d by using the 
standard C0 2 absorption frequencies. 

Hatakeyama and Akimoto (6) have observed S0 2, NO, N0 2, HCHO, 
RCHO, RCH20H, and C H 3 S O 3 H as products i n p h o t o x i d a t i o n of C H 3 S H -

RCH20N0 - (Ν0) χ - a i r system. The absence of RCH20N0 as a rea c t a n t 
i n our experiments precludes RCHO, RCH20H, NO, N0 2 as products i n our 
study. Thus, based on previous experimental s t u d i e s ( 6 ) , we should 
expect S0 2, C H 3 S O 3 H as the f i n a l products i n our study. The matrix-
i s o l a t e d S 0 2 has absorptions a t 1350.72, 1149.96, and 516.9 cm"1 

(16). The gas-phase sp e c t r a of C H 3 S O 3 H has absorptions at 3611, 
1404, and 1204 cm"1 (17). 

The observed absorptions (Table I ) at 1360.0, 1357.6, 1350.0, 
1340.4, 1154.4, 1149.7, and 513.8 cm"1 are assigned t o S0 2 molecule. 
The absorption a t 1527.9 cm"1 i s assigned t o C H 3 S N O molecule even 
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though the other absorptions (1304,4 and 648.4 cm"1) are too weak to 
observe ( 6 ) . The presence of C H 3 S N O as a product suggests that C H 3 S 
i s an intermediate i n the C H 3 S H + OH r e a c t i o n which subsequently 
reacts with NO to form C H 3 S N O . The nitrogen oxide i n our 
experimental set up i s formed by the microwave discharge of N 2 and 
0 2 which are present as im p u r i t i e s i n UHP argon gas. The remaining 
observed absorptions are at 2879.4, 2551.3, 1285.7, 1251.3, 1038.8, 
1007.7, and 707.6 cm"1. One of the l i k e l y molecule could be 
C H 3 S H O H . This molecule has been suggested as the f i r s t i n t e r 
mediate i n C H 3 S H + OH r e a c t i o n (.1). The absorptions unique to t h i s 
molecule w i l l be due to S-0 s t r e t c h , HSO and HOS bending. The 
observed v i b r a t i o n a l absorptions due to S-0 s t r e t c h occur i n the 
777-1083.4 cm"1 range i n d i f f e r e n t type of molecules (1_8). For the 
HSOH molecule the S-0 s t r e t c h i s observed at 1083.4 and 747.4 
cm"1 (19). The s u b s t i t u t i o n of C H 3 group f o r H should lower t h i s 
frequency. Thus, we assign the absorptions at 1038.8 and/or 1007.6 
cm"1 to S-0 s t r e t c h . The S-OH s t r e t c h i n methane s u l f o n i c a c i d 
( C H 3 S O 3 H ) , i s observed at 980 cm"1. We observe a very weak 
absorption at 976.3 cm"1. Thus, we t e n t a t i v e l y assign the absorp
t i o n at 1038.8 and 1007.6 cm"1 to S-0 s t r e t c h i n C H 3 S H O H , s i n c e 
these peaks could not a r i s e from S-OH s t r e t c h i n C H 3 S O 3 H . The 
v i b r a t i o n a l absorption due to the HOS bending mode has been observed 
i n the 1122-1177 cm"1 region ( 1J0. We do observe absorptions i n t h i s 
region, but S0 2 a l s o has absorptions at 1154.4 and 1149.7 cm'1. The 
i n t e n s i t y considerations have l e d us to assign these v i b r a t i o n a l 
frequencies to S0 2. I t i s p o s s i b l e that at higher r e s o l u t i o n and 
s e n s i t i v i t y , we may be able to observe the c o n t r i b u t i o n of C H 3 S H O H 
complex to t h i s absorption. The absorptions at 2879.4 and 2551.3 are 
unassigned. 

C H 3 S S C H 3 + OH Reaction. The i n i t i a l step f o r the OH + DMDS r e a c t i o n 
i s thought to be the a d d i t i o n of OH r a d i c a l to S-S bond (_1). In that 
case, the i n i t i a l products formed can be C H 3 S and C H 3 S O H . The C H 3 S 
formed can undergo r e a c t i o n with NO to form C H 3 S N O as i n the case of 
C H 3 S H + OH r e a c t i o n . We observe an absorption at 1526.3 cm"1 (Table 
I I ) , which i s assigned to the molecule C H 3 S N O . The absorption at 
1526.3 cm"1 has a weak shoulder at 1523.2 cm"1. 

As noted e a r l i e r , C H 3 S O H , i f formed would have unique 
absorptions due to S-OH s t r e t c h , S-0 s t r e t c h and HOS bending modes. 
The S-OH s t r e t c h i n C H 3 S O 3 H i s observed at 827.7 cm"1. We observe 
three absorptions i n the region 800-850 cm"1 (Figure 2A) but the 
absorptions due to the fundamentals of C H 3 S O 3 H (1405.1 and 1203.5 
cm" 1) are not observed. Thus, we f e e l that the absorptions i n 800-
850 cm"1 region maybe due to S-OH s t r e t c h of C H 3 S O H species. The 
other remaining absorptions at 1173.2, 1166.9, 1070.1, 1031.0, 1001.3 
cm"1, are also assigned to C H 3 S O H molecule. 

The presence of H atoms i n the microwave discharge of H 20 (11) 
leads to the p o s s i b i l i t y that methyl mercaptan ( C H 3 S H ) may be formed 
by the r e a c t i o n C H 3 S + H. The absorptions (Table I I ) at 3010.7 (C-H 
s t r . ) , 2951.3 (S-H s t r . ) , 1466.6 (C-H s t r . ) , 1326.3 (C-H s t r . ) , 
1063.8 (C-H s t r . ) , 799.7 (S-H s t r . ) , and 707.6 cm"1 are assigned to 
C H 3 S H (14). The presence of C H 3 S H as a product f u r t h e r confirms the 
presence of C H 3 S r a d i c a l formed through the i n i t i a l attack of OH 
r a d i c a l at S-S bond. 
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Table I I : Observed V i b r a t i o n a l Frequencies f o r Products 
of the DMDS + OH Reaction 

Absorbing Species Frequency 3 (cm - 1) Assignment 

C H 3 S H 3010.7 C-H s t r e t c h 
C H 3 S H 2951.3 S-H s t r e t c h 

2870.1 
2801.3 
1743.5 

C H 3 S N 0 1526.3 SN-0 s t r e t c h 
C H 3 S N 0 1523.2 SN-0 s t r e t c h 

1498.2 
C H 3 S H 1466.6 
s o 2 

1356.6 S-0 s t r e t c h 
1351.3 
1345.1 

s o 2 1338.8 S-0 s t r e t c h 
C H 3 S H 1326.3 

1248.2 
1179.4 

C H 3 S O H 1173.2 S--0 s t r e t c h 
C H 3 S O H 1166.9 S--0 s t r e t c h 
s o 2 

1155.0 S-0 s t r e t c h 
s o 2 1151.3 S-0 s t r e t c h 
s o 2 1146.6 S-0 s t r e t c h 

1105.0 
C H 3 S O H 1071.1 S--0 s t r e t c h 
C H 3 S H 1063.8 

1040.3 
C H 3 S O H 1031.0 

1023.2 
C H 3 S O H 1001.2 S-0 s t r e t c h 

999.7 
988.8 
974.7 
835.7 

C H 3 S O H 821.6 S-OH s t r e t c h C H 3 S O H 

801.3 
C H 3 S H 799.7 S-H bend 
C H 3 S H 707.6 C-S s t r e t c h 
s o 2 523.2 S-0 bend 

aThe i n f r a r e d absorption frequencies were c a l i b r a t e d by using 
standard C 0 2 absorption frequencies. 
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14. BHATIA AND HALL Reaction Products of OH with Sulfur Compounds 111 

S 0 2 + OH. The observed absorptions due to the products formed i n S O 2 
+ OH r e a c t i o n are l i s t e d i n Table I I I . 

Table I I I : Observed V i b r a t i o n a l Frequencies f o r Products 
of the S 0 2 + OH Reaction 

Absorbing Species Frequency 3 (cm - 1) Assignment 

H S 0 3 . H 20 1557.6 H-O-H bend 
s o 2 · H 20 1403.1 S-0 s t r e t c h 
s o 2 · H 20 1391.9 S-0 s t r e t c h 
s o 2 · H 20 1348.2 S-0 s t r e t c h 
H S 0 3 • H 20 1338.8 S(=0) 2 s t r e t c h 
H S 0 3 • H 20 1329.4 S(=0) 2 s t r e t c h • H 20 

1279.4 
1141.9 
1138.8 

H S 0 3 . H 20 1098.2 S(=0) 2 s t r e t c h . H 20 
1035.7 
1029.4 

aThe i n f r a r e d absorption frequencies were c a l i b r a t e d by using the 
standard C O 2 absorption frequencies. 

Comparing Figures 3A, 3C, and based on the reported spectrum of S O 2 
(16), we ass i g n the absorptions at 1348.2, 1345.1, 1338.8, 1329.4, 
1148.2 and 516.9 cm"1 to m a t r i x - i s o l a t e d S O 2 . The presence of H 2 O as 
a reactant i n our experiments could l e a d t o the formation of 
c l a t h r a t e complex w i t h S O 2 . The reported absorptions (20) due to S02» 
H 20 i n the s o l i d s t a t e at 78K are 780, 1140, 1155, 1340, 1350, 1640, 
2410, 3230, and 3380 cm"1. In order to determine the absorptions 
a r i s i n g from the S 0 2 * H 20 complex, we codeposited S0 2/Ar (1:100) and 
H 20/Ar (1:50). The observed s p e c t r a (Figure 3B) has new absorptions 
at 1585.8, 1401.3, 1391.9, 1348.2, and 1323.2 cm"1. The absorption 
at 516.9 cm"1 i s due to S 0 2 and has s h i f t e d to 513.8 cm - 1. The 
absorption at 1585.8 cm"1 i s c l o s e t o the observed HOH bend f o r 
m a t r i x - i s o l a t e d water (21). Thus, we as s i g n t h i s absorption (1585.8 
cm"1) to HOH bending f o r the S O 2 * H 2 O complex. The other observed 
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1500 1400 1300 1200 1100 1000 900 800 700 600 500 
WAVE NUMBER CM _ 1 

F i g u r e 3. I n f r a r e d s p e c t r a of A) SO9 + OH r e a c t i o n , B) S0 2/Ar 
(1:100) + H 20/Ar (1:50), and C) SQ 2/Ar (1:100). 
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14. BHATIA AND HALL Reaction Products of OH with Sulfur Compounds 179 

absorptions are c l o s e to the observed absorptions due to S O 2 molecule 
(16). Thus, we assign the absorptions at 1401.3, 1391.9, 1348.2, and 
1323.2 cm"1 to S O 2 * H 2 O complex. A s i m i l a r behavior i s observed f o r 
m a t r i x - i s o l a t e d S O 3 · H 2 O complex (22), where the absorption peaks due 
to t h i s complex are very c l o s e to those observed f o r m a t r i x - i s o l a t e d 
S O 3 and H 2 O . The s h i f t i n v i b r a t i o n a l frequencies of S O 2 and 
closeness of the new observed absorptions to that of S O 2 suggest that 
complex i s weak and could have the st r u c t u r e . 

0 H 

The remaining absorptions observed i n S O 2 + OH r e a c t i o n are at 
1557.6, 1326.3, 1279.4, 1141.9, 1138.8, 1101.3, 1098.2, 1035.7, and 
1029.4 cm"1. Hashimoto et a l . (9) have assigned the absorptions at 
3539.9, 1309.2, 1097.3, and 759.5 cm"1 to H0S0 2 molecule, but t h e i r 
absorptions at 1286.8 and 1285.4 cm"1 are not assigned. Thus, we 
assign the absorptions at 1326.3, 1098.2 cm"1 to a molecule having 
S(=0) 2 s t r e t c h . The p o s s i b l e molecules with S(=0) 2 are H0S0 2, H0S02' 
H 2 O complex, H 2S0^ (the f i n a l product of the hydroxyl r a d i c a l 
i n i t i a t e d o x i d a t i o n of S O 2 ) , H 2 S O 4 · H 2 O complex. We do not observe 
any absorptions near the gas-phase or the m a t r i x - i s o l a t e d absorp
t i o n s due to H 2S0 A (23,24), and the H 2S0 4 . H 20 complex (22). This 
only leaves the p o s s i b i l i t y that we may be observing d i f f e r e n t 
isomers of H S O 3 molecule and/or ESOy H 2 O complex. 

The four p o s s i b l e geometric isomers of H S O 3 are shown below. 
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A b - i n i t i o SCF c a l c u l a t i o n s (25) f o r the i o n i c forms of s t r u c t u r e 
A (HOSO2) and s t r u c t u r e Β (HSOp p r e d i c t s t r u c t u r e A to be s l i g h t l y 
more s t a b l e (~4 kcal/mole), and to our knowledge no t h e o r e t i c a l 
c a l c u l a t i o n s have been reported f o r the s t r u c t u r e s C and D. 

The v i b r a t i o n a l assignments f o r s t r u c t u r e A has been discussed 
by Hashimoto et a l . ( 9 ) . S t r u c t u r e Β and C should have unique 
absorptions due to S-H s t r e t c h . The S-H s t r e t c h i n d i f f e r e n t 
molecules i s observed i n the 2500-2600 cm"1 region. However, we d i d 
not observe any absorptions i n t h i s r e g i o n . Thus, i t r u l e s out the 
p o s s i b i l i t y of HSO3 w i t h s t r u c t u r e s Β and C. The s t r u c t u r e D w i l l 
have a unique absorptions due t o OHO and HOS bending modes, but we do 
not observe any absorptions which can be a t t r i b u t e d t o OHO and HOS 
bending. This r u l e s out the p o s s i b i l i t y of s t r u c t u r e D f o r the HSO3 
molecule. 

Our observed v i b r a t i o n s (1326.3 and 1098.2 cm"1) are too c l o s e 
to the reported values (9) f o r HOSO2 ( s t r u c t u r e A). Thus, we f e e l 
t h a t the absorptions at 1557.6 (H-O-H bend), 1326.3, 1101.3, and 
1098.2 cm"1 could a r i s e from a H0S0 2· H2O complex. The absence of 
uncomplexed HOSO2 i n our experiments (gas-phase path length ~28 cm) 
i n c o n t r a s t t o the r e s u l t s of Hashimoto e t a l . (9) (gas-phase path 
l e n g t h ~1 cm) can be a t t r i b u t e d t o the increase path length. 

In a l l of the SO2 + OH experiments when the matrix sample was 
allowed to warm to room temperature (298K), the r e s i d u a l s p e c t r a had 
broad absorptions centered a t 1245, 1170, 1030, 860, 595, and 570 
cm"1. A comparison of the r e s i d u a l s p e c t r a and reported absorptions 
of CSHSO3 (26,27) i n d i c a t e t h a t the product formed on C s l window by 
the r e a c t i o n of the product (H0S02* H2O) does not have same s t r u c t u r e 
as observed by Johansson et a l . (27). Based on the reported (28) 
Raman v i b r a t i o n a l f r e q u e n c i e s , we ass i g n the absorptions at 1245 and 
1030 cm"1 to v

a s S-0 s t r . and v g S-0 s t r e t c h r e s p e c t i v e l y . The 
absorptions at 1170, 595, and 570 cm"1 are assigned t o ô g 0-H, S a s 

S-0, and ô g S-0 r e s p e c t i v e l y , but the absorption a t 860 cm"1 i s un-
assigned. The absence of the r e s i d u a l s p e c t r a i n SO2 + H2O e x p e r i 
ments r u l e s out the p o s s i b i l i t y t h a t the observed r e s i d u a l s p e c t r a i s 
due to the product (H2SO3) formed by the r e a c t i o n of unreacted SO2 
and H 20 (ΔΗ = -1.73 kcal/mole) w i t h the C s l window. This observation 
provides us w i t h an i n d i r e c t evidence t h a t we are observing H0S0 2 · 
H2O as the product f o r the gas-phase r e a c t i o n S 0 2 + OH, which at h i g h 
temperature (Τ > 45K) r e a c t s w i t h C s l window to form CsH0SÛ2. 

Conclusions 

Our r e s u l t s i n d i c a t e t h a t the OH i n i t i a t e d o x i d a t i o n of CH3SH and 
CH3SSCH3 proceed by the mechanisms suggested by Wine et a l . ( Ο and 
th a t SO2 i s a major product i n these r e a c t i o n s . The s u l f u r d i o x i d e 
formed i n these r e a c t i o n s as w e l l as from anthropogenic sources can 
re a c t w i t h OH to form HOSO2. Our observations l e a d us to p o s t u l a t e 
t h a t most of tro p o s p h e r i c HOSO2 formed due to SO2 + OH r e a c t i o n w i l l 
be complexed w i t h H2O. The experiments w i t h 0 2 and Ν 0 χ as 
a d d i t i o n a l r e a c t a n t s are underway to determine whether the HOSO2 and 
H2O complex formation can compete w i t h the proposed r e a c t i o n of HOSO2 
w i t h O2. Howard et a l . (30) have r e c e n t l y determined the r a t e of 
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HOS0 2 + 0 2 r e a c t i o n to be 4 .4 χ 1 0 " i J and show tha t S 0 3 and H 0 2 are 
the r e a c t i o n p roduc t s . 
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Chapter 15 

Characterization of a Facility To Simulate In-Cloud 
Chemical Transformations 

A. W. Gertler, N. F. Robinson, and D. F. Miller 

Energy and Environmental Engineering Center, Desert Research Institute, 
University of Nevada System, P.O. Box 60220, Reno, NV 89506 

Laboratory simulations of aqueous-phase chemical systems 
are necessary to 1) verify reaction mechanisms and 2) 
assign a value and an uncertainty to transformation 
rates. A dynamic cloud chemistry simulation chamber has 
been characterized to obtain these rates and the i r 
uncertainties. I n i t i a l experimental results exhibited 
large uncertaint ies, with a 26% variability in cloud 
liquid water as the major contributor to measurement 
uncertainty. Uncertainties in transformation rates were 
as high as factor of ten. Standard operating procedures 
and computer control of the simulation chamber decreased 
the v a r i a b i l i t y in the observed l i qu id water content, 
experiment duration and f inal temperature from ± 0.65 to 
± 0.10 g m-3, ± 180 to ± 5.3 s and ± 1.73 to ± 0.27°C 
respectively. The consequences of this improved control 
over the experimental variables with respect to cloud 
chemistry were tested for the aqueous transformation of 
SO2 using a cloud-physics and chemistry model of this 
system. These results were compared to measurements 
made pr ior to the in s t i t u t ion of standard operating 
procedures and computer control to quantify the reduc
t ion in reaction rate uncertainty resulting from those 
controls. 

In-cloud chemical processes transform soluble trace gases into 
various ionic products. In the case of acid precursors, such as SO2 
and NO2, definitions of the significant chemical reactions in aqueous 
cloud droplets are necessary for the mathematical description of acid 
deposition. These significant reactions can be inferred from 
measurements in the real atmosphere (1,2), and they can be identified 
in controlled laboratory experiments (3,4). Since measurements in 
the real atmosphere may be characterized by large uncertainties (1), 
laboratory simulation of aqueous phase chemical systems supplement 

0097-6156/87/0349-0183$06.00/0 
© 1987 American Chemical Society 
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these measurements by 1) verifying the end products of reaction 
mechanisms and 2) assigning a value and an uncertainty to transfor
mation rates. 

Quantification of the uncertainty in the measured transformation 
rates is crucial i f the data are to be used as inputs to models for 
risk assessment. Without knowledge of the accuracy, precision, and 
val idity of these measured values i t is impossible to develop 
r e a l i s t i c abatement strategies. 

This paper will : 

• Describe a cloud chemistry simulation f a c i l i t y to emulate 
atmospheric aqueous phase interactions among gases, par
t i c l e s , and l iquid water droplets. 

• Identify the most signif icant physical variables controlling 
these interactions. 

• Quantify the uncertainty of gas to solute transformation 
rates resulting from uncertainty in the control of the 
cloud-physical parameters. 

System Overview 

The cloud chemistry simulation chamber (5,6) provides a controlled 
environment to simulate the ascent of a humid parcel of polluted air 
in the atmosphere. The cloud forms as the pressure and temperature 
of the moist air decreases. By controlling the physical conditions 
influencing cloud growth ( i . e . i n i t i a l temperature, relative humi
dity, cooling rate), and the size, composition, and concentration of 
suspended part ic les, chemical transformation rates of gases and par
t i c l e s to dissolved ions in the cloud water can be measured. These 
rates can be compared with those derived from physical/chemical 
models (7,9) which involve variables such as l iquid water content, 
solute concentration, the gas/liquid interface, mass transfer, chemi
cal equilibrium, temperature, and pressure. 

A functional representation of the cloud chemistry simulated 
chamber is shown in Figure 1. The chamber is constructed of a 
cyl indrical aluminum inner shell 1.8 m in diameter, 2.5 m in height 
with dome-shaped ends that provide a total volume of 6.6 m3. The 
walls are jacketed and a steel outer skin, providing temperature uni
formity within 0 . 2 ° C . Access ports serve for evacuation, pressuriza-
t i o n , recirculation, and sampling. 

A high-capacity water-seal vacuum pump downstream of an automati
cal ly controlled valve provides for chamber evacuation and pressure 
regulation. The maximum cooling rate is approximately 5°C min"*. 
The minimum practical pressure is 140 mbar and the minimum tem
perature is approximately - 4 0 ° C . Maximum cloud lifetime on the order 
of 20 min can be realized, limited by nonadiabatic wall conditions 
and the f i n i t e f a l l speeds of the cloud droplets. 

Cloud l iquid water content (LWC) is measured by a CO2 laser 
transmissometer ( λ = 10.6 pm) which l inearly relates observed extinc
tion to LWC (10,11). 
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RECIRCULATION LINE 

INTRODUCE 
AEROSOL -
AIR/GAS 
HUMIDITY » 

CHARACTERIZE 
AEROSOL CLOUD GAS 
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CONTROL 
WALL TEMP 
- AIR PRES. 

Figure 1. Cloud chamber schematic. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
01

5

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



186 THE CHEMISTRY OF ACID RAIN 

The experimentally verif ied theoretical relationship for the 
extinction coefficient oe i s given by 

where ρ is the density of water, c(x) is the wavelength dependent 
slope of the linearized f i t to the Mie scattering function when 
plotted against particle size, and LWC is the cloud l iquid water con
tent. The approximation is valid for droplet diameter less then 28 
m ( i l ) . 

A cloud water collector that separates unactivated ( i n t e r s t i t i a l ) 
particles from cloud droplets by jet impaction of these droplets on 
inert surfaces (12) provides a sample for chemical analyses. 

The operational procedures of the chamber have recently been 
upgraded from manual to automatic with the instal lat ion of a dedi
cated computer system (Kinetic Systems Inc., CAMAC with DEC LSI 11/23 
microprocessor). This allows precise and reproducible control which 
was impossible under manual operation. Computer assisted operation 
was achieved through the development of an algorithm which controls 
the chamber wall temperature and cooling rate while maintaining a 
specified dif ferential between a i r and wall temperature ( Δ Τ = 
0.0 ± 0 . 2 ° C ) . The differential is maintained by adiabatic cooling of 
the air caused by variation of the rate of evacuation. 

Standard operating procedures were instituted along with the com
puter control. These consisted of procedure check l i s t s to ensure 
protocols were followed. Conditions prior to commencement of an 
experimental run were as follows: 

Init ial air temperature, T-j 24.0 ± 0.5 °C 
Init ial dew point temperature, T̂  21.0 ± 0.2 °C 
Init ial pressure (ambient), Ρ 860. ± 15 mb 
Aerosol concentration, % 7500. ± 200 cnr 3 

Run-mean cooling rate, df/dt -1.5 ± 0.05 °C min"*1 

Air-wall temperature difference, ΔΤ 0.0 ± 0.2 °C 
Reaction interval, A t r 10.0 ± 0.1 mi η 

A run was not performed until these conditions were met. 
The system has been characterized with respect to background im

purities in the chamber air and in the collected cloud water (Table 
I). Ammonia is a significant impurity. In the absence of inten
t ional ly added reagents, i t balances the major anions in the cloud 
water which are carbonate and formate. The anion/cation balance of 
background ( i . e . , blank) cloud water is typically within 10% of 
unity. 

Background non-methane hydrocarbon levels are generally less than 
20 ppbC. A typical sample (Table I) indicates that the major com
ponents are ethane, propane and acetylene. Because only picomolar 
amounts of these hydrocarbons would exist in the cloud water, the 
effects of these background levels on aqueous-phase chemistry are 
expected to be negligible. The effect of the organic acids is not 
expected to be significant unless sources of OH exist. Formaldehyde 
is known to inhibit aqueous SO2 oxidation, but i ts concentration here 
is insignificant compared to the concentrations of SO2 intentionally 
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Table I. Trace Background Impurities in the System 

Species Concentration 

Ai r NH3 <2 ppb 

Total nonmethane hydrocarbon <20 ppbC 

ethane 9.8 ppbC 

propane 3.3 ppbC 

acetylene 3.8 ppbC 

ethylene 0.5 ppbC 

Cloud Water NH4+ 40 μΜ 

Total organic acids and carbonyls 18 μΜ 

formate 11.5 μΜ 

acetate 5.3 μΜ 

formaldehyde 0.3 μΜ 
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added to the cloud chamber. SO2 experiments are typical ly conducted 
with aqueous S(IV) concentrations ranging between 20 and 2000 μΜ. 
Thus in this type of experiment, the SO2 concentration and the con
version to sulfate dominate the pH of the cloud water. 

Sources of Variabil i ty 

The cloud chemistry simulation chamber is a complicated measurement 
system which cannot be total ly controlled, and i t is necessary to 
identify and quantify the sources of var iabi l i ty in the observed 
chemical and physical parameters. This examination provides the 
basis for estimating the accuracy, precision, and validity of trans
formation rates as well as their values. 

In order to understand the sources of experimental var iabi l i ty i t 
is important to define terms such as precision, accuracy and validity 
which are used to describe the results. The precision of an obser
vable is estimated from periodic performance tests and replicate ana
lyses. When separate measurements are combined to obtain data, then 
the precisions of each separate measurement must be appropriately 
combined to obtain the overall precision of the results. Accuracy is 
estimated via comparison of a measurement value with an independent 
standard. The difference between an observed value and the "true" 
value as determined by comparison with a standard quantifies the 
accuracy. Within this context, an observable can be precisely 
measured and yet be inaccurate. Validity is determined by defining 
standard operating procedures and identifying deviations from them, 
and describes the degree to which assumptions of the measurement 
method have been met. Values are either removed or flagged when 
deviations take place. The overall measurement process which leads 
to the reported result is then defined as the procedures, standards, 
performance tests, audits and validation c r i t e r i a which produce a 
measurement with known value, precision, accuracy and val idity. 
Within this framework, the sources of var iabi l i ty in the system can 
be examined to determine the validity of the experimental results and 
to quantify the precision associated with those results. 

The main question when assessing uncertainties in the cloud 
chemistry simulation results i s : What system parameters have the 
greatest influence on the observed chemistry? Uncertainties in pre
viously observed transformation rates of SO2 to sulfate with this 
f a c i l i t y are as large as a factor of ten (5 ) . If we assume the f i r s t 
order rate of transformation of SO2 to SO4, RSO2» t 0 be 

where R is the gas law constant, Τ is the average temperature, 
AC$o4 is the sulfate concentration in the cloud water, ρ is the den
sity of water, A t r is the cloud l i fet ime, and Ρ$ο2 is the i n i t i a l gas 
phase SO2 concentration. A change in transformarion rate, aR$0o» is 
related to changes in each parameter by 

R Τ LWC AC, 

R (2) 
]2 " p A t r P S 0 2 
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o R S0 2
 = R S 0 2 

M 2
 + /oLWc\2

 + / g A C S 0 4 \ 2
 + /oAtp\2 / ^ S 0 2 \ 2 

T̂ j ι LWC ι M AC SO 4 1 U t r j y So 2 y 
1/2 

(3) 

The non-negligible terms in Equation 3 are temperature, l iquid water 
content, and cloud l i fetime. 

An analysis of data acquired in numerous experiments confirms the 
influence of var iabi l i ty in these parameters on measured S0 2 oxida
tion rates. LWC was found to be the most important physical 
variable. The var iabi l i ty in LWC, particle concentration, np, i n t i a l 
temperature, T-j, f inal temperature, Tf, dew point, T̂  and reaction 
time A t r for the total data set and four subsets composed of d i f 
ferent experimental matrices is l isted in Table II. Total set is 
composed of the mean values for al l experimental runs performed in 
the chamber while the four other sets refer to specif ic subsets of 
the total as defined by added trace gases (S0 2 , N0 2, O3 and 03/S02) 
and CCN size (0.1 ym diameter, 0.08 pm diameter or a polydisperse 
distr ibution). The var iabi l i ty in l iquid water is seen to be between 
11 and 27% for these sets. In order to reduce the var iabi l i ty in 
these parameters, a set of standard operating procedures was i n s t i 
tuted along with a dedicated computer for system control. 

Results 

Replicate experiments were performed in the absence of added trace 
gases to quantify the reproducibility of the physical parameters both 
with and without computer control. The results of these experiments 
are compared with previous results (5) in Table III. Standard 
operating procedures and computer controls have decreased the varia
b i l i t y in the observed l iquid water content, experiment duration, and 
f inal temperature from ± 0.65 to ± 0.10 g m*3, ± 180 to ± 5.35 s and 
± 1.73 to ± 0.27°C, respectively. 

For the results of Steele et a l . (5), using Equation 3, we find 

= 63.7% 

while the computer control case yields 

* R S 0 2 

- 5 — - = 14.5%. 
R S 0 2 

This represents an improvement of a factor of 4.4 in reaction rate 
uncertainty. 

An example of the LWC reproducibility using computer control is 
shown in Figure 2 for a set of un-normalized traces. This represents 
much improvement over ear l ier results where manual controls were 
used. The improvement in LWC var iabi l i ty can be compared with that 
expected from the theoretically derived uncertainty using a model of 
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Figure 2. Uncorrected traces of IR intensity from C0 2 transmis-
someter and the inferred l iquid water content LWC for several 
test runs. 
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the cloud simulation chamber system (9). It can be shown that the 
uncertainty in LWC, aLWC, is 

where P ^ and are the water vapor condensed out between the 
dewpointTd and final temperature Tf, Mw is the molecular weight of 
water, R is the ideal gas constant and L a constant of the system. 
For the experimental value of 3.24 g m~3 this yields a standard error 
of 0.083 g m""3 in close agreement with the observed value of 0.10 
g n r 3 . 

Summary 

The characterization of the factors which control the accuracy, pre
c i s i o n , and validity of measurements made in a simulation f a c i l i t y 
for studying in-cloud chemical processes was described. An analysis 
of a large number of experimental data collected under widely varying 
conditions was performed. Cloud l iquid water content, an observable 
pr incipal ly dependent on cooling rate and reaction time, was found to 
be the most influential of the physical factors controlling the 
resultant chemistry. In order to precisely control and reproduce 
the physical conditions in the simulation f a c i l i t y , standard 
operating procedures and computer control were instituted. This 
method reduced the uncertainty of the S0£ to sulfate transformation 
rate by a factor of 4.4. 

Application of these procedures to future work will y ield trans
formation rate data of known precision. Additional audits and proto
cols are necessary to derive data accuracy and val idity . One of the 
shortcomings of previous experiments is they provide only a value of 
the observable while neglecting these three attributes. The i n s t i t u 
tion of this methodology to chemical transformation data obtained 
with this system would y ield results with known uncertainty for use 
in models of atmospheric chemistry and physics. Application of the 
general methodology which comprises the overall measurement process 
is important not only in the context of measured transformation rates 
but also in al l experiments and programs where the collection of 
quality data is desired. 
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Chapter 16 

Comparisons of Wet and Dry Deposition: The First 
Year of THal Dry Deposition Monitoring 

Β. B. Hicks, R. P. Hosker, Jr., and J. D. Womack1 

National Oceanic and Atmospheric Administration, Atmospheric Turbulence and 
Diffusion Division, Post Office Box 2456, Oak Ridge, TN 37831 

A trial program has been initiated to test in fe ren t i a l 
methods for measuring dry deposition. Although present 
capab i l i t i e s are very l imi t ed , preliminary results for 
sulfur deposition at a few selected locations confirm 
expectations that submicron par t i c le deposition 
contributes far less sulfur than does sulfur dioxide gas 
exchange at the surface. Overa l l , average to t a l 
deposition of sulfur by dry mechanisms appears to be 
much the same as by wet deposition in the northeast, 
although the short-term difference can be large (in 
ei ther direct ion) at any par t icular locat ion. 

There i s no s imple device which enables the measurement of dry 
d e p o s i t i o n i n a manner as convenient as f o r wet d e p o s i t i o n . In s t ead , 
compara t ive ly l e s s d i r e c t methods must be used, none of which i s 
f u l l y proven as y e t . For p a r t i c l e exchange, l ea f -wash ing and th rough-
f a l l techniques (1) can prov ide measurements of the accumulated 
depos i t on n a t u r a l s u r f a c e s . L i k e w i s e , accumula t ion on snow surfaces 
can be sampled, and subjec ted to subsequent chemical a n a l y s i s . I t i s 
e v i d e n t , however, tha t such methods on ly apply i n c e r t a i n c i r c u m 
s t ances . Budget techniques are sometimes advocated, such as i n 
the case of c a l i b r a t e d watersheds , but these have r a r e l y d e l i v e r e d 
unequ ivoca l r e s u l t s . The d i f f i c u l t y tha t a r i s e s i s tha t the dry 
d e p o s i t i o n must n e c e s s a r i l y be computed as the d i f f e r e n c e between 
p o o r l y determined i n - f l o w and o u t - f l o w measurements. These, and, a 
wide v a r i e t y of o ther exper imenta l methods, have been reviewed 
elsewhere (2) . 

Few such techniques are a p p l i c a b l e i n the case of t r ace gas 
exchange; i n s t e a d , m i c r o m e t e o r o l o g i c a l methods have r i s e n i n 
p o p u l a r i t y . In concept , such methods eva lua te the f l u x across a 
plane above the surface r a the r than the d e p o s i t i o n at the surface 
i t s e l f . Cons ide rab le care i s necessary to ensure tha t the f l u x 
eva lua ted above the surface i s the same as that at the su r f ace . Th i s 
c o n s t r a i n t i s the reason f o r the w i d e l y acknowledged mic rometeoro lo 
g i c a l requirements f o r un i form c o n d i t i o n s , surface homogeneity, and 
t e r r a i n s i m p l i c i t y . The most common m i c r o m e t e o r o l o g i c a l methods are 
e d d y - c o r r e l a t i o n and the i n t e r p r e t a t i o n of g rad ien t s (2 ) . Of these 

1 On assignment from Oak Ridge Associated Universities 

This chapter is not subject to U.S. copyright. 
Published 1987, American Chemical Society 
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16. HICKS ET AL. Comparisons of Wet and Dry Deposition 197 

two, e d d y - c o r r e l a t i o n i s p r e f e r r e d because i t provides a d i r e c t 
measurement of the t u r b u l e n t f l u x , whereas gradient methods r e l y on 
the a v a i l a b i l i t y of an eddy d i f f u s i v i t y i n order to y i e l d the d e s i r e d 
answers. This eddy d i f f u s i v i t y i s f r e q u e n t l y d i f f i c u l t to d e r i v e . 

I n general, the t u r b u l e n t exchange of trace gas and a e r o s o l 
p a r t i c l e s cannot always be assumed to be downwards. For many trace 
gases, the surface c o n s t i t u t e s both a source and a s i n k , l e a d i n g to 
wide temporal v a r i a t i o n s i n both the d i r e c t i o n and the magnitude of 
the net exchange. For some chemical s p e c i e s , however, the surface can 
be assumed to be a c o n t i n u i n g s i n k . Such species i n c l u d e s e v e r a l 
chemical compounds of current importance, such as s u l f u r d i o x i d e , 
n i t r i c a c i d vapor, and ozone. In such i n s t a n c e s , dry d e p o s i t i o n 
f l u x e s to n a t u r a l surfaces can be i n f e r r e d from a i r concentration 
data, provided accurate e v a l u a t i o n s are a v a i l a b l e of the e f f i c i e n c y 
w i t h which the surface scavenges p o l l u t a n t s from the a i r to which i t 
i s exposed. This simple approach i s the foundation f o r the s o - c a l l e d 
c o n c e n t r a t i o n monitoring or i n f e r e n t i a l method f o r assessing dry 
d e p o s i t i o n . 

The i n f e r e n t i a l method r e l i e s upon the a v a i l a b i l i t y of accurate 
c o n c e n t r a t i o n data and corresponding d e p o s i t i o n v e l o c i t i e s . However, 
knowledge of these p r o p e r t i e s alone does not permit the d e s i r e d 
d e p o s i t i o n data to be computed. As an extension of dry d e p o s i t i o n 
research programs, a t r i a l network has been set up to t e s t the 
i n f e r e n t i a l method. Here, the s c i e n t i f i c b a sis f o r the network 
ope r a t i o n w i l l be discussed, and p r e l i m i n a r y data w i l l be presented. 

T h e o r e t i c a l Foundations 

Figure 1 presents an example of eddy f l u x data from a recent 
i n t e n s i v e f i e l d program. The d i u r n a l c y c l e which i s c h a r a c t e r i s t i c 
of most d e p o s i t i o n phenomena i s c l e a r l y evident. I f the goal i s to 
d e r i v e weekly averaged values of dry d e p o s i t i o n , so as to p a r a l l e l 
the weekly averaged wet d e p o s i t i o n data produced by the N a t i o n a l 
Trends Network, then two options are a v a i l a b l e . E i t h e r concen
t r a t i o n s and d e p o s i t i o n v e l o c i t i e s must be derived w i t h s u f f i c i e n t 
time r e s o l u t i o n to r e s o l v e the d i u r n a l c y c l e , l e a d i n g to an 
assessment of the weekly average as an i n t e g r a l of the time v a r y i n g 
product, or both p r o p e r t i e s must be averaged over a s u f f i c i e n t l y long 
time that the average values have s t a t i s t i c a l u n c e r t a i n t y small i n 
comparison to the d i u r n a l c y c l e . Because of the cost of chemical 
a n a l y s i s , the second a l t e r n a t i v e i s p r e f e r r e d , i f i t can be a p p l i e d 
without great l o s s of p r e c i s i o n . I t i s p a r t l y f o r t h i s reason that a 
nested network operation has been i n i t i a t e d . 

F i gure 2 shows the t r i a l network as i t i s p r e s e n t l y configured, 
i n c l u d i n g the supporting sub-network of more i n t e n s i v e measurements 
intended to provide benchmark data f o r t e s t i n g the i n f e r e n t i a l 
methods. At s t a t i o n s of t h i s s p e c i a l sub-network (the "CORE" 
network), data are recorded w i t h f i n e r time r e s o l u t i o n , and 
d e p o s i t i o n f l u x e s are measured us i n g more d i r e c t measurement 
techniques whenever p o s s i b l e . 

Measurement of Deposition V e l o c i t y 

E s t i m a t i o n of appropriate d e p o s i t i o n v e l o c i t i e s r e q u i r e s balanced 
c o n s i d e r a t i o n of a l l of the f a c t o r s c o n t r o l l i n g the t r a n s f e r of the 
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ι 1 1 1 1 1 
A ο WEST POINT, NY 

• WHITEFACE MOUNTAIN, NY 
Δ OAK RIDGE, TN 
A S T A T E C O L L E G E , PA 

. fc3SV* Δ · ι Δ Αι ι 
Ο 20 40 60 

SULFUR AS S 0 2 ( m g / m 2 / w k ) 

Figure 1. An example of a time sequence of eddy f l u x 
measurements of submicron s u l f a t e p a r t i c l e s , obtained during a 
recent study over a deciduous f o r e s t at Oak Ridge, TN. Note 
that negative values i n d i c a t e fluxes d i r e c t e d towards the 
ground, i . e . , deposition. 

Figure 2. The NOAA dry deposition t r i a l network. A d d i t i o n a l 
s t a t i o n s with s i m i l a r goals but with expanded emphasis on a i r 
chemistry are presently being set up by the Environmental 
P r o t e c t i o n Agency, with an i n i t i a l concentration of e f f o r t i n 
the northeast. 
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m a t e r i a l of i n t e r e s t . For some chemical species that are captured 
e f f i c i e n t l y upon contact w i t h any n a t u r a l surface (such as n i t r i c 
a c i d vapor), these f a c t o r s are l a r g e l y aerodynamic. Most d i s c u s s i o n 
of the subject i d e n t i f i e s two major atmospheric r e s i s t a n c e components 
i n f l u e n c i n g t r a c e gas and submicron p a r t i c l e t r a n s f e r : an aerodynamic 
r e s i s t a n c e which i s c o n t r o l l e d by wind speed, surface roughness, and 
atmospheric s t a b i l i t y , and a quasi-laminar boundary l a y e r r e s i s t a n c e 
which i s determined by surface f r i c t i o n and the molecular d i f f u s i v i t y 
of the substance i n question. 

