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Preface 

Marine scientists have become increasingly concerned over the possi­
ble effects of pollutants in the marine environment. Concern is aroused 
as much by the lack of knowledge about pollutants and their effects in, 
and over, the oceans as it is by specific known cases of deleterious 
impacts. Responding to these concerns, an Executive Meeting of the 
Scientific Committee on Oceanic Research (scoR) of the International 
Council of Scientific Unions (Icsu), in December 1974, called for an 
international workshop to assess the problem. In recognition ofthe fact 
that much of the research is carried out by scientists in the United 
States, scoR suggested that such a meeting be organized and held under 
the aegis of the Ocean Sciences Board (oss) of the National Research 
Council, which serves as the U.S. National Committee to scoR. The 
oss agreed to sponsor the meeting. Support for the meeting and for 
participation by U.S. scientists was provided by the National Science 
Foundation. Participation by scientists from outside the United States 
was supported by the United Nations Environment Program through 
the Intergovernmental Oceanographic Commission. 

In March 1975, an ad hoc Steering Committee was established 
(Edwin Danielsen, National Center for Atmospheric Research; Robert 
Duce, University of Rhode Island; Edward D. Goldberg, University of 
California; Joseph M. Prospero, University of Miami). After a few 
discussions, it was clear that there were two major subject areas: (1) 
specific pollutant and trace substance data and (2) transport and 
removal processes. The first area was clearly the domain of chemists 

vii 
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viii TROPOSPHERIC TRANSPORT OF POLLUTANTS 

and the second, of atmospheric scientists. It was decided to organize 
the Workshop participants into these two main categories and to set up 
panels within each. The panels and their chairmen in the first category, 
.. Substances," were Metals (W. H. Zoller), Halogenated Hydrocar­
bons (R. A. Rasmussen), Petroleum Hydrocarbons (W. D. Garrett), 
Nonhydrocarbon Gases (J. Friend), and Radionuclides (H. Volchok). 
The second category, or .. Processes," consisted of two panels: Model­
ing the Atmospheric Transport of Pollution and Other Substances from 
Sources to the Oceans (E. Danielsen and J. Deardorff, Co-Chairmen) 
and Wet and Dry Removal Processes (W. G. N. Slinn). Eventually, a 
third category consisting of one panel was established: Techniques (D. 
Whelpdale, Chairman). 

In selecting participants, an effort was made to invite those individu­
als who had a broad view of the general problem as well as expertise in 
a specific area. Persons invited to the Workshop were required to 
prepare and submit, prior to the meeting, position papers in the 
specialty fields. Copies of these papers were bound in a volume that 
was made available to all participants and that served as a reference 
work for the panel discussions. (A limited number of copies of this 
volume is available through the Ocean Sciences Board, National Re­
search Council, as Background Papers for a Workshop on the Tropo­
spheric Transport of Pollutants to the Ocean.) 

The Workshop was held on December 8-12, 1975, on the campus of 
the Rosenstiel School of Marine and Atmospheric Science, University 
of Miami, Virginia Key, Miami, Florida. A total of 41 scientists 
participated. 

The Workshop began with a plenary session in which the broad 
outlines of the multidisciplinary problems were presented. The session 
then dissolved into individual panel meetings. A strong effort was made 
at the initial session, and throughout the Workshop, to encourage 
discussion between chemists and meteorologists. To this end, plenary 
sessions were held several times during the Workshop so that progress 
reports could be presented by the panels for general comment and 
discussion. The ultimate objective of each panel was to produce a 
report that critically summarized present knowledge and made specific 
and realistic recommendations as to the types of measurements and 
programs that would be necessary in order to make an accurate 
assessment of atmospheric transport fluxes to the oceans. Rough drafts 
of the reports were completed by the panels during the meeting. 
Subsequent to the meeting, copies of these reports were circulated to 
all panel chairmen and other interested individuals for comments and 
criticisms; these were conveyed to the authoring panel. In this manner, 
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Preface ix 

the reports went through several stages of editing and modification 
before being incorporated into this present volume. The reports have 
not been altered in any substantive way by any persons other than the 
authoring panel members; thus, these documents reflect solely the 
opinions of the panels. This approach was necessary because of 
the difficulties that would have been encountered in attempting to 
homogenize the output of such a diverse group of disciplines. Thus, at 
the cost of a discontinuous style and some redundancy, we gain a 
directness and timeliness that would not otherwise be possible. 

In conclusion, I would like to pay tribute to the participants of this 
Workshop. They met mornings, afternoons, and evenings for five days. 
Their diligence and self-discipline were all the more admirable because 
they had to resist the temptations of the beautiful subtropical coastal 
environment at the meeting site, an environment that was especially 
attractive in its contrast to the midlatitude winter that many had left 
behind. Perhaps the beauty of the ocean served as an incentive to work 
toward its preservation. 

Joseph M. Prospero 
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1 Introduction 

The oceans, in spite of their great size and depth, are vulnerable to 
pollutant impacts. The effects of marine pollution are most evident 
near major sources such as coastal areas adjacent to urban centers. The 
effects are sometimes visible as a local deterioration of marine life; at 
other times, pollutant inputs are only detectable as anomalously high 
concentrations of organic and inorganic substances in organisms and in 
the water. Much of this pollutant material reaches the sea by direct 
dumping or discharges of waste. However, significant inputs can be 
inferred to occur via the atmosphere. For example, the occurrence of 
acid rains across the entire northeast United States would lead one, 
logically, to expect acid rains to occur off the eastern seacoast as a 
consequence of the westerly flow in these latitudes. More specifically, 
numerous studies of airborne pollutant transport and deposition pat­
terns in the United States and Europe show well-defined relationships 
with specific major cities and industrial areas, often many hundreds of 
kilometers away. We would expect the same general transport and 
deposition patterns to obtain for sources of pollutants in coastal 
regions. However, transport from the continents to the oceans is not 
necessarily confined to coastal areas. There is increasing evidence that 
anthropogenic materials can be, and are being, transported in signifi­
cant quantities to regions thousands of kilometers from their source. 

Although major atmospheric inputs to the oceans can be inferred, 
there are few data upon which to base a valid assessment of the 
significance of this process. What materials are being transported to 
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2 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

the oceans, and in what quantities? Which are anthropogenic in origin, 
and which are naturally produced? Where and at what rates are these 
materials being deposited? What meteorological factors control the 
transport and deposition of continentally derived substances? How are 
the transport and deposition processes affected by the chemical and 
physical characteristics of the materials? This complex interrelated 
array of questions can be answered only through the combined and 
cooperative efforts of chemists and meteorologists. Indeed, the impor­
tance of the link between the chemical properties of materials emitted 
into the atmosphere and their effect on the physical properties of the 
atmosphere has become increasingly evident over the last several 
years. Now, in addition to our old concerns for aesthetic degradation 
and biological impacts, there is a new one-that man's activities may 
be capable of influencing weather and climate in undesirable ways; it is 
possible that certain anthropogenic emissions, both particulate and 
gaseous, could alter the radiative properties of the atmosphere and the 
distribution and types of cloud. 

The task of the Workshop on the Tropospheric Transport of Pollu­
tants to the Oceans as set forth in the charge of the Scientific Committee 
on Oceanic Research of the International Council of Scientific Unions 
was "to evaluate the problems involved in studying the transport of 
organic and inorganic particles and gases through the troposphere and 
their transport to the ocean, including the development of suitable 
sampling and analytical methods, and to consider means for promoting 
their investigation." This charge was indeed broad and, therefore, did 
not restrict the subject area of the Workshop to pollutants. In fact, the 
term "pollutant" is not definitive. An element or compound injected 
into the environment as a consequence of man's activities is not a 
pollutant per se; it becomes a pollutant when its distribution, concen­
tration, and chemical or physical behavior are such as to have undesir­
able or deleterious consequences. Thus, attaching a label of pollutant 
to a specific material presumes a considerable knowledge about its 
impact on the environment, knowledge that, for the most part, is 
lacking for the marine environment. Consequently, the participants in 
the Workshop considered not only those materials that are commonly 
regarded as pollutants but also a wide range of other substances, both 
natural and man-made, including some that could serve as tracers for 
the study of transport and transfer processes. The objective of this 
approach was to define the fundamental character of these processes in 
a comprehensive manner so that a strategy for the solution of specific 
problems could be developed. 
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2 Summary and 
Principal Conclusions 
and Recommendations 

I. INTRODUCTION AND OVERVIEW 

The solution of a problem of the type addressed by this Workshop 
requires, in a very broad sense, four types of activity: data acquisition, 
system modeling, monitoring, and assessment. Data are required to 
define the extent of the problem-what, where, how much, in what 
form, and at what rate? These data, usually obtained in specific, 
exploratory, limited-duration field experiments, can then be used to 
formulate models, which are needed to test hypotheses and to make 
projections of future trends. Monitoring, the routine gathering of data 
on a time and space scale dictated by the model, is needed to verify 
these projections. All three are needed to assess consequences. 

The participants in the Workshop were asked to consider these 
questions in the context of their respective disciplines, to formulate 
conclusions, and to make recommendations. The principal conclusions 
and recommendations to come out of these deliberations are presented 
in this chapter. 

The consensus of all panels was that, for most substances, the data 
base was insufficient to permit more than a qualitative or, at best, a 
semiquantitative evaluation of fluxes to the oceans. The lack of data is 
due to a number of factors, a major one being logistical-the oceans, 
which comprise 75 percent of the earth's surface, are difficult and 
expensive to explore. Also, the number of individuals and groups 
involved has been small and grossly inadequate for the task. Con-

3 
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4 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

sequently, the data base for most substances consists of a few mea­
surements made in a limited number of locations over a limited time 
span. A second problem has to do with the quality of the data. The 
concentrations of many pollutants and trace substances are extremely 
low, and measurements require advanced state-of-the-art techniques. 
Also, the low ambient concentrations increase the possibility of con­
tamination during sampling and during analysis. A third problem 
derives from the diversity of techniques used for sampling and 
analysis. Often, these techniques can yield answers that are not di­
rectly comparable. 

The development of transport and deposition models calls for close 
cooperation between chemists and meteorologists. Consider, first, the 
atmospheric transport process as seen from the meteorological per­
spective. In the simplest sense, it can be regarded as occurring in two 
different modes: offshore and long range. In the offshore mode, the 
transport of pollutant air parcels takes place in the turbulent, relatively 
shallow boundary layer, which is well mixed in the vertical plane; this 
flow is essentially two dimensional in the horizontal plane, and the 
resulting deposition pattern extends directly from the source. In con­
trast, the long-range transport involves mechanisms that draw up the 
boundary layer and incorporate it into the "free" upper troposphere; 
here, the parcel is transported relatively rapidly until it eventually 
undergoes large-scale descent and again becomes incorporated into the 
boundary layer, either over the continents or over the oceans. During 
the ascending phase of the transport of the air parcel, interactions 
between the trace constituents and the forming, growing, and sedi­
menting hydrometeors can physically alter, effectively remove, or 
vertically displace some of the trace constituents. Because of the 
extreme complexity of these interactions with hydrometeors, it is 
difficult to diagnose and predict the three-dimensional trajectories of 
trace gases and aerosols moving from the continents to the oceans and, 
also, the physical and chemical transformations that might occur en 
route. 

There exist a number of atmospheric (meteorological) models that 
may eventually be applicable to the transport problem. The suitability 
of these models will depend on the time and space scales of the 
transport process under consideration and the complexity of the chem­
ical systems of interest. However, it is clear that a comprehensive 
model capable of predicting the transport of reactive gases and 
aerosols is not close to realization. Before the transport process can be 
modeled, we must have a much better knowledge of the chemical and 
physical characteristics of the materials involved, for example, reac-
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Summary, Principal Conclusions and Recommendations 5 

tion rates under ambient conditions; the concentration in the solid, 
vapor, and liquid states; the size distribution, morphology, and sorp­
tive characteristics of aerosols; and the vertical, areal, and temporal 
variability of these parameters. This, and other, information is required 
before detailed microphysical, photochemical, and cloud models can 
be developed. Also, laboratory and field experiments will be necessary 
to determine the most important reactions so that the complexity of the 
parameterization can be reduced to a more tractable level. 

We have not attempted to assess possible impacts of tropospheri­
cally transported pollutants because we believe that there are insuffi­
cient data on which to base such an assessment. Consider, for exam­
ple, the problem of estimating the relative importance of nearshore 
(boundary-layer) transport as compared with long-range transport. On 
the basis of our knowledge of pollutant deposition around urban areas, 
we might expect that the highest rate of deposition for many types of 
pollutants during offshore transport would occur on waters relatively 
close to the major coastal sources. This close-in deposition could have 
a high impact because biological activity in the oceans is greatest over 
the continental shelves, which comprise less than 10 percent of the 
world oceans. However, in some coastal areas, the inputs of certain 
types of pollutants by rivers, coastal runoff, and waste discharge may 
far outweigh the atmospheric input. Thus, assessment of the relative 
importance of the atmospheric transport to coastal waters will require 
considerable knowledge of the nature and magnitude of these other 
types of inputs and of their transport and dispersion from the source 
site. 

On the other hand, the transport of pollutants to relatively remote 
oceanic areas may take place most effectively via the atmosphere. The 
low velocities of ocean currents, the large mixing volumes, and the 
effects of scavenging could result in a large reduction in the concentra­
tion of materials injected directly into the oceans along the coasts. In 
contrast, materials transported via the atmosphere and injected at the 
sea surface are often concentrated at the air-sea interface in organic 
films. These films are eventually compressed and collapsed to form 
particulate matter, which could enter into the food chain. For these 
reasons, the panels concluded that investigations of both nearshore and 
long-distance transport and deposition should be energetically pur­
sued. 

One difficulty in assessing the magnitude of the tropospheric trans­
port of pollutants to the oceans is ascertaining which components are, 
indeed, anthropogenic in origin and which are natural. This is a major 
problem for the study of many trace substances. To cite one example, 
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6 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

the Metals Panel evaluated data gathered from a number of coastal and 
remote locations; they concluded that the anomalously high concentra­
tions found for many metals (some of which, such as zinc, mercury, 
arsenic, selenium, and cadmium, are commonly regarded as pollutants) 
could be attributable in part or in whole to natural processes such as 
volcanism, low-temperature volatilization from rocks and soils, 
biogenic conversion to volatile species, and recycling from the oceans' 
surface. The same problem exists with organic materials. The problem 
is particularly severe with petroleum hydrocarbons, which are, in 
every sense, a natural product; the anthropogenic impacts derive 
primarily from the acquisition, transportation, and utilization of petro­
leum. Thus, the extent and magnitude of natural processes must be 
established before we can assess the anthropogenic impact. 

II. SUMMARY OF PANEL REPORTS 

The reports of the panels are summarized in this section. The sum­
maries ofthe Modeling Panel and the Wet and Dry Removal Panel have 
been combined because of the strong overlap in subject matter. Also, 
in the interest of coherence, some of the conclusions from the panels 
dealing with substances have been incorporated, where germane, into 
the summary on modeling and removal. 

A. MODELING THE ATMOSPHERIC TRANSPORT OF 

POLLUTANTS AND OTHER MATERIALS FROM SOURCES TO THE 

OCEANS; WET AND DRY REMOVAL PROCESSES 

There are four basically different types of model of atmospheric flow 
currently in use that could be applied to the modeling of pollutant 
transport. Diagnostic models can be used to trace the three­
dimensional trajectory of the center of mass of a pollutant (and hence 
its large-scale dispersion) either forward in time from a source to a 
receptor site or backward in time from a receptor site to the source. 
For the most effective application of this type model, sample integra­
tion times should be less than 1 hour. Numerical weather-prediction 
models are best suited for predicting transport for periods on the order 
of days for situations for which high temporal resolution is not re­
quired. The grid distance of 350 km imposes an effective 5-10 hour 
filter on predictions; consequently, sample integration times up to 
about 6 hours can be tolerated. General circulation models are most 
appropriate for long-term averages-weekly or monthly means. These 
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Summary, Principal Conclusions and Recommendations 7 

models should be useful for predicting global tropospheric distributions 
of materials that have continuous sources on the continents and for 
predicting the mean fluxes to the ocean surface. Sample integration 
times should be a few days to a week. Two-dimensional mean models 
are suited to long-range predictions of seasonal means on a global 
scale. Sample integration times can be as long as months or seasons. 

These models are currently applicable to the study of the transport of 
relatively inert gaseous materials but not to the modeling of the 
transport of aerosols and reactive gases. The inclusion of aerosols and 
reactive gases increases the difficulty of the problem enormously. In 
such cases, the model must account for a complex array of processes, 
among which are gas-to-gas and gas-to-particle conversion; particle 
agglomeration; wet removal through nucleation, by dissolution of 
soluable gases and by particle capture; dry removal of aerosols and 
gases to surfaces-both land and sea. Here, clouds play an especially 
important and sometimes paradoxical role. Cloud droplets can serve as 
efficient scavengers of gases and aerosols; if precipitation develops 
from the cloud, the captured materials are removed from the atmo­
sphere and deposited to the earth's surface. However, only about 10 
percent of all clouds actually precipitate-the remainder simply age 
and dissipate, leaving behind a residue of aerosol particles generated 
by the evaporation of the cloud droplets. Thus, nonprecipitating clouds 
can act as "reaction vessels" for reactive gases and as "pumps" that 
transfer material from the boundary layer through the inversion into 
the middle and upper troposphere. Although cloud microphysics and 
cloud dynamics are fields of active research, and although great 
progress has been made in understanding these processes, much more 
work will be required; this is especially true with regard to the behavior 
of the anthropogenic materials, as there is evidence that these materials 
might have a profound affect on cloud growth and on cloud type and 
distribution. Thus, we cannot model the transport and removal of 
pollutants without being able to model clouds, and we cannot model 
clouds until we know how pollutants interact with water vapor and 
cloud droplets. 

The calculation of fluxes to the oceans will require much more 
information on rainfall parameters, especially composition and rainfall 
amounts. Most of our present knowledge about precipitation scaveng­
ing is derived from the study of radionuclide deposition. These studies 
indicate that the deposition due to wet processes is about five times 
that due to dry removal. However, it is questionable if the radionuclide 
results can be applied to pollutants in general-these two classes of 
materials have different source functions, and the particle size distribu-
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tions are different, as are the chemical properties of the materials. 
These differences could affect not only the rates of deposition to the 
surface but also the relative efficiencies of the wet and dry removal 
processes. Moreover, most precipitation data have been obtained on 
the continents. There are some data from islands and from ships, but 
there can be a significant site-specific biasing of samples collected at 
such locations. Even such critical parameters as the quantity and 
distribution of precipitation over the oceans are poorly documented. 
Consequently, estimates of global deposition based on extrapolations 
of measurements made on land are highly questionable. 

Assuming that areally representative oceanic deposition sampling 
sites can be found, the collection of representative precipitation (and, 
hence, the calculation of accurate wet deposition rates) is not difficult, 
providing that an automatic collector is used (i.e., a collector that 
opens only when precipitation occurs). However, no equivalent device 
exists that is suitable for the collection of the dry deposition component 
(that is, all material that is deposited by processes other than precipita­
tion). This is obviously true for gases, but it also applies to aerosols. 
Dry deposition rates are a function of a large number of site-specific 
parameters, the most critical being the nature of the deposition surface. 
For aerosols, the collection efficiency of many of the conventional 
"dry" collectors is highly variable, depending on aerosol type and size; 
any agreement between the measured dry deposition rate of particulate 
matter and the true rate is purely coincidental. 

Indeed, particle dry deposition is probably the area in which our 
knowledge of pollutant transfer to the ocean is most limited. Indicative 
of this is the fact that estimates of the deposition velocity for 0.1-~tm 
particles range over three orders of magnitude, from I0-2 to 10 em 
sec-•. In contrast, our understanding of the physical processes govern­
ing the dry deposition (or exchange) of gases across the air-sea 
interface is somewhat better. In modeling the dry removal processes, it 
is convenient to think of the atmosphere and the oceans as being 
separated into layers whose boundaries are defined on the basis of the 
dominant transport mechanism that obtains over any specific depth/ 
altitude region. For these layers, a characteristic transfer velocity (or 
its inverse, transfer resistance) can be assigned. In this manner, the 
rate-limiting layer(s) can be identified for specific types of materials. 
For example, under most conditions, for low-molecular-weight gases 
that are perfectly absorbed, the resistances of all atmospheric layers 
are comparable in magnitude and yield deposition of velocities of about 
I em sec-•; however, for high-molecular-weight gases, it appears that 
transfer is limited by Brownian diffusion across the viscous sublayer in 
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the atmosphere. (The viscous sublayer would also be rate-limiting for 
perfectly "absorbed" particles in the size range 0.()()1 to 0.1 JL111; for 
larger particles, inertial effects become increasingly important and the 
resistance decreases with increasing wind speed.) Thus, for highly 
soluble gases or for gases that react in the oceans to form relatively 
nonvolatile products, transfer is gas-phase controlled; in contrast, for 
unreactive gases or gases having low solubility in water, the transfer is 
water-phase controlled. Using these concepts and measured air-sea 
concentrations, fluxes have been calculated for a number of important 
gases, natural and anthropogenic: S02, N20, CO, CH4 , CCI3F, CH31, 
and (CH3) 2S. The values obtained, although crude, appear to be 
reasonable. 

In order to refine these calculations, we need more accurate values 
for the gas- and liquid-phase transfer velocities and more and better 
quality measurements of gases in both the atmosphere and the oceans; 
indeed, the dearth of good measurements is probably the most impor­
tant factor limiting the accuracy and representativeness of these calcu­
lations. Micrometeorological techniques for the measurement of 
water-vapor fluxes (e.g., eddy correlation and the profile method) 
might be useful for the direct determination of the fluxes of gases 
whose air-water exchange is controlled by atmospheric (gas-phase) 
processes. When it comes to estimating values for the liquid-phase 
gas-transfer processes, the radon deficiency method appears to be 
most useful; this method is based on the decrease of the 222RnJ226Ra 
ratio in near-surface waters due to 222Rn loss to the atmosphere. In both 
cases, the effects of wind and waves on transfer velocities are poorly 
understood and warrant considerable study. 

Thus, in dealing with the problem of transport from sources to the 
oceans, we must be concerned with a whole subset of problems both 
physical and chemical in nature. Because of the numerous uncertain­
ties and unknowns and because of the many parameterizations and 
simplifications that inevitably will be incorporated in any pollution 
transport model, these models will require validation. There are a 
number of materials, both natural and anthropogenic, that could be 
useful as tracers for this purpose. These include the chlorofluorocar­
bons, carbon monoxide, carbon dioxide, and 222Rn. These materials are 
gaseous and relatively inert, and they are emitted exclusively, or 
primarily, from the continents; thus, the modeling problem will be 
considerably simplified. There are a number of programs that are 
concerned with the study of these (and other) materials in the environ­
ment. The data output from such programs could be useful for validat­
ing transport models. However, in many programs, including most of 
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the routine monitoring programs, the frequency of sampling and the 
duration of individual sampling periods are such as to preclude the use 
of the resulting data for model validation purposes. 

B. METALS 

There is general agreement that the major portion of the aerosol mass 
over the oceans is derived from two sources: the sea itself, as spray 
from bursting bubbles, and the earth's crust, as mobilized soil material. 
However, the concentration of a number of elements in this material is 
much greater than would be expected on the basis of the average 
composition of crustal material (soils or rocks) or of seawater. This 
suggests the possibility that these anomalously high concentrations 
could be due to anthropogenic inputs. However, the enrichment fac­
tors for these elements in aerosols (relative to crust or seawater) are 
relatively independent of geographical location, being approximately 
the same, for example, over the North Atlantic and at the South Pole 
even though the aerosol concentration is a thousand times lower at the 
latter site. This similarity in enrichments would seem to indicate (but 
does not prove) that natural processes might be responsible. However, 
there are few data on the rates of mobilization of materials to the 
atmosphere by natural processes other than the generation of soil 
aerosols; even the latter is not well known. A crude calculation of 
metal fluxes to the atmosphere can be made on the basis of published 
estimates of soil dust and sea-salt aerosol fluxes and the composition of 
emissions from fossil-fuel combustion. Such a calculation suggests that 
the flux of Pb, Hg, and Se from fuel combustion dominates that from 
natural sources by at least a factor of 10, while the fluxes of V and As 
from these two sources are of comparable magnitude; these heavy 
metals are commonly regarded as pollutants. 

Because of the dearth of data on aerosol composition over the 
oceans and because of the complete lack of data on the composition of 
precipitation, it is difficult to estimate deposition to the world's oceans. 
A rough estimate can be made for the North Atlantic, where there is 
some semblance of an aerosol data base. Using these data and a rain 
statistic based on the mean residence time of water vapor in the 
troposphere, the elemental fluxes to the oceans are obtained. These 
fluxes can then be compared to elemental deposition rates to the ocean 
floor as calculated from measured sedimentation rates and the known 
composition of sediments; the latter rates are, in effect, long-term 
averages of over a thousand years and, thus, would not be greatly 
affected by recent anthropogenic inputs. This comparison indicates 
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that the atmospheric inputs of Pb, Hg, and Se are anomalously high 
along with Cd, Sb, and possibly Zn. The high (calculated) input rates 
could indicate an anthropogenic origin; however, alternative explana­
tions are (1) that material is being recycled from the sea surface to the 
atmosphere and/or (2) that the removal efficiency for small particles 
(which have very high enrichment factors) is much less than for larger 
particles. There is some evidence to support all these possibilities; 
however, it is impossible to determine at this time which of these, or 
other, factors might be responsible for the anomalously high relative 
concentrations (or enrichments) of certain metals in aerosols or the 
high calculated atmospheric input values to the oceans, at least to the 
North Atlantic. 

The effect of anthropogenic activities on the mobilization of metals 
(and other materials) and on the input of these materials to the oceans 
could be readily assessed if we had available a chronological record of 
atmospheric deposition that predates the era of heavy industrialization. 
Such a record may be obtainable from marine sediments and glaciers. 
With sediments, adequate time resolution could be obtained only in 
regions of very high deposition rates such as those found in some 
nearshore environments. Glaciers are ideal because of the high snow 
accumulation rates and the relative ease with which a chronology can 
be established. However, both approaches have a number of 
shortcomings that can be overcome only by further work and the 
development of better techniques. 

C. HALOGENATED HYDROCARBONS 

Two classes of halocarbon are of special interest: low-molecular­
weight (LMW) halocarbons, primarily because of their potential impact 
on the ozone layer, and high-molecular-weight (HMW) halocarbons, 
because of their possible deleterious effects on marine organisms. The 
general consensus is that, at this time, there is no recognized direct 
impact of either group of materials on the oceans although the bioac­
cumulation of the HMW species has been established, and possible 
indirect effects via bioaccumulation in the food chain have been 
postulated in specific cases. However, the data available on the distri­
bution of these materials in the oceans and the atmosphere are very 
limited. 

There are major natural as well as anthropogenic sources for the 
LMW halocarbons. The oceans appear to be the primary source by far 
for the methyl halide·s (CH3Cl, CH3Br, and CH31). There is a second 
group of LMW halocarbons whose major source appears to be an-
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thropogenic: vinyl chloride, ethylene dichloride, trichloroethylene, and 
perchloroethylene. These have very short lifetimes in the atmosphere 
(hours to one day), and, thus, transport to the oceans via the atmo­
sphere is not expected to be important. However, these compounds 
have been measured in the atmosphere over the open oceans and in the 
oceans themselves. Moreover, these materials have been detected in 
drainage water, and, thus, rivers may be the main route to the oceans. 
Thus, the source of these halocarbons in remote marine environments 
has not been clearly established. 

The third group of LMW halocarbons consists primarily of the one­
and two-carbon chlorocarbons and fluorocarbons. The chlorofluoro­
carbons (or Freons), because of their low reactivity in the atmosphere, 
should have long residence times, and, indeed, they are found to 
be relatively uniformly distributed throughout the troposphere within 
the northern and southern hemispheres (although the mean concentra­
tion in the northern hemisphere is appreciably greater). The LMW 

chlorocarbons CCI., CHC13 , CH2Cl2, and CH3CC13 have been mea­
sured in significant concentrations in air over the North Atlantic 
Ocean. However, many of the LMW chlorofluorocarbons and 
chlorocarbons have also been detected in river systems, and, thus; 
river transport may be significant for some compounds. 

The HMW chlorinated hydrocarbons of primary interest are the 
pesticides such as DDT and the class of compounds known as the PCB' s. 
It seems clear that, because of the low water solubility of these 
materials, the major mode of transport must be through the atmo­
sphere. Fairly extensive measurements of pesticides have been made 
in continental air, and some attempts made to measure them over the 
oceans; the latter efforts are hampered by the difficulty of making 
measurements at the very low levels that appear to obtain. However, 
data suggest that the marine air concentrations are at least one to two 
orders of magnitude lower than over the continents. 

As for ocean waters, there is much more information on PCB and 
pesticides in marine organisms than in the water itself. Indeed, no one 
has reliably measured DDT in the open ocean except in surface films of 
organic matter, where DDT (and also PCB's) are enriched relative to the 
underlying water. However, PCB's can be measured directly in ocean 
water, and a very marked (factor of 10) reduction was noted in the 
North Atlantic between 1971 and 1973; the sharpness of the reduction 
has not been satisfactorily explained but has been attributed to the 
combined effects of the world sales restriction and scavenging by 
sinking particles. 

There are few data for pesticides and PCB' s in marine environments 
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in the southern hemisphere. However, it is safe to conclude that the 
predictions, made in the early 1970's, of large increases in atmospheric 
and water concentrations throughout the world have not been realized. 

We can only speculate on the primary modes for the removal of the 
halogenated hydrocarbons from the atmosphere. For the LMW 

halocarbons, the principal path is through chemical transformation, 
possibly with the OH radical playing an important role. Gaseous 
exchange at the air-sea interface may be significant, but wet removal 
and aerosol deposition are not. For the HMW chlorocarbons, model 
calculations suggest that gaseous exchange, wet removal, and aerosol 
deposition could all be significant; however, there are virtually no data 
to support this assertion. 

D. PETROLEUM AND RELATED NATURAL COMPOUNDS 

Crude oil is a complex mixture of thousands of individual compounds, 
mostly hydrocarbons representing several homologous series. Once 
this material is injected into the atmosphere, it is subject to chemical 
reactions that lead to simple oxidation or to polymerization reactions 
that ultimately result in particle formation. Because of the varying 
degree of reactivity of the constituent organics and because of the 
variable composition of petroleum and also because of the lack of 
sufficient kinetic data, it is difficult to estimate the rates of conversion 
in the atmosphere. These rates are important because they affect the 
lifetime in the atmosphere of individual species and, hence, the proba­
bility of transport of that species from the continent to the oceans. 
Also, the rate of conversion could affect the rate of removal of organic 
materials from the atmosphere. The oxygenated (more polar) reaction 
products would, in general, be more soluble, a factor that would 
increase the efficiency of wet removal or of gaseous deposition at the 
sea surface; conversion to particulates would also increase the effi­
ciency of wet and dry deposition. 

However, the existing data on the sources, concentration, and 
composition of hydrocarbons in the atmosphere is sparse, confusing, 
and often contradictory. Estimates of the anthropogenic emissions to 
the atmosphere (excluding methane) range from 45 x 1012 to 68 x 1012 g 
yr-1, of which 30 x 1012 to 65 x 1012 g yr-1 is believed to be transported 
in the atmosphere to the oceans. The estimates of the transport of 
natural hydrocarbons (nonmethane) to the ocean are even more uncer­
tain and range from 0 to 220 x 1012 g yr-1• 

In addition to the continental source of natural hydrocarbons, the 
oceans act as a source. However, the organic material entering the 
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atmosphere from oceanic sources will be composed primarily of vol­
atile, gas-phase compounds that are highly paraffinic and stable and, 
thus, are not likely to be rapidly converted into particles that would 
then be redeposited to the sea. On the other hand, a significant fraction 
of the anthropogenic hydrocarbon materials injected into the atmo­
sphere over the continents is reactive and is converted to products 
that enter the aerosol phase; it is estimated that 0.6 x 1012 to 1.4 x 1012 

g yr-1 of this material is deposited in the ocean. In contrast, the flux of 
light organics from the oceans to the atmosphere is estimated to be 
about 1.4 x 1012 g yr-1, and the total atmospheric burden of organics 
over the oceans, about 11 x 1012 g. 

Wet removal is expected to be important for many classes of 
compounds. However, there are virtually no data on the types and 
concentration of hydrocarbons in precipitation in marine areas (or even 
in nonurban continental regions). 

E. NONHYDROCARBON GASES 

The materials considered in this category are various gaseous species 
of carbon, nitrogen, and sulfur. It is clearly recognized that these gases 
cannot directly alter the chemical properties of the ocean in any 
significant way. These gases were considered because they can react in 
the atmosphere with water, ozone, and their related free-radical 
species to form products that could have a profound effect on climate. 
The central species is sulfur dioxide, which is emitted as a pollutant, 
mainly over the continents, and which becomes oxidized to sulfuric 
acid and sulfate in the atmosphere. These end products form aerosols 
that could have a direct influence on climate by altering the radiation 
balance of the earth. Also, because of the hygroscopic nature of 
sulfates, these aerosols could influence climate indirectly by affecting 
cloud microphysical process and dynamics, thereby changing the al­
bedo. The other species considered were those that might significantly 
affect the rate of conversion of S02 to particulate sulfates. Man's 
contribution of S02 to the global flux of atmospheric sulfur compounds 
is estimated to be 35 to 45 percent. The present rate of growth in the 
use of fossil fuels containing sulfur is such that anthropogenic S02 

emissions will soon dominate the global cycle of sulfur through the 
atmosphere. In addition, the increased use of tall stacks to aid in the 
dispersion of so2 emissions (so that local pollution control regulations 
are not violated) will increase the quantity of S02 and sulfate particu­
late matter injected above the boundary layer; this will, in effect, in­
crease the efficiency with which these materials are transported to the 
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ocean environment. Another factor of possible importance is that the 
increasing S02 emissions may consume NH3 at such a rate as to cause a 
significant reduction in NH3 concentrations in the atmosphere. This 
would serve to increase the residence time of S02 in the atmosphere 
and, thereby, increase transport to the ocean. 

In the global cycles of sulfur, nitrogen, and carbon compounds, the 
oceans can act either as a source or a sink (or both). However, these 
cycles are, for the most part, poorly understood. For example, the 
strength of the global source of biogenic sulfur has been estimated to 
range from 32 x 1012 to 110 x 1012 g of S yr-1; estimates of the oceanic 
contribution to this flux range from 27 x 1012 to 50 x 1012 g of S yr-1• 

These large discrepancies are due to the fact that the source estimates 
are derived indirectly; they are simply the fluxes required to make the 
world budget balance. However, many of the source strengths used in 
the budget are based on a few isolated data and require further 
substantiation. 

As stated previously, we must be concerned with those species and 
reactions that affect the rate of conversion of gaseous sulfur to the 
particulate phase. One of the most important reactions appears to be 
that of S02 with the hydroxyl (OH) radical to produce H2S04• The OH 
radical is highly reactive with a number of atmospheric gases and has 
an average lifetime of about 1 sec. Because of its reactivity and because 
it is produced through reactions of ozone, water vapor, and ultraviolet 
radiation, we can expect the OH concentration to depend strongly on 
altitude, latitude, and solar angle. Despite its importance, only one set 
of measurements of ambient OH concentrations has been reported to 
date. 

Aside from OH, the gases that have the greatest effect on the 
conversion of S02 are those that affect the steady-rate concentration of 
OH. Important gases of this type are ozone, hydrocarbons (natural and 
anthropogenic, but especially methane), oxides of nitrogen, and carbon 
monoxide. Thus, long-range predictions of sulfate aerosol formation 
could be very much dependent on long-term changes in the concentra­
tions of many other pollutant gases. Carbon monoxide is especially 
important in this regard for, already, northern hemisphere concentra­
tions are three times those in the southern hemisphere. 

The manner in which these gases react in the atmosphere to influ­
ence S02 conversion is poorly understood. Reaction mechanisms are 
often subject to debate, and the role of nucleation processes and 
aerosols in the reaction steps is not clear. Rate constants are often of 
questionable quality. Also, the essential concentration data are frag­
mentary and often totally lacking in certain critical areas such as the 
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southern hemisphere. Such information must be obtained before trans­
port to the oceans can be modeled in any acceptable manner. 