B i o l o g i c a l r e s i s t a n c e s are important i n the case of gases l i k e 
s u l f u r d i o x i d e , which enter p l a n t biomass through storoata. S u l f u r 
d i o x i d e i s known to be t r a n s f e r r e d to mesophyllic t i s s u e i n much the 
same way as carbon d i o x i d e ( 3 ) . The photosynthetically-mediated 
exchange p r o p e r t i e s of p l a n t s are therefore c r i t i c a l l y important. 
F i e l d experiments have shown that n i t r o g e n d i o x i d e and ozone are 
t r a n s f e r r e d s i m i l a r l y , although questions concerning the s o l u b i l i t y 
of these species and the corresponding d i f f i c u l t i e s w i t h which they 
enter moist mesophyllic t i s s u e remain to be answered. 

A l l of the many b i o l o g i c a l t r a n s f e r processes combine to 
determine a net surface r e s i s t a n c e to t r a n s f e r . E m p i r i c a l 
r e l a t i o n s h i p s can be used to i n f e r stomatal r e s i s t a n c e from data on 
p h o t o s y n t h e t i c a l l y a c t i v e r a d i a t i o n , water s t r e s s , temperature, 
atmospheric humidity and carbon d i o x i d e l e v e l s . The r e s u l t i n g net 
surface r e s i s t a n c e has been coupled w i t h mathematical d e s c r i p t i o n s of 
aerodynamic and boundary-layer r e s i s t a n c e s i n a " b i g l e a f " model 
deriv e d on the b a s i s of a g r i c u l t u r a l and f o r e s t meteorology 
l i t e r a t u r e ( 4 ) . At present, the b i g - l e a f model i s r e l a t i v e l y coarse, 
p e r m i t t i n g a p p l i c a t i o n only to areas dominated by maize, soybeans, 
grass, deciduous t r e e s , and c o n i f e r s . 

In p r a c t i c e , t h i s b i g - l e a f surface r e s i s t a n c e model i s an 
engineering t o o l designed f o r r o u t i n e a p p l i c a t i o n . A considerably 
more s o p h i s t i c a t e d , m u l t i l e v e l canopy model has been developed f o r 
comparison purposes and to guide the f u t u r e development of the 
b i g - l e a f component. D e t a i l s of both the engineering b i g - l e a f model 
and the subcanopy model are presented elsewhere (4, 5). 

Measurement of Concentration 

Accurate measurement of a i r q u a l i t y i s a demanding but r e l a t i v e l y 
s t r a i g h t f o r w a r d chemical task. In the present context, the 
measurement program i s complicated by the need to o b t a i n data i n 
remote l o c a t i o n s where concentrations are low. Concentrations must 
be measured w i t h an accuracy s i m i l a r to the d e r i v a t i o n of d e p o s i t i o n 
v e l o c i t i e s ( i . e . , probably of the order of ± 30%). There are, of 
course, other uses f o r the chemical data f o r which greater accuracy 
i s c e r t a i n l y warranted. As a convenient goal to guide the chemical 
measurement program, an accuracy of ± 10% has been targeted. 

Several i n t e g r a l measurement methods were evaluated i n the e a r l y 
stages of t h i s program. The wet-chemistry bubbler system deployed i n 
Europe f o r remote measurement purposes cannot d i s t i n g u i s h d i f f e r e n t 
chemical s p e c i e s . Since the d e p o s i t i o n v e l o c i t y i s very species 
dependent, c l e a r d i s t i n c t i o n among d i f f e r e n t chemical species i s 
r e q u i r e d to derive dry d e p o s i t i o n r a t e s . F i l t e r p a c k methods have 
l i m i t a t i o n s as w e l l . At the 1982 T e c h n i c a l Committee meeting of the 
N a t i o n a l Atmospheric D e p o s i t i o n Program, conducted i n St. L o u i s , a 
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f i l t e r p a c k method was recommended, provided m o d i f i c a t i o n s could be 
made to r e s o l v e s e v e r a l perceived d i f f i c u l t i e s . The d e s i r e d 
f i l t e r p a c k system would permit simple measurement of submicron 
a e r o s o l p a r t i c l e s using a T e f l o n f i l t e r , d e t e c t i o n of n i t r i c a c i d 
vapor u s i n g a subsequent nylon f i l t e r , and measurement of s u l f u r 
d i o x i d e u s i n g a f i n a l f i l t e r doped w i t h potassium carbonate (or 
a l t e r n a t i v e l y , potassium bicarbonate, sodium carbonate, or sodium 
bicar b o n a t e ) . I t was recommended that l a r g e p a r t i c l e s be excluded 
from the sampling system, since t h e i r d e p o s i t i o n cannot be w e l l 
addressed u s i n g the i n f e r e n t i a l methods as they are now employed. A 
h o r i z o n t a l i n t a k e tube i s p r e s e n t l y being used to permit l a r g e 
p a r t i c l e s to s e t t l e before the f i r s t f i l t e r of the f i l t e r p a c k i s 
encountered. A heating element along t h i s tube r a i s e s the 
temperature of the a i r passing through the tube, so as to maintain a 
near-constant temperature at the f i l t e r faces ( t y p i c a l l y about 25 C). 
This has e s s e n t i a l l y e l i m i n a t e d occasions of f i l t e r l i q u e f a c t i o n . 

I t i s acknowledged that heating the incoming a i r stream w i l l 
have adverse consequences i n the case of some chemical s p e c i e s . In 
p a r t i c u l a r , i t i s feared that apparent n i t r i c a c i d concentrations 
w i l l be a f f e c t e d by the consequences of v o l a t i l i z a t i o n of ammonium 
n i t r a t e p a r t i c l e s , should such p a r t i c l e s e x i s t i n the a i r being 
sampled. As y e t , there are i n s u f f i c i e n t data to address t h i s 
q u e s tion d i r e c t l y . The s e l f - r e g u l a t i n g heater a p p l i e s the g r e a t e s t 
temperature increment during the c o l d e s t c o n d i t i o n s , so that the 
thermal d i u r n a l c y c l e to which the f i l t e r s are exposed i s 
s u b s t a n t i a l l y reduced. In the context of n i t r i c a c i d vapor 
measurement, i t i s not yet c l e a r whether the heater i s a net p o s i t i v e 
or negative i n f l u e n c e . From the viewpoint of the v a l i d i t y of the 
s u l f u r d i o x i d e concentrations that are obtained, there i s no such 
doubt; the heater i s an advantage. 

S i t e Operations 

The chemical sampler described above i s operated at each of the s i t e s 
i n Figure 2, along w i t h a set of m e t e o r o l o g i c a l and surface sampling 
devices s e l e c t e d to provide data from which d e p o s i t i o n v e l o c i t i e s can 
be derived. The methods by which these data are analyzed and d e t a i l s 
of the measurements being made are given elsewhere ( 4 ) . In 
p a r t i c u l a r , sensors have been deployed to detect when d e w f a l l , r a i n , 
e t c . cause the f o l i a g e to be moistened. When the canopy i s wet, i t 
i s known to be an improved s i n k f o r s u l f u r d i o x i d e . However, the 
magnitude of the e f f e c t on d e p o s i t i o n v e l o c i t y i s not yet w e l l known. 

F i e l d s i t e operators are r e q u i r e d to s e r v i c e the equipment once 
every week, at the same time as r e q u i r e d by wet d e p o s i t i o n networks. 
At the time of t h i s w r i t i n g , d i s c u s s i o n s are t a k i n g place concerning 
p o s s i b l e m o d i f i c a t i o n s to both the instrumentation and sampling 
p r o t o c o l s used i n the i n i t i a l stages of t h i s t r i a l network op e r a t i o n . 

Results 

Figures 3, 4, and 5 i l l u s t r a t e month by month comparisons between wet 
and dry d e p o s i t i o n of s u l f u r , as derived from the dry d e p o s i t i o n 
o p e r a t i o n described here and from the published records of the MAP3S 
p r e c i p i t a t i o n chemistry network. For the dry d e p o s i t i o n , i n f e r r e d 
values of the d e p o s i t i o n of s u l f u r as s u l f u r d i o x i d e have been added 
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A S O N D J F M A M J J A S O N D J 
1984 1985 

MONTH 

Figure 3. A comparison between dry and wet d e p o s i t i o n r a t e s of 
s u l f u r , as computed from the t r i a l dry d e p o s i t i o n data reported 
here and from records of MAP3S p r e c i p i t a t i o n chemistry network, 
f o r Oak Ridge, Tennessee. Data are reported as average weekly 
values, computed f o r each month. 

A S O N D J F M A M J J A S O N D J 
1984 1985 

MONTH 

Figure 4. As i n Figure 3, but f o r State College, Pennsylvania. 
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A S O N D J F M A M J J A S O N D J 
1984 1985 

MONTH 

Figure 5. As i n Figure 3, but f o r Whiteface Mountain, New York. 

Figure 6. A comparison between weekly s u l f u r d e p o s i t i o n 
a s s o c i a t e d with submicron p a r t i c l e s and the corresponding 
d e p o s i t i o n r e s u l t i n g from s u l f u r d i o x i d e uptake at the surface. 
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onto the va lues deduced f o r the d e p o s i t i o n of s u l f u r as submicron 
s u l f a t e . For the wet d e p o s i t i o n , the t o t a l s u l f u r content of the 
p r e c i p i t a t i o n samples i s used . Values are repor ted as the average 
weekly d e p o s i t i o n f o r each month. 

As y e t , the data do not permit a c l e a r p i c t u r e of the comparison 
between wet and dry d e p o s i t i o n of s u l f u r . For some p e r i o d s , i t i s 
ev iden t tha t dry d e p o s i t i o n g r e a t l y exceeds wet , but f o r o ther 
pe r iods the oppos i te i s t r u e . At t h i s t ime , g e n e r a l i z a t i o n i s not 
p o s s i b l e , nor are the dry d e p o s i t i o n va lues computed w i t h enough 
conf idence to warrant extended d i s c u s s i o n . In p a r t i c u l a r , the 
d e r i v a t i o n of dry d e p o s i t i o n assumes, f o r the moment, tha t surfaces 
when wetted behave as i f they were wet ted by r a i n f a l l ( t y p i c a l l y 
c o n t a i n i n g d i s s o l v e d S O 2 as a consequence of t h e i r f a l l through the 
lower atmosphere and hence a poor r ecep to r f o r d e p o s i t i n g S O 2 
m o l e c u l e s ) , whereas i n r e a l i t y w e t t i n g by d e w f a l l w i l l cause an 
i n c r e a s e i n the s u l f u r d i o x i d e d e p o s i t i o n r a t e s . For t h i s reason, 
the dry d e p o s i t i o n va lues p l o t t e d i n F igu re s 3, 4, and 5 are viewed 
as underes t imates , l i k e l y to be i nc rea sed somewhat as the r e s u l t of 
r e sea rch p r e s e n t l y under way. 

F i g u r e 6 i s a p l o t of p a r t i c u l a t e s u l f u r d e p o s i t i o n versus the 
gaseous component. I t i s o f ten c la imed tha t the d e p o s i t i o n of s u l f u r 
as submicron p a r t i c l e s i s s m a l l i n comparison to the d e p o s i t i o n as 
gaseous s u l f u r d i o x i d e . I n s p e c t i o n of the diagram r e v e a l s tha t the 
present data and a n a l y s i s are i n support of t h i s common c o n t e n t i o n . 

Conc lus ions 
I n the absence of some gene ra l technique s u i t a b l e f o r mon i to r ing dry 
d e p o s i t i o n , i n f e r e n t i a l methods p rov ide a s o l u t i o n . The t r i a l 
network p r e s e n t l y i n p lace appears to be ope ra t i ng as expected . 
Weekly data produced by t h i s network a l r eady r e v e a l the expected 
importance of dry d e p o s i t i o n as a major c o n t r i b u t o r to the net i npu t 
of atmospheric s u l f u r to t e r r e s t r i a l ecosystems, and show the expected 
dominance of gaseous i npu t over submicron p a r t i c l e d e p o s i t i o n . 
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Chapter 17 

Rainwater Chemistry near an Isolated 
SO 2 Emission Source 

Richard J. Vong1, Timothy V. Larson1, William H. Zoller3, David S. Covert2, 
Robert J. Charlson4, Ian Sweet1, Richard Peterson3, Theresa Miller3, 

John F. O'Loughlin3, and Margaret N. Stevenson3 

1Department of Civil Engineering, University of Washington FX-10, Seattle, WA 98195 
2Department of Environmental Health, University of Washington FX-10, 

Seattle, WA 98195 
3Department of Chemistry, University of Washington FX-10, Seattle, WA 98195 

4Department of Atmospheric Sciences, University of Washington FX-10, 
Seattle, WA 98195 

A network of 38 rainwater collection sites was 
established in the S e a t t l e - T a c o m a a r e a o f 
Washington S t a t e bo th upwind and downwind o f the 
dominant regional SO2 emission s o u r c e , a copper 
smelter. R a i n w a t e r samples were chemically 
analyzed f o r pH, major i o n s and trace m e t a l s (via 
I N A A ) . Results a r e p r e s e n t e d f o r a precipitation 
even t sampled by the network on F e b r u a r y 1 4 - 1 5 f 

1985. Two collectors were o p e r a t e d a t each site 
with these paired results statistically s c r e e n e d 
for potential c o n t a m i n a t i o n based on i n d p e n d e n t l y 
measured e x p e r i m e n t a l uncertainties. G e o g r a p h i c a l 
mapping o f r a i n w a t e r concentrations demons t ra ted a 
clear enhancement o f Η+, exces s SO4=, and 
trace m e t a l s downwind o f the smelter. Principal 
component analysis revealed the influence o f 
seasalt, crustal material, and a component 
interpreted t o r e p r e s e n t s m e l t e r SO2 and trace 
m e t a l emissions. 

It is important to improve our understanding of the complex 
re lat ionships between emissions and subsequent deposition 
of atmospheric sulfur compounds. These re lat ionships are 
d i f f i c u l t to examine in the northeastern United States and 
in central Europe because the r e l a t i v e contributions of 
l o c a l and distant emissions vary. In the Puget Sound area 
of Washington State clean background a i r (1) moves inland 
from the P a c i f i c Ocean past a r e l a t i v e l y small number of 
emission sources. Most prec ip i ta t i on f a l l s as ra in and is 
associated with cyclonic fronta l systems which resu l t in 
steady southwesterly a i r flow a l o f t . The combination of a 
clean background, very few sulfur sources, and consistent 
meteorology suggests that rainwater source-receptor 
re lat ionships may be simpler in the Puget Sound area than 
elsewhere. 0097-6156/87/0349-0204$06.00/0 

© 1987 American Chemical Society 
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17. VONG ET AL. Rainwater Chemistry near an Isolated S02 Emission Source 205 

The two major S0 2 emission sources in Western 
Washington are a copper smelter located in Tacoma, WA. 
(4 kg/sec S0 2) and a coal f i r e d power plant located near 
Centralia,WA. (1.7 kg/sec S0 2). Additional S0 2 sources 
in the Seattle-Tacoma area t o t a l about 50 percent of the 
smelter 1s S0 2 emissions. 

The approach taken to observe the impact of the 
copper smelter on mesoscale variations rainwater 
composition was to determine the s p a t i a l , temporal, and 
experimental components of the v a r i a b i l i t y of a number of 
appropriate chemical species in the rainwater. This paper 
presents results for 1985, during smelter operation, and 
includes: (1) estimates of the experimental v a r i a b i l i t y in 
chemical composition, (2) an approach for a two step 
chemical and s t a t i s t i c a l screening of the data set, (3) the 
sp a t i a l variation in rainwater composition for a storm 
collected on February 14-15, and (4) a p r i n c i p a l component 
analysis of the rainwater concentrations to help ide n t i f y 
source factors influencing our samples. 

Experimental 

A network of 38 rainwater sampling sites was established 
upwind and downwind of the copper smelter in the 
Seattle-Tacoma area of Washington State. Figure 1 shows 
the location of the rainwater sampling s i t e s , the copper 
smelter, and urban areas of Western Washington State. 
Storms sampled by this network were pre-selected based on 
synoptic meteorological information in an attempt to sample 
cyclonic frontal rain that was f a i r l y uniform over the 80 
km. extent of our network. The sampling protocol required 
that a period of good atmospheric ventilation preceed rain 
sampling. Dry deposition was not evaluated but is expected 
to be small compared to wet deposition due to low ambient 
pollutant concentrations during rainy weather. 

Surface wind speed and direction from six sites were 
available at four hour intervals during the 24 hour sample 
co l l e c t i o n . These data indicate that surface winds in the 
Tacoma-Seattle area were consistently southwesterly at 10 
knots on February 14-15. A rawindsonde confirmed 
southwesterly flow a l o f t . Frontal precipitation as rain 
occurred with the mean r a i n f a l l accumulation across the 
network of 0.5 cm. in a 3 hour period. 

Hydrogen ion was computed from measurements of pH on 
the unfiltered rainwater samples. The samples were then 
f i l t e r e d and chemically analyzed by inductively coupled 
argon plasma emission spectroscopy (ICP) for the soluble 
fraction of Na, Mg, Ca, K, Fe, and Zn, =by i<j>n 
chromatography (IC) for NÔ  , Cl , SO^ , Na , 
and NH. , by flameless atomic absorption spectroscopy 
(AAS) for Pb, and by instrumental neutron activation 
analysis (INAA) for the soluble fraction of Na, A l , T i , Ca, 
Cu, V, Mn, In, Br, Sb, As, and Au. 50 ml of the f i l t e r e d 
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206 THE CHEMISTRY OF ACID RAIN 

rainwater was frozen, freeze-dried to residue, re-dissolved 
in Ultrex HNÔ  and deionized H20, transfered to 
polyethylene Bags, and again freeze-dried to residue for 
INAA. Irradiation with thermal neutrons was performed at 
the Los Alamos Omega West reactor. The f i r s t i r r a d i a t i o n 
(shorts) was for 5 minutes with a flux of 6 * 10 
n/cm /sec. Later there was a second,irradiation (longs) 
for 4 hours with a flux of 9.7 * 10 n/cm /sec. Shorts 
were counted on a Ge(Li) detector for 5 minutes after a 5 
min. decay and for 19 min. after a 20 min. decay. Longs 
were counted on a Ge detector for 4 hours after a 3-5 day 
decay and 8 hours after a 30 day decay. The f i l t e r s used to 
remove particulate matter from the rainwater samples also 
were analyzed by INAA to determine the insoluble fraction 
of trace metal species. 

Two pre-washed (ΗΝΟ^, then repeated d i s t i l l e d , 
deionizied H20 rinses u n t i l conductivity was less than 1 
uS/cm) funnel and bottle collectors were deployed at each 
s i t e in response to a weather forecast. The sites were 
operated by community college students, Seattle Water 
Department personnel, high school teachers and students, 
and University of Washington personnel. At one 'control 1 

s i t e which we operated ourselves at a representative but 
p a r t i c u l a r l y ideal location (behind a locked gate on a 
large grassy f i e l d which was well removed from t r a f f i c and 
combustion sources), ten co-located samples were collected 
to determine the 1uncontaminated· experimental 
uncertainties. These measurements quantify the overall 
experimental uncertainties due to the rain sampler 
preparation, handling, and transport to the f i e l d s i t e , 
rainwater c o l l e c t i o n , sample f i l t r a t i o n and storage, and 
the a n a l y t i c a l procedures. Table 1 presents these 
uncertainties for the 10 co-located samplers. For rain 
amount, H , S04"~, As, Sb, Mg, Cl"", and NO^" the 
measured f i e l d c o l l e c t i o n and chemical analysis combined 
uncertainties represented 4-13 percent of the measured 
concentrations. For Na , Pb, and Ca the measured 
uncertainties represented 22-26 percent of the measured 
concentrations. 

Data Screening 

The paired samples which were collected at each s i t e 
were compared to the results of the 10 sampler experiment 
to detect samples of poor quality. This procedure was 
u t i l i z e d to insure than experimental uncertainties did not 
contribute to the observed variation in composition. The 
variance for each species l i s t e d in Table 1 from the 
control s i t e was s t a t i s t i c a l l y compared to the variance for 
the paired samples at a l l sites with an F-test. One of the 
paired measurements at a s i t e was rejected i f their 
variance was s i g n i f i c a n t l y (p <0.005) greater than measured 
at the control s i t e and one of the pair had a 
s i g n i f i c a n t l y (p <0.005) poorer charge balance (sum of 
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Table I 
Experimental uncertainty from 10 Co-located Samplers 
Collected at one 'Control 1 Site for Two Rain Events 
(Expressed as the average of two storms in stated units) 

Analyte Meana Units Std.Dev. b (100* b/a) 

CI 31.1 ueq/L 3.9 13 % 
NO 3 5.8 ueq/L 0.3 5 % 
H+ 13.1 ueq/L 0.54 4 % 
rain 0.5 cm 0.03 6 % 
S04 16.7 ueq/L 0.83 5 % 
As 8.5 ppb 0.88 10 % 
Sb 0.83 ppb 0.098 12 % 
Pb 4. ppb 1. 25 % 
Na 23.4 ueq/L 5.2 22 % 
Mg 6.6 ueq/L 0.5 8 % 
Ca 10.6 ueq/L 2.8 26 % 
NH4 * 3.3 ueq/L 2.3 * 70 % * 

a Average for two storms except As, Sb, NH^ which are 
one storm. 

b Standard deviation as the mean of the two standard 
deviation(s). 

* Below detection l i m i j samples reduce confidence in 
the NĤ  result. NH^ precision is not well 
determined. 
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cations/anions either less than 0.88 or greater than 1.2) 
than the 'control 1 s i t e samples. Remaining pairs were 
averaged before further analysis. Five percent of the 
measurements were rejected based on this s t a t i s t i c a l and 
charge balance c r i t e r i a (2). 

Results 

The rainwater chemical concentrations were examined to 
determine the s p a t i a l variations of several species over 
the mesoscale extent of the sampling network. Geographical 
mapping of rainwater concentrations demonstrated an 
enhancement of Η , SO Γ, As, Pb, Cu, In, and Sb 
downwind of the smelter (to the northeast), consistent with 
the hypothesis that the smelter was an important source of 
these species. 

Figure 2 depicts the variation in excess, non-seasalt, 
SO-" (S0,~xs, calculated as SO." minus 0.25 * 
Na on a mass basis), Η from pH, t o t a l As (sum of 
soluble and insoluble), and soluble Pb over the network for 
a storm sampled on February 14-15, 1985. For this storm, 
the insoluble fraction of As was 20 percent of the 
concentrations in the soluble phase and was very s i m i l i a r 
to soluble As in geographical d i s t r i b u t i o n . Except for Pb, 
the plotted concentrations are highest just to the 
northeast of the smelter. Pb and N0 3" are generally 
highest in the Seattle area and further northeast although 
Pb was also elevated near the copper smelter for other 
storms collected by our network. This is_consistent with a 
possible automotive source of Pb and N0^ in the 
Seattle area. + 

Other species of interest include Sb, Ca, Na , 
and V. Soluble and insoluble Sb had very s i m i l i a r 
geographical distributions to that of As. The mass r a t i o of 
As/Sb in rainwater was 8:1, s i m i l i a r to their r a t i o in 
a i r c r a f t samples collected in February 15, 1986 in smelter 
plume (3) and to the As/Sb r a t i o in fine and t o t a l 
p a r t i c l e s collected at two ground l e v e l sites in the middle 
of our network, during the same precipitation event. Ca and 
V are highest north of the c i t y of Seattle, consistent 
with a possible influence by a cement plant and fuel 
burning sources which are located in the i n d u s t r i a l area 
just upwind (to the southwest). V was present iiji the 
soluble and insoluble fractions of the rain . Na i s 
largely present in the soluble fraction and is highest in 
the Olympia and Tacoma areas south of the smelter, 
consistent with the location of those sites generally 
closer to the Puget Sound. 

We have analyzed the rainwater chemical data with 
multivariate data analysis techniques to identify sources 
influencing the area covered by our sampling network. Two 
events were included in the p r i n c i p a l component analysis 
(PCA): the February 15 storm presented here and another 
storm collected during smelter operation on March 20, 1985 
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17. VONG ET AL. Rainwater Chemistry near an Isolated S02 Emission Source 209 

Figure 1: Map of Western Washington State, USA with rainwater 
sampling s i t e s i n d i c a t e d along with the l o c a t i o n of 
the copper smelter and urban population centers. 

Figure 2: S p a t i a l v a r i a t i o n of rainwater H , SO^xs, As, and Pb 
concentrations f o r a storm c o l l e c t e d February 14-15, 
1985. S o l i d and dashed l i n e s define constant concentrations 
(units i n d i c a t e d on map). 
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and reported elsewhere (2). The calculations were performed 
using the ARTHUR software (4). Since the concentrations of 
each species over the network were more nearly log-normal 
than normal, the data were natural-log transformed before 
further analysis. The data were also preprocessed 
('autoscaled') to give each variable equal weight in the 
PCA (4,5). The number of s i g n i f i c a n t components in the 
rainwater data was determined to be 3-5 based on the 
Malinowski indicator function c r i t e r i a or cross-validation 
which determine the number of components that minimize the 
residual variance not described by the model (6,7). These 
components were examined for the loadings of each species 
(how well a species correlates with the component). The 
chemical composition of each factor or component was 
interpreted to be the chemical species with factor loadings 
of at least 0.25 (2,5). The composition of the three 
s i g n i f i c a n t components i s : 

(a) Mn, A l , Ca, T i , V (insoluble), N0 3~(soluble), 
(b) As, Sb, Pb, Cu, Fe, Η , SO- xs (both soluble and 

insoluble fractions of the metals), 
(c) Na , CI"", Mg (soluble). 

These three components describe 62 percent of the 
variance in the o r i g i n a l data set (2). Component (a) i s 
interpreted to represent a low leve l influence of crustal 
material on our samples. Component (c) is interpreted to 
represent the influence of seasalt due to the proximity of 
our sampling area to saltwater in the Puget Sound. 

Component (b) may represent the influence of the Tacoma 
copper =smelter emissions. It could result from production 
of SO- from atmospheric oxidation of S0 2 in the gas 
or l i q u i d phases. The chemical composition of component (b) 
also corresponds to the trace metal fingerprint of the 
Tacoma copper smelter as i d e n t i f i e d in several studies 
(5)(8)(9)(10). The values of factor scores for component 
(b) can be thought of as the r e l a t i v e degree of influence 
of the smelter's emissions at a given s i t e in our rain 
sampling network. As expected, the lowest factor scores for 
component (b) correspond to the meteorologically upwind 
area of our network (south of the smelter) and the highest 
factor scores occur immediately downwind of the smelter (to 
the northeast) (2). In other words, the data correlations 
for this p r i n c i p a l component have a s i m i l i a r s p a t i a l 
variation as the single species which are mapped in 
Figure 2. 

Discussion 

Examination of the spatia^. variation in the concentrations 
of excess SO^ , As, and H reveals an area of 
influence of some source of sulfur and arsenic on rainwater 
composition immediately to the northeast (downwind) of 
Tacoma,WA. Since the Tacoma smelter is the major emission 
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17. VONG ET AL. Rainwater Chemistry near an Isolated S02 Emission Source 211 

source of As and S0 2 in the region, i t is very probable 
that the smelter is the source of those same species in 
downwind rain and also the cause of the depression in 
rainwater pH. 

Pr i n c i p a l component analysis has i d e n t i f i e d at least 
three factors which contribute to the composition of 
rainwater near the copper smelter. Seasalt and crustal 
material are two important contributors to the soluble and 
insoluble fractions, respectively, of our rain samples. The 
remaining component has been interpreted to result from the 
gaseous and particulate emissions from the copper smelter. 
Smelter emissions can potentially produce at least two 
separate components, considering that the rainwater excess 
SO^ i s most l i k e l y produced by gas or l i q u i d phase 
oxidation of gaseous SO- emissions from the smelter (or 
other smaller S0~ sources), the trace metals in component 
(b) are emitted By the smelter as p a r t i c l e s , and the large 
number of resulting pathways for incorporation of the two 
types of smelter emissions into cloud and rain drops. 
However, for the ŵo events examined in this analysis, the 
trace metal and H /S0."~xs component concentrations 
were best described by a single p r i n c i p a l component. 

Conclusions 

Measurement of the experimental uncertainties in our 
rain sampling procedures and the application of these 
uncertainties in a screening procedure to eliminate 
questionable samples from the data set increases the 
confidence in the interpretation of s p a t i a l variations in 
rainwater composition and of the p r i n c i p a l component 
analysis. Results presented here for a storm collected 
during smelter operation suggest that i t was the major 
source of the downwind excess SO." elevation above 
background and the pH depression below the background value 
of 5. 
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Chapter 18 

Sulfur, Halogens, and Heavy Metals 
in Urban Summer Rainfall 

S. Landsberger1,3, S. J. Vermette2, and J. J. Drake2 

1Nuclear Reactor, McMaster University, Hamilton, Ontario L8S 4K1, Canada 
2Department of Geography, McMaster University, Hamilton, 

Ontario L8S 4K1, Canada 

We have employed two multi-elemental techniques 
(INAA and ICP-AES) to determine sulphur, halogens 
and 14 other trace elements in urban summer rain
fall. Quality control was assured using NBS 
reference materials. The overall accuracy and 
precision of these two methods makes possible the 
routine analysis of many environmentally important 
trace elements in acid rain related investigations. 
Enrichment factor calculations showed that several 
elements including S, Cu, Zn and Cr were abnormally 
enriched in the urban atmosphere. A comparison of 
three separate sites showed a strong gradient of 
metal deposition from the industrial to the out
laying areas. 

The study of p o l l u t a n t d e p o s i t i o n i n an urban environment i s o f t en 
reported from bulk r a i n samples (1) without due c o n s i d e r a t i o n being 
g iven to the i n d i v i d u a l c o n t r i b u t i o n s of wet and dry d e p o s i t i o n . 
The i n t e r p r e t a t i o n and u t i l i t y of e lemental concentrat ions der ived 
from bu lk samples i s r e s t r i c t i v e and of l i m i t e d use due to t h e i r 
dependence on time of exposure to dry d e p o s i t i o n , v a r y i n g volumes 
of c o l l e c t e d ra inwater and wind d i r e c t i o n , a l l of which are o f ten 
not r e p o r t e d . 

The i n t e n t of t h i s paper i s to r e p o r t wet -per iod e lemental 
concentrat ions for 18 targeted t race elements i n the summer r a i n s 
of the very heavy i n d u s t r i a l i z e d c i t y of Hami l ton , O n t a r i o . Samples 
were c o l l e c t e d from three r a i n events i n the summer of 1985 and 
al though the sampling p e r i o d represents a smal l f r a c t i o n of t o t a l 
summer r a i n s , u s e f u l environmental i n t e r p r e t a t i o n s can be made. 

^Current address: Department of Nuclear Engineering, University of Illinois, 
214 Nuclear Engineering Laboratory, 103 South Goodwin Ave., Urbana, IL 61801 

0097-6156/87/0349-0213$06.00/0 
© 1987 A m e r i c a n Chemica l Society 
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214 THE CHEMISTRY OF ACID RAIN 

In p a r t i c u l a r , we demonstrate the usefulness and c o m p a t i b i l i t y 
of two multi-element methods of a n a l y s i s : instrumental neutron 
a c t i v a t i o n a n a l y s i s (INNA) and i n d u c t i v e l y coupled plasma-atomic 
emission spectroscopy (ICP). 

The r e s u l t s and i n t e r p r e t a t i o n s reported here are pr e l i m i n a r y 
and part of an on-going study of p o l l u t a n t s i n urban p r e c i p i t a t i o n . 

Rain Sampling 

Wet-period rainwater samples (washout and rainout) were c o l l e c t e d 
from three s i t e s i n the Hamilton area: near the i n d u s t r i a l area 
(beach s t r i p ) , i n the c i t y centre and at the r u r a l Hamilton A i r p o r t 
(Figure 1). 

The wet-period c o l l e c t o r s employed were modified Canadian 
Atmospheric Environment Service standard raingauges. A l l components 
of the gauge are made of p l a s t i c and c o n s i s t of a funnel with an 
o r i f i c e of 100 cm2, a graduated c o l l e c t i o n tube and the housing u n i t . 
The e n t i r e gauge stands about 36 cm i n height. The m o d i f i c a t i o n 
includes a spring loaded p l a s t i c l i d which keeps the o r i f i c e of the 
gauge covered during dry periods. The onset of r a i n wets and thus 
weakens a degradable t i s s u e which normally holds the l i d closed. 
The force of the spring tears the t i s s u e and opens the l i d thus 
exposing the c o l l e c t o r o r i f i c e to the r a i n . The amount of r a i n 
required to wet the t i s s u e enough to open the c o l l e c t o r i s 0.1 mm. 
A more d e t a i l e d d e s c r i p t i o n of the gauge and i t s operation has been 
reported elsewhere (2^). Samples were c o l l e c t e d immediately a f t e r 
each r a i n event. 

The funnel and c o l l e c t o r tubes were thoroughly washed with 
deionized d i s t i l l e d water and u l t r a pure n i t r i c a c i d p r i o r to each 
i n s t a l l a t i o n . One mL of n i c t r i c a c i d was then added to the c o l l e c t o r 
tubes to prevent absorption. A f t e r c o l l e c t i o n the samples were 
r e f r i g e r a t e d p r i o r to a n a l y s i s . Precautions were taken to maintain 
clean laboratory conditions. 

Chemical A n a l y s i s 

Instrumental Neutron A c t i v a t i o n A n a l y s i s (INAA) 

The c o l l e c t e d r a i n samples were analysed by INAA at the McMaster 
Nuclear Reactor. Ten elements (AL, Br, Ca, C l , Cu, I, Mg, Mn, Na 
and V) were determined. 

An a l i q u o t of 5 mL of rainwater was placed i n t o an a c i d washed 
polyethylene v i a l and transported v i a a 1 r a b b i t ' c a r r i e r to the 
reactor core which has a nominal neutron f l u x of 5 χ 1 0 1 2 n cm - 2 sec \ 
The samples were i r r a d i a t e d f o r f i v e minutes. The i r r a d i a t e d v i a l s 
were then t r a n s f e r r e d to i n e r t v i a l s which were placed at the snout 
of a 22% e f f i c i e n t APTEC detector coupled to a Caneberra Series 90 
multichannel analyser and a p i l e up r e j e c t o r u n i t . The r e s o l u t i o n 
of the system was 2.1 KeV at the 1332 KeV cobalt peak. T y p i c a l 
dead times were 10% or l e s s . The samples had an average delay time 
of 100 seconds and were counted f o r a period of 10 minutes. 

Synthetic standards were used to c a l i b r a t e the system, and NBS 
standards were analysed together with the samples to ensure q u a l i t y 
c o n t r o l : r e s u l t s are shown i n Table I. 
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18. LANDSBERGER ET AL. Sulfur, Halogens, and Heavy Metals in Rainfall 215 

TABLE I. Results f o r NBS 1643b C e r t i f i e d Water Standard 
1 1 2 Element INAA ICP-AES NBS Value 

(ppb) (ppb) (ppb) 

A l 18 4- 3 — 

Β 96 4- 1 (94) 
Ba 43 +- 1 
Br <4 
Ca 35500 4- 2600 38103 +- 1000 (35000) 
CI 4985 4~ 220 
Co 28 +- 1 26 4- 1 
Cr 19 4- 2 18.6 4- 0. .4 
Cu 26 +- 5 25 4- 3 21.9 +- 0. ,4 
Fe 102 +- 1 99 4- 8 
I <2 
Mg 7633 +- 667 8133 4~ 200 (15000) 
Mn 31 4- 1 26 4- 1 28 +- 2 
Na 8620 +- 385 (8000) 
Ni 52 +- 4 49 4- 3 
S 390 4~ 14 
V 43 4- 1 49 +- 1 45.2 +- 0. .4 
Zn 65 4- 1 66 4- 2 

A l l r e s u l t s represent an average value of 4 r e p l i c a t e s and 
standard d e v i a t i o n s . 
' A l l NBS values c e r t i f i e d except those i n parenthesis. Several 
other elements have no provided values. 

Inductively-Coupled Plasma Mass Spectroscopy (ICP-AES) 

The remainder of the samples were analysed by ICP at the U n i v e r s i t y 
of T o r o n t o ^ I n s t i t u t e of Environmental Studies. Concentrations of 
eight elements (B, Ba, Co, Cr, Fe, Ni, S and Zn) were determined. A 
complete d e s c r i p t i o n of the instrumentation and methodology has been 
reported elsewhere (3). 

Results and Discussion 

Elemental Concentrations 

The r e s u l t s f o r the three summer r a i n events are presented i n Table 
I I . As can be seen, there i s a wide range of determined concentra
t i o n s . Our preliminary a n a l y s i s has shown that the highest con
centrations of a l l elements occurred downwind of the i n d u s t r i a l area. 
The elemental concentrations, p a r t i c u l a r l y f o r Cu, Mn, Fe, V, and Zn, 
were s u b s t a n t i a l l y lower f o r s i t e s upwind of the i n d u s t r i a l area. Of 
p a r t i c u l a r s i g n i f i c a n c e was the high concentration of sulphur 
determined at a l l three s i t e s . Concentration l e v e l s v a r i e d from 
1180 to 4960 ppb, which are s i g n i f i c a n t l y above background l e v e l s 
normally found i n r a i n . Sulphur concentrations v a r i e d by only a 
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216 THE CHEMISTRY OF ACID RAIN 

TABLE I I . Results f o r Three Summer Rain Events 

Ranges of Concentrations (ppb) 

Element Beach S t r i p C i t y Core A i r p o r t 

A l 227-2410 53-397 44-758 
Β <14 <14 <14 
Ba 3-34 2-8 2-12 
Br <1-10 3-13 6-9 
Ca 2760-30600 236-3350 196-4540 
CI 429-1070 85-368 90-419 
Cr <7-30 <7 <7 
Co <10 <10 <10 
Cu 10-40 <5-23 <7-18 
Fe 494-868 24-210 18-200 
I 1-10 2-4 4-5 
Mg 540-5300 340-920 <120-1870 
Mn 148-1497 3-57 3-41 
Na 173-2050 84-319 74-577 
Ni <10-30 <10 <10 
S 2086-4957 1189-3061 1162-2801 
V 3-28 0.2-1 0.1-1 
Zn 42-214 36-122 <12-158 

f a c t o r of f i v e f o r a l l r a i n events and at a l l three l o c a t i o n s . This 
i s contrast to the heavy metals (e.g. Zn, Fe, Mn) which ranged i n 
concentration from 20 to 50 to 500 times, r e s p e c t i v e l y . This 
suggests that a l a r g e p o r t i o n of the sulphur i s derived from sources 
other than those w i t h i n the urban area. The d e p o s i t i o n of heavy 
metals i s confined to the i n d u s t r i a l core with a strong gradient 
from the i n d u s t r i a l to the o u t l y i n g areas (Figure 1). Unfortunately 
several key elements, such as B, Co, and N i , could not be determined 
by ICP due to high d e t e c t i o n l i m i t s . 

Enrichment Factors 

Enrichment f a c t o r s (EF) were computed using aluminum and sodium as 
reference eelements f o r the earth*s c r u s t (4) and seawater (5), 
r e s p e c t i v e l y . Enrichments were c a l c u l a t e d by 

X/C Rainwater 
EF = 

X/C Reference M a t e r i a l 

where X i s the concentration of the element of i n t e r e s t and C i s 
the concentration of the reference element. This procedure i s used 
to evaluate anthropogenic and n a t u r a l (e.g. c r u s t a l and oceanic) 
c o n t r i b u t i o n s to elemental loadings. A l l elemental enrichment 
f a c t o r s , with the exception of I, Br, and CI, were determined using 
c r u s t a l aluminum. A thorough d i s c u s s i o n of EF cal c u l a t i o n s i s given 
elsewhere ((j) . 
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LANDSBERGER ET AL. Sulfur, Halogens, and Heavy Metals in Rainfall 

Figure 1. Location of r a i n samplers and urban c r o s s - s e c t i o n ο 
average elemental concentrations i n rainwater. 
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218 THE CHEMISTRY OF ACID RAIN 

The l a r g e s t EF va lues were e x h i b i t e d by sulphur (870-3700). 
High EF va lues were a l so noted f o r Cu (<90-400), Zn (<120-830), and 
Mn (1-500), w i t h the lower ranges r e p o r t e d f o r the r u r a l a i r p o r t 
s i t e . Iron showed r e l a t i v e l y low EF va lues (< 1 to 30) . Vanadium 
e x h i b i t e d EF va lues g e n e r a l l y from 1 to 10 wi th the except ion of one 
event where the va lue was 68. Concentrat ions from chromium never 
exceeded 30 ppb wi th EF va lues ranging from 25 to 100. Halogen EF 
v a l u e s , when compared to sodium concentrat ions i n the ocean, were 
g e n e r a l l y l e s s than 10 wi th the except ion of i o d i n e . The i o d i n e 
enrichment i s b e l i e v e d not to be anthropogenic but to a r i s e from 
p r e f e r e n t i a l enrichment from the oceans (7) . 

Conclus ions 

Eighteen targeted elements have been determined i n urban summer 
r a i n f a l l . We have demonstrated that INAA and ICP o f f e r a unique 
combination i n determining many environmenta l ly important elements 
i n a t o t a l l y n o n - d e s t r u c t i v e f a s h i o n . U n f o r t u n a t e l y , the main d i s 
advantage of both techniques i s that n e i t h e r Pb , C d , Co, B , and to 
a c e r t a i n extent C r , cannot be r e l i a b l y determined i n p r e c i p i t a t i o n . 