F. RADIONUCLJDES 

The principal sources of the man-made radionuclides in the atmosphere 
are the detonation of nuclear devices and releases from operations in 
the nuclear-power fuel cycle (mining, fuel fabrication, reactor opera­
tion, fuel reprocessing, and waste management). The panel has 
excluded from consideration the fate of radionuclides directly emitted 
in weapons tests and the analysis of the consequences of catastrophic 
incidents such as a nuclear-reactor excursion; these subjects have been 
thoroughly studied and reported on in the literature. 

The principal radionuclides emitted in routine reactor operations are 
3H (tritium), 1311, and ~Kr. At present, approximately 95 percent of the 
atmospheric inventory of tritium is weapons-produced, and the balance 
is essentially all derived from reactors. There is no evidence that 
present or projected ambient tritium concentration levels could have 
any significant effect on ocean physical or biological systems. 
Likewise, 1311, because of its short half-life, should not be transported 
to the ocean in significant quantities. As for ~Kr, 95 percent of the 
present atmospheric burden is derived from the nuclear power cycle 
and 5 percent from weapons. There is some concern that the projected 
increase in the atmospheric concentration of ~Kr (through the in­
creased reliance on nuclear power) could lead to a significant (43 
percent) increase in air ionization by the early part of the twenty-fll'st 
century. There has been some speculation that the increased ionization 
would have a perceptible impact on a number of meteorological 
processes. However, at this time, there is no firm evidence linking ~Kr 
to atmospheric phenomena. 

There is some question as to the source reservoir of the weapons­
produced radioactive material in the lower troposphere. How much is 
"young" material derived directly from the stratospheric reservoir, 
and how much is "old" material that had been previously deposited on 
soils and subsequently resuspended? A high ratio of resuspended 
("old") to stratospheric ("young") material would imply that air 
concentrations are decreasing, and would continue to decrease, at a 
lower rate than the decrease in the rate of injection through testing, 
i.e., the soils would act as a long-term reservoir for atmospheric 
material and, thus, at some point, "fallup" could dominate "fallout." 
However, calculations performed for a worst-case situation (plutonium 
in soils and air at Rocky Flats, Colorado) suggest that resuspension can 
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only account for several percent, at most, of the airborne radioactive 
material. Therefore, it appears that the resuspended input to the 
atmosphere will be essentially undetectable until all atmospheric test­
ing has stopped and the stratospheric reservoir has been largely de­
pleted. 

The natural radionuclides found in the atmosphere are primarily 
members of the uranium decay series, in particular, 222Rn and its 
radioactive decay (daughter) products. The flux of radon from soils is 
approximately 100 times greater than that from the oceans. Thus, 
radon, because of its unique source characteristics and its chemical 
inertness, would be an ideal tracer for the validation of atmospheric 
transport models for nonreacting species. However, there are many 
aspects of the source strengths, atmospheric concentrations, and depo­
sitions of radon and/or its daughters that are not well characterized and 
that will require further study before these nuclides can be used for this 
purpose. 

G. TECHNIQUES 

Over the past decade, there has been a great increase in the number of 
types of aerosol collection instruments in use. These include instru­
ments that perform a size classification function, such as impactors. In 
many cases, the sampling efficiency of these instruments under am­
bient conditions (or their laboratory equivalent) has not been deter­
mined. For example, only recently has it been learned that the standard 
high-volume air-sampling system used in the United States has intake 
characteristics that result in a sharply reduced sampling efficiency for 
particles above 5 I'm; also, the intake efficiency is strongly dependent 
on wind velocity and the sampler orientation with respect to wind di­
rection. As for impactors, recent developments in theory have made it 
possible to design instruments with optimal operational characteristics 
for ideal (test) aerosols; however, with real aerosols, problems arise 
because of particle shattering and bounce off, re-entrainment, stage­
loading effects, and humidity effects. Because of the uncertain per­
formance characteristics of various instruments and devices, it is often 
difficult to make meaningful comparisons between data sets obtained 
with different instruments. 

The major problems in attempting to characterize the chemical 
composition of precipitation are related to the collection of quantitative 
samples and to chemical reactions during storage. At land stations, 
representative precipitation samples can be obtained with devices such 
as the automatic wet-dry collectors, which are only open during the 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


18 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

time that precipitation actually is falling. Samples collected by devices 
that are open at all times (i.e., bulk, or total precipitation, collectors) 
are of questionable usefulness; the aqueous phase cannot be assumed 
to be representative of precipitation because of reactions between the 
water and the particulate "dry-deposited" component, and the "dry .. 
component cannot be assumed to be representative of actual dry 
deposition. Indeed, as stated previously, there is no satisfactory way in 
which to sample the dry deposition component. In contrast to the 
situation on land, the collecting of precipitation samples of suitable 
quality and quantity at sea remains a major problem for which no 
immediate solution is apparent. 

To assess the flux of materials to the oceans, it will be necessary to 
have information on the vertical distribution of concentrations as well 
as on the areal distribution. At present, these data must be obtained by 
aircraft; because of the high cost of aircraft time, and because of 
operational limitations, we cannot expect to develop an extensive data 
base by this means. However, at present, there is available a relatively 
simple, hand-held, inexpensive device-the sun photometer-that can 
provide information on the vertically integrated concentration of 
aerosols in the atmosphere, i.e., the atmospheric turbidity. Routine 
measurements are presently made in a network of stations in the 
United States and in the World Meteorological Organization monitor­
ing program. With these data, large-scale patterns of turbidity could be 
related in some cases to major natural and anthropogenic sources. 
However, the accuracy and stability of these instruments and the 
quality and quantity of the observations must be greatly improved 
before the data from these devices can be consistently relied upon. 
Also, the sensitivity must be improved for use in remote locations 
where the turbidity is low and changes are small. 

III. CONCLUSIONS AND RECOMMENDATIONS 

The following statements summarize the conclusions and recommen­
dations of the Workshop panels: 

A. THE PRINCIPAL EFFORT in the investigation of the tropospheric 
transport of pollutants to the ocean must continue to be directed along 
research lines. At present, there are insufficient data with which to 
design a sound monitoring program for most substances. In addition, 
the shortcomings of the sampling and analytical techniques employed 
for many of the trace substances under consideration make them 
unsuitable for routine monitoring in most oceanic regions where am-
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bient concentrations are very low. The use of these procedures under 
such conditions in a monitoring mode could lead to severe quality­
control problems. It would be more desirable to have a limited set of 
high-quality data than a large set of doubtful data. 

B. THERE IS A GREAT NEED for more concentration and composition 
data in marine regions both in the atmosphere and in the ocean. 
Specific needs are listed by substance. 

I. Metals 

In the Atmosphere To assess sources and fluxes, we need measure­
ment of the elemental and chemical composition of aerosols, of particle 
size distribution and, especially, of particle composition as a function 
of size. 

In the Oceans To assess deposition and recycling rates, the concen­
tration in water and in surface slicks is required for both the dissolved 
and particulate phases. 

Over the Continents Investigations should be undertaken to deter­
mine the major sources of metals in the atmosphere. Emissions from 
anthropogenic sources such as smelters, cement plants, oil, and gas 
power plants must be measured and characterized on a global basis. 
Important parameters are elemental (or chemical) composition, parti­
cle size distribution, and particle composition as a function of size. 
Emissions from specific natural sources and processes such as vol­
canism, the biosphere, low-temperature volatilization and crustal de­
gassing, and chemical fractionation at the air-sea interface must be 
evaluated in the same manner. 

2. Halogenated Hydrocarbons 

In the Atmosphere Especially lacking are measurements of the 
high-molecular-weight chlorinated hydrocarbons in relatively remote 
ocean areas. The concentrations in such regions are very low, often 
below present-day detection limits. Thus, such measurements will 
require the development of better instrumentation and improved tech­
niques to minimize the possibilities of losses and contamination. It is 
extremely important that measurements be made simultaneously of 
both the vapor-phase and the particulate-phase concentrations and of 
the concentration in precipitation. 

In the Oceans In order to assess the global fluxes to the ocean from 
the atmosphere and from rivers, the concentrations fields in the surface 
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(mixed) layer and vertical profiles across the thermocline must be weD 
characterized. The concentration in phytoplankton and zooplankton 
should also be measured to determine the degree of biomagnification 
and the extent of natural biological production. For those compounds 
that have both natural and anthropogenic sources, the carbon-14 
activity might b~ useful for determining the anthropogenic component 
and, therefore, should be measured. Intensive studies should be made 
in waters along the Gulf Coast, where many major manufacturers of 
halocarbons are situated. 

3. Petroleum and Related Natural Hydrocarbons 

In the Atmosphere Emphasis should be placed on the hydrocarbons 
of high molecular weight rather than on the gaseous low-molecular­
weight compounds, as it is likely that the latter will not contribute 
significantly to the net flux from the air to the sea. Scientists should be 
encouraged to obtain detailed spectra of the individual hydrocarbons 
by using state-of-the-art instrumental techniques; these data will make 
easier the task of determining the origin of the hydrocarbons, espe­
cially with regard to the distinction between biogenic and petroleum 
sources. A greater effort must be made to characterize the areal and 
vertical distribution fields of gas-phase and particulate-phase hydro­
carbons. 

The reaction kinetics of hydrocarbons in the atmosphere must be 
better understood if we are to determine the lifetime and fate of the 
various hydrocarbon classes. Important areas of study are gas-to­
particle conversion and the distribution coefficients between solid and 
gas phases for various hydrocarbon species. 

4. Nonhydrocarbon Gases 

In the Atmosphere To attain a better understanding of the global 
sulfur cycle, and to assess the possible climatic impact of sulfate 
aerosols, more measurements are needed of S02, H2S, CH3SH, 
(CH3) 2S, and those gases that are important to the conversion of sulfur 
species to particulate sulfate: NO, N02 , HN03 , NH3 , 0 3 , OH, H20 2 , 

and CO. In the aerosol phase, sulfate and nitrate must be measured. 
Because of the high degree of interrelatedness among these species, 

it is essential that experimental programs be designed to maximize the 
number of species measured simultaneously. 

Also required will be theoretical and laboratory studies of the 
following processes and reactions: (1) the rate constants for the 
elementary homogeneous chemical reactions of the above-mentioned 
gases, (2) the formation of nuclei by heteromolecular chemical reac­
tions, (3) the heterogeneous oxidation of so2 in solutions, (4) the 
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heterogeneous oxidation of so2 in gas-solid systems relevant to the 
atmosphere. 

5. Radionuclides 

In the Atmosphere The distribution of radon-222 and its daughter 
products, especially lead-210, must be better characterized over the 
continents and the ocean, especially the latter. The degree of attain­
ment of equilibrium between radon and its daughter should be studied 
over a wide range of meteorological and climatic conditions. 

Over the Continents The mechanisms for the mobilization of soil 
radioactivity (i.e., the resuspension of fallout nuclides) and the sub­
sequent transport through the atmosphere should be more thoroughly 
investigated. This problem should be considered in the context of the 
general problem of the mobilization of soil aerosols. 

6. General 

There is an urgent need for data in the southern hemisphere. Because 
the major centers of production and consumption are in the northern 
hemisphere and because interhemispheric exchange rates are slow, the 
environment in the southern hemisphere has been relatively unaffected 
by poUutant inputs. However, the rate of population growth and of 
economic development suggests that this situation will inevitably 
change. Therefore, we recommend that a strong effort be made to 
study the present state of the atmosphere and ocean in that region 
because such studies will (I) provide an insight into chemical processes 
as they occur in a clean environment for comparison with processes in 
the northern hemisphere and (2) permit us to observe, over the coming 
years, changes in the chemical environment as a function of increased 
industrialization and consumption of fuels and resources. 

By making such comparisons and observing progressive changes, we 
will be able to distinguish more clearly between natural processes and 
anthropogenic effects. 

c. IMMEDIATE EFFORTS must be made to initiate procedures or pro­
grams that will lead to an increase in the accuracy and precision of gas 
and aerosol concentration and composition data. At present, there are 
few standard reference materials that meet the needs of environmental 
scientists working in the marine environment. It is essential that a 
mechanism be established whereby suitable standards can be formu­
lated, certified, and distributed expeditiously. Often, developments in 
environmental studies have occurred rapidly. In the past few years, 
there have been a number of instances where concern over the dis-
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semination into the environment of certain elements or compounds 
resulted in a sharp increase in field sampling programs. In many cases, 
the quality of these data might have been greatly improved if standards 
could have been made available on short notice. At present, severaJ 
years are required for the preparation of reference materials, a proce­
dure far too slow for our purposes. Consequently, we urge scoR to 
explore the possibility of designating an appropriate international labo­
ratory that would be responsible for the rapid preparation, and dis­
semination, of environmental reference standards and for the organiza­
tion of interlaboratory intercomparison exercises. 

The performance characteristics of many gas and aerosol sampling 
devices have been poorly characterized. We recommend that a work­
shop be held on the subject of collection techniques and that a field 
intercomparison be carried out in conjunction with the workshop or 
subsequent to it. Following the workshop and the field intercompari­
son, a set of recommendations should be compiled that specify pre­
ferred minimum design parameters for collectors. 

The routine use of sun photometers in aerosol programs is to be 
recommended. However, these instruments in their present form suffer 
from a number of shortcomings, including calibration drift and a lack of 
sensitivity for measurements in regions where aerosol concentrations 
are low. A strong effort should be made to improve instrument design 
and to establish calibration facilities. 

D. DATA ON THE REMOVAL OF RADIONUCLIDES from the atmosphere 
could be used to draw inferences about the behavior of aerosol parti­
cles in the transport and deposition cycle. However, before this can be 
done, we need more information on the character of the aerosols to 
which the radionuclides are attached, especially their size. 

E. THERE IS A GENERAL LACK of Storm precipitation statistics. The 
information required includes storm height, areal extent, frequency of 
occurrence, duration, precipitation amounts, and cloud water removal 
efficiency. 

F. MUCH COULD be learned about scavenging efficiencies and the 
modification of substances within clouds by performing budget studies 
for progressively more complex nonprecipitating and precipitating 
clouds and storms. Experiments should start with simple wave and cap 
clouds, progress to orographic and cumulus clouds, and culminate in a 
study of cumulonimbus and frontal storms. 
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G. THE COLLECTION OF PRECIPITATION at sea remains a major prob­
lem. There are two types of difficulty: to obtain quantitative samples 
and to obtain samples free from contamination. A workshop should be 
convened on the subject of precipitation collection techniques and 
strategies for the marine environment. 

H. LITTLE IS KNOWN about the dynamics of the air-sea interface. 
These uncertainties are detrimental to our obtaining an understanding 
of dry deposition and resuspension of particles and gases. Needed are 
concerted scientific studies on the turbulence above and below the 
interface, wave mixing, the physics of wave breaking, gas-particle 
entrainment, particle resuspension, and thermally driven circulations 
above the thermocline. 

1. FOR MANY GASES, the dominant resistance to transfer occurs in the 
liquid phase and probably in the viscous sublayer. Wind-tunnel studies 
could help to establish the importance of evaporation and condensa­
tion, waves, spray, bubbles, wind speed, and surface films. 

J. PARTICLE DRY DEPOSITION and resuspension are probably the 
most glaringly deficient aspects of our knowledge of pollutant transfer 
to the ocean. To remove the uncertainties, efforts on all fronts are rec­
ommended: controlled wind-tunnel studies, theoretical studies, and 
semicontrolled deposition experiments on ponds and lakes. 

K. AN EXPERIMENT should be performed in some coastal urban 
region to measure the direct transport within the boundary layer to the 
ocean. Here the problem is reduced to one of quasi-two-dimensional 
transport. A coastal transport study has a number of advantages over 
one carried out over the continent-the topography is uniformly flat 
and there are no downwind sources to complicate the input term 
computations. On the basis of meteorological considerations and the 
distribution of major sources, the most logical site for such an experi­
ment would be in the region off the northeast coast of the United 
States. 

L. PROGRAMS SHOULD BE DEVELOPED to utilize certain materials 
that are currently being emitted into the atmosphere as tracers for 
large-scale transport model validation. Natural and anthropogenic 
processes generate a number of substances that could be useful as 
tracers. These include chlorofluorocarbons, carbon monoxide and 
carbon dioxide, and 222Rn. There are a number of programs concerned 
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with the study of these and other materials in the environment. Con­
sideration should be given to the feasibility of modifying these pro­
grams so that the data could be used for model testing. One approach 
may be to establish specific time periods, worldwide, when programs 
could switch to a suitable data-gathering mode. 

M. MANY LARGE-SCALE, international meteorological programs are 
currently being planned, and some, such as the First GARP Global 
Experiment, are close to execution. In many cases, these experiments 
will take place in regions where there is a dearth of data on the 
concentrations of important chemical species in the atmosphere and in 
the oceans. Chemists should be encouraged to participate in these 
meteorological field experiments. 

N. WITHIN FIVE TO TEN YEARS, it should be possible to conduct a 
major experiment to test modeling concepts of long-range transport 
from the continents to the ocean. This type of transport, being three 
dimensional and involving, among other processes, cloud formation 
and subsequent hydrometeor removal of aerosols and soluble gases, 
will be most difficult to study. A multiaircraft experiment will be 
essential, and a comprehensive array of surface monitors (ships and 
instrumented buoys) will also be required. Although to plan such an 
experiment now may be premature, it is not too early to discuss its 
possibility and to engender interest. 

o . THE TIME TRENDS of the atmospheric transport of poUutants and 
other materials to remote areas should be established through studies 
of concentration changes with depth in glacier snow and ice. With 
these measurements, and with a knowledge of the historical trends of 
anthropogenic source terms, an assessment can be made of the an­
thropogenic impact on a global scale. Important components would be 
soil dust, volcanic debris, sea-salt components, metals, and organic 
materials. However, if glacier snow and ice is to be used for this 
purpose in a systematic fashion, it will be necessary to develop new 
techniques for collecting larger cores using more stringent 
contamination-control procedures. 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


3 Modeling the Atmospheric 
Transport of Pollutants 
and Other Substances from 
Sources to the Oceans 

I. INTRODUCTION 

Most continentally derived material that is present in the atmosphere 
has been emitted from sources at the earth's surface. In most cases, 
this material, be it natural or anthropogenic in origin, is injected into 
the boundary layer, that portion of the troposphere that is in con­
vective contact with the earth's surface. For materials emitted from 
sources situated relatively close to the oceans (i.e., within tens to 
hundreds of kilometers), the primary path of transport to the oceans 
may lie inside the boundary layer. Over longer distances, the major 
path will most likely be through the troposphere above the boundary 
layer. 