The work reported here represents one aspect of an on-going 
study i n t o the i n t r a - u r b a n d i s t r i b u t i o n and sources of p o l l u t a n t s 
i n urban p r e c i p i t a t i o n . A dense network of b u l k , wet -per iod and 
s e q u e n t i a l r a i n samplers , along wi th i n t e n s i t y r a i n gauges are 
opera t ing w i t h i n the Hamilton a r e a . 
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Chapter 19 

Introduction of Formate and Acetate Ions 
into Precipitation: Assessment of Possible Pathways 

E. G. Chapman and D. S. Sklarew 

Pacific Northwest Laboratory, P.O. Box 999, Richland, WA 99352 

Statist ical analysis of data from three sites in the 
eastern United States suggests that little or no 
correlation exists between low molecular weight organic 
and inorganic ion concentrations in precipitation, 
whereas organic ions such as formate and acetate are 
highly correlated and are probably introduced into 
precipitation by the same pathway. Based on agreement 
between observed and calculated potential clear air 
concentrations of formic and acetic acids, the most 
plausible pathway involves the scavenging of gas-phase– 
produced precursors. Further assessment of atmospheric 
hydrocarbon reactions is needed to better identify 
specific mechanisms and precursors in this pathway. 

The r o l e o f low molecu la r weight o rgan ic compounds i n p r e c i p i t a t i o n 
chemis t ry i s o f i n c r e a s i n g i n t e r e s t to atmospheric s c i e n t i s t s . 
Formate (HCOO") and aceta te (Ci^CÛCT) ions have been de tec ted i n 
s i g n i f i c a n t concen t ra t ions i n p r e c i p i t a t i o n c o l l e c t e d throughout 
the w o r l d ; t y p i c a l concen t ra t ions observed i n remote, r u r a l , and 
urban areas (1-4) are i n d i c a t e d i n Table I . A c i d forms o f these 
ions are suspected as the parent compounds, a l though o rgan ic s a l t s 
or compounds such as p e r o x y a c e t y l n i t r a t e (PAN), which produces 
ace ta te and n i t r a t e ions upon d i s s o l u t i o n i n a c i d i c aqueous s o l u 
t i o n s ( 5 ) , are a l s o p o t e n t i a l sources . Assuming tha t a c i d forms are 
indeed the parent compounds, c o n t r i b u t i o n s o f the o rgan i c ac id s to 
f ree a c i d i t y l e v e l s as h i g h as 65% have been repor ted ( 6 ) . 

Table I . Observed Organic An ion Concent ra t ions i n P r e c i p i t a t i o n 

Range (MM) 
L o c a t i o n Formate Ace ta t e Reference 
Amsterdam I s l a n d 2 .5 -12 . 0-2 .0 (1) 
Round Lake , WI <0.4-42. <0.8-24. (2) 
Geneva Lake , WI 1.2-18. <0.8-8.0 (2) 
C h a r l o t t e s v i l l e , VA 0 .9 -47 . 0 . 7 - 2 1 . (3) 
Los Ange l e s , CA 2 .3 -10 .2 2 .7 -87 .6 (4) 

0097-6156/87/0349-0219506.00/0 
© 1987 American Chemical Society 
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220 THE CHEMISTRY OF ACID RAIN 

The mechanisms and pathways that can lead t o the presence of 
low molecular weight organic compounds i n p r e c i p i t a t i o n are not w e l l 
understood. P o t e n t i a l pathways can be c l a s s i f i e d i n t o three main 
c a t e g o r i e s : scavenging of ae r o s o l p a r t i c l e s c o n t a i n i n g organic 
s a l t s and a c i d s , aqueous-phase o x i d a t i o n of aldehydes and other a c i d 
p r e c u r s o r s , and homogeneous gas-phase production w i t h subsequent 
scavenging. Determining the dominant pathway i s important f o r 
assessing the p o t e n t i a l Impact of organic compounds on o v e r a l l 
p r e c i p i t a t i o n chemistry, and i n p a r t i c u l a r , f o r assessing i n t e r 
a c t i o n s w i t h i n o r g a n i c compounds. For example, p r e l i m i n a r y modeling 
s t u d i e s suggest that aqueous-phase organic a c i d formation v i a 
o x i d a t i o n of aldehydes by f r e e r a d i c a l s may i n h i b i t s u l f a t e pro
d u c t i o n i n cloud d r o p l e t s (7). The degree of i n h i b i t i o n , other 
o r g a n i c - i n o r g a n i c i n t e r a c t i o n s , and the complexity of the dominant 
r e a c t i o n mechanism may have important I m p l i c a t i o n s f o r developing 
l a r g e - s c a l e r e g i o n a l a c i d d e p o s i t i o n models. 

To b e t t e r assess p o t e n t i a l i n o r g a n i c - o r g a n i c i o n r e l a t i o n s h i p s 
and the p l a u s i b i l i t y of va r i o u s pathways tha t could lead t o the 
presence of low molecular weight organic ions i n p r e c i p i t a t i o n , 
s t a t i s t i c a l analyses and e q u i l i b r i u m scavenging c a l c u l a t i o n s were 
performed on organic and in o r g a n i c p r e c i p i t a t i o n chemistry data 
obtained at three s i t e s i n the eastern United S t a t e s . The r e s u l t s 
of these analyses were compared t o t h e o r e t i c a l expectations based 
on the va r i o u s pathways. 

Methodology 

P r e v i o u s l y published data from two s i t e s on the Wisconsin A c i d Depo
s i t i o n M o n i t o r i n g Network (2) and the U n i v e r s i t y of V i r g i n i a s i t e 
of the MAP3S P r e c i p i t a t i o n Chemistry Network (PCN) (3, 8) were used 
i n the current study. The Wisconsin data were obtained f o r samples 
c o l l e c t e d during the s p r i n g of 1984, and the V i r g i n i a data were 
r e l a t e d t o s e l e c t e d samples analyzed during the summer of 1983. 
A l l three s i t e s operated under s i m i l a r p r o t o c o l s ; p r e c i p i t a t i o n was 
c o l l e c t e d on a d a i l y b a s i s using wet/dry Aerochem M e t r i c samplers, 
and organic a c i d a l i q u o t s were preserved w i t h a b i o c i d a l agent t o 
prevent degradation before a n a l y s i s . A l l i n o r g a n i c analyses were 
conducted at P a c i f i c Northwest Laboratory (PNL). Organic i o n 
analyses of the Wisconsin samples were a l s o conducted at PNL using 
i o n e x c l u s i o n chromatography (ICE). Organic i o n analyses of the 
V i r g i n i a samples were performed on s i t e at the u n i v e r s i t y , a l s o 
u s i n g ICE. S i m i l a r ranges and volume-weighted mean concentrations 
of the organic ions were observed at the three s i t e s . D e t a i l s of 
f i e l d c o l l e c t i o n p r o t o c o l s , a n a l y t i c a l procedures and i n d i v i d u a l 
sample r e s u l t s are a v a i l a b l e elsewhere (2, 3, 9, 10). 

Organic-inorganic i o n r e l a t i o n s h i p s were i n v e s t i g a t e d by 
performing a c o r r e l a t i o n a n a l y s i s on the data sets generated by the 
two s t u d i e s . A l l s t a t i s t i c a l analyses were conducted using MINITAB, 
a commercially a v a i l a b l e s t a t i s t i c a l package (.11 ), w i t h data 
segregated according t o s i t e . 

Information obtained during the s t a t i s t i c a l analyses was used 
i n e v a l u a t i n g a e r o s o l scavenging and aqueous-phase o x i d a t i o n as the 
dominant pathways f o r i n t r o d u c i n g formate and acetate ions i n t o 
p r e c i p i t a t i o n . The p l a u s i b i l i t y of homogeneous gas-phase production 
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of the organic acids w i t h subsequent scavenging was evaluated v i a 
e q u i l i b r i u m scavenging c a l c u l a t i o n s . These c a l c u l a t i o n s i n v o l v e d 
determining the gas-phase concentrations of formic and a c e t i c acids 
i n e q u i l i b r i u m w i t h the aqueous-phase concentrations measured i n 
the p r e c i p i t a t i o n samples, as given by the equation 

G = C X [H +] Μ / {K H (Κχ + [ H + l ) } (1) 

where 
G = e q u i l i b r i u m gas-phase c o n c e n t r a t i o n (/tg/m ) ο 

Ci = conversion f a c t o r t o /tg/m 
[H ] = hydrogen i o n conce n t r a t i o n (M) 

M = t o t a l aqueous-phase organic i o n and u n d i s s o c i a t e d 
a c i d c o n c e n t r a t i o n measured by ICE (M) 

Kpj = Henry's Law c o e f f i c i e n t (M/atm) 
K i = a c i d d i s s o c i a t i o n constant (M) 

ο 
P o t e n t i a l gas-phase organic a c i d concentrations [P (/*g/m )] 

were then c a l c u l a t e d f o r two assumed values of cloud l i q u i d water 
content (L, g ̂ O/m^ a i r ) using the equation 

Ρ » G + {C 2 (ML)} (2) 
ο 

where C 2 i s again a conversion f a c t o r t o /*g/m . Equation 1 i s 
derived from mass balance and d i s s o c i a t i o n e q u i l i b r i u m consider
a t i o n s , and inc l u d e s the assumption th a t only formic and a c e t i c 
acids c o n t r i b u t e d t o measured organic i o n conc e n t r a t i o n s . Equa
t i o n 2 i s based on a mass balance and y i e l d s the c l e a r a i r organic 
a c i d c o n c e n t r a t i o n t h a t would r e s u l t i f l i q u i d water i n a cloud 
evaporated r a t h e r than p r e c i p i t a t e d . Values used f o r the v a r i o u s 
parameters were based on a t o t a l pressure of 1 atm and an assumed 
temperature of 10 ° C (see Table I I ) . KJJ and K X values were 
obtained from Weast (12). 

Table I I . Values Used i n C a l c u l a t i n g E q u i l i b r i u m and P o t e n t i a l 
Gas-Phase Organic A c i d Concentrations 

Parameter Formic A c i d A c e t i c A c i d 
K H (M/atm) 1.02 X 10* 2.85 X 10 4 

Κι (M) 1.77 X ΙΟ" 4 1.76 X 10" 5 

C l 1.98 X 10 9 2.58 X 10 9 

C ? 4.6 X 10* 6.0 X 10* 

Re s u l t s and D i s c u s s i o n 

Organic-Inorganic Ion R e l a t i o n s h i p s . Figures 1 and 2 summarize the 
Pearson product moments c a l c u l a t e d f o r v a r i o u s formate-inorganic i o n 
and a c e t a t e - i n o r g a n i c i o n p a i r i n g s , r e s p e c t i v e l y . The c o r r e l a t i o n 
c o e f f i c i e n t s were g e n e r a l l y low ( r values u s u a l l y < 0.6) and 
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Figure 1 · C o r r e l a t i o n C o e f f i c i e n t s f o r Formate-Inorganic Ion 
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Figure 2. C o r r e l a t i o n C o e f f i c i e n t s f o r Acetate-Inorganic Ion 
P a i r i n g s 
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r e l a t i v e l y nonuniform among the s i t e s f o r a given p a i r i n g . Ammonium 
and calcium ions demonstrated the most uniform c o r r e l a t i o n s , 
although considerable i n t e r s i t e v a r i a b i l i t y s t i l l e x i s t s . Ammonium 
io n emerged as the primary p r e d i c t o r at two of the three s i t e s i n a 
stepwise r e g r e s s i o n a n a l y s i s t o s t a t i s t i c a l l y i d e n t i f y the v a r i a b l e 
w i t h the strongest l i n e a r r e l a t i o n s h i p w i t h formate and acetate. 
However, values f o r the estimated standard d e v i a t i o n about the 
r e g r e s s i o n l i n e i n d i c a t e t h a t the s e l e c t i o n of ammonium i o n may 
have been f o r t u i t o u s rather than from an a c t u a l r e l a t i o n s h i p . 
C o r r e l a t i o n s w i t h s u l f a t e v a r i e d s u b s t a n t i a l l y f o r both formate and 
acetat e , w i t h r values ranging from 0.14 t o 0.76. S u l f a t e was not 
s e l e c t e d as a p r e d i c t o r i n any stepwise r e g r e s s i o n a n a l y s i s . The 
r e s u l t s of t h i s a n a l y s i s suggest that no strong r e l a t i o n s h i p e x i s t s 
between organic and in o r g a n i c ions i n the p r e c i p i t a t i o n samples 
incl u d e d i n t h i s study. 

In c o n t r a s t , the s t a t i s t i c a l a n a l y s i s revealed t h a t formate and 
acetate concentrations were h i g h l y c o r r e l a t e d at a l l three s i t e s 
(r> 0.89). Regression a n a l y s i s based on the equation [ H C 0 0 ~ ] = m χ 
[ C H 3 C O O - ] + b y i e l d e d values of m ranging from 1.8 t o 2.4. The 
i n t e r c e p t s (b values) were not s t a t i s t i c a l l y d i f f e r e n t from zero. 
The h i g h c o r r e l a t i o n c o e f f i c i e n t s and uniform slope values suggest 
t h a t the same pathway introduces both formate and acetate i n t o 
p r e c i p i t a t i o n . 

Assessment of the Aerosol Scavenging Pathway. I f surface r e a c t i o n s 
on aerosols and subsequent a e r o s o l scavenging were the primary 
pathways i n t r o d u c i n g formate and acetate i n t o p r e c i p i t a t i o n , a 
s u b s t a n t i a l and c o n s i s t e n t c o r r e l a t i o n between the organic anions 
and major a e r o s o l components would be expected. Note t h a t ammonium, 
a major component of f i n e p a r t i c l e s , and calcium, a major component 
of coarse p a r t i c l e s , demonstrate the most uniform ( a l b e i t s t i l l 
r e l a t i v e l y low) c o r r e l a t i o n s w i t h formate and acetate. However, 
other f a c t o r s , such as s i m i l a r sources (e.g., b i o l o g i c a l ) or s i m i l a r 
seasonal c o n c e n t r a t i o n v a r i a t i o n s can i n f l u e n c e the degree of co r r e 
l a t i o n observed f o r v a r i o u s i o n s . The magnitude of the c o r r e l a t i o n 
c o e f f i c i e n t s , the i n t e r s i t e v a r i a b i l i t y , and the stepwise regres
s i o n r e s u l t s suggest that these other f a c t o r s cannot be ignored i n 
d i s c u s s i n g p o t e n t i a l organic-ammonium and org a n i c - c a l c i u m r e l a t i o n 
s h i p s . Based on the current a n a l y s i s , the scavenging of aerosols 
cannot be e l i m i n a t e d as a v i a b l e pathway f o r the i n t r o d u c t i o n of 
low molecular weight organic compounds i n t o p r e c i p i t a t i o n . However, 
the ambiguity of the s t a t i s t i c a l a n a l y s i s r e s u l t s suggests t h a t 
a e r o s o l scavenging i s probably not the dominant pathway. 

Assessment of Aqueous-Phase Oxidation Pathway. The r e s u l t s of two 
modeling s t u d i e s (7, 13) employing chemical r e a c t i o n schemes tha t 
i n c l u d e d aqueous-phase formic a c i d formation are summarized i n 
Table I I I . The r e a c t i o n mechanism used by Adewuyi et a l . (7.) 
inc l u d e d the aqueous-phase o x i d a t i o n of formaldehyde by hydrogen 
peroxide and hydroxy r a d i c a l s ; the mechanism of Chameides (13) 
inc l u d e d only o x i d a t i o n by hydroxy r a d i c a l s . N e i t h e r model included 
r e a c t i o n s f o r the formation of a c e t i c a c i d . By comparing Table I I I 
w i t h Table I , i t can be seen t h a t the concentrations of formic a c i d 
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p r e d i c t e d by the models are at the very low end of the conc e n t r a t i o n 
range t y p i c a l l y observed i n p r e c i p i t a t i o n . P o t e n t i a l gas-phase 
formic a c i d concentrations p r e d i c t e d by the models f o r clouds 
evaporating a f t e r 1 h are a l s o s u b s t a n t i a l l y lower than observed 
c l e a r formic a c i d concentrations given i n Table IV. There are 
s e v e r a l p o s s i b l e explanations f o r the disagreement between observa
t i o n s and model p r e d i c t i o n s . For example, other r e a c t i o n s not 
in c l u d e d i n the models may be Important f o r aqueous pr o d u c t i o n of 
formic a c i d , or the atmospheric time s c a l e f o r production may be 
greater than th a t simulated i n the models. I n i t i a l c o n d i t i o n s or 
assumed values of c e r t a i n parameters used i n the models may not be 
r e a l i s t i c f o r the atmospheric c o n d i t i o n s t h a t a c t u a l l y lead t o 
formic a c i d formation, although the r a t h e r extensive s e n s i t i v i t y 
a n a l y s i s and wide range of i n i t i a l c o n d i t i o n s examined by Adewuyi 
et a l . ( 7 ) make t h i s u n l i k e l y . A l t e r n a t i v e l y , aqueous-phase produc
t i o n may not be the dominant pathway l e a d i n g t o the presence of 
organic ions i n p r e c i p i t a t i o n . 

Table I I I . Model C a l c u l a t i o n s : Aqueous-Phase 
Ox i d a t i o n of Formaldehyde 

P r e d i c t e d P r e d i c t e d P o t e n t i a l 
[HCOO~] Gas Phase [HC00H] 
(>M) (μζ/m3) Reference 

0.2-1 0.01-0.3 (7) 
1.5-4 0.07-0.12 (13) 

Table IV. Cle a r A i r Observations of Formic and A c e t i c A cids 

Observed Concentrations 
L o c a t i o n Formic A c i d A c e t i c A c i d Reference 

R i v e r s i d e , CA 3.0-14.5 (16) 
R i v e r s i d e , CA 4.9-35. (17) 
Los Angeles, CA 2.0-20. (18) 
Tucson, AZ 3.0-4.9 2.6 -10. (19) 
Saguaro N a t i o n a l 1.0-2.8 0.5 -2.3 (19) 
Monument, AZ 

S e l l s , AZ 1.0-2.2 1.0 -2.3 (19) 
Upper Troposphere 0.8-1.2 - (20) 

Over Alamogordo, NM 
(B a l l o o n F l i g h t ) 

This p o s s i b i l i t y takes on greater credence upon re-examinâtion 
of the approximately 2 : 1 r a t i o of formate t o acetate concentrations 
c o n s i s t e n t l y observed i n the Wisconsin and V i r g i n i a p r e c i p i t a t i o n 
samples. As derived from thermodynamic data ( 1 2 J _ _ 1 4 ) J the e f f e c t i v e 
KJJ f o r formaldehyde i s approximately 7 0 0 0 M/atm at 2 5 C ; the 
e f f e c t i v e KJJ f o r acetaldehyde i s on the order of 11 M/atm. Assuming 
th a t aqueous-phase o x i d a t i o n of the two aldehydes occurs at 
approximately the same r a t e , t y p i c a l gas-phase concentrations of 
acetaldehyde would have t o be about 3 0 0 times g r e a t e r than c o r r e s 
ponding formaldehyde concentrations t o account f o r the observed 
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formate-to-acetate r a t i o . Such l a r g e v a r i a t i o n s i n atmospheric 
aldehyde concentrations have not been observed; measurements at 
Upton, New York, (JJ>) i n d i c a t e d formaldehyde/acetaldehyde r a t i o s i n 
the range of 2 t o 4. 

The current a n a l y s i s cannot be used t o e l i m i n a t e aqueous-phase 
o x i d a t i o n as a p o t e n t i a l pathway f o r i n t r o d u c i n g low molecular 
weight organic ions i n t o p r e c i p i t a t i o n ; however, the a n a l y s i s does 
suggest t h a t i t i s not the dominant pathway. 

Assessment of Homogeneous Gas-Phase Production. E q u i l i b r i u m and 
p o t e n t i a l gas-phase organic a c i d concentrations c a l c u l a t e d from 
formate and acetate concentrations i n the Wisconsin and V i r g i n i a 
p r e c i p i t a t i o n samples are summarized i n Table V. C a l c u l a t e d 
p o t e n t i a l gas-phase l e v e l s of 0.02 t o 5 figlw? formic a c i d are lower 
than measured urban concentrations (16-18) given i n Table IV, but 
agree s u r p r i s i n g l y w e l l w i t h c l e a r a i r observations of 1.0 t o 
4.9 llglrs? i n the r u r a l southwest (JL9). C a l c u l a t e d p o t e n t i a l a c e t i c 
a c i d concentrations of 0.02 t o 3.1 /*g/m̂  a l s o agree w e l l w i t h r u r a l 
observations of 0.5 t o 10 /*g/nr*. Obvious u n c e r t a i n t i e s e x i s t i n 
comparing values c a l c u l a t e d from p r e c i p i t a t i o n c o l l e c t e d i n one 
pa r t of the country w i t h measurements taken i n another r e g i o n , but 
the degree of agreement suggests t h a t e q u i l i b r i u m scavenging of 
gas-phase-produced organic compounds i s a p l a u s i b l e pathway f o r 
i n t r o d u c i n g formate and acetate i n t o p r e c i p i t a t i o n . 

The major gas-phase r e a c t i o n s i n v o l v e d i n t h i s pathway are not 
d e f i n i t i v e l y known. However, r e a c t i o n s of ozone w i t h o l e f i n s t o 
form Criegee intermediates (e.g., 0Η 200 and CH3CHOO), which 
subsequently react w i t h water vapor t o form c a r b o x y l i c a c i d s , have 
been proposed (21-23). Such r e a c t i o n s have been i n c l u d e d i n a 
homogeneous gas-phase r e a c t i o n model (22), but p r e d i c t e d formic a c i d 
concentrations were s u b s t a n t i a l l y lower than the observed values 
given i n Table IV. A c e t i c a c i d formation was not reported. However, 
the model was designed t o focus on the gas-phase generation of 
tro p o s p h e r i c i n o r g a n i c acids and, because of computational con
s t r a i n t s , employed a s i m p l i f i e d hydrocarbon r e a c t i o n mechanism 
i n v o l v i n g CH4, one " t y p i c a l " alkane and one " t y p i c a l " alkene. 
In l i g h t of the s i m p l i f i e d hydrocarbon chemistry, pathways i n v o l v i n g 
Criegee intermediates may In r e a l i t y be important i n i n t r o d u c i n g 
low molecular weight organic ions i n t o p r e c i p i t a t i o n . Further study 
of the gas-phase r e a c t i o n s i s needed t o explore t h i s p o s s i b i l i t y . 

Conclusions 

S t a t i s t i c a l a n a l y s i s of p r e c i p i t a t i o n chemistry data c o l l e c t e d at 
three s i t e s i n the United States i n d i c a t e s t h a t the i n o r g a n i c and 
organic analytes show l i t t l e or no c o r r e l a t i o n . In c o n t r a s t , f o r 
mate and acetate concentrations are h i g h l y c o r r e l a t e d (r> 0.89) and 
c o n s i s t e n t l y produce a formate/acetate r a t i o of approximately 2. 
An assessment of the p l a u s i b i l i t y of va r i o u s pathways t h a t could 
introduce the organic compounds i n t o p r e c i p i t a t i o n suggests aqueous-
phase o x i d a t i o n of aldehydes i s probably not a major c o n t r i b u t o r 
because of the l a r g e atmospheric acetaldehyde c o n c e n t r a t i o n t h a t 
must be p o s t u l a t e d t o produce the observed formate/acetate r a t i o . 
A l t e r n a t i v e l y , p o t e n t i a l gas-phase formic and a c e t i c a c i d 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
01

9

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



Κ)
 

Os
 

Ta
bl

e 
V.

 
Eq

ui
li

br
iu

m 
an

d 
Po

te
nt

ia
l 

Ga
s-

Ph
as

e 
Co

nc
en

tr
at

io
ns
 o

f 
Or

ga
ni

c 
Ac

id
s 

Ca
lc

ul
at

ed
 
Fr

om
 W

is
co

ns
in
 
an

d 
Vi

rg
in

ia
 

Pr
ec

ip
it

at
io

n 
Me

as
ur

em
en

ts
 

Ca
lc

ul
at

ed
 
Ga

s-
Ph

as
e 

Va
lu

es
 

HC
OO
H 

(y
g/

m*
) 

CH
^C
OO
H 

(p
g/

m3)
 

Po
te

nt
ia

l0 
Po

te
nt

ia
l 

Po
te

nt
ia

l0 
Po

te
nt

ia
l 

Eq
ui

li
br

iu
m3 

L 
= 
0,

25
 

L 
= 
1.
0 

Eq
ui

li
br

iu
m3 

L 
= 
0.

25
 

L 
= 
1.
0 

Si
te
 

Ra
ng

e 
Me

an
c 

Ra
ng

e 
Me

an
c 

Ra
ng

e 
Me

an
c 

Ra
ng

e 
Me

an
0 

Ra
ng

e 
Me

an
c 

Ra
ng

e 
Me

an
 

Ca
lc

ul
at

ed
 

fr
om

 
Eq

ua
ti

on
 1

 
^C

al
cu

la
te

d 
fr

om
 
Eq

ua
ti

on
 
2 

ar
it

hm
et

ic
 

me
an
 

Ro
un

d 
La

ke
, 

WI
 

<0
.0

2-
1.

9 
0.

41
 

<0
.0

2-
2.

4 
0.

55
 

0.
02

-3
.9
 

0.
59

 
<0

.0
2-

1.
6 

0.
28

 
<0

.0
2-

2.
0 

0.
36

 
0.

02
-3

.1
 
0.

41
 

Ge
ne

va
 L

ak
e,
 
WI

 
0.

02
-1

.2
 
0.

38
 

0.
02

-1
.4
 

0.
48

 
0.

08
-2

.0
 

0.
75

 
0.

03
-0

.5
9 

0.
26

 
0.

03
-0

.7
2 

0.
31

 
0.

05
-1

.1
 
0.

49
 

Ch
ar

lo
tt

es
vi

ll
e,
 
VA

 
<0

.0
2-

3.
2 

1.
5 

0.
02

-3
.6
 

1.
70

 
0.

06
-5

.0
 

2.
4 

0.
05

-1
.6
 

0.
59

 
0.

05
-1

.9
 

0.
70

 
0.

08
-2

.8
 
1.
1 

H IX
 

m
 

η oc
 

m
 g GO
 

H 3 5 > S 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
01

9

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



19. C H A P M A N AND S K L A R E W Formate and Acetate Ions into Precipitation 227 

concen t r a t ions c a l c u l a t e d from the p r e c i p i t a t i o n chemis t ry data 
agree s u r p r i s i n g l y w e l l w i t h r u r a l c l e a r a i r measurements. The 
agreement suggests tha t homogeneous gas-phase r e a c t i o n and scaveng
i n g are a l i k e l y pathway f o r i n t r o d u c i n g o rgan ic ac id s i n t o 
p r e c i p i t a t i o n . 
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Chapter 20 

Comparison of Weekly and Daily Wet Deposition 
Sampling Results 

L. Ε. Τοpοl1, M. Lev-On1, and A. K. Pollack2 

1Environmental Monitoring and Services, 4765 Calle Quetzal, Camarillo, CA 93010 
2Systems Applications, 101 Lucas Valley Road, San Rafael, CA 94903 

An initial analysis of data from a one-year field study 
comparing the concentrations of weekly measured samples 
and weekly values derived from daily samples indicated 
that the weekly measured ion concentrations were gener
ally larger. Although the mean relative bias values 
ranged from 0 to 34%, most values were less than 10%. 
In addition, the greatest differences were found in the 
fall season with biases greater than 10% occurring for 
ammonium, chloride, sodium, potassium, calcium and 
magnesium. Samples were collected at three sites in 
Georgia, Kansas and Vermont to represent the southeast
ern, central (west of the Mississippi River) and north
eastern regions of the United States. The measurements 
included precipitation weight, pH, sulfate, nitrate, 
chloride, ammonium, potassium, sodium, calcium and mag
nesium. Other than the two different sampling inter
vals, all f ield and laboratory procedures were identi
cal . 

P r e c i p i t a t i o n sampling networks i n the Uni ted States g e n e r a l l y 
c o l l e c t e i t h e r d a i l y (UAPSP, MAP3S) or weekly (NADP, NTN) samples. 
In the case of the weekly schedule , samples can remain i n the 
c o l l e c t o r under ambient c o n d i t i o n s f o r up to seven days , p o s s i b l y 
r e s u l t i n g i n chemical changes. The occurrence and magnitude of such 
changes are p o t e n t i a l l y important i n determining the use of weekly 
composit ion data f o r s tudying wet d e p o s i t i o n e f f e c t s and long- term 
t r e n d s . 

In order to determine the importance of chemical changes 
in troduced by the longer sampling p e r i o d , a c o l l o c a t e d sampling 
study was implemented from October 1983 to October 1984 a t three 
s i t e s of the U t i l i t y A c i d P r e c i p i t a t i o n Study Program (UAPSP) n e t 
work. The s i t e s were s e l ec t ed to represent the southeas tern , 
c e n t r a l (west of the M i s s i s s i p p i R iver ) and nor theas tern reg ions of 
the Uni ted S t a t e s . 

The o b j e c t i v e of the study was to compare the concentrat ions 
obtained from weekly samples w i t h those d e r i v e d from the d a i l y 
samples. A comparison of p r e c i s i o n of weekly and d a i l y measurements 

0097-6156/87/0349-0229$06.00/0 
© 1987 A m e r i c a n Chemica l Society 
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w i l l be reported separately. For t h i s study a d a i l y sample i s the 
t o t a l occurrence of p r e c i p i t a t i o n greater than 0.51 mm (0.02 inch) 
i n a 24-hour period ( s t a r t i n g at about 9:00 a.m. l o c a l time); a week
l y sample i s the p r e c i p i t a t i o n o ccurring i n the period from 9:00 a.m. 
of the sample pick-up day, generally Monday, to the same time and day 
of the f o l l o w i n g week. The r e s u l t s were c a l c u l a t e d f o r a l l s i t e s on 
an annual and seasonal b a s i s . Analyses of the data using both para
metric and nonparametric s t a t i s t i c a l t e s t s were performed to detect 
s i g n i f i c a n t d i f f e r e n c e s i n compared values. 

Four weekly versus d a i l y (or event) sampling studies using the 
same type of samplers as i n the present study have been reported. A 
F l o r i d a study (1) used three samplers monitoring on a d a i l y , weekly 
and biweekly schedule f o r twelve months. A l l analyses were performed 
at the U n i v e r s i t y of C e n t r a l F l o r i d a w i t h i n ten days of c o l l e c t i o n . 
No s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s i n p r e c i p i t a t i o n composition 
with sampling i n t e r v a l were found. At Pennsylvania State U n i v e r s i t y 
(2) a comparison of the ion concentrations f o r weekly and d a i l y 
samples i n d i c a t e d that the weekly samples y i e l d e d lower concentra
t i o n s and dep o s i t i o n values f o r a l l the ions analyzed. A study at 
North C a r o l i n a State U n i v e r s i t y (3) involved four d a i l y and s i x 
weekly c o l l e c t o r s . The data i n d i c a t e d that gross changes i n pH and 
s p e c i f i c conductance d i d not occur with c o l l e c t i o n periods of one 
week, but since no other analyses were performed, the data do not 
elim i n a t e the p o s s i b i l i t y that selected chemical changes may have 
occurred. At Argonne N a t i o n a l Laboratory (4) two samplers, a c t i v a t e d 
by a s i n g l e sensor, were used f o r approximately two years. This 
approach assured simultaneous opening and c l o s i n g of both c o l l e c t o r s 
i n contrast to the other s t u d i e s . The weekly samples were analyzed 
by the I l l i n o i s State Water Survey whereas the event samples were 
analyzed by Argonne. Weekly samples were found to have s i g n i f i c a n t 
l y l e s s NHj and H* i n a l l seasons and more SO4 i n every season but 
summer. The weekly samples had s i g n i f i c a n t l y more C a + 2 and Mg + 2 

during seasons with l i t t l e p r e c i p i t a t i o n No s i g n i f i c a n t d i f f e r e n c e s 
between weekly and event NO 3 were evident. 

The present study i s unique i n s e v e r a l ways: (a) three regular 
UAPSP monitoring s i t e s were u t i l i z e d , and each of the s i t e s was 
equipped with four i d e n t i c a l p r e c i p i t a t i o n samplers, two c o l l e c t i n g 
d a i l y samples and two weekly samples; t h i s allows f o r d u p l i c a t e data 
as w e l l as the c a l c u l a t i o n of p r e c i s i o n f o r both sampling schedules; 
(b) a l l analyses were performed i n the same laboratory; (c) except 
f o r the sampling schedule, a l l procedures were i d e n t i c a l . 

Procedures 

For t h i s study three s i t e s from the UAPSP network that t y p i f i e d 
d i f f e r e n t regions and climates of the eastern United States were 
s e l e c t e d . These s i t e s were Uvalda, GA, i n the Southeast, Lancaster, 
KS, west of the M i s s i s s i p p i R i v e r , and U n d e r b i l l , VT, i n the North
east. C r i t e r i a used f o r s i t e s e l e c t i o n f o r p r e c i p i t a t i o n monitoring 
are o u t l i n e d i n the U.S. EPA Q u a l i t y Assurance Manual f o r P r e c i p i 
t a t i o n Measurement Systems (5). 

Col l o c a t e d sampling was performed at the three s i t e s f o r approx
imately one year, from October 9, 1983 f o r Georgia and Vermont and 
October 12, 1983 f o r Kansas to August 15, October 10, and October 17, 
1984 f o r Georgia, Vermont and Kansas, r e s p e c t i v e l y . 
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F i e l d Operations. Each s i ^ e had four automatic p r e c i p i t a t i o n 
c o l l e c t o r s (Aerochem Metrics) and a U n i v e r s a l Recording Weighing 
Bucket Rain Gauge ( B e l f o r t ) with an eight-day spring powered cl o c k 
and s t r i p chart recorder. An event pen marker was i n t e r f a c e d with 
the samplers and noted the sampler l i d open and c l o s e times on the 
r a i n gauge s t r i p chart. 

A l l operators were t r a i n e d i n the s i t e operations based on the 
U.S. EPA "Operation and Maintenance Manual f o r P r e c i p i t a t i o n Measure
ment Systems" (6) and the UAPSP " F i e l d Operator I n s t r u c t i o n Manual" 
(7). D a i l y s i t e v i s i t s were generally made at about 9:00 a.m. l o c a l 
time to check the equipment and to remove any p r e c i p i t a t i o n c o l l e c t 
ed by the d a i l y samplers. Weekly samples were removed on Monday 
from the Georgia and Vermont s i t e s and on Tuesday at the Kansas 
s i t e . I f no event occurred f o r a week, the buckets were r i n s e d with 
deionized water to remove any dust that may have deposited and they 
were then reused. A n a l y s i s of the r i n s e water served as a dynamic 
blank. 

For the samples greater than 0.51 mm, a maximal volume of 500-
ml was t r a n s f e r r e d to a clean, l a b e l e d , p l a s t i c b o t t l e and sealed; 
the r e s t of the sample was discarded. I f l e s s than 0.51 mm, the 
sample was also discarded and was l o s t from the weekly composite of 
d a i l y r e s u l t s . This w i l l produce some e r r o r s i n the comparisons 
with the weekly samples. The d a i l y sample was stored i n a r e f r i g 
erator at about 4°C to minimize degradation. The same procedure was 
followed f o r the weekly samples except that these were shipped the 
same day that they were c o l l e c t e d and were not r e f r i g e r a t e d . 

For shipping to the lab o r a t o r y , the d a i l y samples were packed 
d i r e c t l y from the r e f r i g e r a t o r i n t o an i n s u l a t e d Styrofoam box with 
four frozen g e l packs. Weekly samples were packed together with the 
corresponding d a i l y samples and the carton was shipped by a i r 
f r e i g h t each week. 

Qu a l i t y c o n t r o l procedures (5-7) i n the f i e l d included semi
annual audit v i s i t s . These procedures were employed to maximize 
capture of uncontaminated samples, to i d e n t i f y and document them, 
to preserve t h e i r i n t e g r i t y u n t i l t h e i r a r r i v a l at the l a b o r a t o r y , 
to obtain dynamic blanks and to determine each s i t e 1 s p r e c i s i o n and 
accuracy of pH and c o n d u c t i v i t y measurement. (The f i e l d measure
ments were used as a q u a l i t y c o n t r o l to determine i f p r e c i p i t a t i o n 
samples had degraded between the f i e l d and laboratory measurements.) 

Laboratory Operations. I f s u f f i c i e n t sample was present, the f o l 
lowing order of a n a l y s i s was taken to minimize chance of degrada
t i o n : pH, NH 4, S O 4 , NO], C l ~ , £a , Mg , Na , and Κ . The pH was 
measured e l e c t r o m e t r i c a l l y , N H 4 by automated c o l o r i m e t r y , the anions 
by i o n chromatography, and the m e t a l l i c cations by flame atomic 
absorption. I f i n s u f f i c i e n t sample was a v a i l a b l e f o r complete 
a n a l y s i s , the anions were measured before ammonium. A l l samples 
were analyzed without f i l t r a t i o n . However, the samples were decant
ed to eliminate sedimented p a r t i c l e s . 

A l l a n a l y t i c a l instruments were c a l i b r a t e d at l e a s t once a day. 
In a d d i t i o n , reagent blanks, spikes and s p l i t samples were run d a i l y . 
A f u l l d e s c r i p t i o n of the q u a l i t y c o n t r o l program implemented f o r 
UAPSP by EMSI i s provided elsewhere (8-9). 
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Data Management. Data were i n v a l i d a t e d f o r the f o l l o w i n g reasons: 
obvious p h y s i c a l contamination of a sample, instrument malfunction, 
evidence of erroneous data entry, and o u t l y i n g observations. 

Laboratory chemists manually checked approximately 5% of a l l 
data, concentrating on extreme observations of concentrations and 
ion balance data, thus v e r i f y i n g instrument c a l i b r a t i o n and i n t e g 
r i t y of the a n a l y t i c a l process. Based on these checks some samples 
were designated f o r r e a n a l y s i s followed by reentry of r e s u l t s i n t o 
the data base. No extreme observations were deleted from the main 
data base i f they passed a l l the checks described here. Below-
d e t e c t i o n - l e v e l values were set equal to zero. 

The d i s t r i b u t i o n of c o l l o c a t e d d i f f e r e n c e s f o r the d a i l y and 
weekly measurements were used to detect o u t l i e r s . The d i s t r i b u 
t i o n s f o r the three p r e c i p i t a t i o n types at each s i t e were symmet
r i c a l with long t a i l s . In t h i s study, the t a i l s were truncated at 
±3σ from the mean f o r each observable, and p a i r s of samples with 
the extreme ( i . e . minimum and maximum) d i f f e r e n c e s were r e j e c t e d 
from parametric s t a t i s t i c a l analyses according to the f o l l o w i n g 
c r i t e r i a : 

+ (a) one of the four major i o n d i f f e r e n c e s (H , SO^, N O 3 and 
N H 4 ) of that sample p a i r was outside the 3σ acceptance l i m i t s . 

(b) at l e a s t three of the minor ion d i f f e r e n c e s of that sample 
p a i r were outside the 3σ acceptance l i m i t s , or 

(c) one of the minor i o n d i f f e r e n c e s of that sample p a i r was 
outside the 3σ acceptance l i m i t s and three out of the four primary 
ion d i f f e r e n c e s f o r the same sample p a i r were at e i t h e r extreme of 
the c o l l o c a t e d p a i r d i s t r i b u t i o n . 

The screening steps o u t l i n e d above reduced the number of d a i l y 
samples from 67, 86 and 142 to 63, 72 and 133, and the corresponding 
weekly samples from 35, 38 and 52 to 33, 37 and 47 f o r the Georgia, 
Kansas and Vermont s i t e s , r e s p e c t i v e l y . These screened data repre
sent 94%, 84% and 94% of the t o t a l d a i l y samples and 94%, 97% and 
91% of the t o t a l weekly samples from the three r e s p e c t i v e s i t e s . 

The small f r a c t i o n of data i n the t a i l s are probably due to 
contamination and t h e i r e l i m i n a t i o n removes t h e i r d i s p r o p o r t i o n a t e l y 
large i n f l u e n c e on hypothesis t e s t i n g by parametric methods. Non-
parametric techniques are r e l a t i v e l y i n s e n s i t i v e to the data i n the 
t a i l s of the d i s t r i b u t i o n , and unscreened data were used f o r these 
analyses. 

The c o l l o c a t i o n data were used to determine concentration means 
and medians of d a i l y and weekly sampling and to obtain the b i a s 
between the measured weekly and the derived weekly values, compos
i t e d from the corresponding d a i l y r e s u l t s . A l l derived weekly 
concentrations were c a l c u l a t e d separately f o r each c o l l e c t o r as the 
pr e c i p i t a t i o n - w e i g h t e d mean, C = i c i P i / i P i > w h e r e c i a n d P i a r e t h e 

d a i l y concentration and sample weight. For derived weekly p r e c i p i 
t a t i o n , the sum of the d a i l y volumes f o r the week was taken f o r each 
p r e c i p i t a t i o n c o l l e c t o r . 

The data were c l a s s i f i e d by sampling s i t e , and by meteorolog
i c a l season (spring = March - May, summer = June - August, f a l l = 
September - November, and winter = December - February). 
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Only events greater than 0.51 mm (0.02 inch) r a i n gauge depth 
were included i n t h i s study to ensure that s u f f i c i e n t sample was 
a v a i l a b l e f o r a n a l y s i s . Thus i f a week had only small d a i l y events s 

no corresponding d a i l y and derived weekly data were a v a i l a b l e ; how
ever, events greater than 0.51 mm allowed p a r t i a l a n a l y s i s and were 
included. 

When an observable value was missing, no c o l l o c a t e d d i f f e r e n c e 
was obtained f o r that observable. However, to c a l c u l a t e a mean 
value i f one of the observables was missing, the v a l i d c o l l o c a t e d 
measurement was taken as the mean. For a week which contained one 
or more missing d a i l y samples the derived weekly and the correspond
ing measured weekly samples were discarded from the comparison only 
i f the p r e c i p i t a t i o n of the missing d a i l y sample(s) accounted f o r 
more than 20% of the week's t o t a l . This was done to maximize the 
number of data points and the power of the s t a t i s t i c a l t e s t s . 

S t a t i s t i c a l T e s t i n g . Preliminary evaluation of the data f o r c o l l o 
cated concentration d i f f e r e n c e s f o r each of the observables showed 
that the d i s t r i b u t i o n s were symmetrical but not Gaussian. S i m i l a r 
d i s t r i b u t i o n s were obtained f o r measurement bias (weekly derived 
minus weekly measured concentrations) as shown i n the Results 
s e c t i o n below. Therefore, both a robust parametric t e s t (paired 
t - t e s t (10)) and a nonparametric t e s t (Wilcoxon signed rank t e s t 
(11) were performed to determine the s t a t i s t i c a l s i g n i f i c a n c e of 
the d i f f e r e n c e s . The advantages of the Wilcoxon t e s t are that i t 
a p p l i e s under more general conditions than the t - t e s t and i t i s 
a f f e c t e d only minimally by extreme values; the disadvantage i s that 
the t e s t compares r e l a t i v e ranks of the data and not the a c t u a l 
data values. Although the s t a t i s t i c a l s i g n i f i c a n c e of parametric 
t e s t r e s u l t s are s e n s i t i v e to the o u t l i e r r e j e c t i o n scheme chosen, 
the parametric t e s t s require fewer data points to detect population 
d i f f e r e n c e s at the same s i g n i f i c a n c e l e v e l . 

To t e s t the d i f f e r e n c e s among s i t e s and among seasons, a n a l y s i s 
of variance (ANOVA) techniques were u t i l i z e d . For the one-way ANOVA 
the standard F - t e s t was augmented by the Welch and Browne-Forsythe 
t e s t s (12), i n order to account f o r the unequal variances of the 
compared groups ( s i t e s or seasons). Throughout t h i s study a s i g n i f 
icance l e v e l of 0.05 was u t i l i z e d . A l l the t e s t s were performed 
with the BMDP s t a t i s t i c a l routines (13). 

Results and D i s c u s s i o n 

A calendar of weekly events showing the number of samples f o r each 
week a f t e r o u t l i e r r e j e c t i o n i s presented f o r each s i t e i n Figure 1. 
The greatest number of both d a i l y and weekly events occurred i n 
Vermont and the smallest number i n Georgia. The l a r g e s t number of 
events per month occurred i n J u l y f o r Georgia, and i n May and June 
f o r Kansas and Vermont. 

S i t e Method Bi a s . Method b i a s , defined as derived weekly minus 
measured weekly values, and r e l a t i v e mean b i a s , the b i a s per mean 
derived weekly value, were c a l c u l a t e d f o r each s i t e . The average 
of the c o l l o c a t e d p a i r r e s u l t s f o r each d a i l y and weekly sample 
was used. Figure 2 shows the d i s t r i b u t i o n of the method b i a s f o r 
hydrogen ion and s u l f a t e f o r each s i t e . The median, mean, and 
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GEORGIA 

ι ι ι r ι 1 1 1 1 1 1 1 1 1 
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— γ j 1 1 f " ι " " f 1 " ι " " i " " î " — I " " Γ " Ί " — I 
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"1 1 I 1 Γ ' ' Τ 1 1 1 f ' ' 'f ·'·]"·' 1 ' • • τ 1 1 ' ' Ί 1 
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Figure 1. Number of samples per week f o r the Georgia, Kansas 
and Vermont s i t e s f o r 1983-1984. 
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HYDROGFN SULFATE 

Georgia 

0.016 -0.008 0.000 0.008 0.016 

Vermont 

0.016 -0.008 0.000 0.008 0.016 

DIFFERENCE (MG/L) 

Georgia 

-0.500 -0.250 0.000 0 2 5 0 0.500 

40 -

35 -

30 

25 -

20 -

15 

Kansas 

J U L LOD: 
-0.500 -0.250 0.000 0 2 5 0 0.500 

Vermont 

-0.500 - 0 2 5 0 0.000 0 2 5 0 0.500 

DIFFERENCE (MG/L) 

Figure 2. (Weekly derived minus weekly measured) data f o r 
hydrogen ion and s u l f a t e at the Georgia, Kansas and Vermont 
s i t e s . (The number of data points included i n each bar i s 
l i s t e d above the bar, and a l l extreme values are included i n 
the extreme bars. The curve represents the Gaussian d i s t r i 
bution c a l c u l a t e d from the mean and standard d e v i a t i o n of the 
data.) 
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r e l a t i v e mean values of the r e s u l t i n g b i a s f o r a l l observables f o r 
a l l the p r e c i p i t a t i o n types combined are l i s t e d f o r the three s i t e s 
i n Table I. The median and mean biases that tested to be s i g n i f i 
cant by the Wilcoxon and p a i r e d t - t e s t s , r e s p e c t i v e l y , are noted i n 
the t a b l e . D i f f e r e n c e s i n the s i g n i f i c a n t r e s u l t s between the two 
t e s t s may be due to the s l i g h t l y d i f f e r e n t d i s t r i b u t i o n s used be
cause of o u t l i e r d e l e t i o n . The choice of o u t l i e r s w i l l e f f e c t the 
t - t e s t r e s u l t s , which depend on the mean and standard d e v i a t i o n , but 
w i l l not a f f e c t the Wilcoxon t e s t r e s u l t s which do not depend on the 
spread of the d i s t r i b u t i o n . 

Most of the b i a s values are negative, i n d i c a t i n g that the week
l y measured concentrations are l a r g e r than the weekly derived values. 
For the Georgia s i t e , the weekly measured values are l a r g e r than, or 
equal t o , the ones derived from the d a i l y data f o r a l l the observ
ables except potassium. The Georgia s i t e a l s o shows the l a r g e s t 
number of analytes with s t a t i s t i c a l l y s i g n i f i c a n t b i a s between the 
two c o l l e c t i o n methods. The l a r g e r p r e c i p i t a t i o n amounts, as w e l l 
as ion concentrations, f o r the weekly c o l l e c t e d samples i n d i c a t e 
that evaporation i s not the cause of the l a r g e r observed concentra
t i o n s . P o s s i b l e explanations are: (a) small p r e c i p i t a t i o n samples 
(<0.5 mm), which generally are more concentrated than l a r g e r event 
samples, are not included i n the derived weekly values but are 
included i n the measured weekly amounts i f other events occurred 
during the week, and (b) the weekly samplers open sooner than the 
d a i l y samplers, catching more of the i n i t i a l r a i n f a l l which generally 
contains more washout of c o n s t i t u e n t s . The Kansas s i t e has the 
l e a s t number of s i g n i f i c a n t method d i f f e r e n c e s even though i t s b i a s 
data f o r C a + 2 and Mg + 2 are l a r g e r than the s i g n i f i c a n t biases f o r 
these two parameters at the other two s i t e s ; t h i s i s because the 
Kansas measurements vary more than the Georgia and Vermont measure
ments . 

The Georgia s i t e , although having the most s i g n i f i c a n t b i a s 
r e s u l t s , has r e l a t i v e mean b i a s values under 8% f o r a l l the observ
ables except C a + 2 f o r which the bias i s 11.5%. For Kansas, the 
r e l a t i v e mean bias values are 10% or l e s s , except f o r H +, K + and 
Mg +2. F o r Vermont, the values of the r e l a t i v e b i a s are l e s s than 
11%, except f o r K +. The r e l a t i v e weekly b i a s f o r hydrogen ion and 
s u l f a t e are compared f o r the three s i t e s i n Figure 3. A l l extreme 
points are truncated at the 50% d i f f e r e n c e l e v e l . I t i s evident 
that most of the data l i e w i t h i n the ±10% range. 

A one-way ANOVA detected s i g n i f i c a n t d i f f e r e n c e s i n the mean 
bias f o r only H + and Na + among the s i t e s , as i n d i c a t e d i n Table I . 
The small d i f f e r e n c e s i n the weekly b i a s r e s u l t s among the three 
s i t e s f o r a l l the other observables were not declared s t a t i s t i c a l l y 
s i g n i f i c a n t since they are small r e l a t i v e to the random f l u c t u a t i o n s 
i n the measurements at each s i t e . For the observables other than 
IT*" and Na +, the method bias i s expected to be s i m i l a r at the three 
s i t e s . Except f o r K +, the d i f f e r e n c e s between the r e l a t i v e mean 
bia s f o r weekly and d a i l y composited samples are generally under 
12%; f o r the major i o n s , N H 4 , SO 4 and N O 3 , the method b i a s i s 
t y p i c a l l y much smaller (<8%). 

The r e s u l t s of t h i s study are i n general agreement with those of 
Schroder et a l . (3) and S i s t e r s o n et a l . (A), but disagree with 
de. Eena et al.. (2) . The present r e s u l t s i n d i c a t e that weekly sampling 
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Figure 3. V a r i a t i o n of percent r e l a t i v e b i as (weekly derived -
measured/weekly derived) with time f o r hydrogen ion and s u l f a t e 
at the Georgia, Kansas and Vermont s i t e s . 
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generally y i e l d s higher annual mean concentrations than d a i l y sam
p l i n g , but the d i f f e r e n c e s are small, are assumed to be due to 
method and not s i t e to s i t e d i f f e r e n c e , and are not considered 
p r a c t i c a l l y s i g n i f i c a n t . However, a network that changes i t s sam
p l i n g schedule w i l l see the bias e f f e c t and, although sm a l l , i t can 
i n t e r f e r e with trend a n a l y s i s . 

E f f e c t of Season on Method Bi a s . The e f f e c t of season on the con
c e n t r a t i o n bias was also examined. For the f a l l quarter, the 1983 
and 1984 data were combined. The median, mean and r e l a t i v e mean 
biases f o r the weekly derived minus weekly measured concentrations 
(for a l l s i t e s grouped together) and the r e s p e c t i v e Wilcoxon and 
paired t - t e s t r e s u l t s are presented i n Table I I . S i g n i f i c a n t b i a s 
i s seen from e i t h e r the Wilcoxon or t - t e s t f o r n i t r a t e and calcium 
i n the s p r i n g , and f o r hydrogen i n the summer. However,_the f a l l + 

season reveals s i g n i f i c a n t b i a s by both t e s t s f o r H +, SO^, CI , Na , 
Ca and Mg and f o r K + by the Wilcoxon t e s t only. The measured 
weekly concentrations are l a r g e r than the derived ones i n a l l these 
s i g n i f i c a n t b ias cases except f o r H . Higher C a + 2 and Mg + 2 concen
t r a t i o n s , which generally are from ba s i c s o i l dust, are expected to 
y i e l d lower a c i d i t y (H +) i n a l l samples. A one-way ANOVA detected 
s i g n i f i c a n t d i f f e r e n c e s i n bias among the seasons f o r N O 3 , CI and 
Mg* 2 only, as shown i n Table I I . The r e s u l t s i n d i c a t e that a major
i t y of the analytes show s i g n i f i c a n t b i a s i n the f a l l , and the l a r g 
est r e l a t i v e b ias f o r a l l observables a l s o occurs i n the f a l l . The 
s i g n i f i c a n t f a l l season biases are d i f f i c u l t to e x p l a i n . For the 
four major ions, the r e l a t i v e biases are under 13%. The large b i a s 
f o r potassium i n d i c a t e s that there are sampling problems, p o s s i b l y 
due to adsorption-desorption from the p l a s t i c bucket. These r e s u l t s 
i n d i c a t e that the bias i n concentration between weekly and d a i l y 
samples i s s i m i l a r f o r most of the constituents i n a l l seasons but 
the f a l l . 

Summary and Conclusions 

The r e s u l t s of t h i s study i n d i c a t e that 

* Concentrations of weekly c o l l e c t e d samples are generally higher 
than those of the derived weekly samples. 

* No correspondence occurs between concentration bias f o r the major 
ions and the bi a s i n p r e c i p i t a t i o n volume c o l l e c t e d . Therefore, 
the observed biases cannot be a t t r i b u t e d to evaporation. 

* Although many i o n i c concentration biases between the weekly 
measured and derived samples are s t a t i s t i c a l l y s i g n i f i c a n t , t h e i r 
magnitude i s generally <10% of the mean concentration, and there
f o r e are not considered p r a c t i c a l l y s i g n i f i c a n t . 

* An a n a l y s i s of bias by season i n d i c a t e s that the l a r g e s t number of 
s i g n i f i c a n t method bias values occur f o r most of the ions i n the 
f a l l (September - November). 

From these r e s u l t s i t i s concluded that a network that changes i t s 
sampling schedule w i l l see a small b i a s e f f e c t which can i n t e r f e r e 
with trend a n a l y s i s . In a d d i t i o n , the seasonal d i f f e r e n c e s i n con
c e n t r a t i o n s t r o n g l y favor monitoring and data a n a l y s i s f o r a whole 
year and p r e f e r a b l y f o r complete seasons. 
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Chapter 21 

Chemistry of Wintertime Wet Deposition 

Jean Muhlbaier Dasch 

Environmental Science Department, General Motors Research Laboratory, 
Warren, MI 48090 

Four years of winter precipitation data from south
eastern Michigan were examined to help understand the 
higher NO 3-, but lower SO 4--, concentrations in snow 
than in winter rain. The higher NO3- levels in snow 
could be attributed to the lower precipitation depths 
associated with snow events than with rain events. 
Conversely, SO4-- was far higher in winter rain than 
in snow. The SO4-- concentrations were highly corre
lated with the temperatures of the cloud layers. The 
data suggests that SO2 is incorporated and oxidized to 
SO4-- in clouds most efficiently when the hydrometeors 
are present as liquid droplets. The fact that NO3-
does not show the same relationship suggests that 
incorporation of nitrogen species into cloud water 
followed by oxidation is not as important a process 
for nitrogen as for sulfur. 

The S 0 4 - - / N 0 3 - - r a t i o of winter p r e c i p i t a t i o n i s lower than that of 
summer p r e c i p i t a t i o n i n the nor theas tern Uni t ed States and eas tern 
Canada ( 1 , 2 ) . Par t of t h i s d i f f e r e n c e can be a t t r i b u t e d to d i f f e r 
ences between r a i n and snow, s i n c e snow has a lower S 0 4 - - / N 0 3 - r a t i o 
than summer r a i n , or even winter r a i n ( 2 , 3 ) . Severa l s t u d i e s (3,4) 
have shown S 0 4 - - t o be lower i n snow than i n winter r a i n i n the 
n o r t h e a s t e r n Uni t ed S t a t e s . N 0 3 - , on the other hand, f r e q u e n t l y 
shows the reverse t r e n d with h igher concentra t ions i n snow than i n 
winter r a i n ( 4 , 5 ) . The h igher N 0 3 - concentra t ions i n snow than i n 
r a i n cou ld not be a t t r i b u t e d to a i r temperatures , synopt ic p a t t e r n s , 
p r e c i p i t a t i o n r a t e , wind d i r e c t i o n or wind speed i n an a n a l y s i s by 
Raynor and Hayes ( 5 ) . They suggested that s ince both winter r a i n 
and snow o r i g i n a t e from s u b - f r e e z i n g c l o u d s , the higher N 0 3 - concen
t r a t i o n s found i n snow than r a i n must be due to more e f f i c i e n t 
be low-c loud scavenging of n i t r o g e n species i n the a i r by snowflakes 
than by r a i n d r o p s . Modeling s tud ies by Chang a l s o suggest that 
snowflakes should scavenge gas-phase HN03 more e f f i c i e n t l y than 
r a i n d r o p s (6 ) . 

In t h i s paper , four years of winter p r e c i p i t a t i o n data w i l l be 
examined to p r o v i d e i n s i g h t s i n t o the mechanisms by which s u l f u r and 

0097-6156/87/0349-0242$06.00/0 
© 1987 American Chemical Society 
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n i t r o g e n species are incorporated i n t o p r e c i p i t a t i o n . Concentra
t i o n s of S0 4~- and N0 3- i n winter r a i n and snow w i l l be considered 
i n terms of p r e c i p i t a t i o n depth, ambient concentrations, wind d i r e c 
t i o n and cloud temperatures. 

Experimental 

Wet d e p o s i t i o n was c o l l e c t e d during four winters at a s i t e i n War
ren, MI, a suburb north of D e t r o i t . The samples were c o l l e c t e d from 
l a t e December to e a r l y A p r i l f o r four winters s t a r t i n g with the 
1981/82 winter. The water equivalent of the wintertime p r e c i p i t a 
t i o n during the four winters was 24, 12, 15 and 33 cm, r e s p e c t i v e l y . 
The snowfall during the four winters was 147, 34, 86 and 124 cm. 
Annual p r e c i p i t a t i o n data w i l l a l s o be r e f e r r e d to i n t h i s paper, 
which i s based on sampling at t h i s s i t e from summer, 1981 to summer, 
1983. 

Wet d e p o s i t i o n was c o l l e c t e d on an event basis i n polyethylene 
buckets i n Aerochem Metric c o l l e c t o r s set to open only during pre
c i p i t a t i o n p e riods. The p r e c i p i t a t i o n time was determined from a 
B e l f o r t recording rain-gauge. The p r e c i p i t a t i o n depth (as water 
equivalent) was determined as the volume of p r e c i p i t a t i o n i n the 
bucket d i v i d e d by the area of the bucket opening (638 cm 2). The 
p r e c i p i t a t i o n was f i l t e r e d through 0.4 Mm pore Nuclepore f i l t e r s to 
remove p a r t i c l e s and was then r e f r i g e r a t e d u n t i l time f o r a n a l y s i s . 
The i o n s , N0 3- and S0 4--, were analyzed by i o n chromatography. 

The concentrations of p a r t i c l e s and gases i n a i r were measured 
during the l a s t two winters to allow a comparison of p r e c i p i t a t i o n 
composition with l e v e l s of p o l l u t a n t s i n the a i r . Each sampling 
p e r i o d l a s t e d 3 to 5 days. A i r was sampled at 10 L/min through a 
t r i p l e - s t a c k f i l t e r : a l-μπι p o r e - s i z e T e f l o n f i l t e r c o l l e c t e d p a r t i 
c l e s , a l-Atm p o r e - s i z e nylon f i l t e r c o l l e c t e d HN03 as w e l l as any 
N0 3- that v o l a t i l i z e d from the f i r s t f i l t e r , and double c e l l u l o s e 
n i t r a t e f i l t e r s impregnated with a 25% K 2C0 3, 10% g l y c e r o l s o l u t i o n 
c o l l e c t e d S0 2. The T e f l o n f i l t e r was extracted i n 50 mL of deion-
i z e d water and the extract was analyzed f o r N0 3- and S0 4--. The 
nylon f i l t e r was extracted i n 50 mL of the same bicarbonate-carbo
nate eluant used i n the i o n chromatograph and the extract was ana
ly z e d f o r N0 3-. The S0 2 f i l t e r s were extracted i n 100 mL of a 0.2% 
H 20 2 s o l u t i o n and the extract was analyzed f o r S 0 4 " . In a d d i t i o n , 
N0 2 was c o l l e c t e d on a c a r t r i d g e containing diphenylamine and ana
ly z e d by the method of L i p a r i ( 7 ) . 

Meteorological data were obtained from Local C l i m a t o l o g i c a l 
Data c o l l e c t e d at the D e t r o i t Metropolitan A i r p o r t , 39 km SW of War
ren. Upper a i r data were based on rawinsonde, constant pressure 
data c o l l e c t e d twice d a i l y at F l i n t , MI, 75 km NW of Warren. The 
meteorological data were obtained from the National C l i m a t i c Data 
Center i n A s h e v i l l e , NC. 

Results 

Winter p r e c i p i t a t i o n was c o l l e c t e d i n Warren, MI over a four-year 
p e r i o d . P r e c i p i t a t i o n was c l a s s i f i e d as r a i n , snow, or mixed r a i n 
and snow based on the Local C l i m a t o l o g i c a l Data from D e t r o i t Metro
p o l i t a n A i r p o r t . The volume-weighted mean concentrations are shown 
i n Table I. The weighted standard d e v i a t i o n s were c a l c u l a t e d as 
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244 THE CHEMISTRY OF ACID RAIN 

Table I . Concentrations of Ions i n Winter P r e c i p i t a t i o n 

Rain Mixed Snow 

No. Events 31 25 29 
NO3- (Meq/L) 31±3.3 34±3.1 41±4.9 
S 0 4 " (Meq/L) 66±4.6 55±5.2 26±3.5 
S0 4--/N0 3- 2.1 1.6 0.63 

desc r i b e d by Topol ( 4 ) . 
i s indeed higher i n snow 

S0 4-~ i s 
than i n 

lowest during 
r a i n , as found 

snow events. N0 3 

i n other studies 
(4,5). The opposite trend i n S0 4-- and N0 3- leads t o a strong down
ward trend i n S0 4--/N0 3- r a t i o s from r a i n to snow events. The 
S0 4--/N0 3- r a t i o s are s i m i l a r t o those measured elsewhere i n the 
northeastern United States ( 4 ) . The trends i n N0 3- and S 0 4 " w i l l 
be considered i n d i v i d u a l l y below. 

N i t r a t e Concentrations. The higher concentrations of N0 3- found i n 
snow than i n winter r a i n s have been a t t r i b u t e d t o higher scavenging 
of HN03 i n the a i r by snowflakes than by raindrops (4,5,6). Another 
p o s s i b i l i t y w i l l be considered here: t h a t c o n c e n t r a t i o n d i f f e r e n c e s 
can be explained based on p r e c i p i t a t i o n depth. Concentrations of 
ions such as S0 4-~ and N0 3- i n p r e c i p i t a t i o n have been shown t o vary 
i n v e r s e l y w i t h p r e c i p i t a t i o n depth ( 8 ) . During the winter periods 
considered i n t h i s paper, the average p r e c i p i t a t i o n depth f o r winter 
r a i n events was 1.3 cm compared to 0.42 cm (as water equivalent) f o r 
snow events. The e f f e c t of t h i s d i f f e r e n c e i s shown i n Table I I 

Table I I . P r e c i p i t a t i o n Events Separated by P r e c i p i t a t i o n Depth 

< 0.4 cm 0.4 - 0.8 cm > 0.8 cm 
Rain Snow Rain Snow Rain Snow 

No. Events 6 22 7 5 18 3 
Volume (mL) 156 138 398 347 1179 1081 
N0 3~ (Meq/L) 78 59 43 44 27 24 
S 0 4 " (Meq/L) 117 36 88 28 61 15 
S 0 4 — / N 0 3 - 1.5 0.61 2.1 0.64 2.3 0.63 

where events are separated by p r e c i p i t a t i o n depth. Based on t h i s 
d i v i s i o n , the N0 3- concentrations are not higher i n snow events than 
i n r a i n events. 

A m u l t i p l e r e g r e s s i o n a n a l y s i s was a l s o performed t o determine 
the e f f e c t of p r e c i p i t a t i o n depth and p r e c i p i t a t i o n type (snow v s . 
r a i n ) on the N0 3- c o n c e n t r a t i o n . Cloud temperature was used as a 
measure of p r e c i p i t a t i o n type and was c a l c u l a t e d as des c r i b e d i n the 
next s e c t i o n . Although N0 3- conc e n t r a t i o n s were found t o be 
i n v e r s e l y c o r r e l a t e d w i t h p r e c i p i t a t i o n volume, there was no s i g n i f 
i c a n t c o r r e l a t i o n between N0 3- concentrations and temperature. 
Therefore, at t h i s l o c a t i o n , the lower water content of snow events 
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compared t o r a i n events appears s u f f i c i e n t t o e x p l a i n the higher 
NO3- concentrations found i n snow; there i s no evidence that HN03 i n 
the a i r i s scavenged more e f f i c i e n t l y by snow than by r a i n . 

S0 A-~ Concentrations. Based on Tables I and I I , there can be no 
doubt that S0 4-~ l e v e l s i n winter r a i n are f a r higher than i n snow 
at t h i s l o c a t i o n , d e s p i t e d i f f e r e n c e s i n p r e c i p i t a t i o n depth. Two 
p o s s i b l e sources of the d i f f e r e n c e are the f o l l o w i n g : higher 
ambient S0 2 and S0 4-- concentrations a v a i l a b l e f o r scavenging d u r i n g 
r a i n events or higher S0 2 t o S0 4-- conversion during r a i n events. 
These p o s s i b i l i t i e s w i l l be considered f u r t h e r . 

Ambient concentrations of p a r t i c l e s and gases were measured a t 
ground l e v e l d u r i n g the 1983-84 and 1984-85 winters to determine i f 
higher concentrations were a v a i l a b l e f o r scavenging d u r i n g winter 
r a i n s and snows. Since the ambient data d i d not correspond to par
t i c u l a r p r e c i p i t a t i o n events, they were roughly grouped i n t o snow 
periods and r a i n p e r i o d s . The r e s u l t s of t h i s grouping are seen i n 
Table I I I . Based on a Student T-test, the onl y s t a t i s t i c a l l y s i g 
n i f i c a n t d i f f e r e n c e s at the 95% confidence l e v e l i s f o r N0 2 which i s 

Table I I I . Concentrations of P a r t i c l e s and Gases i n A i r 
during Rain Periods and Snow Periods 

Ug/m 3) 

Rain Periods Snow Periods 

N 0 3 - 3.512.1 3.5±1.9 
s o 4 - - 3.5±1.3 4.211.9 
HN03 1.4±0.96 1.310.78 
s o 2 19±9.9 22110 
N0 2 17±7.9 24110 

higher during snow peri o d s . The s u l f u r species are a c t u a l l y some
what higher d u r i n g snow p e r i o d s than d u r i n g r a i n p e r i o d s . There
f o r e , the higher S0 4-- l e v e l s i n r a i n cannot be a t t r i b u t e d to higher 
l e v e l s of ambient s u l f u r species a v a i l a b l e f o r scavenging. 

The o r i g i n of the storm system could a l s o lead t o d i f f e r e n c e s 
i n p r e c i p i t i o n c o n c e n t r a t i o n s . S u l f u r emissions w i t h i n 480 km of 
Warren are twi c e as high from the south or east as from the north or 
west, and N0 2 emissions are almost ten times higher from the east, 
south or west as from the n o r t h ( 3 ) . Since more snow events than 
r a i n events were from the cl e a n e r north, t h i s might e x p l a i n the 
lower S0 4-~ l e v e l s i n snow than i n r a i n . To evaluate t h i s , the 
ground l e v e l wind d i r e c t i o n was determined during each p r e c i p i t a t i o n 
p e r i o d based on the Local C l i m a t o l o g i c a l Data from D e t r o i t Metropol
i t a n A i r p o r t . The data was d i v i d e d i n t o N, E, S, and W quadrants. 
Events with a wind s h i f t of more than 100° were excluded from the 
a n a l y s i s . The volume-weighted mean concentrations are shown i n 
Table IV. Note that the number of events i s small from some d i r e c 
t i o n s . 

The N O 3 - concentrations are lower i n r a i n than snow from a l l 
d i r e c t i o n s , but that can be explained based on the lower p r e c i p i t a 
t i o n depth i n snows than r a i n s . The S0 4-~ l e v e l s are co n s i d e r a b l y 
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Table IV. E f f e c t of Wind D i r e c t i o n on P r e c i p i t a t i o n Concentration 
(Meq/L) 

S0 4-- NO 3 

Rain Snow Rain Snow 

North 44 ( 1 ) * 20 (5) 16 (1) 20 (5) 
East 63 (9) 15 (4) 35 (9) 46 (4) 
South 72 (10) 39 (7) 31 (10) 54 (7) 
West 48 (3) 47 (2) 28 (3) 48 (2) 

* Values i n parentheses are the number of events represented by 
each mean. 

higher i n r a i n than i n snow f o r three d i r e c t i o n s . Therefore, the 
ground-level wind d i r e c t i o n cannot e x p l a i n the higher s u l f a t e l e v e l s 
i n r a i n than snow. 

I t i s a l s o p o s s i b l e t h a t snow scavenges p a r t i c u l a t e S0 4-- l e s s 
e f f i c i e n t l y than r a i n , but t h i s cannot be determined from t h i s data 
s e t . However, i n d i c a t i o n s from the l i t e r a t u r e suggest that the 
reverse i s t r u e . Knutson et a l . (9) reviewed s e v e r a l studies show
i n g that snow scavenged p a r t i c l e s f a s t e r than r a i n . Chan and Chung 
(10) a l s o found a higher scavenging r a t i o f o r S0 4-- p a r t i c l e s by 
snow than r a i n . 

The other p o s s i b i l i t y to be considered i s that of greater S0 2 

t o S0 4-- conversion i n cloud water d u r i n g r a i n events than d u r i n g 
snow events. The conversion r a t e w i l l depend on a v a r i e t y of f a c 
t o r s i n c l u d i n g the S0 2 c o n c e n t r a t i o n , the c o n c e n t r a t i o n of oxidants 
such as ozone or hydrogen peroxide, and the i n c o r p o r a t i o n and rea c 
t i o n of these species i n clo u d hydrometeors. The concentrations of 
S0 2 and oxidants are u n l i k e l y t o show l a r g e v a r i a t i o n s from December 
to e a r l y A p r i l when these samples were c o l l e c t e d . More l i k e l y , the 
f a c t o r of importance i s the s t a t e of the p r e c i p i t a t i o n i n the c l o u d , 
whether f r o z e n or l i q u i d , or the r e l a t i v e length of time i n each 
s t a t e . The s t a t e of the p r e c i p i t a t i o n would a f f e c t both the i n c o r 
p o r a t i o n and r e a c t i o n of s u l f u r species i n cloud drops. F i r s t , dur
i n g the f r e e z i n g process, most of the d i s s o l v e d S0 2 i s l o s t from the 
drop as i n d i c a t e d by experiments of I r i b a r n e et a l . (11). Secondly, 
the o x i d a t i o n of the remaining d i s s o l v e d S0 2 w i t h i n an i c e c r y s t a l 
w i l l be retarded compared t o r e a c t i o n w i t h i n a d r o p l e t . I t has been 
argued that the p r e c i p i t a t i o n s t a t e i s unimportant i n winter storms, 
because a l l c l o u d moisture would be expected to be f r o z e n at c l o u d 
l e v e l s , whether i t appeared as r a i n or snow at ground l e v e l ( 5 ) . 
However, Scott found higher S0 4~- l e v e l s i n rimed snowflakes where 
growth occured by a c c r e t i o n of water d r o p l e t s than i n unrimed snow-
f l a k e s where growth occurred by vapor d e p o s i t i o n (12). 

We i n v e s t i g a t e d the e f f e c t of the temperature i n the clouds f o r 
the storms of the f i r s t two winters using the upper a i r data from 
F l i n t , MI. For each p r e c i p i t a t i o n event, the cloud r e g i o n was 
roughly d e f i n e d as the a l t i t u d e s with r e l a t i v e h u m i d i t i e s greater 
than 90%. The median temperature i n t h i s a l t i t u d e range was next 
determined. The temperature f o r the snow events ranged from -14° C 
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t o -4° C w i t h a median of -10° C whereas the r a i n or mixed events 
ranged i n temperature from -15° C to 11° C with a median of 1° C. 
Based on these temperatures i t appears t o be untrue that most clo u d 
l a y e r s are f r o z e n i n the winter at t h i s l o c a t i o n , s i n c e drops can 
e a s i l y e x i s t i n a supercooled s t a t e a t these temperatures (13). 

Figure 1 shows a p l o t of the S0 4--/N0 3- r a t i o i n the p r e c i p i t a 
t i o n as a f u n c t i o n of clou d temperature. A h i g h l y s i g n i f i c a n t , 
p o s i t i v e c o r r e l a t i o n e x i s t s (r=0.75) between the S0 4--/N0 3- r a t i o 
and the temperature i n the c l o u d . The r a t i o of S0 4--/N0 3- i s used, 
rather than S0 4-~ c o n c e n t r a t i o n s , to normalize f o r the e f f e c t of 
p r e c i p i t a t i o n depth; S0 4-- i n p r e c i p i t a t i o n a l s o c o r r e l a t e d w i t h 
cloud temperature but t o a l e s s e r degree (r=0.35). 

I t i s i m possible to draw a d i v i s i o n between solid-phase and 
liqu i d - p h a s e hydrometeors based on the c l o u d temperature because of 
supercooling and because clo u d drops most l i k e l y go through s o l i d 
and l i q u i d phases as the water c i r c u l a t e s from the low, warmer a l t i 
tudes to the high, cooler a l t i t u d e s . However, t h i s graph should 
provide an i n d i c a t i o n of the s t a t e of the system, w i t h hydrometeors 
at the low temperatures e x i s t i n g as i c e c r y s t a l s and hydrometeors a t 
the higher temperatures e x i s t i n g as l i q u i d drops and a gradation of 
con d i t i o n s in-between. Therefore, t h i s evidence suggests that the 
higher S0 4~- l e v e l s i n r a i n than i n snow i s due to the greater d i s 
s o l u t i o n and r e a c t i o n of S0 2 i n l i q u i d drops than i c e c r y s t a l s . 
Conversely, the f a c t that N0 3- concentrations are the same i n r a i n 
and snow i n d i c a t e s that the d i s s o l u t i o n of NOx i n t o drops f o l l o w e d 
by o x i d a t i o n i s a l e s s important process than f o r S0 2. 

Discus s i o n 

Four years of winter p r e c i p i t a t i o n events were analyzed i n terms of 
S0 4~- and N0 3- concentrations to provide i n f o r m a t i o n on the mecha
nisms by which these ions are i n c o r p o r a t e d i n t o p r e c i p i t a t i o n . N0 3-
was higher i n snow than i n winter r a i n , as suggested by other stud
i e s . However, i n t h i s study the d i f f e r e n c e could be a t t r i b u t e d t o 
the lower p r e c i p i t a t i o n depths a s s o c i a t e d with snows than with win
t e r r a i n s . There was no evidence that snow scavenged HN03 more 
e f f i c i e n t l y than r a i n a t t h i s l o c a t i o n . 

Conversely, S0 4-- was f a r higher i n winter r a i n s than i n snow. 
This could not be explained i n terms of the ambient l e v e l s of s u l f u r 
species or the scavenging of S0 4-- p a r t i c l e s . However, the cloud 
temperatures were high enough i n the case of r a i n t o suggest th a t 
the cloud hydrometeors cou l d have been present as l i q u i d d r o p l e t s 
r a t h e r than i c e c r y s t a l s . The S0 4~- concentrations of the p r e c i p i 
t a t i o n were c o r r e l a t e d w i t h winter c l o u d l a y e r temperatures. The 
data suggests that S0 2 i s i n c o r p o r a t e d and o x i d i z e d t o S0 4-- i n 
clouds when the hydrometeors are present as l i q u i d d r o p l e t s . The 
f a c t that N0 3- l e v e l s are the same i n both r a i n and snow suggests 
that i n c o r p o r a t i o n of n i t r o g e n species i n t o cloud water fol l o w e d by 
o x i d a t i o n i s l e s s important a process f o r n i t r o g e n than f o r s u l f u r . 

American Chemical Society 
Library 

1155 15th St., N.W. 
Washington, D.C. 20036 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
02

1

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



248 THE CHEMISTRY OF ACID RAIN 

3.6 " 

Ο 

Cloud Temperature (°C) 

Figure 1. The infl u e n c e of cloud termperature on the 
S O 4 — / N O 3 - r a t i o of winter p r e c i p i t a t i o n . (Reprinted with 
permission from r e f . 14. Copyright 1987 Pergamon.) 
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Chapter 22 

Pollutant Deposition in Radiation Fog 

Jed M. Waldman1, Daniel J. Jacob2, J. William Munger, and Michael R. Hoffmann 

Department of Environmental Engineering Science, California Institute of Technology 
(138-78), Pasadena, CA 91125 

A. study of atmospheric pollutant behavior was conducted 
in the southern San Joaquin Valley of California during 
periods of stagnation, both with and without dense fog. 
Measurements were made of gas-phase and aerosol pollutant 
concentrations, fogwater composition, and deposition of 
solutes to surrogate surfaces. Deposition rates for 
major species were 5 to 20 times greater during fogs 
compared to nonfoggy periods. Sulfate-ion deposition 
velocit ies measured during fog were 0.5 to 2 cm s-1. 
Rates measured for nitrate ion were generally 50% below 
those for sulfate, except for acidic fog (pH<5) 
conditions, because nitrate was less effectively 
scavenged by neutral or alkaline fogs. In radiation 
fogs, scavenging of ambient aerosol was observed to 
increase as liquid water content rose. The lifetimes for 
atmospheric sulfate and ammonium were short (6-12 h) 
during dense fog compared to the ventilation rate (>3 d) 
for valley air. 

Depos i t i on du r ing fog episodes can make a s i g n i f i c a n t c o n t r i b u t i o n 
to the o v e r a l l f l u x of p o l l u t a n t s i n c e r t a i n ecosystems. Fu r the r 
more, when atmospheric s t agna t ion prevents normal v e n t i l a t i o n i n a 
r e g i o n , fog d e p o s i t i o n may become the main r o u t e o f p o l l u t a n t 
removal . Fogs can consequent ly exe r t dominant c o n t r o l over 
p o l l u t a n t l e v e l s i n c e r t a i n environments . 

The southern San Joaquin V a l l e y (SJV) of C a l i f o r n i a i s a 

'Current address: Department of Environmental & Community Medicine, 
UMDNJ-Robert Wood Johnson Medical School, Piscataway, NJ 08854 

2Current address: Center for Earth & Planetary Physics, Harvard University, 
Cambridge, MA 02138 

0097-6156/87/0349~0250$06.00/0 
© 1987 American Chemical Society 
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22. WALDMAN ET AL. Pollutant Deposition in Radiation Fog 251 

region prone to wintertime episodes of atmospheric sta g n a t i o n . 
These lead to elevated p o l l u t a n t concentrations and/or dense, wide
spread fogs. Major o i l - r e c o v e r y operations plus widespread a g r i 
c u l t u r a l and l i v e s t o c k feeding activités are important sources of 
S0 2, Ν€χ, and NH3. i n the v a l l e y . A m u l t i - f a c e t e d program of f i e l d 
monitoring was conducted i n the SJV during the wint e r 1984-85, 
focusing on aspects of p o l l u t a n t scavenging and removal i n the fog-
ladden atmosphere. Concentrations of major species were measured i n 
gas, dry a e r o s o l , and fogwater phases. In a d d i t i o n , d e p o s i t i o n a l 
f l u x e s were monitored by surrogate-surface methods. These measure
ments were employed to d i r e c t l y assess the magnitude of enhanced 
removal rates caused by f o g . 

METHODS 

F i e l d monitoring was conducted at two SJV s i t e s , B a k e r s f i e l d A i r p o r t 
and Buttonwillow. Fogwater was sampled by event using rotating-arm-
c o l l e c t o r s (RAC) wi t h sampling i n t e r v a l s of 1 to 2 h. L i q u i d water 
c o n t e n t (LWC) v a l u e s were averaged over the fo g w a t e r sam p l i n g 
i n t e r v a l s , c a l c u l a t e d from the rate of RAC c o l l e c t i o n . Atmospheric 
concentrations of a e r o s o l , n i t r i c a c i d and ammonia were monitored 
using d u a l - f i l t e r methods. T o t a l a e r o s o l samples were c o l l e c t e d on 
open-faced Teflon f i l t e r s operated s i d e - b y - s i d e . Nylon f i l t e r s and 
g l a s s - f i b e r f i l t e r s impregnated w i t h o x a l i c a c i d c o l l e c t e d HN0 3(g) 
and NH 3(g), r e s p e c t i v e l y . Samplers were run twice d a i l y (0000 to 
0400 and 1200 t o 1600 PST), except during fog episodes, when they 
were run continuously f o r 2 to 4-h i n t e r v a l s . Further d e t a i l s of 
sampling methods and s i t e s are given elsewhere (1,2). 