A transport model must consider emissions from an array of indi­
vidual sources imbedded in an atmosphere whose characteristics are 
such that the meteorological parameters may differ markedly at each 
source site. The model should also account for the dispersion through a 
boundary layer whose depth is highly variable both areally and tem­
porally. For long-distance transport, mixing between the boundary 

Members of the Working Group on Modeling the Atmospheric Transport of Pollutants 
and Other Materials from Sources to the Oceans were E. F. Danielsen and 
J. W. Deardorff, c~choirmen; D. Deaven, G. R. Hilst, J. D. Mahlman, E. R. Reiter, 
E. Robinson, and J. W. Winchester. 
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layer and the troposphere and the subsequent large-scale movement in 
the troposphere need to be predicted. Finally, transport downward 
through the oceanic boundary layer must be accounted for. The scales 
of motion encompassed by the model (either directly or indirectly) 
range from the molecular to the planetary waves in the atmosphere 
with wavelengths of thousands of kilometers. The modeling of such a 
transport system is extremely difficult even if it is restricted to the 
simplest case-the transport of a chemically inert species. However, 
the inclusion of chemically reactive species and the effects of wet and 
dry removal processes increase the complexity of the problem enor­
mously. 

When little is known about atmospheric (and oceanic) transport, it is 
often instructive to develop simple reservoir models. In such models, 
the pollutants are assumed to be well mixed within each reservoir and 
the exchange rates between reservoirs are assumed to be proportional 
to the mean concentrations. These models lead to the concept of 
characteristic residence times. Although such residence times are 
helpful in establishing reasonable orders of magnitude, they should not 
be taken too seriously, because the basic assumptions are only approx­
imately valid. In the atmosphere, a broad spectrum of wave motions 
tends to generate laminar inhomogeneities in which the concentrations 
of a trace constituent can exceed the surrounding concentrations by as 
much as a factor of 10. These same wave motions affect the three­
dimensional transport of trace constituents and interfere with the 
simple concept of residence times. 

At present, better methods and numerical models are available, or 
are being developed, for computing the atmospheric concentrations, 
transports, and depositions of trace constituents. Transports by both 
mean and turbulent motions are included in these models. The former 
advects or moves the tracer's center of mass in two- or three­
dimensional space and deforms the tracer's distribution, while the 
latter spreads the tracer over a larger and larger volume, thereby 
reducing its concentration. 

In this chapter, current methods and models will be reviewed, 
discussed, and evaluated. Each has its own advantages and limitations. 
The emphasis will be on transport from continental sources to oceans, 
with a logical shifting from deterministic to statistical transport as the 
time scale increases. Removal and deposition processes are discussed 
in Chapter 4; only brief mention of them will be made here. However, it 
must be stressed that removal processes must not be regarded as 
merely an end result of transport; rather, removal processes are an 
integral part of the problem, constantly modifying the complex of 
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species-related parameters involved~oncentration, size distribution, 
and chemical characteristics. 

II. SOURCE IDENTIFICATION FOR TRANSPORT 
MODELING 

There are at least three source characteristics that are important in the 
modeling of pollution transport: 

1. The emission rate (mass per unit time) of primary pollutant 
material from point sources (e.g., power plants of cities) or area 
sources (such as cities); 

2. The atmospheric concentrations of the primary pollutant(s) at all 
points within the model at the initial time of application of the model; 

3. The atmospheric concentrations of other, secondary pollutant, 
materials that can react with, or be produced from, the primary 
pollutant(s). 

In general, reactive species necessitate the inclusion of prediction 
equations for all secondary species of pollutants. 

A. PRIMARY POLLUTANT SOURCES AND EMISSIONS 

There have been very large expenditures of money and manpower by 
government agencies and private industries to estimate emissions from 
known sources of air pollutants. As a starting point for a modeling 
study of a source area in the United States, basic source emission data 
can be assimilated from federal, state, and local air-pollution agencies 
and from major industries and industrial trade associations. In areas 
where emissions may not have been estimated and tabulated, emis­
sions can be calculated from data on fuel consumption, industrial 
production, and transportation usage, by applying available emission 
factors to these data. Estimates of global emissions are typically made 
in this manner. United Nations publications on fuels, agriculture, and 
industrial production are good sources of basic data for such calcula­
tions. Of course, for regional studies or short-term transport calcula­
tions, such data may be erroneous by a considerable factor. However, 
even greater uncertainties exist, one of which involves the atmospheric 
process by which new or secondary pollutant compounds may form 
from the precursor, or primary pollutant emissions. This process is 
considered in the next section. 
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B. SECONDARY POLLUTANT SOURCES AND SINKS 

When a model calculation incorporates pollutants that have any signifi­
cant degree of reactivity, the formation of secondary pollutants must 
be treated. This is done by inclusion of extra terms within the "conser­
vation" equation for species i of mean concentration ~: 

oe~ - - o __ o ~ o __ ----ar- = -V · VC1 - oX(u'C/)- iJy (v '-'1)- oZ (w'C/)- Ci!Tn 

- KJ.~ + C/C/) + KiKtm(C,Cm + C/Cm') 

+ other physical sources 

- other physical sinks. (3.1) 

The first term on the right represents the mean advection or transport 
of the pollutant; the next three terms represent turbulent transports 
occurring on a scale smaller than the averaging volume represented by 
the overbar symbol; Ku and K1m represent reaction constants between 
species i and j that decrease ~ or between species I and m that form 
species i. In addition, three-body reactions may also be considered as 
well as fluctuation terms associated, for example, with temperature 
dependence of the reaction rate. These source or sink terms, involving 
the reaction-rate constant, contain subgrid-scale components such as 
C[EJ that indicate the degree of "unmixedness" of two constituents 
within the model grid volume. If C1 and C1 happen to be totally 
unmixed, yet are within the same grid volume, the value ofC/C/ turns 
out to be equal but opposite to that of ~~ so that no reaction can 
occur. Prediction equations may be written also for these subgrid-scale 
concentration covariances (see Donaldson, 1973, or Hilst, 1973) in 
which still higher turbulence moments appear for which closure as­
sumptions are necessary. 

A distributed and natural surface sink and/or source appears within 
the fourth term on the right. Upon use of finite differences, as in a box 
model, the term (w'C/)0 appears, where the subscript 0 refers to 
evaluation of the flux at the surface. The parameterization of this term 
is the topic of Chapter 4. 

For a radioactive material, Tn in Eq. (3.1) is the half-life that is 
otherwise infinite. 

Another process that is important in transforming the primary pol­
lutants is the agglomeration of very fine particles into an aerosol of 
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larger size so that the aerosol may subsequently be deposited to the 
surface more quickly. At present, there is no satisfactory way to model 
an aerosol size spectrum in a sufficiently simple manner to allow its 
inclusion within a three-dimensional transport model. 

C. SOME "GENERAL" POLLUTANT CATEGORIES; 

TRANSFORMATION AND REMOVAL PROCESSES 

In pollution-transport modeling, pollutants are subjected to a variety of 
physical and chemical processes that transport, dilute, transform, and 
scavenge the pollutants as described in Eq. (3.1). For purposes of 
discussion, we may divide pollutants on a physical basis into two 
general classes: gases and particles (see Figure 3.1). The particles may 
be solids or solution droplets whose radii can extend over several 
orders of magnitude. 

Gaseous pollutants are classed as either "nonreactive" or "reac­
tive," the distinction between them being determined to an extent by 
the time span encompassed by the model calculation. Some slowly 
reacting compounds are shown as examples in the boxes in Figure 3 .I. 
The fate of nonreactive materials, insofar as they influence the oceans, 
is through an absorption or "dry deposition" process to the sea 
surface. The gaseous pollutants that are more reactive, soluble, or 
both, such as S02, typically undergo chemical reactions to form fine 
particles, with diameters less than 1 ,...m. These particles are, thus, 
secondary pollutants that move into the particulate phase ofthe model. 
These same reactive species can also be attached to the surface of the 
existing aerosols and then be absorbed by the aerosols. (Specific 
chemical processes are discussed in later chapters; some detailed 
mechanisms are presented in Chapter 8.) 

Particles larger than 1 ,...m are usually generated directly from soils, 
from the bursting of bubbles at sea, and from certain anthropogenic 
combustion processes (fly ash, for example). Accordingly, in Figure 
3.1, particles are subdivided into small (or submicrometer) and large 
(or supermicrometer) size ranges. The latter particles may be either 
soluble or insoluble; in most cases, they are removed rather rapidly as 
a consequence of gravitational sedimentation, precipitation scaveng­
ing, or both. However, large (> 10 ,...m diameter) soil particles have 
been observed on ships, aircraft, and islands in midoceans (Carlson 
and Prospero, 1972; Prospero and Nees, 1977) at distances of 
thousands of kilometers from the sources. Thus, under certain atmo­
spheric conditions, both small and large particles can participate in 
long-range transport despite differences in the sedimentation velocity. 
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FIGURE 3.1 Simplified schematic of pollutant types and transformations during transport to oceans. 
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Figure 3.1 is intended to serve as a useful reminder of the minimum 
number of transformation processes that need to be taken into account 
when modeling a given type of pollutant. Because of the variability of 
sources and sinks, the complexity of chemical and surface reactions, 
and the lack of any substantial worldwide data set for the concentration 
of airborne materials, the development of a model as depicted in the 
figure is no simple matter. 

III. MODEL TYPES 

Transport models of atmospheric flow can be classified into at least 
four types, dependent on the methods and techniques used to deter­
mine the three-dimensional transporting wind field or the effects 
thereof: 

I. Diagnostic models in which direct observations of the atmo­
spheric wind and mass fields are utilized for the calculation of the 
transport and dispersion of trace constituents; 

2. Numerical weather-prediction models in which the transporting 
wind and mass field is obtained by a prediction or forecast from a 
numerical model; 

3. General circulation models (GeM's) in which self-consistent circu­
lations are generated from the governing physical equations; 

4. Two-dimensional, zonal-height, mean circulation, and diffusion 
models. 

A. DIAGNOSTIC MODELS 

These are useful for diagnosing events as they occurred in an actual 
situation. Because it is based on observed data, the accuracy of the 
transport prediction depends on the distribution of observations rather 
than on the representativeness of a numerical prediction method. 

Radiosonde measurements of temperature, pressure, relative humid­
ity, and the horizontal velocity can be utilized to compute the three­
dimensional trajectories of the center of mass of a trace constituent and 
the dispersion relative to the moving center of mass. Errors in these 
computations are due primarily to the large time interval between 
observations (12 h), the variable distances between the radiosonde 
stations (100 to > 1000 km), the errors in the reported wind velocities, 
and the inability to measure the small, but very important, vertical 
velocities. 
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To determine the trajectory of the center of mass involves a solution 
of the following equation for successive 12-h intervals: 

I+ 12b 

r2(t + 12 h)- r1(1) + J V(x,y,z,t)dt, 
I 

(3.2) 

where r is the position vector and V is the representative mean velocity 
for the center of mass. Because V varies in space and time, it is 
necessary first to generate continuous fields from the discrete array of 
radiosonde observations. Objective methods for generating continuous 
spatial distributions from the observed winds are available (Eddy, 
1967; Danielsen and Deaven, 1974). In general, these analyses are more 
reliable north of 20" N latitude than they are between 20" N and the 
equator. North of200 N, the errors in V range from 0 to 10m/sec with 
the average error about 2-3 m/sec. 

Having derived ''representative'' winds at gridpoints in x,y,z space, 
objective, nonlinear interpolations can be used to obtain values at any 
point. But direct measurements of the vertical velocities are not 
available. To obtain reasonable approximations to the net 12-h vertical 
displacements, one can take advantage of the quasi-isentropic nature of 
flow in the troposphere by determining 12-h trajectories on isentropic 
surfaces. 

When the relative humidity (RH) is less than 100 percent, a surface of 
constant entropy is also a surface of constant potential-virtual temper­
ature. The virtual temperature is defined by 

Tv = T(l + 0.621xv), (3.3) 

where Tis the actual temperature and Xv is the water-vapor-to-air mass 
mixing ratio. Water molecules, being lighter than air molecules, de­
crease the mean density of the mixture. If the gas constant for dry air is 
used, then the temperature must be augmented to account, in the 
equation of state, for the decrease in density. 

The potential-virtual temperature, 6v, is given by 

6v= Tv -- ' ( 1000) 0.286 

p 
(3.4) 

where the pressure p is expressed in millibars. The values of 6v are not 
affected by compressional heating and are thus analogous to the tern· 
perature in a liquid. When air descends and compresses, Tv increases, 

J 
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but little or no energy is lost by conduction or radiation; therefore, 
6, essentially remains constant. 

The major advantage of analyzing the atmosphere on surfaces of 
constant entropy (i.e., constant 6,) is the reduction in trajectory 
determinations from a three-dimensional problem to a two-dimensional 
one. The initial and final heights are determined by simply locating the 
initial and final x ,y positions on the 6, surface whose height contours 
are known. The change in height contours over a 12-h time period 
yields the 12-h mean vertical motion. In other words, one can deter­
mine the three-dimensional motion of the center of mass of the system 
by computing successive 12-h positions on the 6, surfaces. 

Of course, one knows that the atmosphere is, effectively, a thin, fluid 
layer surrounding the earth, a layer whose horizontal dimensions are 
very large compared with its vertical dimensions. For example, the 
circumference of the earth is 40,000 km, but the tropospheric depth 
varies from only 8 to 18 km (pole to equator). A representative ratio of 
Jix/Jiz or Jiy/Jiz is 1()3/1. However, the velocities are similarly scaled, 
i.e., u/w = vlw = 1()3/1; thus, an air parcel can span the vertical 
depth of the troposphere in about the same time as is required to 
span a horizontal dimension. 

Also, the advective products are approximately independent of 
direction because the vertical gradients are -1()3 times as large as the 
horizontal gradients; therefore, 

(3.5) 

If one considers the anisotropy in both the velocities and the gradients, 
one concludes that vertical velocities of I to 10 em sec-t (velocities too 
small to measure by conventional methods) are as effective in trans­
porting trace constituents as are horizontal velocities of 10 to 100 m 
sec-t . 

Consistent with this conclusion, one expects, and one observes, that 
real three-dimensional trajectories are systematically different from 
those inferred from conventional constant-pressure charts. The air 
does not flow at constant pressure; it tends to ascend in regions of 
warm advection and descend in regions of cold advection. The correla­
tion between vertical velocity and the horizontal advection of tempera­
ture makes the curvatures of the actual, and of the isentropic, trajec­
tories more anticyclonic than an isobaric trajectory, as shown in 
Figure 3.2. 
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FIGURE 3.2 A descending anticyclonic trajectory (isentropic) 
compared with a cyclonic trajectory (isobaric) in which the verti­
cal velocities are neglected. Source: Danielsen (1961). 

This difference in curvatures can be expressed by 

K11= K, + IJy w = K,-Cw2 , 

op v v2 
(3.6) 

where K 9 = curvature of the trajectory on a constant 8 surface, 
K, =curvature of the trajectory on a constant p surface, IJy/IJp is the 
change in wind direction with pressure ( -z direction); w = dp/ 
dt = - pgw is the rate of change in pressure due to a vertical velocity 
w, and C is a proportionality constant that relates the turning of the 
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wind with temperature advection to (J)/v. The difference is very large 
when (J) is large, i.e., in the baroclinic regions where cyclones are 
forming, propagating, or both. 

The predominance of anticyclonically curved streamlines in the 
ascending flow to the east of a developing cyclone is shown in Figure 
3.3. Air from the boundary layer north of the warm front is rapidly 
ascending into the upper troposphere, turning anticyclonically and 
increasing in speed as it forms the tropospheric portion of the main jet 
stream aloft. (For a review of trajectory methods, see Danielsen, 1974.) 

Many three-dimensional trajectories have been computed on isen­
tropic surfaces during large-scale cyclogenesis using the method de­
scribed by Danielsen (1961). A systematic pattern is evident and 
essentially repeated in each case study. As the cyclone develops, 
warm, moist air in advance of the cyclone ascends, as shown in Figure 
3.3. Then it travels rapidly eastward in the upper troposphere until it 
approaches the next downstream wave. Turning anticyclonically, it 
begins to descend to the west of the wave and fans out in a strong 
deformation field . The right branch of the flow continues to descend 
and tum anticyclonically as it approaches, and is mixed down into the 
boundary layer. The left branch turns cyclonically, reaching its lowest 
elevation as it passes the wave trough, then begins to ascend again. 
Strong vertical mixing in this branch occurs when the air overtakes, 
and is entrained into, a line of cumulonimbus clouds, which form along 
the cold front in advance of the wave trough. 

This long-range transport pattern, shown schematically in Figure 
3.4, explains how pollutants or natural aerosols (in this case, soil dust) 
generated over a continent to the west of a major ocean can, in two or 
three days, reach the ocean surface, in a region dominated by an 
easterly flow. For example, quartz grains raised in Asiatic dust storms 
can be deposited on the Hawaiian Islands, which are dominated by the 
northeast tradewinds (Jackson et al., 1973), by the subsiding northwest 
winds behind a Pacific cold front. 

It is important to recognize that only a fraction of the airborne 
pollutants can survive in the ascending air to participate in long-range 
transport. During ascent, the air cools by expansion, generating clouds 
and precipitation. These growing and falling hydrometeors scavenge 
aerosols, transporting them rapidly downward toward the earth's sur­
face. Some reach the surface; others are resuspended in the air when 
the hydrometeors evaporate during descent. Only those small cloud 
droplets and ice crystals whose terminal speeds are negligible will be 
carried upward with the air to form cirrus clouds or cirrus anvils in the 
upper troposphere. When these ice particles evaporate, the mineral 
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(a) 

(b) 

FIGURE 3.3 (a) Observed winds and streamlines on a moist isentropic surface. East of 
the developing wave cyclone the surface slopes upward from the ground (southern New 
York State) to the tropopause (Hudson·s Bay. Canada). Saturated specific humidities are 
expressed in grams of water vapor per kilogram of air. Wind speeds in knots are denoted 
by barbs to the left of the vector. Each barb equals 10 knots; a triangle equals 50 knots. 
The cross-hatched area denotes a region of observed precipitation. (b) Schematic 
perspective drawing of predominantly anticyclonic flow in air ascending from and 
descending toward the boundary layer. Source: Danielsen and Bleck (1967). 
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FIGURE 3.4 Schematic of long-range transport (three-dimensional) from major dust 
storm to Atlantic Ocean. Source: Jackson et al. (1973). 

and salt residues remain aloft as new aerosols that can participate in 
long-range transport. 