P o l y s t y r e n e p e t r i dishes (154 cm 2) with t h e i r l i p (1.2 cm) 
upwards were deployed to continuously monitor fog and dry p a r t i c l e 
d e p o s i t i o n . These were changed twice per day (0800 and 1600 PST) 
during nonfoggy periods o r , more f r e q u e n t l y during f o g , concurrent 
to f i l t e r sampling i n t e r v a l s . P e t r i dishes (PD) were extracted with 
10 mL of d i s t i l l e d , de-ionized water immediately f o l l o w i n g the end 
of ambient exposure. Subsequent e x t r a c t i o n s i n d i c a t e d that complete 
recovery (i.e.,>90%) was achieved. Side-by-side sample comparisons 
were i n good agreement· 

The use of surrogate surfaces to measure d e p o s i t i o n rates 
remains c o n t r o v e r s i a l due to the u n c e r t a i n t y i n e x t r a p o l a t i n g these 
r e s u l t s to n a t u r a l s u r f a c e s , e s p e c i a l l y regarding d e p o s i t i o n of 
gases or submicron aerosol ( 3 ) . The con d i t i o n s i n the SJV during 
the fog/aerosol study allowed us to apply s i m p l i f y i n g assumptions 
regarding the dominant d e p o s i t i o n processes. The v a l l e y i s 
uniformly f l a t , and over 85% of the surface cover i s open cropland 
or rangeland. There i s minimal canopy s t r u c t u r e , e s p e c i a l l y during 
wintertime. On a r e g i o n a l s c a l e , the t e r r a i n i s r e l a t i v e l y sparse 
and rather i n e f f i c i e n t f o r impaction. Furthermore, winds i n the_SJV 
under s t a g n a n t c o n d i t i o n s are u s u a l l y q u i t e l i g h t (<2 m s x ) ; 
f r i c t i o n v e l o c i t i e s measured at_ the A i r p o r t s i t e (1) were 
c o n s i s t e n t l y very low (U*<20 cm s 1 ) Therefore, i t was expected 
that sedimentation would be the main pathway f o r fog dr o p l e t and 
coarse aerosol d e p o s i t i o n , and an open c o l l e c t o r would r e l i a b l y 
monitor that r a t e . 
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RESULTS 

The winter 1984-85 was characterized by r e s t r i c t e d v e n t i l a t i o n i n 
the southern SJV, A cap on mixing heights was e f f e c t i v e l y main
tained by a temperature i n v e r s i o n based at 200-800 m above ground 
l e v e l . As i n our previous SJV studies (2,4), atmospheric aerosol as 
well as fogwater samples were found to be dominated by NH^ , N0g 

and SO^ · Other constituents were ge n e r a l l y measured at concen
t r a t i o n s far below these major species, although H and S(IV) were 
also s u b s t a n t i a l for several fogwater samples. O v e r a l l , these ions 
accounted for >95% of a l l the measured solute equiva l e n t s . T o t a l 
aqueous concentrations i n fogwater were r o u t i n e l y measured i n the 
1-3 meq L range. T o t a l ion concentrations measured by f i l t e r s 
(dry aerosol or fog droplets plus i n t e r s t i t i a l aerosol) were 
1-2 Ueq m~ . 

N i t r i c a c i d concentrations were r o u t i n e l y below de t e c t i o n 
l i m i t s (<0.005 yeq m 3 ) , with the exception of a few measurable 
v a l u e s (<0.05 yeq m 3 ) d u r i n g daytime i n t e r v a l s . S u b s t a n t i a l 
gaseous ammonia was measured during most i n t e r v a l s . During nonfoggy 
periods, N(-III) i n the gas phase of t e n exceeded the aerosol amount. 
In higher pH fogs, gaseous ammonia measured 20-50% of t o t a l N(-IIT), 
while much lower l e v e l s were found when fogwater a c i d i t i e s were 
below pH 5. 

As might be expected to accompany changing ambient co n d i t i o n s , 
m a t e r i a l fluxes to ground surfaces v a r i e d g r e a t l y during the study 
periods. Deposition samples was dominated by the sam_e major ion 
species measured i n aerosol and fogwater samples, NH^ , N0 3 , and 
S0 4 . These de p o s i t i o n rates for PD surfaces are shown i n Figure 1 
fo r the important sampling i n t e r v a l s at the B a k e r s f i e l d A i r p o r t . 
Fluxes measured to surrogate-surface c o l l e c t o r s were g e n e r a l l y small 
for dry periods. A sharp increase i n the d e p o s i t i o n of a l l ions 
accompanied fog i n each case. For major ions i n fog, the enhance
ment was 5 to 20 times the rates during dry i n t e r v a l s . This was due 
to the increases i n p a r t i c l e s i z e , t r i g g e r e d by aerosol a c t i v a t i o n 
and formation of the droplet phase. 

The measured deposition rates were normalized to the ambient 
concentrations of t o t a l aerosol loading to c a l c u l a t e deposition 
v e l o c i t i e s . C a l c u l a t i o n s were made using t o t a l and fogwater 
loadings. We use notations: 

(C) = t o t a l (aerosol+gas+fogwater) loading of species C i n 
the atmosphere, 

and (C)^= fogwater loading of species C, i . e . aqueous fogwater 
concentration χ estimated LWC. 

Hence, the t o t a l and fog d e p o s i t i o n r a t e s , r e s p e c t i v e l y , can be 
expressed : 

measured 

measured 

flux/(C) 

f l u x / ( C ) f 
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F i g . 1. Deposition rates of major ions to p e t r i dish c o l l e c t o r s at 
the B a k e r s f i e l d A i r p o r t s i t e . Brackets above i n d i c a t e 
periods of dense fog. 
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254 THE CHEMISTRY OF ACID RAIN 

The t o t a l and fog d e p o s i t i o n v e l o c i t i e s f o r major ions are 
shown i n Figure 2. In t h i s p r e s e n t a t i o n , c l e a r episodes of higher 
rates can be seen f o r the episodes of f o g . Greater f r a c t i o n s of 
S(VI) than N(V) were scavenged by d r o p l e t s during most events; t h i s 
l e d to higher t o t a l d e p o s i t i o n r a t e s ( s o l i d l i n e s i n Figure 2) f o r 
s u l f a t e compared to n i t r a t e . At the same time, the fog d e p o s i t i o n 
values showed strong c o r r e l a t i o n between the two species ( r 2 - 0 . 9 2 , 
n=21), i n d i c a t i n g that d i f f e r e n c e s i n removal rates were determined 
by t h e i r r e s p e c t i v e scavenging e f f i c i e n c i e s . This a l s o v e r i f i e d 
t h a t the c o m p o s i t i o n i n the f ogwater was the p r i n c i p a l f a c t o r 
a f f e c t i n g the p r o p o r t i o n of s o l u t e s removed. The median value of 
Vd,fo^ was approximately 2 cm s with measurements i n the range 1-5 
cm s ι. These rates were comparable to the t e r m i n a l s e t t l i n g 
v e l o c i t y of t y p i c a l fog d r o p l e t s ( i . e . , 10-40 μra diameter). 

DISCUSSION 

Solutes measured i n the d r o p l e t phase, ( C ) ^ , i s a subset of the 
t o t a l ( a e r o s o l + gas + fogwater) l o a d i n g , ( C ) , measured by the 
f i l t e r methods. Ion r a t i o s f o r concurrent SJV fogwater and f i l t e r 
samples r e f l e c t e d the extent of v a r y i n g c o n d i t i o n s i n the environ
ment and showed considerable s c a t t e r . For example, the n i t r a t e - t o -
s u l f a t e r a t i o s i n t o t a l a e r o s o l samples were d i s t i n c t l y d i f f e r e n t 
than found i n fogwater. The average r a t i o i n B a k e r s f i e l d fogwater 
was near 2 and approximately u n i t y i n Buttonwillow samples. 
However, the a c t u a l p r o p o r t i o n of N(V) to S(VI) i n the atmosphere 
was much greater than i n d i c a t e d i n fogwater samples (Figure 3 ) . 
During most sampling i n t e r v a l s , N(V) scavenging was from 20 to 80% 
l e s s e f f i c i e n t t han f o r S ( V I ) . In a c i d f o g s , however, N(V) 
scavenging was more e f f i c i e n t . A l l the points above the 1:1 l i n e i n 
Figure 3 correspond to i n t e r v a l s with fogwater pH<5. 

The higher atmospheric a c i d i t y i s b e l i e v e d to have a l t e r e d 
N(V) p a r t i t i o n i n g p r i o r to fog formation. Higher HN0 3(g) concen
t r a t i o n would be present i n the pre-fog a i r ( 5 ) . Subsequently, 
n i t r i c a c i d would be scavenged f o l l o w i n g the formation of fog. 
However, measured HN0 3(g) was not as high as the observed enhance
ment of N(V) scavenging. Depletion of gaseous ammonia accompanied 
the period of higher atmospheric a c i d i t y and low pH f o g . In the 
absence of d e t e c t a b l e NH^(g), i t i s postulated that newly formed 
N(V), apparently incorporated i n t o a coarser aerosol f r a c t i o n , was 
more r e a d i l y scavenged i n fog. 

One primary determinant f o r atmospheric, hence fogwater, 
a c i d i t y i s the r e l a t i v e abundance of ammonia ( 2 ) . In an ammonia 
source region such as the SJV, there are f a c t o r s which can suppress 
or a c c e l e r a t e NH 3 r e l e a s e . Conditions under which fogwater a c i d i t y 
was low were r e l a t e d to f a c t o r s f a v o r i n g ammonia r e l e a s e from 
sources, such as higher s o i l moisture and temperatures ( 6 ) . 

When widespread stagnation suppresses convective transport out 
of the b a s i n , the accumulation of p o l l u t a n t s may proceed. The 
buildup of atmospheric c o n s t i t u e n t s w i l l be governed by: (a) primary 
emissions; (b) in. s i t u transformations (production or l o s s terms); 
(c) i n t r a b a s i n c i r c u l a t i o n ; (d) v e n t i l a t i o n ; and (e) removal by 
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F i g . 2.Deposition v e l o c i t i e s of major ions f o r two periods shown i n 
Figure 1. S o l i d l i n e s i n d i c a t e V,; dashed l i n e s i n d i c a t e 
d,fog* Brackets above i n d i c a t e periods of dense fog 

F i g . 3. Comparison of n i t r a t e - t o - s u l f a t e equivalent r a t i o s f o r 
simultaneous fogwater and f i l t e r samples at B a k e r s f i e l d 
A i r p o r t and Buttonwillow s i t e s . 
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256 THE CHEMISTRY OF ACID RAIN 

Table I. CHARACTERISTIC REMOVAL TIMESV ' 

AND PRODUCTION RATES ( b ) IN RADIATION FOGS: 

SOUTHERN SAN JOAQUIN VALLEY SITES 

Date Duration (c) H(d) T d(hr)- Rate (ppb hr -1) 
(hr) (m AGL) NH 4

+ N O 3 - SO.2 

4 \ 
Bakersfield Airport 
28 Dec 84 4 200 6 15 6 1.5 0 . 3 0 . 5 

2-3 Jan 85 14 240 6 10 6 1.5 0 . 4 0 . 7 

3-4 Jan 85 12 210 6 42 6 0.6 0 . 1 0 . 2 

4-5 Jan 85 12 230 11 27 7 0.8 0 .1 0 . 5 

14 Jan 85 3 500 12 22 7 0.7 0 . 2 0 . 4 

18-19 Jan 85 14 300 6 4 5 1.5 1.1 0 . 5 

20 Jan 85 7 350 11 9 12 0.9 0 . 7 0 . 3 

Buttonwillow 

2-3 Jan 85 17 290 7 6 7 2.3 1.4 0 . 3 

3-4 Jan 85 17 260 10 17 9 0.5 0 . 2 0 .1 

4-5 Jan 85 15 230 7 18 6 0.9 0 . 2 0 . 2 

a. Characteristic time for pollutant removal: 
τ, = H/V,, where V3 = Flux/(Ambient Concentration), α α d 

b. Production or emission rate to balance deposition rates: 
E = Deposition/(H χ Duration) expressed as NHQ, NO and SO, 
C j X i 

c. Duration of dense fog event. 
d. Mixing height at s i t e . 

d e p o s i t i o n to ground surfaces. The mixing height, H, c o n t r o l s the 
volume i n which these processes occur. During dense fog, deposition 
becomes the predominant l o s s terra f o r secondary aerosol species. 

Flux measurements to c o l l e c t o r surfaces demonstrated that 
removal rates can be very r a p i d . In Table I, c h a r a c t e r i s t i c times 
have been c a l c u l a t e d for d e p o s i t i o n during dense fog. These values 
were determined from the t o t a l solute f l u x e s , mixing heights, and 
average p o l l u t a n t concentrations measured during the i n d i v i d u a l 
events. The removal times were c a l c u l a t e d to be 6 to 12 h f o r these 
periods with the exception of N(V) i n non-acidic fogs. Between the 
occurrences of fog, aerosol d e p o s i t i o n was s u b s t a n t i a l l y reduced; 
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d e p o s i t i o n v e l o c i t i e s were g e n e r a l l y an order of magnitude below 
i n - f o g v a l u e s . Fogs p e r s i s t e d more than 50% of the time for s evera l 
per iods i n January . In the absence of product ion terms, aeroso l 
components would be >90% depleted d u r i n g pro trac ted fog ep isodes . 
However, such a net d e p l e t i o n was not observed; by i n f e r e n c e , i n 
s i t u product ion ra te s must have at l e a s t equaled d e p o s i t i o n r a t e s . 

As a lower l i m i t , we c a l c u l a t e d product ion rates necessary to 
balance removal rates of a e r o s o l species measured dur ing fog ( i . e . , 
product ion rate = d e p o s i t i o n f l u x / H ) . E s s e n t i a l l y , t h i s equates 
terms (b) and (e) as g iven above and neglects the r e s t . Product ion 
rates have been c a l c u l a t e d i n u n i t s of the primary emiss ions , N H g , 
N 0 X , and S0 £ (Table 1) . S u l f u r d i o x i d e values measured at the 
fog-study s i t e s were most ly <10 ppb, al though s p a t i a l v a r i a b i l i t y of 
S 0 2 , e s p e c i a l l y near the o i l f i e l d s make the c a l c u l a t i o n of an a r e a l 
average c o n c e n t r a t i o n ques t ionab le . Assuming 10 ppb for the gaseous 
c o n c e n t r a t i o n , the pseudo f i r s t - o r d e r S(IV) o x i d a t i o n rates were 
c a l c u l a t e d to be 2-7% h . Cons ider ing that advect ion represented a 
loss term for the B a k e r s f i e l d a r e a , the t o t a l s inks were l i k e l y to 
have been even grea ter than measured by d e p o s i t i o n a l o n e . Hence, 
c o n s i d e r a t i o n of advect ion would increase the est imates of S(IV) 
o x i d a t i o n r a t e s . 

ACKNOWLEDGMENTS 

We are g r a t e f u l to the C a l i f o r n i a A i r Resources Board for t h e i r 
f i n a n c i a l support (CARB A4-075-32) and t h e i r a s s i s tance i n the f i e l d 
dur ing t h i s p r o j e c t . We are a l so g r a t e f u l f o r the cooperat ion of the 
personnel at the B a k e r s f i e l d A i r p o r t , the Nat iona l Weather Service 
o f f i c e i n B a k e r s f i e l d , and the Buttonwil low Recreat ion Department. 

LITERATURE CITED 
1. Waldman, J.M., Ph.D Thesis, California Institute of Technology, 

Pasadena, 1986. 
2. Jacob, D.J., Munger, J.W., Waldman, J.M., and Hoffmann, M.R., 

J . Geophys. Res. 1986, 91D, 1073. 
3. Dolske D.A. and Gatz D.F., J. Geophys. Res. 1985, 90D, 2076. 
4 Jacob, D.J., Waldman, J.M., Munger, J.W., and Hoffmann, M.R., 

Tellus 1984, 36B, 272. 
5. Jacob, D.J., Waldman, J.M., Munger, J.W., and Hoffmann, M.R., 

J . Geophys. Res., 1985, 91D, 1089. 
6. Dawson, G. Α., J. Geophys. Res. 1977, 82, 3125. 

RECEIVED January 12, 1987 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
02

2

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



Chapter 23 

Deposition of Chemical Components in Japan 

Y. Dokiya1,3, M. Aoyama1, Y. Katsuragi1, E. Yoshimura2, and S. Toda2 

1Geochemical Division, Meteorological Research Institute Nagamine 1, Yatabe, 
Tsukuba, Ibaraki 305, Japan 

2Department of Agricultural Chemistry, University of Tokyo Bunkyoku, 
Tokyo, 113, Japan 

In order to determine the chemical characteristics of Japanese 
rain, the major chemical components were determined at eleven 
stations throughout Japan for two years. The principal com
ponent analysis showed that nitrate and calcium can be used to 
characterize the local factors. The deposition of sulfate is 
discussed in relation to i ts origin. Some typical differences 
were observed between the stations on the Pacific side and the 
Japan Sea side of Honshu Is. 

Increasing acidity of rain and snow is one of the most 
important worldwide a ir chemistry problems. In Japan, fortunately, 
the main industrial areas are located at the down wind side of 
Honshu Island. In addition, the buffering capacity of the so i l near 
these industrial areas is f a i r l y high owing to the high content of 
organic matter, even though the chemistry of the soi l i t s e l f is 
rather acidic because of i ts volcanic or ig in . Thus, the character
i s t i c symptoms caused by acid rain have not been widely reported 
yet, except for some direct damage to cedar trees (1) or acute 
medical symptoms on men by photo oxidants in early summer ( 2 ) . 

A knowledge of the chemical components in the deposition 
throughout Japan is needed in order to evaluate the effect of 
increasing rain acidity . Intensive studies have been done on the 
chemical components in precipitation or deposition, especially at 
the industrial ized area of the Pacif ic side. However, systematic 
data are lacking for the less industrialized area on the Japan Sea 
side. 

In this study, the authors u t i l i zed aliquots of samples that 
were obtained at eleven stations throughout Japan for the purpose of 
determination of radioactive fa l lout . The chemical components of 
monthly deposition samples were obtained during 1984-1985, in order 
to characterize the rain and snow in Japan. 

^Current address: Meteorological College, Asahicho, Kashiwa, 277, Japan 

0097-6156/87/0349-0258$06.00/0 
© 1987 American Chemical Society 
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Experimental 

Collection of Samples 

Monthly total deposition samples were collected in stainless 
steel samplers (0.5 nr) in the observation f i e l d s covered with lawn 
at twelve stations in Japan, the locations of which are summarized 
in Table 1 and Fig. 1 together with brief descriptions of their 
environmental conditions. 

A known amount of d i s t i l l e d water was added to each sampler in 
the period when no rain was observed. At the end of each month, the 
sample solution was transferred into f l e x i b l e polyethylene bottles 
and sent to the Meteorological Research Institute at Tsukuba Science 
City for analyses of the chemical components. 

A comparison of stainless steel samplers and p l a s t i c samples 
was previously done in the observation f i e l d of Tsukuba for several 
weeks. No signif icant differences were seen for the components 
determined in this report. 

Determination of Chemical Components 

A 250 mL sample of each solution from the polyethylene bottle 
was f i l t e r e d through a Mill ipore f i l t e r (0.45 urn pore s i z e ) . The 
concentrations of chloride, nitrate and sulfate ions in the f i l t r a t e 
were determined by ion chromatography using a YEW IC 100 of Yokogawa 
Hokushin E l e c t r i c Co. Ltd. The concentrations of sodium and potas
sium were determined by flame emission spectrometry and concentra
tions of calcium and magnesium by atomic absorption spectrometry 
using a Hitachi 170-50 Atomic Absorption Spectrophotometer. An 
aliquot of each f i l t r a t e was used for the determination of Sr by ICP 
emission spectrometry after adding n i t r i c acid (0.1 N), detailed 
analytical conditions of which are reported elsewhere (3). 

Results and Discussion 

1. Monthly deposition of soluble chemical components and 
the precipitation at eleven stations in Japan in 1984 

Table 2 shows the amount of precipitation and the soluble 
chemical components for the eleven stations in 1984 and 1985. The 
results of sulfate for each month are summarized in F ig. 1. In the 
f igure, the stations are l i s t e d in the following order; the f i r s t 
three stations in Hokkaido Is., together with Ishigaki at the right 
side, the station in Ryukyu Is., next four stations on the P a c i f i c 
side of Honshu Is. and last four stations on the Japan Sea side of 
Honshu Is. and Kyushu Is. 

As seen from Fig. 2a, the amount of precipitation was higher on 
the Japan Sea side of Honshu Is. especially during the winter when 
heavy snow is usually recorded at these sampling stations, compared 
with the stations in the Hokkaido Is. and on the P a c i f i c side of 
Honshu Is. Ishigaki showed very high amounts of precipitation 
especially during spring and summer, presumably owing to typhoons. 
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260 THE CHEMISTRY OF ACID RAIN 

Table 1 The location of sampling stations 

sampling station location Description 

Ν Ε 
1 Wakkanai 45 25 141 41 near the ses shore, weak trafic. 
2 Sapporo 43 03 141 20 in a big city, moderate trafic. 
3 Akita 39 43 140 54 area of government offices, 

moderate trafic. 
4 Sendai 38 16 140 54 near a main road, heavy trafic. 
5 Wajima 37 23 136 54 near the sea shore, weak trafic. 
6 Tsukuba 36 03 139 30 area of research institutes, 

moderate trafic. 
7 Tokyo 35 41 139 36 in a big city, near a highway, 

heavy trafic. 
8 Yonago 35 26 133 21 near the sea shore, moderate 

trafic. 
9 Osaka 34 41 135 31 in a big city, near a highway, 

heavy trafic. 
10 Fukuoka 33 35 130 23 near a park, moderate trafic. 
11 Ishigaki 24 20 124 10 on the coral leaf, weak trafic. 

Table 2 Annual deposition of chemical components at 11 stations 
in Japan 

station amount Na Κ Ca Mg Sr CI N03 s o 4 

of ppt. 
mm mg/nr 

1984 
Wakkanai 890.5 8700 640 2800 1300 12 18200 480 6400 
Sapporo 725.0 2200 240 4100 300 9 4300 550 7900 
Akita 1448.5 7600 700 1800 850 8 14200 1000 7000 
Sendai 832.5 1050 220 2700 150 4 2200 930 4300 
Wajima 2035.5 10600 560 1700 1100 11 20500 1500 8000 
Tsukuba 825.5 720 150 660 140 4 2200 1600 3100 
Tokyo 868.0 4600 730 9000 1120 30 8400 4800 20000 
Yonago 1464.5 4900 370 2300 610 8 10300 1500 6700 
Osaka 1059.5 860 320 2500 190 8 2600 1900 7100 
Fukuoka 1169.0 2000 190 1600 230 5 3000 1300 4900 
Ishigaki 2232.5 26500 1000 3100 670 21 30000 420 7500 

1985 
Wakkanai 1113.5 7200 330 6900 1300 16 12800 770 6700 
Sapporo 1045.5 1700 120 4300 420 8 4400 680 5400 
Akita 1818.5 6900 450 3200 1200 11 15600 1000 9300 
Sendai 1180.0 900 170 3800 280 5 3600 1800 5300 
Wajima 2643.5 7800 340 4200 1650 13 23600 1580 8500 
Tsukuba 1374.2 700 110 790 180 3 2400 1900 3000 
Tokyo 1516.5 1960 270 6000 1000 18 5800 4080 15000 
Yonago 1882.5 3360 170 2400 900 10 12500 1300 6700 
Osaka 1255.0 500 200 3300 250 8 3100 1800 7400 
Fukuoka 2024.5 1600 180 1700 430 6 4900 1050 5600 
Ishigaki 2953.5 25500 1500 7200 4330 46 57600 720 13900 
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It should be noted that in 1984, the amount of precipitation 
was extraordinarily low (40-60% of the ordinary years) at the north
east Pacif ic side of Honshu Is. and at the south of Hokkaido Is., 
partly owing to the fact that no typhoon arrived at Honshu Is. in 
this year. 

The amount of sodium deposition observed was high at Ishigaki. 
The station Ishigaki is on a small island in the sea. This is 
probably caused by sea s a l t . 

At the stations on the Pacif ic side of Honshu Is., Sapporo and 
Fukuoka, the amount of sodium deposition was low throughout the 
year. On the other hand, i t was high during winter time at the 
stations on the Japan Sea side of Honshu Is. and at Wakkanai, where 
heavy snows occur in the winter. It is known that the cold c o n t i 
nental Westerly in winter time picks up high amounts of moisture, 
passing over the Japan Sea and this causes the heavy snow at these 
stations. From these data, the sodium in the deposition could be 
considered to be mainly from sea salt throughout Japan. 

The deposition amounts for magnesium and chloride were similar 
to those of sodium with some small deviations, which suggest that 
these elements also come from sea s a l t . 

The deposition amount of potassium was high at Tokyo and 
Ishigaki. The seasonal difference was not as clear for other 
metallic elements. 

Calcium depositions and strontium (shown in Fig. 3a) were 
similar at Sapporo, Tokyo and Fukuoka. At the stations on the Japan 
Sea side, the contribution of sea salt strontium was also found in 
winter (4). 

The deposition amount of nitrate ion is shown in F ig. 4a. The 
amount was high at Tokyo and Osaka, which are the highly populated 
and industrialized areas with heavy t r a f f i c . The values of nitrate 
in the summer season, however, should be treated with much care, 
because some microbiological change of nitrate to ammonium ions may 
have occurred during the sampling period of one month (5). It is of 
interest to mention, however, that the annual deposition amounts of 
nitrate at the stations on the Japan Sea side were f a i r l y constant 
around the value of 1.3 g/nry which is comparable to the amount 
reported by EML for the polluted area of the east coast of the 
United States (6). 

The deposition of sulfate, shown in Fig. 5a, was high in Tokyo. 
The amount which is thought to come from sea salt is calculated as 
follows: 

S 0 4
2 - (sea salt) = M g 2 + χ S 0 4

2 _ (sea salt)/Mg 2 + (sea salt) 

S 0 4
2 " (excess) = S 0 4

2 " (total) - S0 4
2 ~ (sea salt) 
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The shadowed area in Fig. 5 shows the amount of sulfate which come 
from sea s a l t . As seen from the f igure, the contribution of sea 
salt was high at the stations on the Japan Sea side and at Wakkanai 
in winter time. On the other hand, more than 90% of sulfate did not 
originate from sea salt at the stations on the P a c i f i c side of 
Honshu Is. and at Sapporo. This indicates that anthropogenic 
sulfate might be one of the larger sources of sulfate in these 
stations. Unexpectedly low contribution of sea salt sulfate at 
Ishigaki needs some correction because the bed rocks of the Ryukyu 
Islands are r ich in calcium carbonate or coral or igin which might 
cause the different distr ibution of a l k a l i and alkaline earth metals 
in the soi l material. 

2. Monthly deposition of soluble chemical components and 
the precipitation at eleven stations in Japan in 1985 

Table 2 and Figs. 2b, 3b, 4b and 5b show the results for 1985. 
The amount of precipitation in 1985 was normal a l l over Japan except 
for somewhat higher values at Ishigaki and Fukuoka. Though the 
amount of precipitation was different from that of 1984, the deposi
tions of chemical components were similar to those in 1984 as seen 
in the figure. 

As seen in Fig. 5 at the s i te on the Pacif ic side was mainly 
that of sulfate (excess), while at the sites on the Japan Sea side, 
the amount of sea salt originated sulfate cannot be neglected in 
winter months when snow is heavy. The general trends were similar 
to those of 1984, except for some months at Ishigaki. 

At Ishigaki, more typhoons occurred in 1985 than in 1984, and 
these might be the cause of the higher contribution of sea salt 
sulfate in August and in September. 

3. S t a t i s t i c a l analyses data 

A principal component analysis was applied to the data of the 
chemical components and the amount of precipitation at eleven 
sampling stations to know the characteristics of stations. The 
eigen vectors for the f i r s t and second components are summarized 
in Tables 3 and 4. The f i r s t components were characterized by 
sodium, magnesium, strontium, chloride, and sulfate ions which means 
that the major chemical depositions are similar throughout Japan, 
even though the seasonal variation differed for the stations on the 
Japan Sea side and the P a c i f i c side. 

The second components were characterized by calcium and/or 
nitrate ions. At the big c i t i e s such as Tokyo, Osaka and Fukuoka, 
nitrate showed the major contribution in the second components. At 
Wakkanai, Sapporo, Sendai, Wajima and Yonago, Ca showed the major 
contribution in the second components. Thus, the second components 
might show the local character ist ics. Nitrate ion was supposed to 
originate from transportation sources. The origin of Ca, however, 
for these stations might not be i d e n t i c a l , including the high dust 
caused by automobiles in the spring, dust caused by agricultural 
a c t i v i t i e s , etc. 
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Table 3 Results of principal component analysis (1984) 

Station Contribution Eigen Vector 

Wakkanai I 0.671 0.43Mg + 0.42C1 + 0.41K + 0.40Na + 0.39Sr 
+ 0 . 3 6 9 O 4 

II 0.213 0.70NO3 + 0.66Ca + 0.24Sr 
Sapporo I 0.568 0.46Na + 0.46Mg + 0.45C1 + 0 .44K + 0.34NO3 

+ 0 . 2 1 S O 4 

II 0.271 0.67Ca + 0.58Sr + 0.40SO4 

Akita I 0.591 0.42Na + 0.41 CI + 0.40Sr + 0.39Mg + 0.39SO4 

+ 0.32NO3 

II 0.170 0.80K + 0.22Na - 0.51N03 

Sendai I 0.417 0.53Na + 0.43SO4 + 0.41Mg + 0.40NO3 

+ 0.39C1 
II 0.283 0.60Sr + 0.55Ca + 0.27SO4 - 0 .47K 

Wajima I 0.831 0.38Na + 0.38Mg + 0.38SO4 + 0.37Sr + 0.36C1 
+ 0.34NO3 + 0 .33K + 0.26Ca 

II 0.106 0.77Ca + O .2INO3 - 0.51K 

Tsukuba I 0.378 0.47Mg + 0.42SO4 + 0.41NO3 +0.40C1 + 0.39Na 
+ 0.28Ca 

II 0.221 0.48Ca + 0.40SO4 + 0.39NO3 + 0.35Sr 
- 0.39C1 - 0.33Na 

Tokyo I 0.792 0.39M? + 0.39Sr + 0.39C1 + 0.39SO4 + 0.38K 
+ 0.37Na +0.30Ca 

II 0.118 0.97NO3 

Yonago I 0.758 0.40SO4 + 0.39Mg + 0.39C1 + 0.36Sr + 0.35Na 
+ 0.34K + 0.34NO3 + 0.24Ca 

II 0.130 0.78Ca + 0.44Sr 

Osaka I 0.454 0.49SO4 + 0.45Mg + 0.43Sr + 0.40C1 + 0.40Ca 
+ 0.22NO3 

II 0.217 0.57NO3 + 0.38C1 + 0.29C1 + 0.20SO4 

- 0.40Ca - 0.36Sr - 0.31a 

Fukuoka I 0.496 0.48Sr + 0.43C1 + 0.40Ca + 0.39Mg + 0.36SO4 

+ 0.30Na 
II 0.183 O.7ONO3 + 0.48SO4 - 0.40Na 

Ishigaki I 0.353 0.54Ca + 0.47Sr + 0.40Mg +0.20C1 - 0.33K 
- O.3ONO3 

II 0.307 0.62SO4 + 0.47C1 + 0.45Na + 0.37K 

I:first component, II:second component 
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Table 4 Results of principal component analysis(1985) 

Station Contribution Eigen Vector 

Wakkanai I 0.615 0.44Mg + 0.42Na + 0.42SO4 + 0.40K + 0.39C1 
+ 0.30Sr 

II 0.245 0.64Ca + 0.50Sr + 0.42NO3 

Sapporo I 0.596 0.44Na + 0.44Mg + 0.44C1 + 0.43K + 0.37SO4 

+ 0.27NO3 

II 0.252 0.70Ca + 0.67Sr 

Akita I 0.697 0.41Mg + 0.41Sr + 0.41C1 + 0.40Na + 0.36SO4 

+ 0.33K + 0.23NO3 + 0.22Ca 
II 0.159 0.63NO3 + 0.53Ca + 0.25SO4 

Sendai I 0.593 0.44Mg + 0.44SO4 + 0.43Na + 0.43C1 + 0.35Sr 
+ 0.29K 

II 0.216 0.68Ca + 0.44Sr - 0.44K - 0.38NO3 

Wajima I 0.785 0.39Na + 0.39K + 0.39Mg + 0.39Sr +0.39C1 
+ 0.34SO4 + 0.31NO3 

II 0.179 0.74Ca + 0.43SO4 - 0.40NO3 

Tsukuba I 0.486 0.45Ca + 0.45Mg + 0.41SO4 +0.40C1 + 0.32Na 
+0.32K + 0.20Sr 

II 0.260 0.66NO3 + 0.33C1 + 0.32SO4 - 0.48Na 

Tokyo I 0.837 0.37Na + 0.37Sr + 0.37C1 + 0.36K + 0.36SO4 

+ 0.32Ca + 0.31NO3 

II 0.085 0.68NO3 +0.43NO3 + 0.20C1 - 0.32Mg 

Yonago I 0.635 0.43Mg + 0.41C1 + 0.39SO4 + 0.38Na + 0.38Ca 
+ 0.34Sr + 0.28NO3 

II 0.196 0.73K + 0.35Na - 0.37NO3 

Osaka I 0.540 0.4lMg + 0.41C1 + 0.38Na + 0.36K + 0.34Ca 
+ 0.33Sr + 0.33SO4 

II 0.189 0.59NO3 + 0.48SO4 + 0.27C1 - 0.4lNa 

Fukuoka I 0.647 0.43Mg + 0.42Sr + 0.41C1 + 0.39Na + 0.38SO4 

+ 0.37Ca + 0.22K 
II 0.191 0.77NO3 + 0.37SO4 + 0.27Ca - 0.33Na 

Ishigaki I 0.818 0.39K + 0.39Mg + 0.39Sr + 0.39SO4 + 0.38C1 
+ 0.35Na + 0.35Ca 

II 0.128 0.95NO3 + 0.23Ca 

Irfirst component, II:second component 
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Fig. 6 Soil map for assessing the susceptibility to acid 
rain and the annual S04(excess) of 11 stations 
for 1984 and 1985 
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For the unusual behavior of potassium ion concentration at 
Akita in 1984 and Yonago in 1985, shown in the second components, 
more continuous investigation may be needed to check i t s reproduci
b i l i t y . 

4. The effect of sulfate deposition on the chemistry of soi l 

The Japanese Society of Soil Science and Plant Nutrition 
provided the soi l map for assessing the susceptibi l i ty of Japanese 
s o i l s to acid precipitation (7). Fig. 6 shows a summary of the map 
together with the annual deposition of sulfate (excess) at eleven 
stations in Japan. The most susceptible and most tolerant areas are 
distinguished on the map. The s o i l s in unmarked regions of the map 
have intermediate susceptability. 

From the f igure, i t is seen that the northeastern part of 
Honshu Is. is re lat ively tolerant to acid deposition having 
r e l a t i v e l y r ich organic s o i l s even though the chemistry of the s o i l 
i t s e l f is f a i r l y acidic owing to i t s volcanic o r i g i n . This can be, 
therefore, one of the reasons why few typical symptoms of the effect 
of acid precipitations have been obvious in this area even though 
the deposition amount of sulfate was high near the industrial ized 
area of metropolitan Tokyo. 

Another point is that the western part of Honshu Is. is 
relat ively susceptible to acid precipitation especially on the Japan 
sea side, thus this should be watched carefully because this area is 
at down wind of the Continental dust. 

The source of sulfate can be roughly shown as follows: 

S 0 4
2 " (dep) = S 0 4

2 " (sea salt) + S 0 4
2 " (local) 

+ S 0 4
2 " (transported) 

The third member of the equation should be studied further in 
relation to the meteorological conditions and other factors which 
are involved in the long-range transport of gaseous materials. 

The effect of acid deposition on soi l and eventually on land, 
water and the biosphere should also be studied further. The 
continuous observation of chemical deposition is needed with more 
suitable sampling sites and for more chemical components for these 
purposes. 
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Chapter 24 

Measurement of Atmospheric Gases by Laser 
Absorption Spectrometry 

H. I. Schiff, G. W. Harris, and G. I. Mackay 

Unisearch Associates, 222 Snidercroft, Concord, Ontario L4K 1B5 Canada 

The advantages of Tunable Diode Laser Absorption 
Spectrometry (TDLAS) for measuring trace atmospheric 
gases are universality, positive identification, good 
sensitivity and rapid response time. An instrument is 
described which can measure two gases simultaneously 
under automatic computer control with detection limits 
better than 100 parts per trillion and with response 
times better than 5 minutes. Procedures have been 
established for the measurement of NO, NO2, MNO3, NH3, 
H2Q2 and HCHO. These species have been measured under 
a variety of conditions in smog chambers and in ambient 
air from mobile laboratories and from aircraft. 

Tunable d iode l a s e r a b s o r p t i o n spectrometry o f f e r s an a t t r a c t i v e 

method fo r atmospheric measurements ( 1 ) . Almost a l l gases o f 

atmospheric i n t e r e s t absorbs i n the 2 to 1 5 micron r e g i o n . The very 

h igh s p e c t r a l r e s o l u t i o n o f tunab le d iode l a s e r s permi t s e l e c t i o n 

o f a s i n g l e r o t a t i o n a l - v i b r a t i o n a l l i n e which makes i n t e r f e r e n c e s 

from other gases very u n l i k e l y . I f an a c c i d e n t a l i n t e r f e r e n c e 

should happen to occur i t can r e a d i l y be i d e n t i f i e d by a change i n 

l i n e shape and another l i n e can be chosen . Unequivocal p roof o f 

the absence o f i n t e r f e r e n c e i s ob ta ined by measuring the 

c o n c e n t r a t i o n s at 2 d i f f e r e n t l i n e s . The p r o b a b i l i t y o f i d e n t i c a l 

i n t e r f e r e n c e s at 2 d i f f e r e n t l i n e s i s v a n i s h i n g l y s m a l l ( 2 ) . 

0097-6156/87/0349-0274$06.00/0 
© 1987 American Chemical Society 
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24. SCHIFF ET AL. Measurement of Atmospheric Gases 275 

To get the d e s i r e d s e n s i t i v i t y and d e t e c t i o n l i m i t a long 
absorption path can be obtained by using a multi-pass White c e l l . 
The absorption l i n e can be scanned i n a f r a c t i o n of a second and 
the response time of the measurement i s normally l i m i t e d by the 
residence time of the sampled gas i n the White c e l l which i s 
t y p i c a l l y a few seconds. 

Description of the Instrument 
F i g u r e 1 shows the schematic of a TDLAS system designed to operate 
i n f i e l d c o n d i t i o n s from a mobile l a b o r a t o r y . Lead s a l t diodes 
t y p i c a l l y operate i n the 20 to 80 Κ range and the wavelength r e g i o n 
over which they emit r a d i a t i o n depends on the temperature and the 
current passing through them. Temperature c o n t r o l to + .005 Κ i s 
provided by the combination of a cl o s e d c y c l e helium c r y o c o o l e r , a 
heater and a servo temperature system. Two c r y o s t a t s are used* 
each having a l a s e r source assembly c o n t a i n i n g 4 l a s e r diodes. 
One l a s e r diode from each assembly can be chosen to permit two 
gases to be measured simultaneously. The emitted r a d i a t i o n from 
each of the diodes i s scanned over the s e l e c t e d a b s o r p t i o n f e a t u r e 
by changing the current through the diode. 

The l a s e r beam from each head i s c o l l e c t e d and focussed by an 
o f f - a x i s p a r a b o l i c m i r r o r , QAPS or 0AP a and then d i r e c t e d to a 
s e l e c t i o n m i r r o r , S which f l i p s back and f o r t h to permit the beam 
from each of the diodes to enter the White c e l l i n t u r n . 

The 45° angle of the entrance window to the White c e l l s p l i t s 
the l a s e r beam. Most of the beam passes through the window i n t o 
the White c e l l but about 5% i s r e f l e c t e d through a c e l l c o n t a i n i n g 
high c o n c e n t r a t i o n s of the t a r g e t gases onto a separate HgCdTe 
de t e c t o r . The output from t h i s detector i s used to lock the l a s e r 
r a d i a t i o n wavelength to the center of the absorption l i n e . 

The beam enters the 1.75 m T e f l o n - l i n e d White c e l l c o n t a i n i n g 
a corner cube r e f l e c t o r <3) and undergoes 102 passes before e x i t i n g 
to the d e t e c t o r . Absorptions at l e a s t as low as 10~ e can be 
measured which, f o r a t o t a l path length of 150 m corresponds to 
d e t e c t i o n l i m i t s i n the range 25 to 100 p a r t s per t r i l l i o n by 
volume f o r most atmospheric gases. 
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276 THE CHEMISTRY OF ACID RAIN 

Sampled a i r enters through an i n l e t » flows c o n t i n u o u s l y down 
the tube and i s exhausted at the other end. A r e s t r i c t i o n at the 
i n l e t end and a servo valve at the exhaust end maintains a constant 
flow r a t e and pressure i n the c e l l . M a i n t a i n i n g the c e l l at 25 
Torr reduces pressure broadening of the absorption l i n e which both 
increases the s e n s i t i v i t y of the measurement and minimizes the 
l i k e l i h o o d of i n t e r f e r e n c e s from other gases. 

The ab s o r p t i o n i s measured i n the frequency modulated, 2f» 
mode (4) which r e s u l t s i n an increased s i g n a l - t o - n o i s e r a t i o 
compared to using d i r e c t a b s o r p t i o n . 

The u n i t operates under computer c o n t r o l . Laser temperature 
and current s e l e c t i o n s f o r each sp e c i e s are input to the computer. 
The system i s then switched to automatic mode and can operate 
unattended f o r at l e a s t 24 hours. 

The computer s i g n a l s the s e l e c t i o n mirror to p o s i t i o n i t s e l f 
so that one of the beams ent e r s the White c e l l . A ramp vo l t a g e i s 
then produced with 128 steps over a range j u s t wide enough to 
encompass the absorption f e a t u r e used f o r the measurement of 
spe c i e s A. The l i n e i s scanned under computer c o n t r o l at a r a t e of 
approximately 10 Hz f o r 3 seconds (the approximate residence time 
of the gas i n the White c e l l ) and an accumulated "2f" l i n e shape i s 
acquired. 