Thus, some pollutants, lifted from the boundary layer by cyclonic 
storms over the central and eastern United States, will be returned to 
the surface of the continent in precipitation before the air flows over 
the Atlantic Ocean, but some will be carried aloft, eastward, to the 
midportions and eastern portions of the Atlantic Ocean. 

Another type of diagnostic model, useful for modeling transport in 
the planetary boundary layer, is the Gaussian plume, or puff, model 
(Reiter, 1976; Heffter, 1975). Usually the transport portion of this type 
of model uses observed winds to calculate mean horizontal trajec­
tories, which are determined by averaging winds through an arbitrarily 
specified vertical layer. 

In the diffusion section of Reiter's (1976) model, vertical mixing is 
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assumed to occur instantaneously up to the top of the mixed layer. The 
latter's height is judged from inspection of observed wind profiles 
rather than being related to the thermal structure. Vertical transport by 
convective clouds is not yet treated. Lateral mixing, relative to the 
Lagrangian mean trajectory, is taken to yield a Gaussian distribution of 
pollutants with standard deviation, u 11 , given by u 11 = 0.014vgt, where 
v g is the geostrophic wind speed and t is the elapsed time following 
pollutant release. 

Heffter's (1975) model employs a different parameterization for the 
vertical spread. Here, the vertical distribution of pollutant concentra­
tion is assumed to be Gaussian with a standard deviation, uz, propor­
tional to (Kzt)112 , where Kz is a constant vertical eddy diffusivity. The 
net effect of a variable boundary-layer height and intermediate cloud 
transports are thus lumped together into a single time-dependent u z· 

Lateral diffusion across the trajectory is assumed given by u 11 = u ,t, 
with u, set to 0.5 m sec-•. 

B. NUMERICAL WEATHER-PREDICTION MODELS 

Transport models of this second type are potentially useful for forecast­
ing the future state of a trace constituent for the period of the forecast. 
Such models have been used for Lagrangian trajectory forecast (Reap, 
1972) and Eulerian field predictions (Kreitzberg et al., 1977). The major 
disadvantage of this approach is that the results are limited by the 
progressive degradation of the forecast beyond a few days. In addition, 
the forecasted large-scale winds, vertical motions, and mass fields are 
necessarily oversmoothed because of computational stability con­
straints of the numerical models. 

The chief advantage of this approach is that the transport model can 
make use of the wind and mass fields generated by the numerical 
model, with a major part of the computer storage remaining for 
parameterization and modeling of the chemical interactions and reac­
tions. Because the same transport winds are utilized for each simula­
tion, the role of the chemistry can be investigated by varying parame­
ters and chemical modeling techniques during each simulation. 

Another mode of operation for models of this type is to update the 
numerical forecast with actual synoptic data every 12 h. However, 
numerical weather-prediction models suffer from initialization shocks 
produced by imbalances between the initial momentum and mass 
fields. Hence, these models do not accurately simulate the atmosphere 
for the first few hours of the forecast periods and are less reliable 
during this initial period. 
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C. GENERAL CIRCULATION MODELS 

The third modeling possibility is to utilize winds as generated in the 
so-called general circulation models (Hunt and Manabe, 1968; 
Mahlman, 1973; Cunnold et a/., 1975). These models simulate self­
consistent circulations from the governing physical equations. GeM's 
are very useful for determining longer-term behavior of trace con­
stituents, provided that they are capable of properly simulating local 
meteorological structure and the longer-term statistical behavior of the 
atmosphere for the important space and time scales. A disadvantage of 
this approach is that such models are not developed for the express 
purpose of simulating particular weather situations. Instead, the mod­
els simulate their own sequence of weather events, starting from initial 
data having a climatology similar to that of the real atmosphere but 
having local weather patterns that are different. With regard to the 
pollutant transport problem, specific events cannot be predicted, but 
long-term patterns could be. 

In a comprehensive model incorporating trace-constituent behavior, 
the various physical, chemical, and transport processes rarely operate 
independently of one another. In spite of this, it is necessary that the 
description of each individual process or mechanism be as realistic as 
possible when viewed as a separate entity. This increases assurance 
that the system is working meaningfully when all component parts of 
the model are brought together. 

The most obvious requirement for accurate modeling of the effects of 
large-scale wind transport is that the advecting wind field be realistic in 
terms of its physical and statistical characteristics. This problem is 
especially difficult but has received major attention for the past 20 
years (Phillips, 1956; Smagorinsky, 1963; Manabe eta/., 1965; Mintz, 
1968; Kasahara and Washington, 1967; Miyakoda et a/., 1969; 
Holloway and Manabe, 1971; Manabe and Holloway, 1975). The paral­
lel increases in our fundamental understanding of physical processes 
and in the available computational power have led to more realistic 
atmospheric simulations. However, problems do remain for a large 
variety of reasons. 

For example, even if the large-scale wind field is accurately simu­
lated, it is still possible that large inaccuracies can occur in the 
simulated trace-constituent behavior. The most direct difficulty results 
from the imperfections of various numerical transporting algorithms 
due to truncation error (Crowley, 1968; Orszag, 1971; Mahlman and 
Sinclair, 1977.) 

An indirect, but related, difficulty can occur in GeM's even when 
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advection is allowed to dominate diffusive processes. As elements of a 
tracer become sheared and stretched by the advecting wind field, the 
tracer gradients become so large that the associated increase of trunca­
tion error leads to situations in which the calculated mixing ratio 
becomes negative. This normally requires a preventative response in 
the model, either a mass-conserving ''repair'' of the negative value 
(Mahlman, 1973) or a subgrid-scale transfer process, which acts to 
pre-empt the occurrence of the negative value. 

In any numerical model, the finite capabilities of the computer 
system require that the atmosphere be approximately represented by a 
finite resolution in space and time, necessitating that the transfer 
between the large-scale and the subgrid scale be parameterized in 
terms of the resolved large-scale structure. At present, there is no fully 
satisfactory, or universally accepted, way of accomplishing this be­
cause the separation between the resolved scales and the important 
unresolved scales is so large. Much of the difficulty arises because the 
parameterized subgrid scale transport must take a number of nearly 
unrelated processes into account, e.g., dry and moist cloud-scale 
convection, clear-air turbulence, mesoscale disturbances, orographic 
effects, nonlinear scale transfers in three-dimensions, stretching and 
shearing of tracer elements by large-scale winds into subgrid-scale 
dimensions, small-scale turbulence, and boundary-layer effects. 

An example of the type of parameterization that is required for 
vertical and horizontal mixing in general circulation models is de­
scribed by Smagorinsky et a/. (1965). In this model, the vertical 
diffusivity is assumed to exist only in the lowest few layers. Its value is 
taken as K2 = VloV/oz, where L is a mixing length prescribed to be 
27 m in the lowest layer of the model, decreasing to zero above a 
height of the order of I km. This formulation of diffusivity has been 
used both in the prediction equation for winds and temperature and for 
the tracer substance or pollutant. However, it does not take into 
account the enhanced vertical mixing that occurs in the presence of 
buoyantly driven turbulence when the vertical wind shear is at a 
minimum. 

Lateral mixing of a tracer, .p, on a scale smaller than the GCM grid 
length, ax, is assumed to be governed by eddy diffusion with a 
horizontal eddy diffusivity given by 

(3.7) 

_j 
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for the x component of the mixing, where D is the magnitude of the 
velocity deformation. 

Tracer removal, as simulated by numerical models, is almost always 
closely related to the processes mentioned previously. The most obvi­
ous of these are local tracer removal by large-scale and convective 
precipitation, chemical destruction, and dry removal at the surface. 
These processes must be parameterized specifically in terms of the 
resolved scale variables and the parameterized subgrid-scale structure. 

Any comprehensive calculation of tropospheric trace-constituent 
behavior must incorporate all the above-mentioned processes into the 
model framework. This demands that the processes not only be physi­
cally realistic when viewed individually but also computationally com­
patible with other components of the model. 

D. TWO-DIMENSIONAL TRANSPORT MODELS 

Two-dimensional transport models are most useful for predicting the 
large-scale, long-period distributions of trace constituents. To date, 
these models simulate the zonal-seasonal mean concentrations and 
depositions in a meridional-vertical plane. Transport by both mean 
and eddy motions is included in these models. Transport by mean 
meridional circulations is explicit; values of v and w are specified at 
each grid point. Transport by eddies is usually parameterized as the 
scalar product of a diffusion tensor and the gradient of the mean 
concentration or mean mixing ratio of the tracer. 

A diffusion tensor is required because it must simulate the diffusive 
effects of the complete spectrum of eddies and internal waves. The 
latter, particularly the largest-scale waves, dominate the diffusion, and 
their motions are definitely anisotropic. In the midtroposphere, their 
principal axis of diffusion is inclined upward toward the north at 
approximately half of the slope of the mean isentropic surfaces. In the 
lower stratosphere, their principal axis is inclined downward to the 
north at a slope that exceeds the slope of the mean isentropes. 

Models based only on diffusion have been developed by Reed and 
German (1965) and by Davidson et a/. (1966), but in general both the 
mean and turbulent transports must be included. As shown by Louis 
and Danielsen (1976), these two transports act to oppose each other; 
therefore, their residual controls the effective transport. 

The main advantages of a two-dimensional model are the elimination 
of the third spatial dimension and the extention of the time step. The 
tremendous reduction in computation time and in storage requirements 
enables one to include more detailed photochemical and chemical-
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physical processes. The major disadvantages are the present uncertain­
ties in the magnitudes and distributions of the mean velocities and the 
components of the diffusion tensor. Our inability to measure directly 
the vertical velocity of the air prevents an objective evaluation of both 
the mean and turbulent components. In general, some subjective 
assumptions must be used to derive the components, and, therefore, 
every model must be tuned by comparisons between the predicted and 
observed distributions of one or more tracers. 

To study the transport of continental trace gases and aerosols to the 
oceans, it would also be helpful to develop a mean longitude-height 
model by averaging over all latitudes and time. In such a model, the 
mean continents and oceans (in latitudinally averaged bands) could be 
simulated, and the longitudinal variation of transport to the oceans 
could be predicted. 

IV . DEVELOPMENTS IN PARAMETERIZATION OF 
BOUNDARY-LAYER DIFFUSION 

The success of any large-scale transport model will be critically depen­
dent on the success with which the boundary-layer processes are 
modeled. A mechanistic approach currently under development for use 
within a GCM involves the prediction of the boundary layer (BL) height, 
h, from a rate equation. Surface fluxes of heat and momentum support 
turbulence, which tends to drive h upward through the entrainment 
mechanism (e.g., see Tennekes, 1973; Carson, 1973; Deardorff, 1974); 
stable stratification along with large-scale subsidence and cloud­
induced subsidence all tend to drive h downward. A quasi-steady state 
usually obtains, with h being of the order of 500 mover the oceans and, 
over land, of order 100 m at night and 200 m to 3 km in the daytime. 
Within this BL, the pollutant could be treated as well mixed vertically, 
with value C1m. Its value may be predicted at each grid point of the 
model from Eq. (3 .1) upon setting the vertical mixing term to 

~ (w'C/)m = (w'C/),- (w'C/)0 /h, (3 .8) 

where the subscript m stands for a mixed-layer mean. The vertical flux 
( -w'C/)0 at the surface is taken as the deposition rate in the absence of 
pollutant sources, and the vertical flux (w'C/) 1 refers to the flux at a 
level just below z = h given by 

(3 .9) 
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where We is the entrainment rate (we= dh/dt- w,.), already utilized in 
predicting h. and C12 is the mean value ofC1 estimated (from inspection 
of C at higher levels within the model) to exist just above the top of the 
mixed layer. In the case of a polluted mixed layer rising into a clear air 
mass, C12 = 0. In the case of the stable BL, as at night over land, the 
entrainment flux (w'C1')1 may be neglected. 

The lifting condensation level (LCL) is also predicted in this parame­
terization, with BL clouds being of the stratocumulus variety when 
LCL < h, provided the top of the mixed layer is capped by a sufficiently 
strong inversion. If LCL >>h, no BL clouds appear at all, and for 
intermediate cases scattered cumulus clouds of fractional area a are 
predicted from an interpolation formula that is a function of LcLih. 
Cloud-induced subsidence is currently set proportional to a (I -a) but 
should later be made a function of the cloud-mass flux deduced from a 
subgrid-scale precipitation parameterization (Betts, 1973). A reason­
able cloud parameterization will also involve a mean-cloud-depth 
scale, which, when utilized with the cloud-mass flux, would permit a 
prediction of the vertical pollutant flux associated with cloud trans­
ports. Although deep clouds, which precipitate heavily, act as strong 
sinks for particles, their upward pollutant transport is still important 
because of the huge export of cloud mass (probably polluted) that can 
occur in cloud anvils. Cloud transports are of even greater importance 
for the nonreactive gaseous pollutants or tracers not subjected to 
precipitation scavenging. Also, cumuli of intermediate heights that do 
not reach the precipitation stage still serve as effective polluters of the 
cloud layer, while helping to dilute the subcloud or mixed layer. 

Although the development of this kind of boundary-layer parame­
terization is a time-consuming task, the additional effort needed to 
include the pollutant conservation equation is relatively minor for a 
nonreactive gas. 

A comprehensive boundary-layer parameterization for a diagnostic­
trajectory pollution transport model could also be developed, which 
would make use of observed precipitation regions and observed 
boundary-layer heights. 

V . INHERENT COMPLEXITIES IN 
POLLUTION-TRANSPORT MODELING 

Pollution-transport modeling is in its infancy for fundamental reasons. 
A reliable transport model must be developed and tested before the 
additional complexities of the gases and aerosols can be included. 
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These models have progressed from simple, one-level barotropic mod­
els, applicable at midtropospheric levels, to multilevel baroclinic 
models, applicable to the complete troposphere and most of the strato­
sphere. The effects of topography, solar heating, and the water-vapor 
cycle are now being included, but the latter is generally oversimplified 
by parameterizations. 

The water-vapor cycle is, of course, directly influenced by gases and 
aerosols, and vice versa. Many chemical reactions depend on the 
relative, or absolute, humidity. Also, the aerosols acting as condensa­
tion and freezing nuclei affect the precipitation type, intensity, and 
amount. The transport of even a nonreactive pollutant species, there­
fore , requires a rather comprehensive meteorological model, which 
includes the eft'ect~xplicit or parameterized-of the water-vapor 
cycle. 

For these reasons, it can be stated that it is highly unlikely that a 
comprehensive model, capable of predicting the transport of reactive 
gases and aerosols, will be available in the near future . In order to 
determine the most significant reactions and to develop simpler param­
eters to be used in the transport models, it will be necessary to create 
detailed microphysical, photochemical, and cloud models; to develop 
new sensors (remote and in situ); and to carry out extensive laboratory 
and field experiments. 

Listed below are specific subject areas requiring further research; 
these are grouped according to substance and process. 

Gases 

Homogeneous reactions 

(a) Source strengths of primary pollutants (spatial-temporal distribu-
tion) 

(b) Concentrations of transient species 
(c) Ultraviolet light intensity 
(d) Absolute humidity measurements for complete range of atmo­

spheric temperatures 
(e) Reaction rates over a range of pressures, temperature, and con­

centrations 

Heterogeneous reactions 

(f) Surface reaction rates for a variety of particles 
(g) Solubility of gases in solution particles 
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Particles 

(a) Source strengths for combustion processes and for the wind gene­
ration of particles from soils and the sea 

(b) Vertical, areal, and temporal statistics on the concentration, size 
distribution, and chemical composition of primary and secondary 
aerosols 

Removal Processes 

(a) Nucleating ability of aerosols (condensation and freezing) 
(b) Collision and collection efficiencies (aerosol-hydrometeor, 

aerosol-aerosol) 
(c) Dry deposition rates of gases and aerosols 
(d) Solubility of gases in ocean 

In addition to these requirements, more measurements are needed to 
determine the subgrid-scale diffusion appropriate to any given model 
and the significant feedbacks from gases and particles (primarily 
through interactions with water vapor and radiation) to the ther­
modynamics and dynamics of the model. 

VI. SUMMARY: MODEL APPLICATION AND 
VALIDATION 

Because of the numerous uncertainties listed above, pollution­
transport models will require validation. At present, a variety of 
transport models are available that might be applicable for the trans­
port of specific pollutants from continents to ocean; but none of these 
is a comprehensive, pollution-transport model. The range of applicabil­
ity and the limitations of these models are summarized in Table 3.1 . 

The diagnostic models can be used to trace the three-dimensional 
trajectory of the center of mass and the large-scale dispersion of a 
pollutant, either forward in time from a source to a receptor site (a 
sensor or a deposition area) or backward in time from a receptor site to 
a source. Validation is usually based on observations made aboard 
aircraft carrying instruments that can measure a pollutant species 
continuously and at low concentrations. In the past, radioactive parti­
cles from stratospheric nuclear tests and ozone from the lower strato­
sphere have been used successfully as tracers to validate isentropic 
trajectory models. The large-scale deformations often concentrate the 
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TABLE 3.1 Summary of Transport Models 

Independent Time Scale of 
Type Variables Transport by Applicability Sampling 

Diagnostic x,y,tl.,.t Observed u,v winds Trace transport from Continuous high-res~ 
methods at constant B. explicit source for lution sampling 

periods of a few days preferred. If inte-
or determine source grated samples are 
for an explicit poilu- unavoidable, integra-
tion event tion time should be 

<lh 

Predictive x,y,r. ,t Predicted u , v, w, or Predict transport for a Sampling integration 
models or u,v,CII components few days to a week time <6 h 

u,y,p,t and subgrid-scale dif-

~ fusion fields periodi-
catty adjusted by 
observed data 

General x,y,r.,t Predicted u ,v,w or Predicted statistically Sampling integration 
circulation or u,v,CII components representative g~ times of a few days 
models x,y,p,t and subgrid-scale graphical distribu- to a week are 

diffusion tions for a season or a acceptable 
year 

Tw~dimensional tl,r. ; r Specified V. w mean Predict meridional dis- Sampling integration 
models or winds and parameter- tribution of zonal- times of the order of 

A,t.,T ized eddy diffusion seasonal means for months or seasons 
or specified U. w several years 
mean winds, etc. Predict longitudinal dis- Sampling integration 

tribution of meridi- times of the order of 
onal-seasonal months or seasons 
means, etc. 
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tracer into thin laminae; consequently, continuous (rather than inte­
grated discrete) measurements are preferred for validation. If the 
sampling integration time exceeds a few hours, then the data cannot be 
used to validate the diagnostic model. 

The numerical weather-prediction model is best suited for predicting 
pollution transport for periods of the order of days where high temporal 
resolution is not required. The combined effects of phase errors in the 
predicted wind fields and truncation errors, which tend to underpredict 
the transport speeds in the jets, cause phase errors in the predicted 
transport. The grid distance of about 350 km also imposes an effective 
5-10 h filter on the predictions; consequently, pollutant or tracer 
measurements can be integrated over periods up to about 6 h. Of 
course, if the grid distance is reduced, the equivalent averaging time 
should also be reduced. 

The general circulation models are most appropriately applied to 
long-term averages, weekly or monthly means. Although the resolution 
is comparable with that of the weather-prediction models, the GCM is 
not initiated, or periodically forced, by observed data. Therefore, the 
storms predicted by the GCM will resemble actual storms, but it is 
purely coincidental if they are in the right place at the right time. These 
models should be useful for predicting the global tropospheric distribu­
tions of those pollutants that have continuous sources on continents 
and for predicting the mean fluxes to the ocean surface. 

The two-dimensional mean models are obviously suited to long­
range predictions and long-term averages. One advantage of these 
models is the small amount of computer time required for the 
dynamics. Consequently, time is available to include more detailed 
photochemical and microphysical computations. Models of this type 
are now being used to test and reduce the complex set of chemical 
reactions to a dominant subset that is appropriate for the chemically 
active stratosphere and the lower troposphere. 

VII. CONCLUSIONS AND RECOMMENDATIONS 

Transport modeling is now developing at an accelerating rate so that 
validating experiments are becoming both possible and necessary. 
Based on an assessment of current capabilities, the panel recommends 
the following: 

I. An experiment should be performed in some coastal urban region 
to measure the direct transport within the boundary layer to the ocean. 
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Here, the problem is reduced to one of quasi-two-dimensional trans­
port. Aircraft would be required to measure the meteorological param­
eters and the vertical and areal concentration fields of aerosols and 
gases both inside the boundary layer and for a short distance above it. 
Ships would be required to measure concentrations in surface level air 
and also to measure the flux across the air-sea interface. A coastal 
transport study has a number of advantages over one carried out over 
the continent-the topography is uniformly flat, and there are no 
downwind sources to complicate the input-term computations. On the 
basis of meteorological considerations and the distribution of major 
sources, the most logical site for such an experiment would be in the 
region off the northeast coast of the United States. 

2. Programs should be developed to utilize certain materials that 
are currently being emitted into the atmosphere as tracers for large­
scale transport model validation. Natural and anthropogenic processes 
generate a number of substances that could be useful as tracers. 
Examples are the fluorocarbons (see Chapter 6), carbon monoxide and 
carbon dioxide (see Chapter 8), and 222Rn (see Chapter 9). These 
materials are gaseous and relatively inert, and they are emitted exclu­
sively, or primarily, from the continents. Radon-222 is entirely natural 
in origin, while the fluorocarbons are entirely anthropogenic; the 
oxides of carbon are derived from both sources. There are a number of 
programs concerned with the study of these and other materials in the 
environment. The data output from such programs potentially could be 
useful for validating transport models. However, in many programs, 
including most of the routine monitoring programs, the frequency of 
sampling and the duration of individual sampling periods is such as to 
preclude the use of the resulting data for model-validation purposes. 
Consideration should be given to the feasibility of modifying these 
programs so that the data could be used for model testing. One 
approach may be to establish specific time periods, worldwide, when 
programs could switch to a suitable data-gathering mode. 

3. The modeling of the transport of chemically reactive materials 
will require detailed knowledge of the concentration and distribution of 
the dominant chemical species in the atmosphere and of the controlling 
chemical reactions and physical-chemical processes. This can only be 
done by simultaneously measuring aerosols and a wide variety of gases 
in the atmosphere both within, and above, the marine boundary layer 
using highly instrumented aircraft. Such experiments will require the 
knowledge, technical capabilities, and close cooperation of scientists 
from universities, government laboratories, and research centers. Ex­
periments of this nature are feasible, and some are presently being 
planned. Such cooperative efforts must be strongly encouraged. 
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4. Many large-scale, international meteorological programs are cur­
rently being planned, and some, such as the First GARP Global Experi­
ment, are close to execution. In many cases, these experiments will 
take place in regions where there is a dearth of data on the concentra­
tions of important chemical species in the atmosphere and in the 
oceans. Chemists should be encouraged to participate in these meteo­
rological field experiments. 

5. Within five to ten years, it should be possible to conduct a major 
experiment to test modeling concepts of long-range transport from the 
continents to the ocean. This type of transport, being three­
dimensional and involving, among other processes, cloud formation 
and subsequent hydrometeor removal of aerosols and soluble gases, 
will be most difficult to monitor. A multiaircraft experiment will be 
essential, and a comprehensive array of surface monitors (ships and 
instrumented buoys) wiU also be required. The positions of the ships 
and the flight schedules and paths must be determined in advance with 
suitable lead times; this will require a good capability for fast and 
accurate predictions of the development, growth, and movement of 
specific meteorological phenomena such as a storm or a front. An 
experiment of this type should be international in scope, involving 
chemists, particle and cloud physicists, meteorologists, and oceanog­
raphers. To plan such an experiment now may be premature, but the 
time is right to discuss its possibility and to engender interest. 

APPENDIX 3.A SYMBOLS 

p, pressure 
p, air density 
T, temperature 
T ,, virtual temperature 
8,, potential virtual temperature 
x,, water-vapor-to-air mixing ratio 
r, position vector 
u,v,w, velocity vector components 
V, gradient (del) operator 
V, horizontal wind speed 
V 11 , geostrophic wind speed 
y, wind direction 
ca., dp/dt, vertical "velocity" in pressure coordinate system 
K ,, curvature of constant 8 trajectory 
K ,., curvature of constant p trajectory 
Kz, vertical eddy diffusivity 
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K 0 , reaction rates between species i and j 
C~t concentration of species i 
C, constant 
g, acceleration due to gravity 
(),space-time mean 
( )', ( ) - (~. deviation from mean 
uy 1z, standard deviation in y, z direction 
L, mixing length 
R,, radon 
T rh radioactive half-life of species i 
)(,1/1, mixing ratio of a tracer 
BL, boundary layer 
h, height of boundary layer 
W,., boundary-layer entrainment rate 
LCL, lifting condensation level 
D, magnitude of velocity deformation 
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4 Wet and Dry 
Removal Processes 

I. INTRODUCTION 

The transport of atmospheric trace constituents through the air-sea 
interface is the subject of this chapter. The governing transport pro­
cesses are generally referred to as precipitation scavenging, dry deposi­
tion, and resuspension. The objectives of this report are to review 
some of the known aspects of these processes, identify unknowns, and 
suggest topics for future research. Although other removal mecha­
nisms are important for some atmospheric trace constituents, e.g., 
chemical transformations of reactive gases, the scope of the chapter is 
purposefully restricted to focus on the wet and dry removal processes, 
especially those aspects relevant to describing air-pollution fluxes to 
the ocean. A summary of research topics recommended for considera­
tion is presented in the final section of the chapter. 

II . CONTINUITY EQUATIONS AND 
PARAMETERIZATIONS 

A framework for the entire presentation is provided by coupled con­
tinuity equations that describe the instantaneous concentrations of the 

Members of the Working Group on Wet and Dry Removal Processes were W. G. N. 
Slinn, choirman; L. Hasse, B. B. Hicks, A. W. Hogan, D. Lal, P. S. Liss, K. 0 . 
Munnich, G. A. Sehmel, and 0 . Vittori. 
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trace constituent in air, x. and in the ocean, C. In generally standard 
notation (also see Appendix to this chapter) these convective-diffusion 
equations are 

oc 7it + v1 • VC = - V · ( -D1VC + Cd,) + G1(C)- L1(C). (4.2) 

In Eqs. (4. 1) and (4.2) the subscripts g and I refer to conditions in the 
gas phase (i .e., in the atmosphere) and in the liquid phase (ocean), 
respectively; the v's are instantaneous (molecular averaged) velocities 
of the two fluids (assumed incompressible); D's are molecular or 
Brownian diffusivities; d's describe any drift velocities relative to the 
fluid velocities that the trace constituent might possess (e.g., caused by 
gravity or diffusiophoresis); and G and L are gain and loss rates per unit 
volume caused by such processes as radioactive production and decay, 
chemical conversion, particle coagulation, and precipitation scaveng­
ing. To complete the specification of the problem, in addition to the 
governing Eqs. (4.1) and (4.2), coupling boundary conditions at 
the air-sea interface must be specified. One inviolable condition is 
equality of normal components of the fluxes in the two media. The 
required second interfacial boundary condition depends on characteris­
tics of the trace constituent; examples will be given in a subsequent 
paragraph. 

The continuity equations and coupling boundary conditions describe 
the entire problem of interest here, but this formalism exceeds present 
analysis capabilities. Consequently, the objective of efforts in this field 
of study is to develop approximations, or parameterizations, for terms 
in these equations and for the boundary conditions in forms suitable for 
application at space and time scales of interest. In tum, a major 
difficulty in this endeavor arises from the plethora of space and time 
scales contained in the equations; for example, Figure 4.1 qualitatively 
illustrates some of the vertical space scales and associated time scales 
contained in the equations. In this introductory section the essentials of 
this parameterization will be illustrated by averaging Eqs. (4.1) and 
(4.2) over progressively larger scales. 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


Wet and Dry Removal Processes 55 

v£RTIUl SPACE ''REMOVAl ' 'PROCESS T:~~c:g ttAif 

STRATDSPII£RE 
ar z TURIUUNT DIFFUSION aD7 -al 

TROPOPAUSE all TROPOPAUSE fOlDING ul 
UPfER TROPOSPHERE 

.~ lkm TURBUlENT DIFFUSION AND PRECIPITATION EVENTS ar-ul rr-· at 
CHEMICAl TRANSFORMATIONS ~:~~ IOII'IDARY lAYER 
MIXING IN BOUNDARY lAYER r CONSTANT FlUX .~ ATTACHMENT Of REACTiv£ GASES AND .~ -111 lAYER RADIONUCU DES TO PARTIClfS GRAVITY 

uP .~ .. ~ WAVES lm WAVE MIXING 

aD·I TRANSPORT ACROSS AIR'S VISCOUS SUBlAY£11, 

ID-2 
PARTIClf RADIUS l~ml 

aD·3 CAPillARY ICIO 100 
WAVES ID i' VISCOUS ao3 lmm I 
SUBlAYER IU 
S£A 1D .. 0.01 

~ 
SPRAY 0.001 ~D-1 -aD0 SEA· 105 GASES Ill SALT 

~ NUCL£1 10-6 .... 
~ SURFACE { .. FILMS GAS REACTIONS Of INTEREST IN VISCOUS SU8lAY£R ao3 -a~ ~ 

ID-6 .... 
ao·S TRANSPORT ACROSS !HE SEA'S VISCOUS SUBlAY£R, 

10 .. 
PARTIClf RADIUS l~ml 

~~1 100 
VISCOUS 

ao3 
10 SUBlAYER ..... I 

CAPillARY 
102 

0.1 
WAv£S I em 0.01 :~ .. ~ ao1 

0.001 L GRAVITY 
GASES 

WAVES uP ... WAVE AND TURBULENT MIXING AIOV£ ~~ -u/' 
EKMNIOR lHERMDCUNE 
IOII'IDARY lAYER .~ 
lHERMDCUNE 

It 

.~ 
SETTliNG AND DIFFUSION Of MICRON·SIZE 

1~o_ 10a• lkm PARTIClfS AND GASES TO OCEAN flOOR 
DE£POCENI 

all OCENI FlOOR 

FIGURE 4.1 An indication of the range of vertical space scales that are contained in 
Eqs. (4.1) and (4.2) and the estimates for the corresponding time scales for pollutant 
transfer. 

A. MICROSCALE PARAMETERIZATION 

As a first step, Eqs. (4.1) and (4.2) are averaged over what can be 
qualitatively described as microscale processes. These include not only 
the molecular-induced motions of the trace constituent but also the 
motions induced by high-frequency (-=::1 cycle per minute) turbulence. 
Let averages over these microscale processes be identified by tildes, 
e.g., X· Then Eqs. (4.1) and (4.2) become 

05( """ """ - -- - """ at + v., · Vx = - V · (F., + d.,x) + G., - L.,, (4.3) 
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where the microscale average flux caused by turbulent (as weD as 
molecular) fluctuations is 

... ,.._ ,.._ 
-F.,= -v.,'x.' -d.,'x.' + D.,VX,, (4.5) 

in which the prime (') symbolizes the portion of the variable that 
fluctuates on the microscale but whose microscale average is zero; the 
correlation between drift and concentration fluctuations, ex·' is 
retained for possible application to the case of sufficiently massive 
aerosol particles that do not exactly follow the fluid's turbulent fluctua­
tions; and, again, D is the molecular or Brownian diffusivity of the 
species. In analogy with this molecular diffusion term, a common 
parameterization of the turbulent flux is 

,.._ ... 
-v.,'x.' = K · vx. (4.6) 

where K is known as the (second-order tensor) turbulent or eddy 
diffusivity. Much has been written about the range of validity of this 
parameterization (e.g., see Corrsin, 1974); its use near the air-sea 
interface will be discussed in a later section. 

Associated with these microscale-averaged continuity equations are 
parameterized boundary conditions. The condition for equality of 
normal components of fluxes at the interface (z = z1) becomes 

(4.7) 

A major thrust of this review will be to discuss methods used to 
parameterize the required second boundary condition; for now, we 
display in Table 4.1 some of the many parameterizations available, 
each of which will be discussed later. In general, the major unsolved 
problems in this area of research are to interpret these parame­
terizations in terms of underlying microscale physical and chemical 
processes that dictate transfer across the interface. 
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B. ATMOSPHERIC RESIDENCE TIMES 

To describe the flux of atmospheric trace constituents through the 
air-sea interface, it is usually an essential first step, as illustrated in the 
previous subsection, to average over, and to parameterize, the mien~ 
scale processes. However, this is only the first step, and the importance 
and the required accuracy of the parameterizations can be seen only by 
illustrating how they can be applied and by noting what other approxi­
mations are introduced in the course of their application. In turn, this 
depends on the time and space scales of interest. For example, the 
microscale parameterizations could be used directly in detailed atmo­
spheric models to determine the outcome of a specific tracer release or 
to assist in the design and execution of field experiments to measure 
wet or dry removal or to test their parameterizations. In contrast, for 
the predictions of long-term average pollutant fluxes to the oceans, it is 
expected that coarse models of large-scale meteorological processes 
will continue to be profitably applied, and it is therefore useful to see 
how the microscale parameterizations are used in such schemes. 

One of the coarse models for large-scale meteorological processes 
utilizes the concept of atmospheric residence time. To introduce this 
concept qualitatively, consider the fate of a stable tracer released to the 
atmosphere and integrate Eq. (4.3) over the volume V occupied by the 
tracer at time t. If the total amount of tracer still present in the 
atmosphere is q, then Eq. (4.3) can be used to define an atmospheric 
residence time, T, according to 

T-• =-.!. ~q =~f. [v · (F + cix) + L) dV, (4.8) 
q vt q V 

where the gain term has been ignored, V is large enough so that there is 
no flux of the tracer through the volume's surface carried by the mean 
wind, and the subscript g (for gas phase) on the flux and loss terms has 
been dropped for convenience. That the first equality in Eq. (4.8) 
defines a residence time can be seen qualitatively by considering the 
scenario illustrated in Figure 4.2. In Figure 4.2(a) between 10 and 11 it is 
assumed that only dry deposition depleted the tracer; between 11 and 12 , 

wet deposition occurred; etc. Given these "data .. for q in Figure 4.2(a), 
the first equality in Eq. (4.8) can be used to evaluate the (time­
dependent) residence timeT shown in Figure 4.2(b). A histogram that 
shows the distribution of the different residence times of Figure 4.2(b) 
is shown in Figure 4.2(c). In turn, it can be imagined that if this type of 
experiment were repeated a large enough number of times, then a 
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VI 
00 

TABLE 4.1 Optional Ways to Specify the Second Interfacial Boundary Condition for Equations (4.3) and (4.4) 
for Dry Flux Past the Interface 

Boundary Conditionsu 

A. Relate Concentrations 

I. ForGases 
(i) x. =HC, 
.(ii) x. = o 

2. For Particles 
<i> X't =J~, 
<ii> x. = o 

Remarks6 

H = Henry•s law constant 

Petfect sink (this condition decouples the equations) 

J = concentration jump• (related to the resuspension factor) 

Petfect sink (see comment for similar case for gases) 
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VI 
'D 

B. Specify the Common Flux 

I. For Gases (d, = 0) 

[i.e., <F.+ d'.X>I.=.,] 

<i> - F, = *• <xb - x.> 

<H> - F.= k, <C,- cb> 
<m> - F. = k, <xb- ncb> 

2. For Particles 
<i> - <F. + d.v., = v i·x, 
<ii> - <F. + J.X>.,.A = v i·h~b 

(iii) - <F.+ d.v., = VdXt- v,C, 

•subscripts: i, interface; b. bulk concentration, measured at a convenient reference heiaJtt, h. 
•References: 

'Siinn (19768). 
'Liss and Slater (1974). 
'Calder (1961). 
'Chamberlain (1960). 

Positive flux is taken to be in the positive z direction 

k. = gas-phase transfer velocity• 

k1 = liquid-phase transfer velocity 

k,- 1 = k. -t + Hk,- 1, total transfer velocity 

vdc =Calder's deposition velocitY' 

vdch =Chamberlain's deposition velocity4 

v, = resuspension velocity1 
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FIGURE 4.2 A schematic development (see text) of the probabil­
ity density function fir) for the residence time, T. 
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density function for the residence time could be obtained, as shown in 
Figure 4.2(d). Finally, an (ensemble) average residence time for this 
type of tracer release could be defined as 

T = {"'if(T)dT; 
0 

(4.9) 

however, this does not permit one to assess the effects of wet and dry 
removal processes separately on the residence time (and, possibly, the 
effects of other removal processes for other than nonreactive tracers). 