At the end of the 3 sec averaging period the s i g n a l on the 
reference d e t e c t o r , D2 i s checked. I f the reference channel 
i n d i c a t e s that the l i n e i s not e x a c t l y at the center of the 128 
step ramp the computer a d j u s t s the l a s e r temperature to b r i n g the 
l i n e back to the cent e r . 

The s e l e c t i o n mirror i s then commanded to b r i n g the second 
beam i n t o the White c e l l and the measurement procedure i s repeated 
f o r s p e c i e s B. Each species i s thus measured once every 6 sec. Data 
i s accumulated i n t h i s way f o r a per i o d o f , f o r example, 3 min 
p r o v i d i n g an average value f o r the " 2 f M l i n e shapes over that time 
frame. The data s e t , which provides one mixing r a t i o f o r each 
s p e c i e s , i s then stored on the computer d i s k . 

The computer manipulates the s o l e n o i d valves and flow 
c o n t r o l l e r s to perform measurement and c a l i b r a t i o n s sequences 
a u t o m a t i c a l l y . In a t y p i c a l sequence the valve system i s commanded 
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24. SCHIFF ET AL. Measurement of Atmospheric Gases 277 

to flow e i t h e r zero ( b o t t l e d ) a i r or scrubbed, ambient a i r through 
the White c e l l . Background sp e c t r a of the components are obtained 
by scanning over the wavelength regions of the s e l e c t e d absorption 
l i n e s . A t y p i c a l example i s shown i n F i g u r e 2a. 

C a l i b r a t i o n gas i s then added to the zero (or scrubbed) a i r 
flow and allowed to s t a b i l i z e f o r approximately 1 min. An averaged 
c a l i b r a t i o n spectrum i s then obtained f o r 3 min which a l s o serves 
as a reference spectrum and the raw data i s archived (Figure 2b). 

The background spectrum i s subtracted (channel by channel) 
from the reference spectrum. This procedure removes any frequency 
dependent s t r u c t u r e i n the background from the reference spectra 
provided i t remains s t a b l e f o r the averaging p e r i o d . The r e s u l t 
of t h i s s u b t r a c t i o n i s shown i n Figure 2c. 

Valves are then re s e t to admit ambient a i r , and a f t e r another 
s t a b i l i z a t i o n period an ambient a i r spectrum i s acquired f o r 3 min 
(Figure 2d) and the background spectrum subtracted (Figure 2e). 
The net ambient s p e c t r a i s l e a s t square f i t t e d to the net reference 
spectrum. The same c a l i b r a t i o n sequence i s foll o w e d f o r both gases 
being measured. 

The frequency of c a l i b r a t i o n and the time d u r a t i o n of the 
va r i o u s stages of the sequence can be a l t e r e d by the operator. The 
choice depends on the mixing r a t i o s of the species being measured; 
low ambient concentrations r e q u i r e more frequent determination of 
background and reference s p e c t r a . 

Measurement Requirements 
The use of the system to measure an atmospheric component has 3 
requirements: (1) s e l e c t i o n of a l a s e r and an absorpt i o n f e a t u r e ; 
(2) establishment of a c a l i b r a t i o n procedure; (3) ensurance of 
sampling i n t e g r i t y . 

The s e l e c t i o n of a l a s e r and an absorption f e a t u r e represents 
a compromise between the absorpt i o n l i n e s t r e n g t h , the 
c h a r a c t e r i s t i c s of the l a s e r emission at the wavelength of the 
l i n e , and absence of i n t e r f e r e n c e s at t h i s wavelength from other 
atmospheric gases. 

The c a l i b r a t i o n philosophy c a l l s f o r the a d d i t i o n of a known 
amount of the c a l i b r a t i o n gas to the sampled a i r stream at the 
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TAMS-150 
syrt»ft control unl-i 

Vhrte cell 

osctlo scope-

chart recorder I lock-in anpUDer I computer 

F i g u r e 1. Schematic of the o p t i c a l system and c o n t r o l e l e c t r o n i c s 

c r 

MNG£= 9.128v 

•A 

RANGfc β.421ν RANGE: 0,415ν RANGE: 8 , 1 5 0 V RANGE: 8 . 0 4 4 V 

wan nixing ratio : 8.133V- 8.887 ppb correlation coeff. : 8.978 
F i g u r e 2. Computer screen p r i n t o u t s f o r NOœ a i r c r a f t measurements 

(a) raw background spectrum; (b) raw c a l i b r a t i o n 
spectrum: (c) c a l i b r a t i o n spectrum, background 
su b t r a c t e d ; (d) raw ambient spectrum; (e) ambient 
spectrum, background s u b t r a c t e d . 
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entrance to the sampling l i n e . The co n c e n t r a t i o n of the "spike" i s 
chosen to provide an increase i n measured mixing r a t i o comparable 
to the mixing r a t i o of the gas i n the ambient a i r . In t h i s way, any 
surfac e e f f e c t s that may occur w i l l be the same f o r the sampled and 
spiked a i r and should t h e r e f o r e be compensated. 

F i n a l l y , t e s t s are performed to ensure sampling i n t e g r i t y . The 
a i r sample i s continuously drawn through a short length of 6 mm 
t e f l o n tubing and the pressure reduced by an a l l T e f l o n needle 
v a l v e . The flow r a t e of the sampled a i r i s t y p i c a l l y 15 SLM g i v i n g 
a residence time of a tenth of a sec i n the sampling l i n e and 4 sec 
i n the White c e l l . The response time of the system i s defined as 
the time r e q u i r e d f o r the s i g n a l from an a d d i t i o n of the species to 
drop to 90*/· of i t s value when the source i s removed or the time f o r 
the s i g n a l to reach 90% of i t s f i n a l value when the source i s 
introduced. Response times greater than the residence times are 
i n d i c a t i v e of i n t e r a c t i o n o f the gases with the su r f a c e s of the 
sampling system and has been observed f o r HNO3 and NH a. In those 
cases c a r e f u l s t u d i e s were performed to assess the nature of the 
su r f a c e processes and s u f f i c i e n t sampling time i s allowed f o r the 
system to reach steady s t a t e with the ambient a i r . 

These procedures have been e s t a b l i s h e d f o r NO, NQa* HN0 3, 
NHa, Sue, HCHO, and HcO e and measurements of these gases have been 
made under f i e l d c o n d i t i o n s and i n smog chamber experiments. A 
modified v e r s i o n of the system i n which a l i q u i d N a Dewar was 
s u b s t i t u t e d f o r the helium c r y o s t a t was flown s u c c e s s f u l l y i n and 
above the boundary layer over the eastern P a c i f i c to measure N0 a 

and HNOa. 

Examples of Atmospheric Measurements 
N i t r i c Oxide The r o - v i b r a t i o n a l l i n e s e l e c t e d f o r NO 
measurements i s i n the 1900 cm""1 r e g i o n . B o t t l e d gas of NO i n Ν ε 

at a c o n c e n t r a t i o n of a few ppmv, t r a c e a b l e to a N a t i o n a l Bureau of 
Standards determination, has been used as the c a l i b r a t i o n source 
f o r NO. The response time of the system f o r t h i s gas i s the 
residence time i n the c e l l of 3 sec. The minimum d e t e c t i o n l i m i t , 
MDC, defined as a s i g n a l to no i s e of u n i t y , i s b e t t e r than 40 pptv 
(p a r t s per 1 0 i e by volume) f o r an i n t e g r a t i o n time of 5 min* fhe 
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2 8 0 THE CHEMISTRY OF ACID RAIN 

accuracy of the measurements i s estimated to be + 15% based on a 
composite of u n c e r t a i n t i e s of 2% i n the c o n c e n t r a t i o n of the 
b o t t l e d NO c o n c e n t r a t i o n , + 5% from the measurement of t o t a l gas 
flow i n t o which the c a l i b r a t i o n gas streams are introduced and + 5!/» 
f o r the flow r a t e of the c a l i b r a t i o n gas. 

Nitrogen Dioxide The l i n e s e l e c t e d f o r NO a measurement l i e s i n the 
1600 cm""1 r e g i o n . A commercial permeation tube i s used f o r the 
c a l i b r a t i o n source f o r N0 B. The permeation r a t e i s determined by 
weight l o s s and a l s o checked by N0/0 3 t i t r a t i o n with NO then 
s e r v i n g as the c a l i b r a t i o n standard. The response time i s 3 sec 
and the MDC i s 25 pptv. 

The accuracy of the NOa measurements i s estimated to be + 
15*/.. C a l i b r a t i o n i s the l a r g e s t source of e r r o r i n the 
measurements. N0 a permeation r a t e s were determined by the r a t e of 
weight l o s s . Weighing e r r o r s amount to + 2*/». The u n c e r t a i n t y i n 
the NO/Oa t i t r a t i o n method used to check the weight l o s s method i s 
about 5*/». A d d i t i o n a l c a l i b r a t i o n e r r o r s of + 2% are caused by 
temperature v a r i a t i o n s of the permeation de v i c e s . 

F i g u r e 3 shows t y p i c a l d i u r n a l v a r i a t i o n s of N0 S 

c o n c e n t r a t i o n s measured at a r e l a t i v e l y c l e a n r u r a l s i t e . Peak 
con c e n t r a t i o n s of about 3 ppbv decrease during the day as 
photochemistry proceeds and increases again a f t e r sunset. O x i d a t i o n 
by 0a decreases the N0 a c o n c e n t r a t i o n during the n i g h t . 

F i g u r e 4 shows an example of the higher c o n c e n t r a t i o n s 
observed i n a r e l a t i v e l y p o l l u t e d urban environment. D i u r n a l 
v a r i a t i o n s are s i m i l a r with mixing r a t i o s as high as 150 ppbv 
observed. This f i g u r e a l s o shows an i n t e r e s t i n g example of how the 
TDLAS technique can be used to serve as a reference method against 
which other, l e s s d e f i n i t i v e methods can be compared. Simultaneous 
measurements were a l s o made with a Luminox instrument based on 
chemiluminescence from a luminol s o l u t i o n . The two methods agree 
except f o r two n i g h t s when the p o l l u t i o n l e v e l s were q u i t e high. 
On these occasions the luminol method gave values some 35*/· higher 
than the TDLAS method, i n d i c a t i n g that the luminol method was al s o 
responding to some other s p e c i e s present under these c o n d i t i o n s at 
n i g h t . 
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/ 8 

TIME (EOT) 
Ο N 0 2 ( 1 / 2 H O U R A V G ) 

F i g u r e 3 . 3 0 min average Ν 0 Ε measurements at Cold Creek, On t a r i o , 
June,1985 

1 

1 

1 J LUMINOL 

f V 

i U U "I 1 1 1 1 1 1 1 1 1 
11 13 15 17 19 

DATE 

F i g u r e 4. Comparison between 1 hr average NOe measurements made 
simultaneously with the TDLAS and Luminox instruments 
a t Claremonet CA during Sept. 1985 
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N i t r i c Acid The l i n e s e l e c t e d f o r HN0 3 l i e s i n the 1720 cn r * 
r e g i o n . The l i n e s t r e n g t h s f o r HNQ3 are about 4 times lower than 
f o r NQa r e s u l t i n g i n an MDC of about 100 pptv. The c a l i b r a t i o n 
source f o r HNOa i s a s p e c i a l l y designed permeation device i n which 
the c a r r i e r gas i s passed through a T e f l o n tube immersed i n a 
s o l u t i o n of HN0 3 and HeS0«» a c i d s . The permeation r a t e i s 
determined by po t e n t i o m e t r i c t i t r a t i o n w ith standard NaOH s o l u t i o n . 

The accuracy of the HN0 3 measurements i s estimated to be + 
20%. An u n c e r t a i n t y of + 5% i s a t t r i b u t a b l e to the co n c e n t r a t i o n of 
the standard NaOH s o l u t i o n and + 2% to the determination of the end 
p o i n t . 

Sampling i n t e g r i t y i s the major problem with measuring HN0 3 

s i n c e t h i s gas i s h i g h l y p o l a r and absorbs r e a d i l y on most 
s u r f a c e s . The response time of the system decreases with 
i n c r e a s i n g f l o w r a t e of the sampled a i r through the system and i s 
about 5 min f o r flow r a t e s greater than 15 standard l i t e r s per 
minute (SLM). 

Fi g u r e 5 shows t y p i c a l d i u r n a l behavior of measurements of 
HN0 3 taken at a r u r a l s i t e . The co n c e n t r a t i o n peaks i n the e a r l y 
afternoon and decreases r a p i d l y i n the l a t e afternoon and evening, 
i n d i c a t i v e of the r a p i d dry d e p o s i t i o n r a t e of t h i s s p e c i e s . The 
ra p i d dry d e p o s i t i o n i s a l s o demonstrated i n Figure 6 which shows 
d i f f e r e n c e between measurements made at hei g h t s of 1 m and 8 m 
above a snow s u r f a c e . 

Ammonia The l i n e s e l e c t e d f o r d e t e c t i o n of N H 3 i s i n the 1050 
cm""1 r e g i o n . The l i n e s t rengths f o r N H 3 are high p e r m i t t i n g 
d e t e c t i o n l i m i t s of 25 pptv. But, l i k e HNOa, NHa i s a " s t i c k y " 
molecule r e q u i r i n g a i r f l o w s through the system of at l e a s t 15 SLM 
to provide response times of 5 min. The c a l i b r a t i o n source i s a 
gas c y l i n d e r c o n t a i n i n g NH 3 i n Ns having a co n c e n t r a t i o n of a few 
ppmv which i s checked p e r i o d i c a l l y by pot e n t i o m e t r i c t i t r a t i o n w ith 
standard a c i d . The accuracy of the NH : a measurements i s estimated 
to be + 20% based on u n c e r t a i n t i e s of the flow c a l i b r a t i o n s and an 
un c e r t a i n t y of 6% f o r the N H 3 c o n c e n t r a t i o n of the c a l i b r a t i o n 
standard. 
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E P A D R Y D E P O S I T I O N STUDï 
R E S E A R C H T R I A N G L E P A R K . S E P T - O C T 1 9 8 6 
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F i g u r e 5. hourly average KW03 measurements at Rayleigh NC during 
Sept29-0ct 12, 1986 
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F i g u r e 6. Average r a t i o s o f HN0 3 mixing r a t i o s measured at 8 m and 
1 m above a snow su r f a c e at S t a t e C o l l e g e , PA, January, 
1984 
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Figure 7 shows simultaneous measurements of N H 3 and HNO3 made 
at a r u r a l s i t e . The measurements show i n d i c a t i o n of 
a n t i c o r r e l a t i o n which suggests mutual n e u t r a l i z a t i o n . However the 
product of the co n c e n t r a t i o n s i s much l e s s than the e q u i l i b r i u m 
values with s o l i d NH*N03 and i t i s more l i k e l y that the 
a n t i c o r r e l a t i o n r e s u l t s from mixing of d i f f e r e n t a i r masses. 

Hydrogen Peroxide The l i n e s e l e c t e d f o r measurement of H e 0 a l i e s i n 
the I860 cm"*1 r e g i o n . The c a l i b r a t i o n source i s a s p e c i a l l l y 
designed permeation device i n which c a r r i e r gas i s flowed through a 
4 m c o i l of polyethylene immersed i n a 50% s o l u t i o n of s t a b i l i z e d 
HeQe. The permeation r a t e of t h i s device was determined by a 
m o d i f i c a t i o n of the c o l o r i m e t r i c T i C l * method ( 5 ) . The response 
time f o r HaO a i s about 40 sec; apparently some c o n d i t i o n i n g time 
with the apparatus i s r e q u i r e d f o r t h i s s p e c i e s but much l e s s than 
i s r e q u i r e d f o r HN0 3 or N H 3 . The accuracy of the HeQe measurements 
i s estimated to be ± 20% based on the u n c e r t a i n t i e s of the flow 
r a t e s and ± 10% f o r the HeQ a c a l i b r a t i o n . 

The r e l a t i v e l y weak l i n e s t r e n g t h s f o r hydrogen peroxide 
l i m i t s the d e t e c t i o n of hydrogen peroxide to 100 pptv f o r 5 min 
i n t e g r a t i o n times. Measurements made with t h i s system showed that 
the HeOa mixing r a t i o s i n r u r a l and ambient a i r i s g e n e r a l l y above 
t h i s d e t e c t i o n l i m i t . 

F i g u r e 8 shows an example of HaO e measurements made under 
r e l a t i v e l y p o l l u t e d c o n d i t i o n s and F i g u r e 9 shows measurements made 
under r e l a t i v e l y c l e a n c o n d i t i o n s . Both s t u d i e s showed s i m i l a r 
d i u r n a l v a r i a t i o n s with c o n c e n t r a t i o n s reaching maxima i n the 
afternoon and minima during the n i g h t . The mixing r a t i o s reach 
higher values i n the c l e a n a i r c o n d i t i o n s . 
Formaldehyde The l i n e s e l e c t e d f o r HCHO measurements l i e s i n 
the 1740 c u r 1 r e g i o n . The c a l i b r a t i o n source f o r formaldehyde i s a 
Tefl o n permeation device c o n t a i n i n g paraformaldehyde. The 
permeation r a t e i s determined by a m o d i f i c a t i o n of the chromotropic 
a c i d c o l o r i m e t r i c method ( 6 ) . No sampling problems are encountered 
with t h i s gas and the response time of the system i s the 3 sec 
residence time. The d e t e c t i o n l i m i t f o r HCHO i s b e t t e r than 50 
pptv. The accuracy of the HCHO measurements i s estimated to be 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
02

4

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



24. SCHIFF ET AL. Measurement of Atmospheric Gases 285 

TIME (EOT) 
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DECIMAL HOUR (EDT) 

F i g u r e 9. hourly averaged HeQa mixing r a t i o s at Rayleigh NC, June 
24-36, 1986 
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22 -
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F i g u r e 10. hourly averaged HCHO mixing r a t i o s at Glendora CA, Aug 
19-21, 1986 
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DECIMAL HOUR (EDT) 

F i g u r e 11. hourly averaged HCHO mixing r a t i o s at Rayleigh NC, June 
24-26, 1986 
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± 20*/. based on the combined u n c e r t a i n t i e s o f the flow r a t e s and the 
+ 10*/. u n c e r t a i n t y of the HCHO c a l i b r a t i o n . 

F i g u r e s 10 and 11 show examples of HCHO measurements under 
the same c o n d i t i o n s as shown f o r H&Ob i n the preceding f i g u r e s . For 
the p o l l u t e d s i t e the peak c o n c e n t r a t i o n s were observed near l o c a l 
noon. For the r e l a t i v e l y c l e a n s i t e the peak occurred somewhat 
l a t e r i n the afternoon and was c o n s i d e r a b l y lower than f o r the 
p o l l u t e d s i t e . 

Conclusions 
The tunable diode l a s e r a b s o r p t i o n spectrometer has been 

shown to be a very v e r s a t i l e system f o r measuring t r a c e atmospheric 
gases from mobile l a b o r a t o r i e s and from a i r c r a f t under a number of 
ambient and smog chamber a i r c o n d i t i o n s . I t s high s p e c i f i c i t y , 
good s e n s i t i v i t y and r a p i d response time makes i t a very s u i t a b l e 
standard against which other l e s s d e f i n i t i v e methods can be 
compared. 
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Chapter 25 

Chemical Instrumentation of Atmospheric Wet 
Deposition Processes 

Roger L. Tanner 

Environmental Chemistry Division, Department of Applied Science, 
Brookhaven National Laboratory, Upton, NY 11973 

Field studies of wet deposition processes require the 
differentiation and determination of many reactive 
species at trace levels in clear-air gaseous and aero
sol phases and in air containing clouds and precipita
tion. These studies have placed extremely rigorous 
requirements on existing analytical techniques and, in 
several instances, required development of new 
approaches to sampling and determination of c r i t i ca l 
species. Measurement techniques for nitrogen oxides 
and oxyacids, SO2 and aerosol sulfate species, oxidant 
species including hydrogen peroxide and PAN, and vari
ous organic species in the gas, aerosol and, where 
appropriate, aqueous phases from airborne platforms 
are reviewed. Emphasis is on recent developments in 
real-time and short-term integrated measurements which 
permit the differentiation of below-cloud, within
-cloud ( in ters t i t ia l ) , and aqueous phase species con
centrations of oxidants, and of sulfuric and ni t r ic 
acids and their precursors. Recent developments in 
measurement techniques for nitrogen oxides and gaseous 
H2O2 applicable to airborne sampling are highlighted. 

F i e l d s tud ies of wet d e p o s i t i o n processes r equ i r e the d i f f e r e n t i a 
t i o n and de te rmina t ion of many t race r e a c t i v e species i n the s e v e r a l 
phases (gaseous, a e r o s o l , c loud water and p r e c i p i t a t i o n ) present i n 
the atmosphere. The requirements imposed on e x i s t i n g a n a l y t i c a l 
techniques by these s tud ies have been extremely r igo rous and, i n 
s e v e r a l cases , have neces s i t a t ed the development of new approaches 
to the sampling and de terminat ion of c r i t i c a l chemical spec i e s . 
Th i s paper reviews these technique developments i n the context of 
t h e i r use i n a i rborne sampling dur ing atmospheric f i e l d s t u d i e s . 
The focus of the review inc ludes techniques for c l e a r a i r gases and 
a e r o s o l s , species i n c loud l i q u i d water , i c e mat r ices and p r e c i p i t a 
t i o n , as w e l l as sampling techniques for gases and ae roso l s i n 
c loud i n t e r s t i t i a l a i r . 

0097-6156/87/0349-0289$06.00/0 
© 1987 American Chemical Society 
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290 THE CHEMISTRY OF ACID RAIN 

The range of chemical species to be determined include: 
• sub-ppb l e v e l s of N0 X (N0 X - ni t r o g e n oxides and oxyacids 

excluding N2O) determined i n rea l - t i m e using ozone cherni-
luminescence or by other airborne i n t e g r a t i v e techniques; 

• sub-ppb l e v e l s of s u l f u r dioxide (SO2) and aerosol s u l f a t e 
determined i n real-time using the flame photometric detec
t o r , or i n airborne i n t e g r a t e d samples by other techniques; 

• oxidants (ozone, p e r o x y a c e t y l n i t r a t e [PAN], hydrogen 
peroxide) i n gaseous and aqueous phases. 

Other co n s i d e r a t i o n s r e l e v a n t to airborne c o l l e c t i o n and deter
mination of atmospheric samples speciated by phase include: 

• cloud- and rain d r o p - f r e e a i r sampling; 
• c o l l e c t i o n of aqueous l i q u i d and s o l i d samples; 
In these d i s c u s s i o n s we w i l l thus use the f o l l o w i n g e x p l i c i t 

d e f i n i t i o n of a chemical measurement i n the atmosphere: the c o l l e c 
t i o n of a de f i n a b l e atmospheric phase as w e l l as the determination 
of a s p e c i f i c chemical moiety with d e f i n a b l e p r e c i s i o n and accu
racy. This d e f i n i t i o n i s required since most atmospheric p o l l u t a n t s 
are not i n e r t gaseous and aerosol species w i t h atmospheric concen
t r a t i o n s determined by source strength and p h y s i c a l d i s p e r s i o n pro
cesses alone. Instead they may undergo gas-phase, l i q u i d - p h a s e , or 
surface-mediated conversions (some r e v e r s i b l e ) and, i n c e r t a i n 
cases, mass t r a n s f e r between phases may be k i n e t i c a l l y l i m i t e d . 
A n a l y t i c a l methods f o r chemical species i n the atmosphere must tra n 
scend these complications from chemical transformations and micro-
p h y s i c a l processes i n order to be u s e f u l adjuncts to atmospheric 
chemistry s t u d i e s . 

The d i s c u s s i o n that f o l l o w s f i r s t describes techniques f o r the 
airborne c o l l e c t i o n of a definable atmospheric phase f o r subsequent 
determinations, then continues w i t h d i s c u s s i o n of the a n a l y s i s tech
niques themselves i n c l u d i n g those for n i t r o g e n oxides and oxyacids, 
s u l f u r oxides, oxidants and selected organic species. Emphasis i s 
on the modified instrumentation devised and used by Brookhaven 
N a t i o n a l Laboratory s t a f f to improve the s e l e c t i v i t y and lower the 
l i m i t s of d e t e c t i o n of these techniques (JL_). 

I n t e r s t i t i a l A i r Sampling 

Studies of i n - c l o u d o x i d a t i o n and wet scavenging processes require 
the sampling of gaseous species and/or f i n e a e r o s o l p a r t i c l e s i n a i r 
which contains cloud droplets and/or p r e c i p i t a t i o n . In order to 
accomplish t h i s sampling of " i n t e r s t i t i a l 1 ' a i r , i t i s necessary to 
s e l e c t i v e l y remove cloud and r a i n d r o p l e t d i s t r i b u t i o n s ; these d i s 
t r i b u t i o n s have geometric mean diameters of 10-20 \im and > 100 urn, 
r e s p e c t i v e l y . Removal i s u s u a l l y achieved by the use of a cyclone 
device or a c e n t r i f u g a l r o t o r apparatus (2) (see Figure 1) f o r 
l i q u i d water clouds and p r e c i p i t a t i o n . In a d d i t i o n , these l a r g e r 
p a r t i c l e s are removed i n a d v e r t e n t l y by any curves i n the sampling 
i n l e t on the a i r c r a f t . 

Both cyclones and c e n t r i f u g a l r o t o r devices remove p a r t i c l e s of 
l a r g e r aerodynamic diameter by impaction induced by abrupt changes 
i n aerodynamic flow l i n e s , followed by c o l l e c t i o n of the l i q u i d 
water out of the flow stream. Coarse ae r o s o l p a r t i c l e (> 2.5 urn 
diameter) d i s t r i b u t i o n s u s u a l l y overlap the lower end of cloud drop
l e t d i s t r i b u t i o n s , hence are removed to a s u b s t a n t i a l extent i n the 
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ISO mm 

S E C T I O N S V I E W E D D O W N S T R E A M 

Figure 1. Cloud water sampler f o r a i r c r a f t experiments. 
(Reprinted with permission from r e f . 31. Copyright 1979 Central 
E l e c t r i c Research Laboratories.) 
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production of " c l o u d - f r e e " a i r . However, f i n e a erosols and unscav-
enged gases (e.g., Νθ2» O3) may be sampled conveniently i n cloud-
free a i r f o r subsequent sampling of aerosols (and SO2, HNO3, i f 
present) using the BNL high volume f i l t e r pack even a t sampling 
rates > 0.5 m3/min ( 3 ) . A n a l y s i s of cloudwater or p r e c i p i t a t i o n 
pre-removed by the r o t o r device i s p r o b l e m a t i c a l , however, due to 
l i q u i d contamination from the i n l e t surfaces ( 3 ) ; i t i s preferable 
to use the s p e c i f i c a l l y designed atmospheric water c o l l e c t o r s 
described below. 

C o l l e c t i o n of Cloudwater and P r e c i p i t a t i o n 

The c o l l e c t i o n of atmospheric water samples by airborne sampling i s , 
i n the context of t h i s paper, p r i n c i p a l l y concerned w i t h the d e f i n i 
t i o n of phase c o l l e c t e d , c o l l e c t i o n e f f i c i e n c y (as influenced by the 
d r o p l e t s i z e s p e c t r a ) , prevention of contamination during sampling 
and simply a c q u i r i n g enough sample for a n a l y s i s during the sampling 
time a v a i l a b l e ( i . e . , s p a t i a l / t e m p o r a l r e s o l u t i o n ) . A device f o r 
sampling l i q u i d phases, designed by personnel at the Atmospheric 
Sciences Research Center, SUNY at Albany (4) operates by impacting 
d r o p l e t s onto s l o t t e d rod(s) i n an apparatus (see Figure 2) s i t u a t e d 
e x t e r n a l to the a i r c r a f t s k i n . The s i z e and number of the s l o t t e d 
rod(s) and t h e i r o r i e n t a t i o n are determined by the phase to be c o l 
l e c t e d - cloudwater or r a i n - and i t s s i z e s p e c t r a . Samples d r a i n 
from the rods to a c o l l e c t i o n v e s s e l i n s i d e the a i r c r a f t . Because 
the c o l l e c t o r i s made of p l a s t i c , i t i s somewhat f l e x i b l e and, as a 
r e s u l t , the c o l l e c t i o n e f f i c i e n c y even f o r a s i n g l e cloud droplet 
s i z e d i s t r i b u t i o n i s a f u n c t i o n of a i r c r a f t speed and angle of 
a t t a c k (5^). T r a n s i e n t species (e.g. H2O2, S(IV)) must be s t a b i l i z e d 
w i t h i n a few hours of c o l l e c t i o n , whereas more s t a b l e species need 
only be stored i n a clean, c o o l place u n t i l a n a l y s i s can be 
performed. 

C o l l e c t i o n of supercooled l i q u i d water i n clouds i s simple, 
using only a p l a t e or screen exposed to RAM a i r ; the water i s l a t e r 
melted and stored p r i o r to a n a l y s i s ( 6 ) . C o l l e c t i o n of frozen cloud 
p a r t i c l e s i s a l i t t l e more problematical since the l i q u i d water 
content can be low, and i n d i v i d u a l p a r t i c l e s are more subject to 
bounce-off during impactive c o l l e c t i o n . C o l l e c t i o n of snow p a r t i 
c l e s aboard the a i r c r a f t i s most d i f f i c u l t of a l l due to the low 
aerodynamic diameter e x h i b i t e d by these p a r t i c l e s i n RAM a i r 
streams. S u c c e s s f u l methods f o r the c o l l e c t i o n of snow and ice 
clouds are s t i l l i n an a c t i v e stage of development. 

Determination of Nitrogen Oxides 

The technique used f o r most real-time measurements of n i t r i c oxide 
(NO) and other n i t r o g e n oxides and oxyacids i n the ambient atmo
sphere i s based on the d e t e c t i o n of l i g h t from the chemiluminescent 
r e a c t i o n of ozone w i t h NO (_7,8). This l i g h t o r i g i n a t e s when a por
t i o n of e x c i t e d s t a t e NO2 molecules formed i n the r e a c t i o n luminesce 
i n a continuum from ~600 nm i n t o the near i n f r a r e d region. Ozone-
chemiluminescent (CL) instruments f o r N0 X c o n s i s t of a chamber f o r 
mixing ambient a i r with excess ozone and a window f o r viewing the 
f i l t e r e d luminescence w i t h a p h o t o m u l t i p l i e r tube. Nitrogen species 
other than NO are converted thereto by passage over a heated 
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Figure 2. ASRC cloud c o l l e c t o r . (Reprinted with permission 
from r e f . 4. Copyright 1979 Atmospheric Sciences Research 
Center.) 
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294 THE CHEMISTRY OF ACID RAIN 

c a t a l y s t ( t y p i c a l l y molybdenum at ~375°C). Two-channel instruments 
for simultaneous determination of NO and N0 X are commercially a v a i l 
able but generally have l i m i t s of detection (LODs) of *2 ppbv. Con
s i d e r a t i o n has thus been given to improving the s e n s i t i v i t y and 
lowering the LOD f o r measurements of NO and N0 X i n non-urban and 
background l o c a t i o n s at which l e v e l s < 1 ppb are common. This i s 
done by reference to the response equation for the detector 
U,2,_10)» Equation 1: 

This r e l a t e s the detector s i g n a l to the i n t e n s i t y (I) of l i g h t pro
duced, the e f f i c i e n c y of l i g h t c o l l e c t i o n (G), and the PMT s e n s i t i v 
i t y (A). The i n t e n s i t y of l i g h t produced i s expressed as the prod
uct of the NO concentration, the flow rate, and a s e r i e s of f r a c 
tions ( f r a c t i o n of NO2 formed i n the excited state, f r a c t i o n of N O 2 * 
decaying r a d i a t i v e l y , and the f r a c t i o n of NO-O3 r e a c t i o n occurring 
w i t h i n view of the detector). 

Optimization of the response of the CL detector consists of 
maximizing each of the factors i n the governing response equation. 
C o l l e c t i o n e f f i c i e n c y (G) of the d i f f u s e CL source i s improved by 
p o l i s h i n g and gold-coating the r e a c t i o n chambers. Factor A i s maxi
mized by s e l e c t i n g a low-noise, i n f r a r e d s e n s i t i v e PMT. The inten
s i t y of CL l i g h t , I, i s given i n Equation 2: 

I i s maximized by operating at high flow rates under reduced chamber 
pressure i n an enlarged chamber volume using increased concentra
tions of ozone. 

A summary of the improvements i n performance of the modified 
Monitor Labs Model 8840 oxides of nitrogen monitor i s given in Table 
I (from Ref. 10) based on the instrument design shown i n Figure 3. 
The pre-reactor i s designed to f a c i l i t a t e the accurate measurement 
of the "zero a i r " s i g n a l - the response of the instrument i n the 
absence of NO. At the lowered LODs obtainable from the modified 
N0 X instrument the possible presence of quenching gases and i n t e r 
f e r i n g compounds i n ambient a i r negates the use of tank a i r i n 
determining the zero a i r s i g n a l . Reaction of ozone with sampled a i r 
p r i o r to admission to the r e a c t i o n chamber allows for "zero a i r " 
s i g n a l determination under ambient a i r conditions, hence determina
t i o n of low ambient NO l e v e l s can be made with r e q u i s i t e p r e c i s i o n 
and accuracy. 

Determination of n i t r i c a c i d concentrations may be made using 
the modified N0 X analyzer by d i v e r t i n g a p o r t i o n of the a i r stream 
through a nylon f i l t e r and molybdenum converter i n series to obtain 
a measure of N0X-HN03; nylon removes a c i d i c gases i n c l u d i n g HNO3 and 
HC1, but generally transmits other nitrogen oxide and organonitrogen 
compounds with the possible exception of n i t r o u s a c i d . N i t r i c a c i d 
i s thus determined i n real-time from the d i f f e r e n c e between the 2 
channels when the N0X/N0X-HN03 mode i s selected. D i f f i c u l t i e s i n 
obtaining accurate HNO3 l e v e l s have been observed using f i l t e r pack 
c o l l e c t i o n techniques. In Figure 4 we show a comparison of HNO3 
concentrations observed airborne i n samples c o l l e c t e d using the BNL 

S = GAI ( D 

I = f l f 2 ( l - exp [ x r/T N O])(F/P)[NO] (2) 
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8840 Improved N0 X Detector 

N 0 X 
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Figure 3. Improved chemiluminescent N0X detector. (Reprinted 
with permission from ref. 10. Copyright 1986 Brookhaven National 
Laboratory.)  P

ub
lic

at
io

n 
D

at
e:

 S
ep

te
m

be
r 

3,
 1

98
7 

| d
oi

: 1
0.

10
21

/b
k-

19
87

-0
34

9.
ch

02
5

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



296 THE CHEMISTRY OF ACID RAIN 

Filter Pack HN03, ppb 

Figure 4 . Comparison of airborne f i l t e r pack and r e a l - t i m e HNO3 

data. (Reprinted w i t h permission from r e f . 10. Copyright 1986 
Brookhaven N a t i o n a l Laboratory.) 
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Table I . Comparison of C h a r a c t e r i s t i c s of Modified and Unmodified 
Monitor Labs 8840 N0 X Detector 

Instrument 
C h a r a c t e r i s t i c 

O r i g i n a l 
8840 

Modified 
8840 

Compounds 

De t e c t i o n L i m i t (ppb) 

Lowest Range, ppb f u l l s cale 
90% Response Time, seconds 
Sample Flow Rate, seem 
Reaction Chamber Pressure, t o r r 
Reaction Chamber Volume, cc 
Reactor I n t e r n a l Surface 

P r e - r e a c t o r (Y/N) 

NO and N0 X 

2, NO and N0 X 

50 
120 

1500 
250 
15 

Unpolished 
S t a i n l e s s 

No 

NO and N0 X 

or 
N0 X and N0 X-HN0 3 

*0.2, NO and N0 X 

0.3, HN03 

8.7 
10 

1500 
10 

225 
P o l i s h e d and Gold 
Coated S t a i n l e s s 

Yes 

* Values are based on signal/peak-to-peak-noise r a t i o of 2 at an 
instrument time constant of 5 seconds. 

f i l t e r pack and determined by the continuous NO analyzer (10). The 
median value i s near the LOD of the r e a l - t i m e technique, i n consid
e r a t i o n of which the agreement between methods i s q u i t e good ( l e a s t 
squares slope 0.72, r ^ = 0.83, i n t e r c e p t not s i g n i f i c a n t l y d i f f e r e n t 
than zero). 

Further improvements i n detector performance are d e s i r a b l e , 
e s p e c i a l l y f o r determining low airborne concentrations of n i t r o g e n 
oxides and HNO3 i n remote areas or i n the presence of clouds. As 
o u t l i n e d by K e l l y (10), p o s s i b l e improvements include a s t i l l l a r g e r 
ozone source, improved chamber design, PMT c o o l i n g and photon count
ing s i g n a l processing. 

D i f f i c u l t i e s are encountered i n determining NO2 using the 
ozone-chemiluminescence technique due to the n o n - s p e c i f i c conversion 
of s e v e r a l n i t r o g e n oxides/oxyacids on the Mo c a t a l y s t . Use of 
FeS04 f ° r N02-to-N0 conversion has been described, but humidity-
dependent sorp t i o n / d e s o r p t i o n e f f e c t s have been reported, e.g., PAN 
(11). A l t e r n a t i v e l y , a commercial NO2 analyzer based on surface 
chemiluminescence of NO2 i n the presence of a luminol s o l u t i o n , has 
been introduced which e x h i b i t s the r e q u i s i t e s e n s i t i v e l y and 
s e l e c t i v i t y . 

N i t r i c a c i d and c e r t a i n other gases can be sampled by d i f f u s i o n 
dénuder tubes, e l i m i n a t i n g a r t i f a c t s a s s o c i a t e d w i t h f i l t e r c o l l e c 
t i o n . The annular dénuder v a r i a t i o n of t h i s technique permits sam
p l i n g at higher flow rates (5 to 10 L/min), hence may be u s e f u l f o r 
airborne sampling, although no airborne data have been reported to 
date. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
3,

 1
98

7 
| d

oi
: 1

0.
10

21
/b

k-
19

87
-0

34
9.

ch
02

5

In The Chemistry of Acid Rain; Johnson, R., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1987. 



298 THE CHEMISTRY OF ACID RAIN 

Determination of S u l f u r Dioxide and Aerosol S u l f a t e 

The most commonly used technique for the airborne determination of 
ambient l e v e l s of s u l f u r dioxide ( S O 2 ) and aerosol s u l f u r i n r e a l 
time involves the use of a modified commercial flame photometric 
detector (FPD) (1 2 ), although recent versions of pulsed fluorescence 
instrumentation ( f o r S O 2 ) are becoming more promising, A procedure 
for enhancing the s e n s i t i v i t y of the commercial FPD by a d d i t i o n of a 
known background l e v e l of a s u l f u r compound, u s u a l l y S F 5 ( ~ 1 0 0 ppb) 
i n the hydrogen supply ( 1 2 ), i s now widely used, r e s u l t i n g i n LODs 
approaching 0 . 2 ppbv ( 1 0-sec time constant). S u l f u r gases (mostly 
S O 2 i n ambient a i r ) are determined a f t e r removal of a e r o s o l S p a r t i 
c l e s onto T e f l o n f i l t e r s . Aerosol s u l f u r concentrations are deter
mined a f t e r removal of gaseous s u l f u r compounds by passage through a 
d i f f u s i o n dénuder tube. Mass flow c o n t r o l l e r s are inserted i n the 
hydrogen and exhaust gas l i n e s (the l a t t e r a f t e r removal of conden-
s i b l e water) to s t a b i l i z e gas flows and hence, H 2 / O 2 r a t i o i n the 
burner. This m o d i f i c a t i o n i s required f o r airborne operation at 
sub-ppb s u l f u r concentrations (13). C a l i b r a t i o n s show l i n e a r 
response with < 10 ppb f u l l scale s e n s i t i v i t y . Successful airborne 
use of a dual S 0 2/aerosol S instrument for measurements i n c l e a r and 
c l o u d - i n t e r s t i t i a l a i r has been extensively documented ( 1 , 1 3 ) . 

Determination of Atmospheric Oxidants 

Determination of several atmospheric oxidant species i s c r i t i c a l to 
understanding gaseous and aqueous processes leading to a c i d i c depo
s i t i o n . Hydrogen peroxide has a high Henry 1s Law s o l u b i l i t y and 
must be measured i n gaseous and aqueous atmospheric samples to 
b e t t e r understand wet deposition processes. In c o n t r a s t , measure
ments of ozone and peroxyacyl n i t r a t e s (PANs) (and probably a l k y l 
hydroperoxides and peracids) usually need to be made only i n the gas 
phase due to t h e i r low aqueous s o l u b i l i t y (14). 

Measurement of ozone i n the gas phase i n real-time from a i r 
borne platforms at atmospheric concentrations using the ethylene-
chemiluminescence technique no longer presents s i g n i f i c a n t t e c h n i c a l 
d i f f i c u l t i e s . Measurement of ambient concentrations of PANs and 
other organic n i t r a t e s can now be done with automated apparatus from 
ground-based or airborne platforms (15,16), using gas chromatography 
of p e r i o d i c , d i s c r e t e a i r samples with e l e c t r o n capture detection. 
C a l i b r a t i o n s to e s t a b l i s h absolute accuracy of determinations at low 
ppb l e v e l s are d i f f i c u l t , and usually only peroxyacetyl n i t r a t e data 
are reported. Advances i n t h i s area using a new PAN preparative 
technique (17) can be a n t i c i p a t e d . 

A n a l y s i s of aqueous-phase hydrogen peroxide can now be per
formed a t the μΜ-levels observed i n cloudwater and r a i n samples 
using several r e c e n t l y developed and/or modified techniques. The 
author's preference i s the fluorescence technique using the 
peroxidase-catalyzed dimerization r e a c t i o n of H 2 O 2 with 
p-hydroxyphenylacetic aci d (POHPAA technique) of Lazrus et a l . (18), 
as modified by K e l l y et a l . (19) Data on atmospheric l e v e l s of 
aqueous H2O2 have increased dramatically i n the past two years with 
these technique developments, i n d i c a t i n g seasonal dependencies of 
H2O2 sources and non-coexistence of SO2 and H2O2 i n non-
p r e c i p i t a t i n g clouds (3). 
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Measurement of gas-phase H 2 0 2 has lagged due to d i f f i c u l t i e s 
experienced i n c o l l e c t i n g H 2 0 2(g) i n t o aqueous s o l u t i o n without gen
e r a t i n g " a r t i f a c t " peroxide by r a d i c a l scrubbing or surface-mediated 
ozone decomposition ( 2 0 ). Recently, i n a d d i t i o n to the reported 
d i r e c t observation of H 2 0 2(g) by diode laser-based absorbance mea
surements ( 2 1 ) , three methods f o r a r t i f a c t - f r e e c o l l e c t i o n of 
H 2 0 2(g) have been reported based on prompt dérivatization and analy
s i s ( 2 2 ) or ozone pre-removal techniques (see Figure 5), with deter
mination of c o l l e c t e d H 2 0 2(aq) by the POHPAA technique (23) or 
hemin-catalyzed luminol methodologies (24). Airborne measurements 
f o r gaseous H 2 O 2 have been reported f o r only one of these techniques 
(25). Aqueous samples must be analyzed promptly or e l s e f i x e d by 
a d d i t i o n of reagent i n the case of the POHPAA technique (26). 

Determination of Organics i n Atmospheric Samples 

Several c l a s s e s of atmospheric organic compounds are of i n t e r e s t i n 
de p o s i t i o n s t u d i e s . Instrumentation f o r these species w i l l be 
b r i e f l y reviewed. 

Concentrations of t o t a l hydrocarbons (expressed as ppbv C) or 
non-methane hydrocarbons can be determined from airborne platforms 
using flame i o n i z a t i o n d e t e c t i o n , but t h e i r relevance to photochemi
c a l oxidant production, and hence to a c i d i c d e p o s i t i o n , i s 
i n d i r e c t . Reactive hydrocarbons have been determined i n surface 
measurements using ozone chemiluminescence wi t h o p t i c a l f i l t e r s 
(27), but the instrumentation has not been developed f o r airborne 
measurements. Aldehydes have been widely measured i n aqueous and 
gas phase samples, u s u a l l y using DNPH d e r i v a t i z a t i o n s and HPLC-UV 
determination (28,29); however, few airborne measurements have been 
reported. Organic acids have been reported to be important sinks 
from the atmosphere for o x i d i z e d atmospheric carbon (30), based on 
surface measurements using i o n - e x c l u s i o n chromatography w i t h UV or 
c o n d u c t i v i t y d e t e c t i o n s . L a s t l y , organic peroxides and peracids 
have r e l a t i v e l y low aqueous s o l u b i l i t y , but have been hypothesized 
to be important oxidants i n the gas phase. Methodologies f o r t h e i r 
unambiguous determination i n atmospheric samples are s t i l l being 
developed. 

Summary 

Several areas i n which chemical measurement technologies have become 
a v a i l a b l e and/or r e f i n e d f o r airborne a p p l i c a t i o n s have been 
reviewed i n t h i s paper. I t i s a s e l e c t i v e review and many important 
m e t e o r o l o g i c a l and cloud physics measurement c a p a b i l i t i e s of r e l e 
vance to atmospheric chemistry and a c i d d e p o s i t i o n (e.g., measure
ment of cloud l i q u i d water content) have been ignored. In p a r t i c u 
l a r , we have not discussed p a r t i c l e s i z e spectra measurements f o r 
various atmospheric condensed phases ( a e r o s o l s , cloud droplets and 
p r e c i p i t a t i o n ) . Further improvements i n chemical measurement tech
nologies can be a n t i c i p a t e d e s p e c i a l l y i n the areas of free r a d i 
c a l s , o x i d a n t s , organics, and SO2 and NO2 a t very low l e v e l s . 
Nevertheless, major incremental improvements i n the understanding of 
a c i d d e p o s i t i o n processes can be a n t i c i p a t e d from the continuing 
airborne a p p l i c a t i o n of the techniques described i n t h i s review. 
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Chapter 26 

Factors Affecting NO x Production 
During Char Oxidation 

Gregory J. Orehowsky, Alan W. Scaroni, and Francis J. Derbyshire 

Fuel Science Program, Department of Materials Science and Engineering, 
Pennsylvania State University, University Park, PA 16802 

The oxidation of chars prepared from nitrogen
-containing precursors has been investigated. Chars 
produced from the nitrogen-containing compounds acridine 
and phenanthridine were oxidized at atmospheric pres
sure at temperatures of 773-873 K. The relative rates 
of nitrogen and carbon release and the formation of NOx 
have been determined in relation to char nitrogen con
tent and precursor type. 

At 773 Κ carbon was found to be preferentially oxi
dized at low burnoff; at higher temperatures the rates 
of carbon and nitrogen oxidation were indistinguishable. 
The conversion of char nitrogen to NOx was dependent 
upon the char structure and composition, much less NOx 
being produced from the phenanthridine char. It is 
assumed that the remainder of the nitrogen is released 
as N2, presumably formed by the reduction of NOX with 
C and/or CO. The conversion of nitrogen to NOx was also 
found to decrease with increasing oxidation tempera
ture, char nitrogen content and with sample bed height. 

Although S 0 X emissions are most o f ten i d e n t i f i e d as the p r i n c i p a l 
precursors to a c i d r a i n , N 0 X emissions a l s o p lay an important r o l e i n 
a c i d r a i n formation ( 1 ) . Before methods for l i m i t i n g N 0 X emissions 
from s o l i d f u e l combustors can be f u l l y developed, a more d e t a i l e d 
understanding of the r e a c t i o n chemistry of f u e l bound n t i r o g e n o x i d a 
t i o n must be obta ined . 

During combustion, N 0 X i s formed e i t h e r by the r e a c t i o n of oxy
gen and atmospheric n i t r o g e n (thermal N 0 X ) or the o x i d a t i o n of chem
i c a l l y bound n i t r o g e n i n the f u e l ( f u e l N 0 X ) . The product ion of 
thermal N 0 X can be minimized by var ious techniques which lower the 
flame temperature. The r e d u c t i o n of thermal N 0 X alone may not lower 
N 0 X emissions to w i t h i n acceptable r e g u l a t o r y l i m i t s . Thus, i t w i l l 
be necessary to l i m i t f u e l N 0 X emiss ions . 

There have been a l i m i t e d number of s tudies which i n d i c a t e that 
the convers ion of char n i t r o g e n to N 0 X can make a s i g n i f i c a n t c o n t r i 
but ion to the t o t a l N 0 X emiss ions . The o x i d a t i o n of char n i t r o g e n 

0097-6156/87/0349-0304$06.00/0 
© 1987 American Chemical Society 
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26. OREHOWSKY ET AL. Factors Affecting NOx Production 305 

has been found to account for between 20 and 40 percent of the t o t a l 
f u e l N0 X emissions during p u l v e r i z e d coal combustion (_2). Since 
f l u i d i z e d bed combustors operate at lower temperatures than p u l v e r i z 
ed c o a l combustors, more nitrogen i s retained i n the char. The char 
has been shown to be the major contr i b u t o r to N0 X formation u n t i l ap
proximately 1200 Κ during f l u i d i z e d bed combustion (_3). 

Fuel nitrogen i s converted to N0 X through two pathways; homogen
eous ox i d a t i o n of nitrogen-containing v o l a t i l e s and heterogeneous ox
i d a t i o n of the nitrogen contained i n the char. I t i s the l a t t e r 
mechanism of N0 X production that i s the subject of t h i s paper. 

In the present work the oxi d a t i o n of nitrogen-containing chars 
prepared from model compound precursors was studied. The r e l a t i v e 
rates of nitrogen and carbon d e p l e t i o n and the mode of nitrogen re
lease were i n v e s t i g a t e d . The influence of the char nitrogen content, 
the precursor composition, and the oxi d a t i o n temperature on N0 X pro
duction were studied. 

Sample Preparation 

The nitrogen-containing h e t e r o c y c l i c compounds, a c r i d i n e and phenan
t h r i d i n e , and the p o l y c y c l i c aromatics, anthracene and phenanthrene, 
were used as char precursors. A c r i d i n e has the three-ringed s t r u c 
ture of anthracene with a nitrogen atom s u b s t i t u t e d f o r a carbon atom 
i n the 9 p o s i t i o n . S i m i l a r l y , phenanthridine i s the nitrogen con
t a i n i n g analog of phenanthrene. The nitrogen contents of both a c r i 
dine and phenanthridine are 7.8 wt%. The nitrogen contents of chars 
prepared from these compounds were v a r i e d by blending various amounts 
of a c r i d i n e with anthracene and phenanthridine with phenanthrene. 
A l l of the compounds, - 98% p u r i t y , were obtained commercially. 

Although i t i s recognized that a study of co a l char o x i d a t i o n i s 
very u s e f u l , the fundamental understanding of the oxi d a t i o n pro
cess (es) i s complicated by the indeterminate s t r u c t u r e of the char, 
by the presence of other heteroatoms, and by the presence of inorgan
i c components, some of which may possess c a t a l y t i c a c t i v i t y . To c i r 
cumvent these d i f f i c u l t i e s , model compound char precursors were used 
i n t h i s research. The high p u r i t y of the s t a r t i n g materials ensured 
that the chars were comprised p r i n c i p a l l y of carbon and nitrogen, 
with low concentrations of hydrogen and ash. 

The char precursors were carbonized at 823 Κ for 90 minutes 
under a nitrogen pressure of 0.68 MPa i n tubing bomb re a c t o r s . The 
carbonaceous residues were subsequently heat treated at 1273 Κ for 
1 hour under argon i n a tube furnace to drive o f f r e s i d u a l v o l a t i l e 
matter. The carbonization was conducted to increase char y i e l d ; d i 
r e c t heat treatment of the precursors would r e s u l t i n very low char 
y e i l d s . The high heat treatment temperature was chosen to ensure 
that at the lower temperature used i n the ox i d a t i o n experiments, 
there would be no v o l a t i l e m a t e r i a l , thus ensuring that the r e a c t i o n 
was heterogeneous. 

A i r oxidations of the 1273 Κ chars were performed over the temp
erature range of 773 Κ to 873 Κ at atmospheric pressure. In these 
experiments, two grams of char were placed i n a quartz tube reactor 
held v e r t i c a l l y i n a f l u i d i z e d bed sandbath. Preheated a i r , at a 
flow rate of 1.7 1/m, was passed upward through the sample. The char 
was ox i d i z e d to the desired burnoff and the r e s i d u a l char was exam
ined to determine changes i n the concentration of C, H, and Ν as a 
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function of burnoff. The e f f l u e n t gases were analyzed by a nondisper-
sive i n f r a r e d CO/CO2 analyzer and a chemiluminescent N0 X analyzer. 
The CO/CO2 analyzer was c a l i b r a t e d using N 2 as a zero gas and a c e r t i 
f i e d mixture of 1.7% C02, 0.7% CO, and balance N2 as a span gas. The 
N0 X analyzer was c a l i b r a t e d using a i r as a zero gas and a c e r t i f i e d 
mixture of 920 ppra NO and balance N2 as a span gas. 

Results and Discussion 

Elemental Analyses of Chars. Elemental analyses of the chars 
produced a f t e r heat treatment are presented i n Table I. The char pre 
cursors had nitrogen contents ranging from 1.0 to 7.8 percent by 
weight. The nitrogen contents of the corresponding chars were lower 

Table I. Elemental Analyses of 1273 Κ Chars 

Precursor (mol.) C (wt%) H (wt%) Ν (wt%) H/N 
13% a c r i d i n e - 98.2 0.35 1.16 4.22 

87% anthracene 
38% a c r i d i n e - 96.9 0.37 2.93 1.77 

62% anthracene 
64% a c r i d i n e - 95.9 0.24 4.56 0.74 

36% anthracene 
100% a c r i d i n e 92.1 0.42 6.66 0.88 

13% phenanthridine- 94.0 0.32 0.98 4.57 
87% phenanthrene 

38% phenanthridine- 93.7 0.55 2.25 3.42 
62% phenanthrene 

64% phenanthridine- 96.4 0.28 3.71 1.06 
36% phenanthrene 

100% phenanthridine 94.6 0.56 5.25 1.17 

because of nitrogen loss to the vapor phase during carbonization and 
heat treatment. In a d d i t i o n , the phenanthridine-phenanthrene chars 
had lower nitrogen contents than the corresponding acr i d i n e - a n t h r a -
cene chars. 

Carbon and Nitrogen R e a c t i v i t i e s i n Pure A c r i d i n e and Phenanthridine 
Chars. Chars formed from pure a c r i d i n e and phenanthridine were o x i 
dized to various l e v e l s of burnoff and the r e s i d u a l chars were ana
lyzed to determine the changes i n carbon, hydrogen, and nitrogen con
c e n t r a t i o n (wt%). The a c r i d i n e char was oxid i z e d at 773, 798, and 
823 Κ and the phenanthridine char at 773 K. Above t h i s temperature, 
due to i t s high r e a c t i v i t y , the phenanthridine char i g n i t e d producing 
uncontrolled burnoff. Since the oxidations were performed at temper
atures below the char heat treatment temperature, carbon and nitrogen 
removal should be through o x i d a t i o n only ( i . e . , not through d e v o l a t i -
l i z a t i o n ) . P l o t s of the carbon and nitrogen retained i n the char are 
shown as a fun c t i o n of weight loss i n Figures 1-4). 

At 773 K, carbon and nitrogen o x i d a t i o n rates were d i f f e r e n t f o r 
both the a c r i d i n e and phenanthridine chars, Figures 1 and 2. For 
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Figure 1. Retention of A c r i d i n e Char Nitrogen as a Function of 

Burnoff i n A i r at 773 Κ 

ο 0.4 

• Nitrogen 
• Carbon 

1 0 0 

Figure 2. Retention of Phenanthridine Char Nitrogen as a Function 

of Burnoff i n A i r at 773 Κ 
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% Bum-off 

Figure 3. Retention of A c r i d i n e Char Nitrogen as a Function of 

Burnoff i n A i r at 798 Κ 

2 0 1 0 0 

Figure 

4 0 6 0 

% Burnoff 

4. Retention of A c r i d i n e Char Nitrogen as a Function of 

Burnoff i n A i r at 823 Κ 
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both chars at 773 K, carbon was p r e f e r e n t i a l l y oxidized u n t i l between 
30-40% weight l o s s . From t h i s point, the rate of nitrogen release 
exceeded that of carbon and the two curves i n Figures 1 and 2 con
verged. At 798 and 823 Κ (unlike at 773 Κ ) , the rates of carbon and 
nitrogen o x i dation appear to be equal f o r the a c r i d i n e char, Figures 

Char nitrogen enrichment which occurs at low burnoff at 773 K, 
has been observed during the p a r t i a l combustion of shale p a r t i c l e s 
(4). The r e s u l t s at 798 and 823 Κ are i n agreement with the r e s u l t s 
of Song (_5) for the o x i d a t i o n of a 1750 Κ l i g n i t e char at 1250 K. I t 
appears that the rates of oxidation of char carbon and nitrogen are 
equal at the temperatures of i n t e r e s t i n p r a c t i c a l combustors. 

N0 X Formation. The mass f r a c t i o n of char nitrogen evolved and the 
proportion converted to N0 X are shown as a function of carbon loss 
f o r pure a c r i d i n e and phenanthridine chars i n Figures 5 and 6, re
s p e c t i v e l y . Carbon loss was determined from on-line monitoring of CO 
and C O 2 concentrations. The carbon loss c a l c u l a t e d i n t h i s way was 
5% and 7% higher than that determined by elemental a n a l y s i s of the 
r e s i d u a l chars. The phenanthridine char had a much lower conversion 
of char nitrogen to N0 X than did the a c r i d i n e char. At 60% carbon 
l o s s , there was a 32% conversion of char nitrogen to N0 X for the 
a c r i d i n e char, while for the phenanthridine char i t was only 14%. 
Although not d i r e c t l y measured, i t i s assumed that the remaining n i 
trogen was evolved as N£. These r e s u l t s i l l u s t r a t e that the conver
sion of char nitrogen to N0 X i s dependent upon the char precursor, 
and presumably the way i n which t h i s influences the chemical and 
p h y s i c a l structure of the char. 

Figure 7 shows the extent of conversion to N0 X and the t o t a l n i 
trogen released from the char as a function of weight loss f o r the 
a c r i d i n e char oxidized at 823 K. At complete burnoff, 50% of the 
char nitrogen was converted to N0 X and 50% of the n i t r o g e n was re
leased as N£. The r a t i o of nitrogen released as N0 X to the t o t a l n i 
trogen released from the char, as shown i n Figure 8, was between 
0.45 and 0.50 over the range of a c r i d i n e char burnoff, from 20 to 1007o. 

E f f e c t of Temperature on Conversion of Char Nitrogen to N0 X. The ef-
tect or o x i d a t i o n temperature upon the p r o p o r t i o n a l reiease of N0 X i s 
tabulated i n Table II for pure a c r i d i n e and phenanthridine chars at 

Table I I . E f f e c t of Temperature on Conversion of Char Nitrogen to N0 X 

3 and 4. 

Acridine- (6.66% N) 

Temperature, Κ 
Ν 0 χ Conversion, % 

823 
50 

873 
9.2 

Phenanthridine (5.25% N) 

Temperature, Κ 
N0 X Conversion, % 

823 
13 

873 
6.1 
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Figure 6 . Mass F r a c t i o n of Ν Released from Phenanthridine 

Char as a Function of Carbon Conversion i n A i r at 773 Κ 
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Figure 7. Mass F r a c t i o n of N Released from A c r i d i n e Char as a 

Function of Burnoff i n A i r at 823 K 
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Figure 8. Ratio of N Released as N0 X to T o t a l N Released as a 

Function of Burnoff i n A i r at 823 K for A c r i d i n e Char 
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complete burnoff. The char nitrogen to N0 X conversion for the a c r i 
dine char decreased from 50% to 9.2% when the furnace temperature was 
r a i s e d from 823 Κ to 873 K. The same conversion decreased ca. 50% 
for phenanthridine char over the same temperature range. S i m i l a r re
s u l t s have been reported by Song (6) for the o x i d a t i o n of a c o a l char 
at higher temperatures (1250-1750 K). 

The nitrogen conversions reported i n Table II were measured with 
the chemiluminescent N0 X analyzer. During the oxidation of the phe
nanthridine char at 873 K, no d i f f e r e n c e s were seen i n the i n s t r u -
mentally measured concentration of NO and N0 X. This i n d i c a t e s that 
NO and N 2 are the p r i n c i p a l nitrogen species present. Both N H 3 and 
HCN and can be converted to NO by the s t a i n l e s s s t e e l c a t a l y s t i n the 
analyzer (7). I f e i t h e r of these two species were present, the mea
sured N0 X value would be higher than the NO value. 

The dramatic decrease i n char nitrogen to N0 X conversion f o r the 
a c r i d i n e char cannot be a t t r i b u t e d only to a 50 Κ increase i n temper
ature. The char i g n i t e d at 873 Κ but not at 823 K. The bed temper
ature during oxidation at 873 Κ was probably considerably higher than 
873 K. The bed temperature during o x i d a t i o n of the phenanthridine 
char at the furnace temperature of 873 Κ i s shown i n Figure 9. A 
maximum temperature of 1006 Κ was reached w i t h i n 3 minutes and the 
bed temperature remained 50 Κ higher than the furnace temperature 
even a f t e r 30 minutes. 

E f f e c t of Char Nitrogen Content on Conversion to N0 X. The e f f e c t of 
the char nitrogen content on conversion to Ν ϋ χ i s shown i n Figure 10. 
The conversion decreased s l i g h t l y with i n c r e a s i n g nitrogen content 
for the acridine-based chars. Conversion decreased sharply at f i r s t , 
and then more gradually, with i n c r e a s i n g nitrogen content for the 
phenanthridine-based chars. The conversion of f u e l nitrogen to N0 X 

has been reported to decrease with i n c r e a s i n g nitrogen content i n 
c o a l (8) and petroleum (9) combustion and i n nitrogen-doped flames 
(10). The phenanthridine-based chars, with one exception (the char 
with 0.98 wt% nitrogen) had lower conversions than the acridine-based 
chars. This suggests furt h e r that the char precursor can influence 
char nitrogen conversion to N0 X. 

The E f f e c t of Char Sample Size on Conversion to N0 X. The e f f e c t of 
char sample weight on conversion ot char nitrogen to N0 X i s shown i n 
Figure 11. The conversion decreases with i n c r e a s i n g sample s i z e or 
more importantly with i n c r e a s i n g height of the char bed. The lower 
conversion to N0 X with i n c r e a s i n g sample s i z e may be a consequence of 
increased reduction of N0 X to N2 by the char bed. The N0 X formed at 
the bottom of the bed i s reduced to N2 as i t passes upward through 
the bed, as previously observed by Baskakov (11). 

One or more of the following reactions may be responsible for 
l i m i t i n g N0 X formation during char o x i d a t i o n : 

CO + NO -> 0.5 N 2 + C0 2 

NO + C ^ 0.5 N 2 + CO 

2N0 + C •> N 2 + C0 2 

(1) 

(2) 

(3) 
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igure 9. Bed Temperature as a Function of Time for Phenanthridine 

Char Oxidation i n A i r for a Furnace Temperature 

of 873 Κ 
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Figure 10. Conversion of Char Ν to NO x as a Function of Char Ν 

Content for a Range of A c r i d i n e and Phenanthridine-

Based Chars 
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0 1 2 

Sample Weight (grams) 

Figure 11. E f f e c t of A c r i d i n e Char Sample Weignt on Conversion 

of Char Ν to N0 X during Oxidation i n A i r at 873 Κ 
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The f i r s t r e a c t i o n i s reportedly slow i n the gas phase (12). 
Metal c a t a l y s t s are often used to promote the r e a c t i o n . 

Reactions (2) and (3) have been the subject of other studies i n 
which synthetic mixtures of combustion products were passed over a 
heated bed of carbon p a r t i c l e s . The r e s u l t s have i n d i c a t e d that the 
reduction of N0 X i s enhanced by: (a) i n c r e a s i n g the temperature 
(13-15), (b) i n c r e a s i n g surface area (13), and (c) i n c r e a s i n g the 
carbon bed height (11). As i n d i c a t e d e a r l i e r i n t h i s work, the con
v e r s i o n of char nitrogen to N0 X was found to decrease with i n c r e a s i n g 
r e a c t i o n temperature, i n c r e a s i n g sample s i z e , and was dependent on 
the type of char precursor. The r e s u l t s of t h i s study are i n agree
ment with the conclusion that N0 X formation i s l i m i t e d by reactions 
(2) and (3). 

As shown i n Figure 10, the acridine-based chars, with one excep
t i o n , gave higher conversions of char nitrogen to N0 X than did the 
phenanthridine-based chars. The phenanthridine chars, with one ex
ception, had a higher r e a c t i v i t y i n a i r at 873 Κ than the a c r i d i n e -
based chars, Table I I I . This would suggest that the phenanthridine-
based chars have a structure more ammenable to g a s i f i c a t i o n by oxygen 
and/or NOx. 

Table 3. Time Required for 50% Burnoff for 1273 Κ Chars 

Precursor Time to 50% (minutes) 
13% a c r i d i n e - 8 7 % anthracene 64. ,5 
38% a c r i d i n e - 6 2 % anthracene 42. ,0 
647o a c r i d i n e - 3 6 % anthracene 49. ,0 
100% a c r i d i n e 56. ,6 

13% phenanthridine-87% phenanthrene 103. ,8 
38% phenanthridine-62% phenanthrene 22. ,3 
64% phenanthridine-36% phenanthrene 39. .1 
100% phenanthridine 34. ,9 

Conclusions 

This paper has reported on the r e l a t i v e rates of carbon and nitrogen 
release and the fa c t o r s a f f e c t i n g N 0 X formation during char oxida
t i o n . At 773 Κ and at low burnoff, carbon was s e l e c t i v e l y o x i d ized; 
above t h i s temperature, the rates of carbon and nitrogen o x i d a t i o n 
were found to be equal. The conversion of char nitrogen to N 0 X was 
found to be strongly dependent on the char precursor; the proportion 
of nitrogen converted to N 0 X was much lower for the phenanthridine 
char than the a c r i d i n e char. The nature of the char precursor i n 
fluences the chemical and p h y s i c a l s t r u c t u r e of the carbonized prod
uct. The high r e a c t i v i t y of the phenanthridine char i n a i r suggests 
that i t s structure may be more ac c e s s i b l e to d i f f u s i n g gases and that 
i t may contain a higher proportion of carbon a c t i v e s i t e s than the 
a c r i d i n e char. 

The proportion of the l i b e r a t e d nitrogen which was converted to 
N 0 X was also lower for the phenanthridine than the a c r i d i n e char. I t 
i s believed that the balance of nitrogen i s released as N2 due to 
the reduction of N 0 X by C and/or CO. A high concentration of carbon 
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a c t i v e s i t e s capable of e f f e c t i n g N0 X r e d u c t i o n would be cons i s t en t 
with the observed behavior of the phenanthridine chars . 

I t was a l so found that the convers ion of re l eased n i t r o g e n to 
N0 X decreased wi th i n c r e a s i n g r e a c t i o n temperature, i n c r e a s i n g char 
n i t r o g e n content ( for both a c r i d i n e and phenanthridine-based chars) 
and wi th i n c r e a s i n g sample weight (bed h e i g h t ) . 

I t appears that N0 X r e d u c t i o n could provide an e f f e c t i v e means 
to f u r t h e r l i m i t the product ion of N0 X from char o x i d a t i o n . 
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Chapter 27 

Acid Clusters 

R. G. Keesee and A. W. Castleman, Jr. 

Department of Chemistry, Pennsylvania State University, University Park, PA 16802 

Gas phase molecular aggregates that contain acid molecules 
have been produced with free jet expansion techniques and 
detected by using electron impact ionization mass spectro
metry. The clusters of aqueous nitric acid paralleled many 
properties of the condensed phase. Multiple nitric acid 
molecules were found in the clusters that were sufficiently 
dilute. The acid molecule was absent in the ionized clusters 
involving HCl and only water was evident. Experiments also 
demonstrated the reactivity of ammonia with aqueous nitric 
acid and sulfur dioxide clusters and of sulfur trioxide with 
water clusters. The natural occurrence of acid cluster 
negative ions offers a means to probe the gas phase acid 
loading of the atmosphere through laboratory and field studies 
of the ion chemistry. 

The l a b o r a t o r y i n v e s t i g a t i o n of a phenomenon such as a c i d r a i n may 
proceed a long s e v e r a l avenues. One extreme invo lves s i m u l a t i o n of 
c o n d i t i o n s as i n smog or c loud chambers i n which many processes may 
occur dur ing the course of an experiment. In t h i s manner, some 
i d e a of the o v e r a l l p i c t u r e may be ga ined . The other approach i s 
devoted to understanding b a s i c p r o p e r t i e s , such as a s p e c i f i c 
r e a c t i o n r a t e , upon which the l a r g e r p i c t u r e may be b u i l t . The 
l a t t e r tack i s that which i s undertaken i n our l a b o r a t o r y . S p e c i 
f i c a l l y , we are examining the chemical and p h y s i c a l p r o p e r t i e s of 
molecular c l u s t e r s . 

Molecu lar c l u s t e r s can be cons idered to be the smal les t s i z e 
range of an a e r o s o l p a r t i c l e s i z e d i s t r i b u t i o n . Nuc lea t ion from 
the gas phase to p a r t i c l e s or d r o p l e t s i n v o l v e s , i n the i n i t i a l 
s tages , the format ion of c l u s t e r s . Research on c l u s t e r s provides 
a va luab le approach to unders tanding , on a molecular l e v e l , the 
d e t a i l s of the t r a n s f e r of molecules from the gaseous to the 
condensed s ta t e by e i t h e r new p a r t i c l e formation or heterogeneous 
processes i n c l u d i n g adsorpt ion onto or d i s s o l u t i o n i n t o p a r t i c l e s . 

0097-6156/87/0349-0317$06.00/0 
© 1987 American Chemical Society 
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The o x i d a t i o n of species such as S O 2 , N 0 X , and organic 
compounds v i a gas-phase r e a c t i o n s , aqueous phase r e a c t i o n s i n the 
s o l u t i o n s of d r o p l e t s and a e r o s o l p a r t i c l e s , or surface r e a c t i o n s 
on p a r t i c l e s ( e i t h e r surface-gas or s o l i d - l i q u i d i n t e r f a c e s ) 
produce aci d s i n the atmosphere. The r e l a t i v e importance of the 
v a r i o u s mechanisms depends on f a c t o r s such as the a e r o s o l l o a d i n g , 
r e l a t i v e humidity, and s o l a r i n t e n s i t y . The study of c l u s t e r s i s 
most re l e v a n t to c o n d i t i o n s i n which gas-phase r e a c t i o n s dominate 
a c i d production and g a s - t o - p a r t i c l e conversion proceeds through 
n u c l e a t i o n . For i n s t a n c e , the propensity of s u l f u r i c a c i d 
molecules to form s m a l l hydrated c l u s t e r s i s important to the 
n u c l e a t i n g a b i l i t y of s u l f u r i c a c i d ( 1 ) . A major impetus, which 
i s a p p l i c a b l e to the heterogeneous chemistry of the atmosphere as 
w e l l as other areas of reearch, f o r the study of c l u s t e r s i s the 
prospect that such work w i l l l e ad to a b e t t e r understanding of 
surface i n t e r a c t i o n s ( 2 ) . Consequently, knowledge of the 
p r o p e r t i e s and formation of c l u s t e r s c o n t a i n i n g a c i d s c o n t r i b u t e s 
to an understanding of some of the processes i n v o l v e d i n the 
development of a c i d r a i n . This paper presents an overview of 
r e s u l t s on the formation and s t a b i l i t y of both n e u t r a l and i o n i c 
a c i d c l u s t e r s . 

N e u t r a l A c i d C l u s t e r s 

With f r e e j e t expansion techniques, we have produced c l u s t e r s of 
aqueous n i t r i c a c i d (_3 ), h y d r o c h l o r i c a c i d , s u l f u r i c a c i d (4^), pure 
a c e t i c a c i d ( 5 ) , and s u l f u r d i o x i d e ( 6 ) . For analogy to b u f f e r i n g , 
the formation of c l u s t e r s c o n t a i n i n g ammonia have a l s o been 
examined. These have included ammonia w i t h aqueous n i t r i c a c i d 
(7_)> hydrogen s u l f i d e (7_), and s u l f u r d i o x i d e ( 8 ) . The b a s i c 
experiment i n v o l v e s expansion of vapor through a n o z z l e , c o l l i m a -
t i o n of the j e t w i t h a skimmer to form a w e l l - d i r e c t e d molecular 
beam, and d e t e c t i o n of c l u s t e r s v i a e l e c t r o n impact i o n i z a t i o n and 
quadrupole mass spectrometry. Some v a r i a t i o n s i n c l u d e the i n t r o 
d u c t i o n of a r e a c t i v e gas i n t o vacuum near the expansion as 
described elsewhere (4,8) and the implementation of an e l e c t r o 
s t a t i c quadrupolar f i e l d to examine the p o l a r i t y of the n e u t r a l 
c l u s t e r s . The e l e c t r i c d e f l e c t i o n technique i s described by 
Kleraperer and coworkers ( 9 ) . 

Background on the p r o p e r t i e s of f r e e j e t expansions i s 
described by Anderson ( 1 0 ) and Hagena ( 1 1 ) . A few important p o i n t s 
t o note f o l l o w . The c l u s t e r d i s t r i b u t i o n s themselves are 
k i n e t i c a l l y quenched due to a t r a n s i t i o n to a f r e e molecular flow 
( e s s e n t i a l l y c o l l i s i o n a l l e s s ) regime a f t e r a short d i s t a n c e (a few 
n o z z l e diameters) from the nozzle t i p . The d i r e c t e d motion of the 
gas created by the expansion leads to a c o o l i n g of the t r a n s l a -
t i o n a l temperature due to a narrowing of the v e l o c i t y d i s t r i b u t i o n 
of the molecules i n the j e t . R e l a x a t i o n of i n t e r n a l degrees of 
freedom a l s o occurs but g e n e r a l l y the quenched temperatures are i n 
the order T(vib) > T ( r o t ) >T(trans). With c l u s t e r i n g , the l a t e n t 
heat of condensation c o n t r i b u t e s to an e x c i t a t i o n of the i n t e r n a l 
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modes of the c l u s t e r which the c o l d c o l l i s i o n s may not f u l l y 
r e l a x . 

A f u r t h e r note i s that f o r purposes of mass i d e n t i f i c a t i o n and 
d e t e c t i o n , the n e u t r a l c l u s t e r s are i o n i z e d . The i o n i z e d d i s t r i 
b u t i o n of c l u s t e r s i z e s may not f a i t h f u l l y represent the n e u t r a l 
s i z e d i s t r i b u t i o n i n a one-to-one correspondence due to fragmenta
t i o n upon i o n i z a t i o n , i o n s t a b i l i t y , i o n i z a t i o n c r o s s - s e c t i o n s , and 
mass d i s c r i m i n a t i o n i n the spectrometer. For most of the c l u s t e r s 
described here which i n v o l v e hydrogen bonding, i o n i z a t i o n of the 
n e u t r a l c l u s t e r u s u a l l y leads to a protonated c l u s t e r v i a a 
r e a c t i o n t y p i f i e d by 

( N H 3 ) + ( N H 3 ) n + N H ^ N ^ V i + NH 2 (1) 

where the i o n i z e d molecular u n i t of the c l u s t e r spontaneously 
r e a c t s w i t h a neighboring molecule (12). The product i o n may be 
v i b r a t i o n a l l y hot and undergo f u r t h e r d i s s o c i a t i o n . Attempts to 
understand these d i s s o c i a t i o n processes i n our l a b o r a t o r y (12) as 
w e l l as others (13,14) are being made i n order to b e t t e r i n t e r p r e t 
r e s u l t s such as those described below. With these fundamental 
processes i n mind, we can proceed to dis c u s s r e s u l t s concerning 
a c i d c l u s t e r s . 

In the study of aqueous n i t r i c a c i d (_3), deuterated species 
were used to avoid ambiguity i n st o i c h i o m e t r y . C l u s t e r s were 
produced by the expansion of the vapor from heated concentrated 
aqueous n i t r i c a c i d . E l e c t r o n impact i o n i z a t i o n of the c l u s t e r s 
produced ions of the form D + ( D N 0 3 ) X ( U 2 0 ) y . In the case of the 
c l u s t e r s c o n t a i n i n g one n i t r i c a c i d molecule, a d i s t i n c t l o c a l 
minimum of the s i g n a l i n t e n s i t y i n the s i z e d i s t r i b u t i o n occurs at 
the c l u s t e r s i z e D + ( D N 0 3 ) ( 0 2 0 ) 4 . Since no exp l a n a t i o n based on i o n 
s t a b i i t y seems f e a s i b l e , an a t t r a c t i v e e x p l a n a t i o n of the p o s i t i o n 
of the minimum i s that i t i s i n d i c a t i v e of some r a t h e r abrupt 
transformation of the precursor n e u t r a l s i n t h i s s i z e range. Such 
a s i t u a t i o n might occur i f a complex became s u f f i c i e n t l y hydrated 
to enable the formation of solv a t e d i o n p a i r s . A la r g e change i n 
the charge d i s t r i b u t i o n w i t h i n the c l u s t e r should occur upon 
s o l v a t i o n to form an i o n p a i r ΝΟβ-ζΙ^Ο^ΗβΟ*. A more po l a r species 
should have a l a r g e r c o l l i s i o n r a t e and hence a f a s t e r growth r a t e . 
This e f f e c t should manifest i t s e l f i n the observed i n t e n s i t y 
d i s t r i b u t i o n as an increase i n i n t e n s i t y of the l a r g e r s i z e d 
c l u s t e r s j u s t beyond the c l u s t e r that underwent the i o n - p a i r 
formation. 

Recently i o n - p a i r formation i n c l u s t e r s has been suggested to 
e x p l a i n the abrupt l i n e w i d t h broadening and s p e c t r a l changes i n the 
fluorescence of oi-naphthol(NH3) n when η reaches four apparently to 
y i e l d α-naphtholate-· (ΝΪ^^ΝΗ^"1" (15). Ab i n i t i o c a l c u l a t i o n s on 
the h y d r a t i o n of NH^F (16) and NaH2P04 (17_) have shown that as few 
as s i x water molecules are s u f f i c i e n t to create a so l v a t e d i o n p a i r 
i n which the ions become separated by sol v e n t . 

For c l u s t e r s w i t h more than one n i t r i c a c i d molecule, the 
species ( D N 0 3 ) X ( D 2 0 ) V (l<x<6) each have a minimum degree of hydra-
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320 THE CHEMISTRY OF ACID RAIN 

t i o n below which c l u s t e r s are not observed. Both t h i s minimum y 
and the most probable degree of hydration f o r a c l u s t e r of χ DNO3 
molecules increase with x. Furthermore, the homomolecular species 
D +(DN03> X (x>l) are not detected even though the HNO3 dimer has 
been observed (18) i n an expansion i n v o l v i n g anhydrous H N O 3 . The 
i n t e r e s t i n g analogy i n t h i s case i s that concentrated aqueous 
n i t r i c a c i d s o l u t i o n s are photochemically and thermally unstable 
and decompose v i a the stoichiometry 

2HN03 2N0 2 + H 20 + 1/2 0 2 (2) 

Apparently the exothermicity of the c l u s t e r i n g or e l e c t r o n impact 
i o n i z a t i o n supplies the energy which i n i t i a t e s t h i s decomposition 
i n the c l u s t e r s that contain too much n i t r i c a c i d compared to the 
number of solvent water molecules. 

When introduced as a reactant, ammonia appears to be 
p r e f e r e n t i a l l y incorporated ( v i a H 20 replacement) i n t o c l u s t e r s 
containing HNO3 leaving the pure H 20 c l u s t e r s r e l a t i v e l y unaffected 
(7_). Product ions of the form Η + ( Η Ν 0 3 ) χ ( Ν Η 3 ) ν ( Η 2 0 ) ζ with x=0,l, 
y=0,l,2, and ζ up to 7 are e a s i l y r e s o l v a b l e . Higher c l u s t e r s are 
al s o observed, but with low i n t e n s i t y ; the NH3/H 20 stoichiometry 
was unresolved f o r these because of poorer mass r e s o l u t i o n . 

When the vapor from a b o i l i n g s o l u t i o n of 6M HC1 i s expanded, 
the detected c l u s t e r ions lack HC1 as evidenced by the absence of 
the c h a r a c t e r i s t i c m+2 isotope due to ^ ^ C l . On the other hand, the 
observed H + ( H 2 0 ) n d i s t r i b u t i o n i s not i c e a b l y d i f f e r e n t than that 
obtained i n the expansion of pure water. For instance, the usual 
prominent d i s c o n t i n u i t i e s at H +(H 20)4 and H + ( H 2 0 ) 2 i are not evident 
and a s l i g h t l o c a l minimum i n i n t e n s i t y occurs at Η +(Η 20)ΐ3· The 
i n d i c a t i o n i s that HC1 i s i n i t i a l l y present i n the n e u t r a l c l u s t e r 
but that i o n i z a t i o n leads to " b o i l i n g o f f " of HC1. The molecular 
ions H^ 5C1 + and H^ 7C1 + are observed. Expansion of the vapor over 
NH4S a l s o r e s u l t s i n an i o n i z e d c l u s t e r d i s t r i b u t i o n i n which one 
of the expected components, namely H 2S, i s absent (7). Quite 
u n l i k e the d i s t r i b u t i o n obtained from the expansion of pure 
ammonia, a strong l o c a l minimum s i m i l a r to the H +(HN03)(H 20) n 

d i s t r i b u t i o n i s present. 
In order to explore adsorption and heterogeneous processes on 

a molecular sc a l e , i t i s of i n t e r e s t to study the reactions of 
gases with c l u s t e r s . We have performed one s e r i e s of experiments 
i n which ammonia was expanded from the nozzle and S0 2 was 
introduced as a reactant through the annular opening around the 
nozzle, and another s e r i e s i n which the r o l e s of the gases were 
reversed (8). With ammonia introduced v i a the nozzle (500 t o r r 
stagnation pressure) and when the S0 2 pressure behind the outer 
annular opening i s 40 t o r r , i o n i z e d c l u s t e r s of the form (NH3) nS0 2

+ 

and H +(NH3) nS0 2 are detected. When the S0 2 pressure i s reduced to 
20 t o r r , no evidence of S0 2 i n c o r p o r a t i o n i n t o the ammonia c l u s t e r s 
i s found. A p e c u l i a r feature i s that the unprotonated species 
e x h i b i t a normal s i z e d i s t r i b u t i o n , whereas the protonated c l u s t e r s 
are s trongly peaked at NH^+N^SO^ On the other hand, i o n i z a t i o n 
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of pure ammonia c l u s t e r s r e s u l t s almost e x c l u s i v e l y i n protonated 
c l u s t e r s due to the i n t e r n a l c l u s t e r r e a c t i o n (3). 