What is desired now is to demonstrate the relationship between the 
atmospheric residence time and parameterizations for wet and dry 
removal processes in order that other needed parameterizations can be 
displayed. Toward this goal, we first average Eq. (4.8) over many 
tracer releases or over a suitably long time during the continuous 
release of a single tracer. Thus we ignore any distinction between 
ensemble and time averaging, although this point deserves further 
thought and discussion. The long-term average of large-scale 
meteorological processes will be denoted by an overbar, e.g., X· Next, 
with use of the divergence theorem, the volume integral of the di­
vergence of the dry flux is written as a surface integral of the flux. In 
the case of aerosol particle removal, the dry flux can be parameterized 
as in Table 4.1, e.g., as VdXb• where Xb is the pollutant's average bulk air 
concentration at a convenient reference height (e.g., I or 10m) and vd 
is a dry deposition velocity. Also for aerosol particles, the loss rate per 
unit volume by precipitation scavenging can be written as L =~iii. 
where Iii is an average precipitation scavenging rate coefficient. With 
these parameterizations the average of Eq. (4.8) yields 

(4.10) 

where Tw -• = Iii and 'Td -• = v d/lid in which lid is a parameterization of the 
pollutant's long-term average vertical distribution 

hd = Xb-•[oox dz . 
0 

(4.11) 

For example, if lid= 3 km and vd = 0.3 em sec-•, then T"d = 10 days; 
for a monthly average rainfall rate of 10 em month-1 and reasonable 
values for other terms in 'iji, it will be seen that for particles Tw is also of 
the order of 10 days. 

Although this presentation is sketchy, it is hoped that the major point 
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62 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

can be seen. It is that, toward the goal of predicting air-pollution fluxes 
to the oceans, obtaining microscale parameterizations of the removal 
processes is only the first step. Details of additional steps depend on 
the space and time scales of interest. For example, in the above 
discussion of atmospheric residence times, it is seen that while it is 
important to obtain accurate parameterizations of the dry deposition 
velocity, it is just as important to have accurate knowledge about 
average meteorological conditions such as those parameterized by lid. 
Similarly, it is necessary to know some average properties about 
precipitation. Although these needs are significant and will be dis­
cussed in somewhat greater detail in later sections, there is a tendency 
in this chapter to emphasize the microscale parameterizations; in 
contrast, Chapter 3 emphasized some of the needed parameterizations 
for large-scale meteorological processes. 

C. GLOBAL-SCALE PARAMETERIZATIONS AND RESERVOIRS 

Still coarser parameterizations are valuable, e.g., to estimate the global 
fate of pollutants released from sources in the 30-60° N latitude zone. 
Suitable parameterizations of the removal processes can be obtained 
by averaging Eq. (4.3) over reservoirs of desired size. Toward this end, 
let Q1 be the total amount of the trace constituent of interest in 
reservoir i and F1 be the net outflow through the reservoir's surface. 
Further, if this net outflow is divided into an outflow, 0., and an inflow, 
I., then clearly an average of Eq. (4.3) over reservoir i leads to 

(4.12) 

where P1 and D1 are the total production and destruction, respectively, 
of Q1 in reservoir i. At steady-state conditions, Eq. (4.12) yields the 
transparent result 

(4. 13) 

and at these conditions a similarly transparent reservoir residence time 
can be defined as 

Qi Qi 
71 = P1 + 11 - D1 + oi · (4. 14) 
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Table 4.2 illustrates Eq. (4.14) for the case of precipitable water, 
although it should be emphasized that these results may be inaccurate 
because steady-state conditions rarely prevail and because both the 
mixing between latitude belts and the "dry (gaseous) deposition" of 
water vapor have been ignored. 

Reservoir residence times can also be defined for unsteady condi­
tions for the important special case for which the exchange and 
destruction processes are first order in Q1• Then Eq. (4.12) becomes 

(4.15) 

where lu and lu are inflow and outflow (or leaving) exchange rates; Af 
are decay rates, and the prime on the summation sign symbolizes no 
sum on i. If P 1 is independent of Q~o then the solution to Eq. (4.15) is 
that the steady-state concentration, 

(4.16) 

is approached exponentially with an e-fold (residence, reservoir, or 
turnover) time constant 

(4.17) 

It is noted that for steady-state conditions the two residence times, 
Eqs. (4.14) and (4.17), are equivalent. 

A simple example using this formalism will illustrate where further 
research could improve this macroscale parameterization. Consider 
the box model of the troposphere shown in Figure 4.3. The values for 
the reciprocals of the exchange rates shown in Figure 4.3 were chosen 
only for illustrative purposes, although they were guided by the model 
of Lal and Rama (1966). That the exchange rates for transfer in 
opposite directions between some adjacent reservoirs differ by an 
order of magnitude reflects the approximate, order-of-magnitude dif­
ferences in air masses of the reservoirs. (Note that net transfer between 
reservoirs terminates when the mixing ratios, not the Q's, are equal.) If 
these exchange rates are used in Eqs. (4.16) and (4.17), then the results 
of the calculation for the case that A1 = 0 and the only source, P~o is in 
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TABLE4.2 Average Residence Time of Water Vapor in the Atmosphere as a Function of Latitudea 

Latitude Range (degrees) 

0-10 10-20 20-30 30--40 40-50 

Average precipitable 
water (g/cm2) 4.1 3.5 2.7 2.1 1.6 

Average precipitation 
(g/cm2 year) 186 114 82 89 91 

Residence time 
(days) 8.1 11.2 12.0 8.7 6.4 

•Reprinted with permission from C. E. Junae (1963). Air Ch~mistry and Radioactivity. Academic Press. New York, p. 10. 
•values extrapolated. 

SO-{)() 60-70 70-80 

1.3 1.0 0.7• 

77 42 19 

6.2 8.7 (13.4) 

80-90 

0.45' 

II 

(15.0) 
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FIGURE 4.3 A schematic of the reservoirs chosen to illustrate Eqs. (4.16) and (4.17). 
The volumes of the reservoirs in each hemisphere are assumed to differ by an order of 
magnitude, and this explains why the reciprocals of some exchange rates also differ by an 
order of magnitude. 

the 30-60" N reservoir, are as shown in Table 4.3 and Figure 4.4. The 
fallouts from the reservoirs were calculated from 

(Fallout)! = luQI, (4.18) 

in which, for Table 4.3, /11 is the removal rate from the ith reservoir 
found by averaging over appropriate latitude zones of Table 4.2. In 
Figure 4.4 two cases are shown: for one, the /11 of Table 4.2 were 
used; for the other, the removal rates were assumed to be a factor of 10 
slower than for water vapor. This example illustrates the importance 
not only of accurate parameterizations of the removal processes but 
also of accurate parameterization of the exchange rates between reser­
voirs. Some appropriate research topics will be suggested for con­
sideration in a later section. 

D. SUMMARY AND COMMENTS 

In summary, the objective of these introductory remarks was to display 
the unifying features of the continuity equations (4.1) and (4.2), the 
types of parameterizations needed, and the interrelations among pro­
gressively coarser descriptions of the behavior of atmospheric trace 
constituents. It is re-emphasized that parameterizations are needed not 
only for the removal mechanisms themselves but, depending on the 
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TABLE 4.3 Model Results for Fallout Rates as Given in Table 4.2 
and Exchange Rates as Shown in Figure 4.3 

Latitude 

Reservoir ~s 60-300 s 30-0" s 0-300 N 3~N 60-90" N 

/ 11 (days) 12 7 10 10 7 12 
T1 (days) 6.7 5.2 9.1 9.1 5.2 6.7 
P1 (units/day) 0 0 0 0 I 0 
Q, (units) 9.4 X J0-5 2.1 X J0-3 1.0 X JO-I 2.0 X 100 5.4 X 100 2.4 x w-~ 
[Fallout], 7.9 X J0-<1 3.0 X JO-• I.Ox 10-s 2.0 X JO-I 7.7 X JO-I 2.0 X JO-I 

(units/day) 

space and time scales of interest, also for (1) the correlations between 
velocity and concentration fluctuations, .;;;.•; (2) the turbulent (or 
eddy) diffusivity, K; (3) the effective height Tad and average removal 
rate ijj; or (4) interreservoir exchange rates. In this chapter the empha­
sis will be on parameterizing microscale aspects of the wet and dry 
removal processes. 

Incidentally, we cannot side with the critics who view reservoir 
models as outmoded and oversimplified; we are certain that these 
models and the concept of reservoir residence times will continue to 
play an essential role in developing useful predictions of material fluxes 
to the oceans. It is noted from Eq. (4.10), (4.14), and (4.17) that 
residence times are essentially the inverses of the removal rates, and 
partitioning the atmosphere (and other geospheres) into various reser­
voirs essentially amounts to obtaining the frrst few terms in a spatial 
Fourier analysis of the removal rates. It is true that, in the limit of 
infinitely many reservoirs, this partitioning will return the analysis to 
the continuum formulation from which it originated, but it is also 
apparent that rarely would this much detail be desired. An exception, 
perhaps, would be the case for which it is desired to describe the fate of 
a specific pollutant or tracer release. In contrast, residence-time con­
cepts can provide simple, convenient, and frrst-order estimates for 
time-averaged fluxes to the ocean. 

With this said, however, we now tum to our primary task of 
discussing microscale parameterizations for wet and dry removal pro­
cesses. The importance of this task is illustrated in Figure 4.4, where it 
is seen that, if the removal rates for a pollutant injected into the 
30-6()0 N reservoir are reduced by an order of magnitude, then the 
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FIGURE 4.4 The solutions to the set of Eqs. (4. 16) and (4.17) for 
the steady-state concentration of pollutant in each reservoir for the 
case of a unit source in the reservoir 30-60" N. The solid curve is for 
the removal and transfer rates shown in Figure 4.3; the dashed curve 
is for the fallout rates one tenth of the rates shown in Figure 4.3; the 
dotted curve is an indication of the mean tropopause [for January­
August 1959, see Junge (1963), p. 246]. With the latitude and altitude 
scales shown, the same area under the tropopause curve represents 
the same mass fraction of the atmosphere, and, therefore, this plot 
supports the approximation made in formulating the problem that 
the air masses in the three reservoirs differ by about an order of 
magnitude. 

67 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


68 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

pollutant's concentration in, for example, the south polar zone is 
increased by about three orders of magnitude. In the next section, the 
emphasis is on precipitation scavenging; following that will be a 
description of parameterizations for dry deposition; finally there is a 
survey section on current and suggested future research. 

III. PRECIPITATION SCAVENGING 

The term precipitation scavenging is used here to describe atmospheric 
trace constituent removal from the atmosphere by various types of 
precipitation. The term precipitation refers to those hydrometeors 
(raindrops, snowflakes, etc.) whose gravitation terminal velocity, v,. 
exceeds local updraft speeds by about 10 em sec-•. Thus, the incorpo­
ration of air pollutants into cloud droplets (v 1 = I em sec-•) will not be 
described as precipitation scavenging, since this stage does not ensure 
the pollutant's removal from the atmosphere. Indeed, even the capture 
and subsequent transport of materials by precipitation may not lead to 
their removal if the hydrometeors evaporate en route to the earth's 
surface; in this case, the process is just one of many ways that 
substances can be redistributed in the atmosphere. In this section, 
some theoretical considerations will be introduced and then used to 
interpret some especially useful data; in a later section, some precipita­
tion scavenging research topics will be suggested. 

A. WET REMOVAL TIME SCALE 

In the previous section, an average wet removal time scale, a contri­
bution to the residence time for particles, was given in Eq. (4.10) as 
T10 = ijj-•, where iji is an average precipitation-scavenging rate coeffi­
cient. The main thrust of this section will be to present parame­
terizations for the removal rate, t/J; but before doing this it may be 
informative to see an alternative derivation of the wet removal time 
scale. This can be seen by envisaging the fate of a specific, stable tracer 
released to the atmosphere. If dry deposition is ignored, then the total 
amount of tracer remaining in the atmosphere at any time t might be as 
shown in Figure 4.5, curve (a). Thus, after a number of days (say, ;;-• 
days on the average) the tracer is presumed to interact with a pre­
cipitating storm system and a fraction E1 of the tracer (say, E on the 
average) is removed by the storm, leaving the fraction (I - E1) still 
airborne. Continuing in this manner we see that, after n storms, the 
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FIGURE 4.S A schematic development (see text) of a continuum description for 
precipitation scavenging. 

fraction of the tracer still airborne is 

The corresponding deposition pattern is shown as curve (d) in Figure 
4.5. It can be envisaged that if this type of experiment were repeated a 
large enough number of times, then the average curves (b) and (c) in 
Figure 4.5 would be obtained. 

Analytically, the average concentration can be found from the ap­
proximation 

q(l) _ n ( EVI) n - n ( 1 - Ej) = 1 - -n ::.: exp ( - EPI) 
q(o) 1-o 

(4.19) 

or from assuming that precipitation scavenging is a Poisson process 
and using known properties of Poisson processes or from integrating 
the analytical statement that during At the average amount removed is 
-tlq = ('VAI)iq. Similarly, the average amount of tracer deposited dur­
ing At is 'EvqAt, and therefore the rate of wet deposition is 

EPq = EPq0 exp (- EVi). (4.20) 
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70 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

Equations (4.19) and (4.20) describe the average curves (b) and (c) of 
Figure 4.5 and display a second formulation for the characteristic wet 
removal time scale 

(4.21) 

Although this simple analysis is informative, there are a number of 
impediments to using it for quantitative descriptions of precipitation 
scavenging. For example, it has been implicitly assumed that the 
fraction of the material removed by an individual storm, e, is indepen­
dent of the amount of material present. For most material this would be 
true, but cases for which it might fail include the following: if there are 
too many particles present that act as cloud-droplet or ice-crystal 
nuclei then their presence could influence the precipitation rate; for 
some gases, cloud droplets can become saturated with the gas and then 
only a certain amount, not a specific fraction, of the gas will be 
removed. 

Of more significance, however, is the present lack of knowledge 
about E and ii. To separate the problem into its microscale and 
larger-scale portions, consider the case of aerosol particles, which, for 
reasons described later, are typically more efficiently removed from 
within rather than from below clouds. Then let the average fraction of 
the aerosol particles removed by a storm be written as E = E1Ecw• where 
E"1 is the average fraction of the particles incorporated into the cloud 
water and Ecw is the average efficiency with which cloud water is 
removed by a storm. Then the meteorological problems are to obtain 
Ecw and the average time, j;-l, between encounters with precipitation 
storms. These parameters are not known at all well, even over land. 
For example, clearly Ecw can vary from zero (for a nonprecipitating 
storm) to perhaps 90 percent; for precipitating storms, probably 
Ecw = 113 is accurate to within a factor of 3, but there are few data to 
support this contention. Similarly, ii can be estimated to be the total 
precipitation at a site (say, 100 em yr- 1) divided by the average 
precipitation per storm (say, I em per storm) or ii = (3 days)-', but 
clearly this is a crude approximation. Even the annual average precipi­
tation to the oceans is not known well. With these crude estimates 
follows the equally crude estimate of wet removal's contribution to the 
average residence time for water vapor: Tw = (Ecwiit' = 10 days. 
This discussion illustrates the need for additional meteorological re­
search to obtain Ecw and ii; the discussion in the next subsection will 
illustrate required research for the determination, essentially, of £1• 
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B. WET REMOVAL OF PARTICLES 

Although the above analysis is informative, fortunately there is another 
way to estimate 7.., quantitatively, i.e., 7.., = t;i-•. For aerosol particles 
of radii a irreversibly captured by precipitation, the loss rate per unit 
volume in Eq. (4.3) varies linearly with the air concentration of the 
particles: L(a) = ij,X(a), where ijJ is the microscale-average removal 
rate. This removal rate can be obtained from a simple analysis of 
collisions between particles and hydrometeors (Chamberlain, 1960; 
Englemann, 1968). The familiar result (which, it should be noted, is 
valid both within and below clouds) is 

oc 

$<r,t;a) = J diN(r,t;l)v1(1)AE1(a,l), (4.22) 
0 

where N(l)dl is the number of hydrometeors per unit volume whose 
length scale (e.g., drop radius) is between I to I + dl; v, (~ 10 em sec-•) 
is the hydrometeors' gravitational terminal velocity and A is their 
cross-sectional area; and E 1(a,l) is the collection efficiency (or AE1 is 
the effective collection cross section). In turn, the collection efficiency 
can be written as a product of the collision efficiency and a retention 
efficiency, usually taken to be unity. Figures 4.6 and 4.7 show semi­
empirical expressions for the collision efficiencies between particles 
and raindrops (Figure 4.6) or snowflakes (Figure 4.7), which correlate 
most of the available data (Siinn, 1976b). 

Because of remaining uncertainties in the collection efficiencies and 
because of lack of a priori data on hydrometeor size distributions, Slinn 
(1976c) advanced the following approximations to Eq. (4.22): 

1/Jr(r,t;a) = c p~:l) E 1(a,Rm), for rain; 

Pw p(r,t) 
1/Js(r,t;a) = g - --- E2(a,>..), for snow. 

Pa Vtm2 

(4.23) 

(4.24) 

These approximations were obtained, essentially, by multiplying and 
dividing the in:egrand in Eq. (4.22) by I and recalling the definition of 
the precipitation rate. In these equations, c is a numerical factor = 
1/2; p(r,t) is the precipitation rate (rainwater equivalent); Rm is the 
volume-mean drop radius; g is the acceleration of gravity; Pw and Pa 
are the mass densities of water and air, respectively; v1m is an average 
terminal velocity for the snowflakes, and E 1 and E2 are average 
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FIGURE 4.6 Semiempirical expressions for the collision efficiency between drops and 
particles as a function of particle size and accounting for diffusion, interception, and 
inertial impaction. The diffusion and impaction portions of the curves have sufficient 
experimental support to consider them reliable to within a factor of 2 or 3. See Slinn 
(1976c) for a possible explanation of the scatter in the data for particles of radii -O.S I'm; 
see Slinn (1976b) for an illustration of the importance of accounting for aerosol particle 
growth by attachment to plume or cloud particles or by water-vapor condensation. 
Reprinted with permission from the Journal of Air, Water and Soil Pollution. 

collection efficiencies, evaluated using the mean drop size and charac­
teristic length A. (see Figure 4. 7), respectively. 