When s u l f u r dioxide i s introduced through the nozzle and the 
amount of ammonia behind the annular opening v a r i e s from 6 to 50 
t o r r , the extent of ammonia i n c o r p o r a t i o n i n t o the c l u s t e r s 
d r a m a t i c a l l y increases with i n c r e a s i n g ammonia pressure. Up to two 
ammonia molecules were observed to be incorporated i n t o the 
c l u s t e r s with 20 t o r r of ammonia behind the annular opening. With 
40 t o r r , up to four N H 3 molecules were observed i n the c l u s t e r s . 
In a d d i t i o n , c l u s t e r s containing one NH3 molecule become more 
prevalent than the pure ( S 0 2 ) n

+ c l u s t e r s . The p r o b a b i l i t y that a 
c l u s t e r of η S0 2 molecules contained one or more NH3 molecules 
approximately doubled from n=2 to 8 i n a gradual manner. Based on 
only the c l u s t e r hard-sphere c o l l i s i o n c r o s s - s e c t i o n , a dependence 
of n2/3 ( o r a f a c t o r of 4 increase) might be expected. However, 
se v e r a l other e f f e c t s must also be considered i n c l u d i n g the extent 
of d i s s o c i a t i o n upon i o n i z a t i o n , the r e l a t i v e i n t e r n a l temperatures 
of the c l u s t e r s , and the l i m i t e d number of i n t e r n a l degrees of 
freedom i n the c l u s t e r s . 

In general, the observed c l u s t e r d i s t r i b u t i o n s are smooth and 
i n n e i t h e r s e r i e s of experiments i s any preference f o r a p a r t i c u l a r 
s t o i c h i o m e t r i c r a t i o apparent, except f o r NH^+N^SO;? i n the 
protonated d i s t r i b u t i o n . These experiments a l s o demonstrate that 
the nozzle design r e s u l t s i n the r e a c t i o n of the species e x i t i n g 
from the annular opening with c l u s t e r s of the species introduced 
through the inner nozzle. The a d d i t i o n of ammonia to S0 2 c l u s t e r s 
was found to be more e f f e c t i v e than the a d d i t i o n of S0 2 to NH3 
c l u s t e r s . Some explanations include a higher p r o b a b i l i t y of S0 2 

evaporation upon i o n i z a t i o n , l e s s severe beam s c a t t e r i n g with NH3 
c o l l i s i o n s on S0 2 c l u s t e r s , or a d i f f e r e n t r e a c t i v i t y (accommodation 
c o e f f i c i e n t s ) i n the two cases. 

A study of the r e a c t i o n of s u l f u r t r i o x i d e with water c l u s t e r s 
has a l s o been made (4_)· The i o n c l u s t e r s observed i n these 
experiments were a s e r i e s of protonated water c l u s t e r s H +(H 20)n 
with η up to 14 and another l e s s abundant s e r i e s of the form 
S 0 3 ( H 2 0 ) n H + with η up to 9 . The H+(H 20) n s e r i e s could r e s u l t from 
the i o n i z a t i o n of unreacted water c l u s t e r s and a l s o from the 
i o n i z a t i o n of S 0 3 ( H 2 0 ) m c l u s t e r s . The r e l a t i v e d i s t r i b u t i o n of the 
H + ( H 2 0 ) n s e r i e s , however, was not appreciably a f f e c t e d by the 
i n t r o d u c t i o n of S O 3 . The S03(H20)nH"1" d i s t r i b u t i o n was very s i m i l a r 
i n form to the H +(HN03)(H 20) n d i s t r i b u t i o n observed from the 
expansion of aqueous n i t r i c a c i d vapor i n that a l o c a l i n t e n s i t y 
minimum (at n=4 f o r the S03(H 20) nH + d i s t r i b u t i o n ) was observed. 
The S O 3 f l u x was such that no masses corresponding to more than one 
S O 3 molecule i n a c l u s t e r were detected. E l e c t r o s t a t i c focusing 
demonstrated that the S03 #H 20 adduct, expected to be the i n i t i a l 
product, r a p i d l y isomerized to H 2S04« 

E l e c t r o s t a t i c d e f l e c t i o n experiments have shown the acid-water 
adducts to be polar. However, l a r g e r c l u s t e r s e x h i b i t defocusing 
behavior i n d i c a t i v e of a p o l a r i z a b l e , but e s s e n t i a l l y nonpolar, 
species. Only f o r the pure a c e t i c a c i d c l u s t e r s , s p e c i f i c a l l y the 
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t r i m e r and i n d i c a t i o n s a l s o f o r the pentamer or l a r g e r c l u s t e r s , 
was p o l a r i t y of l a r g e r c l u s t e r s evident ( 5 ) . 

I o n i c A c i d C l u s t e r s 

Examination of the c l u s t e r i n g of n e u t r a l molecules onto ions i s 
another approach to the study of a c i d c l u s t e r s . C l u s t e r ions 
observed i n the atmosphere r e f l e c t the r o l e of a c i d s . Strong acids 
are p r e f e r e n t i a l l y c l u s t e r e d to negative ions which act as bases. 
Under normal atmospheric c o n d i t i o n s , ambient ions of the type 
H S 0 4 " ( H 2 S 0 4 ) x ( H N 0 3 ) y or N 0 3"(HN0 3) n (the l a t t e r a l s o probably 
hydrated i n the lower troposphere) have been observed throughout 
the lower atmosphere (19,20). 

Laboratory s t u d i e s have been made of the thermodynamic 
s t a b i l i t y of N0 3~(HN0 3) n c l u s t e r s (21,22) and the r e a c t i v i t y of 
n i t r i c a c i d (23) and s u l f u r i c a c i d "Ç24) w i t h negative i o n s . 
Through these s t u d i e s , an understanding of the pathways to the 
productions of the a c i d c l u s t e r s and t h e i r r e l a t i o n s h i p to the 
gas-phase a c i d l o a d i n g of the atmosphere has been developed. 
Consequently, i n conjunction w i t h these l a b o r a t o r y r e s u l t s , i n s i t u 
d e t e c t i o n of the r e l a t i v e ambient abundance of these i o n i c c l u s t e r s 
allows estimates to be made of the gas-phase concentration of these 
a c i d s . Heitman and Arnold (19) estimate from t h e i r measurements 
that the gaseous a c i d i c s u l f u r c o ncentration i n the 12 to 8 km 
a l t i t u d e range i s 10 6 to 10^ molecules cm""̂ . Once again, the 
l a r g e s t u n c e r t a i n t y i n these r e s u l t s i s fragmentation; i n t h i s case 
the fragmentation that occurs upon e x t r a c t i n g ambient ions i n t o the 
mass spectrometer. Recent s t u d i e s i n d i c a t e that observations of 
S0 3 or HS0 3 a s s o c i a t e d w i t h ambient c l u s t e r ions of the s t r a t o s 
phere probably are not due to c l u s t e r i n g w i t h the ambient gases, 
but r e s u l t from fragmentation of s u l f u r i c a c i d i n the c l u s t e r ions 
(25). 

The observed p o s i t i v e ions are protonated c l u s t e r s c o n t a i n i n g 
water and high proton a f f i n i t y species such as a c e t o n i t r i l e i n the 
lower stratosphere (26) or ammonia i n the lower troposphere (20). 
Other high proton a f f i n i t y species such as p y r i d i n e and p i c o l i n e s 
may enter i n t o the p o s i t i v e i o n chemistry of the lower troposphere 
(27,28). Further d i s c u s s i o n of these s t u d i e s and the experimental 
techniques can be found elsewhere (28,29). 
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western Atlantic, 52 
Aerosol sulfate 

airborne determination, 298 
See also Sulfate 

Air flux, function of latitude and 
longitude, 44/ 

Air pollutants, transport, 4 
Air sampling—See Interstitial air sampling 
Aldehydes, determination in atmospheric 

samples, 299 
Allegheny Mountain 

acid deposition and atmospheric 
chemistry, 28-36 

deposition budgets for sulfate and 
nitrate, 33 

Allegheny Mountain study, 7 
Ammonia 

effect on atmospheric acidity, 254 
incorporation into acid clusters, 320 
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Ammonia-Continued 
laser absorption spectrometry, 282-284 

Ammonia clusters, sulfur dioxide 
addition, 320-321 

Ammonium ion, predictor of acetic and formic 
acids, 223 

Anion chromatogram, rainwater 
sample, 163,164/ 

Anthropogenic emissions, source of organic 
acids, 51 

Antimony, rainwater distribution, 208 
Aqueous-phase oxidation pathway, acetic and 

formic acid formation, 223-225 
Aqueous-phase reactions, clouds, 93-106 
Aqueous solution, hydrogen peroxide 

formation, 122 
Arrhenius form, rate constants, 137 
Arsenic, rainwater distribution, 208 
Atlantic Ocean, impact of North American 

emissions, 43-51 
Atmosphere 

definition of chemical measurement, 290 
impact of North American emissions, 51-52 
sulfur compounds, 170 

Atmospheric acidity, determinant, 254 
Atmospheric chemistry, Allegheny 

Mountain, 28-36 
Atmospheric gases 

absorption, 274 
measurement by laser absorption 

spectrometry, 274-288 
measurement requirements, 277-279 

Atmospheric oxidants 
airborne determination, 298 
See also Oxidants 

Atmospheric particles 
airborne collection, 290 
experimental methods in Ohio River 

study, 67-69 
See also Fine particles, Particles 

Atmospheric Sciences Research Center, 292 

Β 

Band-gap illumination, titanium dioxide, 126 
Bed temperature, phenanthridine char 

oxidation in air, 313/ 
Benzo[a]pyrene, reactions during atmospheri 

transport, 52 
Bermuda 

acid rain precursors from North 
America, 47-49 

precipitation influence, 47 
Big leaf model, application, 199 
Boron 

deposition properties similar to sulfur 
dioxide, 74 

mass balance calculations, 85 

Boron-sulfur dioxide ratio, Ohio River 
Valley study, 74-75 

Branching ratio 
calculation, 138-140 
OH-dimethylsulflde reaction, 138 

C 

Calcium 
deposition in Japan, 263,264/ 
source in Japan, 267 

Calibration, laser absorption 
spectrometry, 277-279,280,282,284,288 

Calvert committee, report, 5 
Catalysts, hydrogen peroxide formation 

study, 123 
Centrifugal rotor devices, particle removal 

from air, 290-292 
Char nitrogen 

conversion to NO , 304, 313/ 
effect on conversion to NO ,312 
enrichment, 309 

Char oxidation, factors affecting nitrogen 
oxides production, 304-316 

Chars 
elemental analyses, 306/ 
preparation in oxidation study, 305-306 
sample size, effect on conversion to 

Ν Ο χ , 312 
time required for 50% burnoff, 315/ 
See also Acridine char, Phenanthridine 

chars 
Chemical mass balance model 

fits to selected elements in Ohio River 
Valley, 72/ 

original form, 59 
Chemical mass balances 

description of use, 84 
fine particles, 71,80 
Ohio River Valley, 71-73 

Chemical measurement, definition, 290 
Chemiluminescence light, intensity, 294 
Chloride, deposition in Japan, 263 
Chromium, enrichment factor values for urban 

summer rain, 218 
Cloud chamber 

assessing uncertainties, 188 
description, 184 
diagram, 185/ 
mean values and standard 

deviations, 190-191/ 
operational procedures, 186 
sources of experimental 

variability, 188-189 
trace background impurities, 187/ 

Cloud chemistry, liquid water content 
influence, 193 
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Cloud droplet 
gas-aqueous reaction, 95/ 
mass transport kinetics, 98 
reaction of sulfur species, 246 

Cloud temperature, effect on sulfate-nitrate 
ratio in precipitation, 248/ 

Cloud water 
anion and cation balance, 186 
collection by airborne sampling, 292 
hydrocarbon levels, 186-188 
hydrogen peroxide formation, 121 
sampler, 291/ 
sulfur dioxide oxidation, 109-116 

Clouds 
acid incorporation mechanisms, 94-96 
aqueous-phase reactions, 93-106 
collection of supercooled liquid 

water, 292 
composition importance, 93 
See also Liquid water clouds 

Coal, combustion emissions, source of 
sulfate, 51 

Coal char oxidation, purity, 305 
Coal-fired power plants 

collection of particles and acidic 
gases, 84-91 

contribution to atmospheric 
particles, 71-73 

experimental details in collection 
study, 85-86 

gas-phase tracer, 6-7 
primary and secondary emissions, 73 
uniform vertical concentration, 75 

Collection efficiency, ozone 
chemiluminescence instruments, 294 

College Park, M D 
atmospheric particulate and gas-phase 

concentrations, 88/ 
elemental concentrations in air, 89/ 

Community Health and Environmental 
Surveillance System, 2-3 

Concentration bias, effect of season, 240/ 
Concentration gradients, S(IV) and S(VI) in 

sulfur dioxide oxidation, 146-147 
Control strategies, need for timely 

information, 5 
Copper, enrichment factor values for urban 

summer rain, 218 
Copper smelter, influence on Puget Sound 

rainwater, 210 
Correlation coefficients 

acetate-inorganic ion pairings, 222/ 
formate-inorganic ion pairings, 222/ 
See also Linear correlation coefficients 

Criegee intermediates, role in organic ion 
formation in precipitation, 225 

Crustal material, 211 
Cyclones, particle removal from air, 290-292 

D 

Data management, daily vs. weekly sampling 
study, 232-233 

Deep Creek Lake study, 7,62-65 
Deposition 

Allegheny Mountain, 32/ 
atmospheric contaminants, 11 
chemical components in Japanese study, 259 
intersite variability, 18 
measurement uncertainity, 25-27 
sources, nitrate and sulfate at Allegheny 

Mountain, 35/ 
United States, 25 
variability, 17-20 
See also Acid deposition, Dry deposition, 

Wet deposition 
Deposition velocity, measurement, 197-199 
Desert sand 

formation of hydrogen 
peroxide, 127,128/,129 

photocatalytically active, 127 
Detection limit 

formaldehyde by laser absorption 
spectrometry, 284 

hydrogen peroxide by laser absorption 
spectrometry, 284 

nitric oxide by laser absorption 
spectrometry, 279 

nitrogen dioxide by laser absorption 
spectrometry, 280 

ozone chemiluminescence instruments, 294 
Diffusion dénuder tubes, nitric acid 

sampling, 297 
Diffusion hybrid receptor model, 

description, 61 
Dimethyldisulfide, reaction with O H 

radical, 174 
Dimethylsulfide 

biomolecular rate constants for 
oxidation, 136/ 

oxidation, 133,134-137 
Disproportionation, hydrogen peroxide, 127 
Droplets 

generation, dynamic flow reactor, 143 
size distribution in sulfur dioxide 

oxidation study, 145/ 
Dry deposition 

estimation, 12 
measurements, 33-36,196,199-200 
monitoring, comparison with wet 

deposition, 196-203 
nitric acid, 36 
understanding, 4 
variability, 18 
western United States, 17/ 
See also Acid deposition,Deposition 
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Dynamic flow reactor 
design, 143 
setup for sulfur dioxide oxidation 

study, 144/ 

Ε 

Eastern United States 
distribution of deposition, 11-12 
See also United States 

Eddy correlation, description, 196-197 
Eddy flux 

data, 197 
submicron sulfate particles, 198/ 

Effective rate constant 
determination in OH-dimethylsulfide 

reaction, 134,136/, 138 
temperature dependence for 

OH-dimethylsulfide reaction, 138 
Elemental concentrations, urban summer 

rain, 215-216 
Emission source, sulfur dioxide, 204-211 
Emissions 

natural potential, 25 
relationship to deposition 

measurements, 21 
Enrichment factors 

calculation, 216 
particle filters, 86 
urban summer rain, 216-218 

Ethylenediaminetetraacetate, suppressive 
effect on S(IV) oxidation, 161/ 

Eulerian diffusion equations, proper 
application, 61 

Europe, sulfur from North American 
emissions, 53-54 

Extinction coefficient, theoretical 
relationship, 186 

F 

Factor analysis, Ohio River Valley airborne 
particles, 69 

Ferric ion, effect on S(IV) oxidation in 
rainwater, 169 

Field measurements, in-cloud reactions, 105 
Filterpack methods, modification, 199-200 
Filters, effectiveness for air 

samples, 86-89 
Fine particles 

chemical mass balances, 71 
See also Atmospheric particles,Particles 

Flame photometric detector, sulfur dioxide 
determination, 298 

Fluidized-bed combustion, NO_ formation, ; 

Fluorescence, OH-dimethylsulfide 
reaction, 134 

Fog, N(V) scavenging, 254 
Fog deposition 

calculation, 252 
experimental details in San Joaquin Valley 

study, 251 
main route of pollutant removal, 250 

Fog water acidity, determinant, 254 
Formaldehyde 

aqueous-phase oxidation, 224/ 
effect on sulfur dioxide 

oxidation, 186-188 
laser absorption spectrometry, 284-288 
mixing ratios 

Glendora, C A , 286/ 
Raleigh, NC, 287/ 

Formate-acetate ratio, precipitation 
samples, 224-225 

Formate ions, introduction into 
precipitation, 219-227 

Formic acid 
atmospheric sources, 50-51 
clear air observations, 224/ 
formation 

aerosol scavenging pathway, 223 
aqueous-phase oxidation pathway, 223 

gas-phase concentration, 221 
homogeneous gas-phase production, 225 

Fossil fuel, source of selenium, 50 
Four Corners power plant plume study, 64-65 
Free jet expansions, properties, 318-319 
Fuel nitrogen, conversion to Ν Ο χ , 305 

G 

Gallium, marker for coal-fired plants, 71-73 
Gas-aqueous reaction, cloud droplet, 95/ 
Gas phase, mass transport model, 110 
Gas-phase concentration 

acetic acid, 221 
formic acid, 221 
organic acids, 226/ 

Gas-phase kinetic cell, 171 
Gas-phase mass transfer, rate 

expression, 113 
Gases, reaction in a cloud droplet, 94 

H 

Halogens, urban summer rainfall, 213-218 
Heavy metals, urban summer rainfall, 213-218 
Henry's law coefficient, sulfur dioxide, 146 
Homogeneous gas-phase production, acetic and 

formic acids, 225 
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Hubbard Brook Experimental Forest, annual 
concentration trends, 22/ 

Hybrid receptor model, 6,58-65,73-80 
application, 91/ 
comparison of data at two sites, 90-91 
definition, 58,73 
sulfur concentrations in Ohio River 

Valley, 78-79/ 
See also Receptor models 

Hydration, neutral acid clusters, 320 
Hydrocarbons 

cloud water, 186-188 
determination in atmospheric samples, 299 

Hydrogen abstraction 
dimethylsulfide, 140 
pathway of the OH-dimethylsulfide 

reaction, 134-137 
Hydrogen ion, bias in wet deposition 

study, 238/ 
Hydrogen peroxide 

ambient air sampling apparatus, 300/ 
atmospheric production, 120 
detection, 123,125/ 
disproportionation, 127 
effect on sulfur dioxide accommodation 

coefficient, 111-113 
Fenton-type reaction, 127 
formation 

from aqueous solution, 122 
from desert sand, 128/ 
from titanium dioxide, 126,128/ 
from zinc oxide, 124,125/ 

in situ generation, 121 
laser absorption spectrometry, 284-287 
major oxidant of S(IV), 142 
mass accommodation coefficient, 105 
measurement techniques, 298-299 
mixing ratios 

Glendora, C A , 285/ 
Raleigh, NC, 286/ 

oxidant power, 120 
oxidation of sulfur dioxide, 96-98 
photocatalytic formation, 120-129 
sulfur dioxide oxidation, 142-156 

Hydrogen peroxide-sulfur reaction, mass 
transport limitation, 104 

Hydrometers, division between solid and 
liquid phase, 247 

Hydroxyl radicals, production, 171 

I 

Inductively coupled plasma mass spectroscopy 
rain samples, 215 
results for a water standard, 215/ 

Industrialization, effect on sulfur and 
nitrogen oxides, 12 

Infrared spectra 
products of dimethyldisulfide and O H 

radical reaction, 177/ 
products of methyl mercaptan and O H 

radical reaction, 173/ 
products of sulfur dioxide and O H radical 

reaction, 178/ 
Instrumental neutron activation analysis 

rain samples, 214 
results for a water standard, 215/ 

Instrumentation, field studies of wet 
deposition processes, 289-300 

Intensity, chemiluminescence light, 294 
Interfacial mass transfer, importance, 109 
Intersite correlations, precipitation 

concentrations, 20/ 
Interstitial air sampling, 290-292 
Ion-pair formation, acid clusters, 319 
Ionic acid clusters 

description, 322 
See also Acid clusters 

Ionization, neutral acid clusters, 319 
Iron, enrichment factor values for urban 

summer rain, 218 
Isomers, H S O s molecule, 179 

J 

Japan 
annual deposition, 260/ 
deposition of chemical components, 258-271 
industrial areas, 258 
oxidation rate of S(IV) in 

rainwater, 158-169 
principal component analysis of selected 

locations, 268-269/ 

Κ 

Kinetics, hydrogen peroxide-sulfur 
reaction, 98 

In-cloud processes 
description, 183 L 
importance, 93 
present knowledge, 4 
rate evaluations, 96-105 Laboratory operations, daily vs. weekly 
simulation facility, 183-193 sampling study, 231 
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Laser absorption spectrometry, 282-284 
description, 275-277 
formaldehyde, 284-288 
measurement, atmospheric gases, 274-288 
nitric acid, 282 
nitric oxide, 279-280 
nitrogen dioxide, 280-281 
schematic diagram, 278/ 
See also Tunable diode laser absorption 

spectrometry 
Lead 

Deep Creek Lake, 62-63 
rainwater concentration in Washington 

State, 208 
Limit of detection—See Detection limit 
Linear correlation coefficients 

species in Deep Creek Lake, 63/ 
See also Correlation coefficients 

Liquid water content 
cloud simulation chamber, 192/ 
dependence of rate constant in sulfur 

dioxide oxidation, 150/ 
dependence of sulfur oxidation, 148-151 
dependence of transformation rate in 

sulfur dioxide oxidation, 147 
equation, 147 
influence on cloud chemistry, 193 
measurement in cloud simulation 

chamber, 184 
reproducibility using computer 

control, 189-193 
Liquid water clouds 

medium for atmospheric chemical 
chemical reactions, 94 

See also Clouds 

M 

Magnesium, deposition in Japan, 263 
Manganese, enrichment factor values for 

urban summer rain, 218 
Manganous ion, effect on S(IV) oxidation in 

rainwater, 169 
Marine precipitation data, 

interpretation, 43 
Mass accommodation coefficient, 

definition, 94 
Mass transport limitation 

hydrogen peroxide-sulfur reaction, 103/ 
in-cloud reactions, 101-104 
influence on sulfur dioxide oxidation by 

hydrogen peroxide, 151-154 
ozone-sulfur reaction, 103/ 

Matrix isolation, technique description, 171 
Maxwell's equation, kinetic correction 

factor, 113-116 
Metal oxides, photocatalytic properties, 121 

Methanesulfonic acid 
absorption, 174 
formation from OH-dimethylsulfide 

reaction, 140-141 
S-OH stretch, 174 

Method bias 
distribution for hydrogen ion and 

sulfate, 235/ 
effect of season, 239 

Methyl mercaptan 
formation, 176 
reaction with O H radicals, 172-174 

Model studies, sulfur dioxide oxidation in 
cloud water, 113-116 

Ν 

National Oceanic and Atmospheric 
Administration, dry deposition trial 
network, 198/ 

Nernstian behavior, materials, 121 
Neutral acid clusters 

acid-water adducts, 321-322 
hydration, 320 
ionization, 319 
See also Acid clusters 

New England, sulfate origin, 6 
Nitrate 

atmospheric derivation, 10 
concentration 

effect of precipitation depth and 
precipitation type, 244-245 

wintertime wet precipitation, 244-245 
deposition during fog episodes, 254 
deposition in Japan, 263,265/ 
source in Japan, 267 

Nitrate-sulfate ratio, fog water, 254 
Nitric acid 

acid clusters, 319 
airborne filter measurements, 296/ 
association with coal burning, 52 
determination in air, 294-297 
dry deposition, 36 
laser absorption spectrometry, 282 
measurements at Raleigh, NC, 283/ 
mixing ratios 

Cold Creek, Ontario, 285/ 
State College, PA, 283/ 

pathways for atmospheric formation, 95/ 
reactivity with negative ions, 322 
sampling by diffusion dénuder tubes, 297 
solution decomposition, 320 
uptake by gas-phase reactions, 105 

Nitric oxide, laser absorption 
spectrometry, 279-280 
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Nitrogen 
eastward advection from North 

America, 41-43 
released as NO for acridine char, 311/ 
released from cnar as function of carbon 

conversion in air, 310/, 311/ 
Nitrogen dioxide 

computer screen printouts for aircraft 
measurements, 278/ 

laser absorption spectrometry, 280-281 
measurements 

California, 281/ 
Ontario, 281/ 

oxidants, 94-96 
Nitrogen flux, function of latitude and 

longitude, 46/ 
Nitrogen oxides 

airborne collection, 292-297 
conversion on Mo catalyst, 297 
generation in laboratory, 174 
production during char oxidation, 304-316 

Nitrogen peroxide, aqueous-phase 
reactions, 105 

Nitrogen species, scavenging by 
snowflakes, 242 

North American emissions 
impact on Europe, 53-54 
impact on the Atlantic Ocean, 43-51 
impact on the atmosphere over the western 

Atlantic, 51-52 
impact on the surface ocean, 52-53 

North Atlantic, composition of the lower 
atmosphere, 49 

NO , char oxidation source, 309 
NO* detector, 295/,297/ 

Ο 

Occult deposition, 11 
OH, production from hydrogen peroxide, 134 
OH-dimethylsulfide reaction 

dependence on temperature, 139/ 
mechanism, 137 
mechanistic study under atmospheric 

conditions, 133-141 
O H radicals 

gas-phase reaction with sulfur 
compounds, 170 

real-time measurement, 4 
Ohio River Valley 

chemical mass balances, 71-73 
coal-fired power plants, 68/ 
distribution of emissions, 26/ 
elemental concentration patterns, 80 
sulfur concentrations in air, 74-75 
sulfur dioxide density versus distance, 77 
trace elements on fine particles, 66 

Ohio River Valley study, experimental 
methods, 67-69 

Organic acids, gas-phase 
concentrations, 226/ 

Organic anions, concentrations in 
precipitation, 219/ 

Organic compounds, determination in 
atmospheric samples, 299 

Organic-inorganic ion relationships, Pearson 
product moments, 221-223 

Organic peroxides, determination in 
atmospheric samples, 299 

Outliers, daily vs. weekly sampling 
study, 232 

Oxidants 
sulfur and nitrogen dioxides, 94-96 
See also Atmospheric oxidants, 298 

Oxidation 
acid production, 318 
water, 122 

Oxidation rates, carbon and nitrogen in 
chars, 306-309 

Ozone 
accommodation 

coefficients, 104-105,109-116 
chemiluminescence instruments, 292-294 
decay in helium carrier gas, 112/ 
gas-phase measurement, 298 
oxidation of sulfur dioxide in 

droplet, 115/ 
reaction with olefins, 225 

Ozone-sulfur reaction, mass transport 
limitations, 104 

Ρ 

Particle filters, enrichment factors, 86 
Particles 

collection from coal-fired power 
plants, 84-91 

See also Atmospheric particles, Fine 
particles 

Peroxyacyl nitrates (PANs), gas-phase 
measurement, 298 

Pesticides, transport via precipitation, 50 
PH 

dependence of sulfur oxidation by hydrogen 
peroxide, 151 

effect on S(IV) oxidation in 
rainwater, 159-161 

effect on the ozone-sulfur reaction in 
clouds, 98 

rainwater in Japan, 163 
Phenanthridine, nitrogen contents, 305 
Phenanthridine char nitrogen, retention as 

function of burnoff, 307/,308/ 
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Phenanthridine chars 
carbon and nitrogen reactivities, 306-309 
gasification by oxygen, 315 
See also Chars 

Photocatalysis, semiconductors, 121-123 
Pollutant deposition, radiation fog, 250-257 
Pollution control, significant benefits, 11 
Polycyclic organic matter, reactions during 

atmospheric transport, 52 
Potassium, deposition in Japan, 263 
Precipitation 

chemical components in Japanese study, 259 
collection by airborne sampling, 292 
concentration 

excess components, 43-47 
United States and the world, 15/ 

correlation between calcium and 
sulfate, 19/ 

effect of direction on nitrate and sulfate 
levels, 245 

Japan, 259-263 
measurement uncertainties, 17-18 
monthly deposition in Japan, 262/ 
organic acid origin, 51 
organic anion concentrations, 219/ 
sampling, weekly schedule, 229 

Precipitation chemistry, trends, 21/ 
Precipitation collectors, daily vs. weekly 

sampling study, 231 
Precision, estimation for an instrument, 188 
Puget sound, meteorology, 204-205 
Pulsed-laser photolysis, apparatus 

design, 135/ 

Q 

Quality control procedures, daily vs. weekly 
sampling study, 231 

Rainwater 
acid deposition fluxes, 30 
composition compared with dew and fog, 30 
concentration and oxidation rate of 

S(IV), 158-169 
description in urban summer rain 

study, 214 
elemental concentrations, 217/ 
factors affecting composition, 211 
ferric and manganous ions, 161 
geographical mapping, 208 
ion chromatographic analysis, 165/ 
pH during S(IV) oxidation, 163,166/ 
scavenging ratios for sulfate and 

nitrate, 32 
source of sulfur and arsenic, 210-211 
spatial variation of concentrations, 209/ 
sulfate concentrations in winter, 247 

Rainwater chemistry, effect of sulfur 
dioxide, 204-211 

Rate constant 
Arrhenius form, 137 
dependence on hydrogen peroxide in sulfur 

dioxide oxidation, 152/, 153/, 158/ 
hydrogen peroxide-sulfur reaction, 100/ 
sulfur dioxide oxidation in stratus 

clouds, 154 
sulfur oxidation in the atmosphere, 134 

Rate expression, gas-phase mass 
transfer, 113 

Reactive organic chemical mass balance, 59 
Receptor models 

description, 60-61,90 
See also Hybrid receptor model 

Regional Acid Deposition Model, 
description, 5 

Regional-scale receptor modeling, elemental 
concentration patterns, 80 

Research, acid rain, 2-8 

S 

R 

Radiation fog 
pollutant deposition, 250-257 
removal times and production rates, 256/ 

Radioactive tracer, 8 
Rain chemistry, Allegheny Mountain 

study, 29-30 
Rain properties, Allegheny Mountain, 31/ 
Rain samplers 

experimental uncertainties, 206,207/ 
location in urban summer rain study, 217/ 

S(IV) 
catalytic oxidation, 159 
concentration and oxidation rate in 

rainwater, 158-169 
detection limit by ion chromatography, 163 
experimental conditions for oxidation in 

test solutions, 159 
factors affecting oxidation rate, 158 
linear decay in rainwater, 163,168/ 
oxidation 

measured in rainwater, 159,167/, 168/ 
prevention between sampling and 

analysis, 161 
oxidation rate in fog, 257 
oxidation rate with and without 

catalysts, 159,160/ 
ozone oxidation, 114/ 
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Sample collector, clouds, 293/ 
Samplers, weekly vs. daily, 230 
Samples 

collection in Japanese deposition 
study, 259 

handling in daily vs. weekly sampling 
study, 231 

Sampling 
daily vs. weekly, 229-240 
location in Japanese study, 260/ 

San Joaquin Valley 
deposition rates of major ions, 253/ 
deposition velocities, 255/ 
experimental details in fog deposition 
study, 251 
fog, 250-251 
nitrate-sulfate ratios, 255/ 
removal times and production rates in 
fog, 256/ 

Sargasso Sea 
budgets for trace elements, 53 
flux of contaminant substances, 53 

Scavenging ratios, sulfate and nitrate, 34/ 
Sea salt 

effect on acid precipitation, 49 
effect on rainwater, 211 
source of sodium, 263 
source of sulfate, 263-267 

Seattle, automotive source of Pb and 
N 0 3 , 208 

Selenium 
Deep Creek Lake, 62 
seasonal concentration in Ohio River 

Valley, 75-77 
use in hybrid receptor models, 73-74 
western Atlantic precipitation, 50 

Semiconductor particles, valence band 
holes, 121 

Semiconductors 
band-gap positions, 121 
photocatalysis, 121-123 

Site concentration bias, weekly sampling 
study, 237/ 

Site method bias, daily vs. weekly sampling 
study, 233-239 

Smog, origin, 3 
Snow 

airborne collection of particles, 292 
sulfate concentrations, 245 
sulfate scavenging, 246 
sulfate-nitrate ratio, 242 

Sodium, deposition in Japan, 263 
Sodium chloride, reagent for sulfur dioxide 

oxidation, 113 
Source-finding hybrid receptor model, 

multiple receptor use, 60-61 
Source-receptor relationships, 21-25,27 

Stacked-filter sampler 
atmospheric particle and gas-phase 

elements, 87/ 
schematic diagram, 87/ 

Statistical testing, daily vs. weekly 
sampling study, 233 

Steady-state approximation, dimethylsulfide 
oxidation, 137 

Stratus clouds, rate constants for sulfur 
dioxide oxidation, 154 

Strontium, deposition in Japan, 263 
Subcanopy model, 199 
Subcontinental air pollution, 10-27 
Sulfate 

atmospheric derivation, 10 
bias in wet deposition study, 238/ 
concentration 

correlation with calcium, 16 
trend in annual median values, 19/ 
wintertime wet precipitation, 245-247 

deposition 
during fog episodes, 254 
effect on soil chemistry, 271 
hybrid receptor model use, 7-8 
Japan, 263 

deposition rate, eastern North 
America, 61-62 

harmful to humans, 3 
hybrid receptor model approach, 73 
inhibition in cloud droplets, 220 
monthly deposition in Japan, 266/ 
origin in New England, 6 
predictor of acetic and formic acids, 223 
rainwater concentration in Washington 

State, 208 
source in Delaware precipitation, 51 
See also Aerosol sulfate 

Sulfate-nitrate ratio, winter 
precipitation, 242 

Sulfate Regional Experiment (SURE), 
results, 4,11-12 

Sulfur 
concentration 

Deep Creek Lake, 62/ 
Ohio River Valley, 76/ 
urban summer rain, 215-216 

deposition 
association with submicron 

particles, 202/ 
particulate and gaseous component, 203 

dry and wet deposition rates, 201/,202/ 
eastward advection from North 

America, 41-43 
enrichment factor values for urban summer 

rain, 218 
hybrid receptor model use, 75,80 
measurements in Deep Creek Lake, 64/ 
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Sulfur-Continued 
oxidation 
dependence of liquid water 

content, 148-151 
influence of the proton 

concentration, 148 
oxidation by ozone and hydrogen 

peroxide, 99/ 
rate constant for oxidation by hydrogen 

peroxide, 97/ 
rate constant for oxidation by ozone, 97/ 
transatlantic flux, 53-54 
transport, 80 
urban summer rainfall, 213-218 
wet and dry deposition comparison, 200-203 

Sulfur compounds 
chemical degradation, 170 
gas-phase reaction with OH, 170-181 

Sulfur dioxide 
absorptions, 176-179 
accommodation coefficients, 113-116,154 
addition to ammonia clusters, 321 
airborne determination, 298 
aqueous-phase oxidation, 96-98 
complex with water, 176-180 
conversion to sulfate, 73,246 
effect on rainwater chemistry, 204-211 
emission sources, 204-211 
experimental details of oxidation 

study, 143 
fog deposition, 257 
formation from OH-dimethylsulfide 

reaction, 140-141 
Henry's law coefficient, 146 
initial reaction with O H radicals, 171 
major product of atmospheric sulfur 

reactions, 180 
oxidants, 94-96 
oxidation 

by hydrogen peroxide in suspended 
droplets, 142-156 

by ozone reactions, 116 
effect of liquid water content, 189 
ratio of S(IV) species, 146 

produced during degradation of sulfur 
compounds, 170 

rate of transformation to sulfate, 188 
reaction with O H radical, 176-180 
reduction, 2 
removal via oxidation at various pH 

levels, 156/ 
source-receptor relationship, 24/ 
transformation to S(VI) in a multiphase 

system, 148 
transport lifetimes, 74 
vibrational frequency, 172,174 
wet vs. dry deposition, 203 

Sulfur flux, function of latitude and 
longitude, 45/ 

Sulfur-selenium ratios, 74-78 
Sulfur trioxide, reaction with water 

clusters, 321 
Sulfuric acid 

formation in humid atmospheres, 120 
pathways for atmospheric formation, 95/ 
reactivity with negative ions, 322 

Surrogate surfaces, used to measure 
deposition rates, 251 

Suspended droplets, sulfur dioxide oxidation 
by hydrogen peroxide, 142-156 

Τ 

Temperature 
effect on conversion of char nitrogen to 

Ν Ο χ , 309-312 
effect on rate constant for 

OH-dimethylsulfide reaction, 136/ 
effect on sulfate concentrations in 

rain, 247 
effect on sulfate-nitrate ratio, 246-247 
rate constant dependence, 137,138 

Titanium dioxide, band-gap illumination, 126 
Trace elements 

budgets, Sargasso Sea, 53 
concentrations, fine particles in the Ohio 

River Valley, 66,70/ 
importance in airborne particles, 67 
linked to sources, 84 
variations of atmospheric 

concentrations, 88/ 
Trace gas-aerosol transfer 

atmospheric resistance components, 199 
biological resistances, 199 

Trace gases 
dry deposition measurement, 196-197 
transformation over the western 

Atlantic, 52 
Trace metals 

concentrations in wet deposition, 49-50 
recycling from the sea surface, 50 

Tracer hybrid receptor model 
application to Deep Creek Lake 

study, 63-65 
secondary sulfate from sulfur 

dioxide, 59-60 
Transformation rate 

sulfur dioxide oxidation by hydrogen 
peroxide, 147 

sulfur dioxide to sulfate, 188 
sulfur oxidation, dependence on pH, 151 

Trees, acid rain damage, 8 
Triethanolamine, suppressive effect on S(IV) 

oxidation, 161/ 
Tunable diode laser absorption spectrometry 

applications, 274-288 
See also Laser absorption spectrometry 
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U 

United States 
climatological conditions, 13-14/ 
See also Eastern United States, Western 

United States 
Urban summer rainfall 

elemental concentrations, 216/ 
halogens, 213-218 
heavy metals, 213-218 
sulfur, 213-218 

Utility Acid Precipitation Study 
Program, 229 

U V absorption-stop flow apparatus, 
description, 109-110,112/ 

V 

Validity, estimation for an instrument, 188 
Vanadium, enrichment factor values for urban 

summer rain, 218 
Vibrational frequencies 

products of the dimethyldisulfide and O H 
radical reaction, 175/ 

products of the methyl mercaptan and O H 
radical reaction, 172/ 

products of the sulfur dioxide and O H 
radical reaction, 176/ 

Visibility, degradation, 3 

W 

Wallops Island study, gas-phase boron 
concentrations, 91 

Washington State, map, 209/ 
Washout ratios, sulfate and nitrate, 33 
Water 

oxidation of dissolved sulfur dioxide, 113 
oxidation to hydrogen peroxide, 122 
ozone accommodation coefficients, 111 
sulfur dioxide accommodation 

coefficients, 111-113 

Western Atlantic Ocean Experiment (WATOX) 
experimental setup, 39-41 
fluxes and methods, 40/,44/ 
intensives, 42/ 
members, 40 
purpose, 39 

Western United States 
distribution of deposition, 12-17 
See also United States 

Wet deposition 
comparison of weekly and daily sampling 

results, 229-240 
comparison with dry deposition, 196-203 
effect of North American emissions, 43 
measurement uncertainty, 17-18 
trace metal concentrations, 49 
wintertime, 242-248 
See also Acid deposition, Deposition 

Wet deposition processes, instrumentation 
for field studies, 289-300 

Wilcoxin test, advantage over /-test, 233 
Wind direction, effect on precipitation 

concentration of sulfate and 
nitrate, 246/ 

Winter precipitation 
concentrations during rain and snow 

periods, 245/ 
concentrations of ions, 244/ 
events separated by depth , 244/ 
nitrate and sulfate 

concentrations, 243-247 
sulfate-nitrate ratio, 242 

Wisconsin Acid Deposition Monitoring 
Network, 220 

Wood burning, source of potassium 
enrichment, 52 

X 

X-ray fluorescence, factor analysis on 
observed elements in air, 69-71 

Ζ 

Zinc, enrichment factor values for urban 
summer rain, 218 

Zinc oxide, formation of hydrogen 
peroxide, 124 
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