From the expressions, Eqs. (4.23) and (4.24), for the removal rates it 
is easy to obtain expressions for the wet flux of aerosol particles to the 
earth's surface. If the particle concentration does not vary significantly 
over short horizontal distances, then an integral over the average 
hydrometeor's flight path can be replaced by a vertical integral. As a 
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result, the wet flux is simply 

w = i"'l/IXdz' 
0 

73 

(4.25) 

with 1/J as given in Eqs. (4.23) or (4.24). For example, for rain scaveng­
ing, Eq. (4.23) in (4.25) yields 

(4.26) 

where the subscript zero refers to surface level conditions; Xb (or Xo) is 
the particle air concentration at a convenient reference height; and the 
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FIGURE 4.7 A tentative suggestion for the collision efficiency between particles and 
ice crystals. For discussions of theoretical analyses and experimental bases, see Slinn 
( 1976c). Reprinted with permission from the Journal of Air, Water and Soil Pollution. 
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74 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

characteristic height hw from which the particles are removed has been 
defined by 

htr = f p(z) ~(Z) E.(a,R,.) dz. 

o Po ~b E •. o(ao,Rmo) 
(4.27) 

Similar expressions can be obtained for snow scavenging using Eq. 
(4.24). 

The collection efficiency is strongly dependent on particle size (see 
Figures 4.6 and 4.7), and since particle growth is usually substantial 
within clouds either because the particle acts as a cloud-droplet or 
ice-crystal nucleus or because of particle attachment to existing cloud 
particles, the range of integration in Eq. (4.27) can usually be restricted 
to the height of the active, rain-forming region within the cloud. For 
example, to fit data recently obtained by Gatz (1976a) and to be 
described below, Slinn (1976b) used c = 1/2, R,.0 = 0.5 mm, E1 as given 
in Figure 4.6 with a reasonable particle growth rate, and hll' = 600 m. 

In the case for which in-cloud scavenging is more important than 
below-cloud scavenging, the wet flux of particles from a steady-state 
cloud can be derived using the simple method developed by Junge 
(1963). In this case, if the average fraction (E1) of the particles entering 
the cloud is incorporated into the cloud water, then the concentration 
of the captured particles is (E1X) units per volume or (E1;x)/(L) units 
per mass of cloud water, where () represents an average value over the 
height of the storm and (L) is the average condensed water content of 
the clouds. If this concentration ( E1;x)/(L) also appears in the precipita­
tion from the storm (which would be true for precipitation formed by 
gravitational coagulation of equally concentrated drops and where no 
evaporation or dilution occurred en route to the earth's surface), then 
the flux of material from the storm would be 

(4.28) 

where Pw Po is the mass flux of water from the storm. 

C. PARTICLE WASHOUT RATIOS 

For comparisons with experimental data, it is useful to define the 
washout ratio, r, which is the ratio of the material's concentration in 
surface-level precipitation, K 0 , to its average concentration in surface 
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level air, Xo or Xb• where the bulk air concentration is measured at a 
convenient reference height. Since the flux of precipitation to the 
surface is p 0 , then K 0 = W/p 0 and, using Eq. (26) or (28), the washout 
ratio becomes 

(4.29) 

For example, fore= 0.5, Rm = 0.5 mm, and h ... = 500 m or for p ... =I g 
cm-3, (L) = I0-6 g m-3, and (x/xb) = 0.5, then Eq. (29) becomes 

r = 0.5 x 106£1,0 = 0.5 x 106 (E1) . (4.30) 

Usually the washout ratios are reported for a particular element or 
compound, independent of particle size, in which case Eq. (29) should 
be averaged over the particle size distribution of the species. 

Table 4.4 shows some measured washout ratios. They are seen to be 
generally in the range 105-106. Incidentally, some authors report di­
mensional washout ratios (with dimensions such as m3 cm-3 , kg of 
air/liter of water, or m3 liter-1), and, therefore, the reader may find 
washout ratios in the literature near 100 or 103 rather than 106. The 
dependence of the washout ratios on mass-median size of the particles, 
shown in Table 4.4 and reported by Gatz (1976a), can be fit with the 
theory leading to Eq. (26) (Slinn, 1976b). Actually, the value of the 
washout ratio near 100 (which is a physically real concentration factor) 
can be seen from a simple physical argument that all the particles in an 
air volume of about 104 cm3 are transferred to, say, 106 10-J,Lm cloud 
droplets and that these droplets coagulate to form one 1-mm drop; then 
the particles initially distributed in a volume of 104 cm3 will be concen­
trated into a volume of about I o-2 cm3 • It is this selective condensation 
plus coagulation that accounts for the frequently observed washout 
ratio (or precipitation scavenging concentration factor) of 106. Using 
these measured washout ratios, the wet flux of aerosol particles to the 
ocean can be estimated as 

(4.31) 

However, it should be noted that none of the data in Table 4.4 have 
been obtained at an ocean site. Clearly it would be useful to obtain such 
data, and, to assist in its interpretation, it would be valuable if simul­
taneous measurements were obtained of particle size, the pollutant's 
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TABLE 4.4 Some Measured Washout Ratios, r = (KlX.)o 

Scavenged Material 

Fallout radionuclides 

Mass of inorganic dust 

Total pollen ( -15-50-~-tm diam) 

Aerosol particles 

Element mmd (1-Lm) 
-- ---
Pb -o.5 
Zn -1.0 
Fe -3.0 
Ca 
Mn -2.0 
Mg 5-7 
K 

Avg. vd (em sec-') 

Cl 0.06 
Zn O.o? 
Br 0.08 
Na 0.1 
Se 0.15 

r x 10-e 

1.0 ± 0.3 

3.2 

0.65-3.8 

Notes 

1957-1965 average for many radionuclides sampled at locations throuahout 
the world; inorganic dust data from continuous measurements (Gedeonov 
eta/., 1970) 

Scavenged by convective storms in Oklahoma (Gatz, 1966 and personal 
communications, 1976) 

0.063 Scavenged by convective storms near St. Louis; reported data multiplied 
0.15 by 10" cm3 m-3/1.2 x 10" g of air m-3 to convert to dimensionless form; 
0.21 mean washout ratios for all 1971-1972 data (Gatz, 1976a) 
0.29 
0.31 
0.38 
0.46 

1.08 Annual average values, July 1972-June 1973, at Harwell, U.K.; reported 
0.40 data divided by 1.2 x to-a g of air cm-3 to convert to dimensionless form; 
0.17 average dry deposition velocities deduced from dry Oux to a mechanical 
0.98 collector; rain sampler was automatically covered during dry periods; some 
0.25 local contamination may explain the hiah value of"" for Ni. Data obtained 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


Sb 
v 
Pb 
Cs 
Mn 
Cr 
As 
Co 
Fe 
AI 
Sc 

( Ni 

Reactive gases 

[NH.+] I [NH3] 

-..l [No3-] 1 [Not] -..l 

[so.t-] 1 [sot] 

[ so.t-] I [SOt] 

[SOi-] I [SOt] 

0. 15 
0.23 
0.25 
0.31 
0.33 
0.36 
0.37 
0.50 
0.94 
1.1 
1.3 
1.6 

0.16 
0.16 
0.24 
0.24 
0.24 
0.36 
0.22 
0.85 
0.23 
0.26 
0.17 
0.6 ) 

0. 12...{).22 

0. 18...{).40 

0.05-0. IS 

0.01-0.1 

O.JS, 0.30 

via personal communications from P.A. Cawse, Environmental and Medical 
Sciences Division, 8 .364, Atomic Energy Research Establishment, Harwell, 
Oxon OX II ORA, U.K. Also, see Peirson et al. (1974) 

Ratio taken of reaction product mass concentration in rain to precursor-gas 
mass concentration in air at various locations in Europe (Junae, 1963) 

Estimated from available data for St. Louis Metromex Project; convective 
storm scavengina 

Estimated from July 1972 to June 1973, National Air Samplina data for urban 
and nonurban sites, respectively, in Northeastern United States (Dana, 
1976) 
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78 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

vertical distribution, and properties of the precipitation (raindrops size 
and concentration, rain rates, etc.) and the storm (type, vertical and 
areal extent, duration, etc.). 

D. GAS SCAVENGING 

For gases that form simple solutions in water, the term in the continuity 
equation describing loss rate per unit volume must account for the 
possible desorption of the gas from raindrops: 

l = A(X -H'K), (4.32) 

where A is an average rate of gas transfer to the drops, R is the 
concentration of the gas in the drop, and H is Henry's law constant. 
However, the transfer rate by molecular diffusion to drops is relatively 
rapid, and the small drop size or drop internal circulation promotes the 
rapid equilibration of the gas concentration in the drop (Postma, 1970; 
Hales, 1973); therefore, after a drop has fallen only a few tens of 
meters, typically it will become saturated with the gas. Consequently, 
except very near the source of a gas (e.g .• within a few stack heights 
downwind of the source) it is usually an adequate approximation to set 
the surface-level concentration of an unreactive gas in raindrops equal 
to the equilibrium value: 

K,. = n-• Xn = ax,., (4.33) 

where a • n-• is the solubility coefficient. This gives for the washout 
ratio and wet flux 

r = (K/x),. = a; W=rp,.x,.. (4.34) 

In Table 4.5 are shown the Henry's law constants for a number of 
gases. It is seen that the resulting washout ratios for low-molecular­
weight gases are substantially smaller than the values of lOS-lOS typical 
for aerosol particles scavenged by either rain or snow. Snow scaveng­
ing of gases can generally be ignored unless the ice-crystal lattice is 
particularly accommodating for the gas molecules. 

Table 4.5 includes some gases such as C02, S02 , and NH3 that are 
reactive in water; the corresponding washout ratios are for the wet 
removal only of the dissolved gases, not of their reaction products. To 
account for the details of the scavenging of reactive gases, it is 
necessary to evaluate the possible chemical reactions that these gases 
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can undertake in the presence of other dissolved gases and a host of 
other trace constituents, some of which could catalyze specific reac­
tions (see Chapter 8 for a more detailed discussion). These complicated 
analyses can lead to the definition of an enhanced solubility coefficient, 
a* (e.g., see Junge, 1963; Postma, 1970; Hales, 1973); the enhanced 
solubility coefficient for S02 for two pH values and as a function of x is 
shown in the last section of Table 4.5 (Dana, 1976). However, for the 
case of wet removal to the ocean, it would seem that a major simplifica­
tion is available. Whereas clouds are effective "reaction vessels" for 
the chemical conversion of reactive gases to relatively involatile prod­
ucts (e.g., S02 - so.z-> and whereas most material would be expected 
to be subjected to at least ten condensation-evaporation cycles (i.e., 
clouds) before being deposited on the oceans (Junge, 1964), it would 
seem to be acceptable to ignore the wet removal of most reactive gases 
and, instead, to assume that reactive pollutant gases are converted to 
their reaction products before they are scavenged. The appropriateness 
of this assumption is strengthened by the large values of the washout 
ratios for the reactive gases listed in the last section of Table 4.4; as 
further support for this assumption, it is noted that these reactions 
products (i.e., NH4+, N03-, and S042-) were measured in polluted 
atmospheres, possibly after experiencing only a single storm. 

E. SUMMARY AND COMMENTS 

In this section, three different methods have been described that can 
supply estimates for the wet-removal time scale. From Eq. (4.21) or 
from Eq. (4.10) with Eq. (4.23) for rain [or Eq. (4.24) for snow] or with 
the washout ratio as given by Eq. (4.29) we have 

(4.35) 

For example, if for particles we take E1 = 1, Ecw = 0.25, and ;; = (2.5 
day)-1 ; or Rm = 0.25 mm, c = 0.5, Po= 100 em yr-1 , and E1 = 10-2 ; or 
Till'= 10 km and r = 0.3 X lOS, then Eq. (4.35) yields 'T.., = 10 days. 
With these three different approaches available one would hope that 
the final estimates for the wet-removal time scale would be fairly 
reliable. Unfortunately, however, all three approaches contain signifi­
cant uncertainties; none of the estimates is reliable to within a factor of 
2 or 3, and they may be incorrect by as much as an order of magnitude. 
At present, the best available procedure to estimate the wet flux of 
pollutants to the ocean is probably to use the measured washout ratios 
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80 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

TABLE4.5 Henry's Law Constants, H, Solubility Coefficients, 
a, and Washout Ratios, ra 

Compound H ora-1 r = (K/}()0 = a 

I. co 3.73 X 101 2.7 X 10-2 

u.s 3.22 X 101 3.1 X 10-2 

c"" 2.57 X 101 3.9 X JO-I 

NO 1.84 X 101 S.4 X I0-2 

c.u. 1.72 X 101 S.8 X 1o-2 

c."" 6.82 X 100 J.S X 1o-' 
~ 2.19 X 100 4.6 X 10-1 

N.o 1.26 X 100 8.0 X 10-1 

co. 9.30 X JO-I 1.1 X 1()t 

C. H. 8.23 X 1o-1 1.2 X 1()t 
S<>t 1.8S X 1o-3 1.3 X 101 
NHa 4.71 X 1~ 2.1 X 101 

u. co S.O X 101 2.0 X 10-1 

c"" 4.2 X 101 2.4 X 1o-1 

CCI3F s X 100 2.0 X 1o-1 

N.o 1.6 X 100 6.3 X 10-1 

CCI. 1.1 X 100 9.1 X 10-1 

(CH3)sS 3.0 X 10-l 3.3 X 100 
CH31 2.4 X 1o-1 4.2 X 100 
so. 3.8 X 1o-1 2.6 X 101 

shown in Table 4.4 and, if necessary, to extrapolate from these data 
using the theory presented in this section to guide extrapolations. In a 
later section, some recommended research to improve our knowledge 
of wet removal processes will be described. Before doing this, how­
ever, it is useful to look at other important removal processes. 

IV. DRY DEPOSITION 

In Section II, the residence times of atmospheric trace constituents 
were related to the wet and dry removal processes. In Section III, the 
magnitude of the wet removal flux was written as W = rp oXb and 
expressions for the washout ratio were obtained. In this section, the 
focus will be on the dry flux D4 , whose magnitude to a horizontal 
surface can be written as 

(4.36) 
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TABLE4.5 
Continued 

Compound 

III. Hg 
Polychlorinated biphenyls 

Aroclor 1260 
Aroclor 1248 
Aroclor 1254 
Aroclor 1242 

Pesticides 
DDT 

Aldrin 
Lindane 
Dieldrin 

IV. Sulfur 

pH= 5.0 

pH= 6.0 

81 

H or a-• r • (IC/-,()0 =a 

4.8 x to-• 2.txt()D 

2.9 X JO-l 3.4 X t()D 
1.5 X JO-I 6.8 X t()D 
J.l X to-1 8.8 X t()D 
2.4 X JO-I 4.2 X t01 

t.6 x to-3 6.2 X tQI 
5.3 X t()-4 1.9 X tQ3 
2.0 X to-• 5.0 X tO' 
7.7 x to-e J.3 X tO" 

x(ppbv) r ::c a• 

t 3.7 X tO' 
3 3.0 X tO' 

to 2.2 X tO' 
30 1.5 X tO' 

I 9.0 X )()' 

3 5.5 X 10' 
10 3.2 X 10' 
30 1.9xl0' 

"l11e solubility codlicients typically decrease with increasiJII temperature (e.g .. for 0, the solubility in water at 
20"C is about 60 percent ar its value at O"C) and typically decrease wilh lhe presence ar Olher constituents (e.g .. 
for 0, lhe solubility in seawater is about 80 percent af its value in lnshwater at lhe same temperature). The fint 
IJOIIP af dala tisted here, I. for tnshwater at IS'C, is laken from Heines and Peten (1974); lhe second IJOIIp, 
II, for seawater at an unspcc:ified tempcrarure is from Uss and Slater (1974); lhe lhird IJOUp, Ill. are estimates for 
pure water recently reponed by Ju111e (1975); lhe founh IJOUp, IV. is lhe enhanced solubility codlicient. a•. in 
moles per unit volume ar water to moles per unit volume ar air for total dissolved sulfur (i.e. , other than so,r-) in 
water af indicated pH at 20'C for lhe indicated air concentrations af SO, (Hales and Sutter, 1973; Dana, 1976). 

where, again, Fz is the z component (positive, up) of the (turbulent and 
molecular) diffusive flux and d2 is the positive z component of any 
average drift velocity that the material might possess, other than the 
drift for the material attached to precipitation. The average in Eq. 
(4.36), denoted by the tilde, is the average over the high-frequency 
portion of the turbulence spectrum. 

To develop Eq. (4.36) in a way that permits an evaluation of dry 
deposition, it is clearly necessary to specify Fz and Jz; to do this, a 
number of approaches are available. For example, for the turbulence 
contribution to the flux, one can return to Eq. (4.5) and work with the 
defining correlation between fluctuations in the pollutant's air concen-
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82 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

tration and the vertical component of the wind field: ~·. This 
approach, however, is more exacting than the present state of the art 
can support for the prediction of average material fluxes to the ocean. 
For a parameterization of the turbulent flux, one can introduce the 
gradient-flux ansatz as in Eq. (4.6): -~· = K;Jx.flJz, where Kz is the 
vertical component of the turbulent diffusivity. Some aspects of this 
approach will be used in the sequel. However, for now, a most 
illuminating analysis follows from a still coarser description. In this 
approximation, the mean concentration gradient is replaced by a 
difference in mean concentrations between two adjacent layers of the 
atmosphere, divided by the height difference, 8, between where the 
mean concentrations are measured: 

(4.37) 

where k 1 = K zl81 and therefore k 1 is a net velocity at which the material 
is transferred by turbulence across the/th layer. As will be seen later, 
similar approximations can be introduced for transfer by processes 
other than turbulence. The major advantage of this simple approach is 
that , with it, it is relatively easy to identify the rate-limiting stage of the 
dry deposition process. 

A . TRANSFER VELOCITIES 

To utilize the parameterization shown on the right-hand side (RHS) of 
Eq. (4.37), it is first necessary to develop estimates for the transfer 
velocities within various atmospheric (and, similarly, oceanic) layers. 
To obtain these transfer velocities, consider the atmospheric layers 
shown in Figure 4.8. On the extreme RHS of Figure 4.8, the atmospheric 
layers are identified with letters A through D; in the second column 
from the RHS are shown approximate layer depths, and these lead 
to the transfer velocity estimates shown in the next column. Finally. 
the ranges of the velocity estimates are plotted as horizontal bars 
in the middle of Figure 4.8. The appropriate abscissa is at the top of 
the figure; the horizontal spread of the bars is derived by accounting 
for the variation in environmental conditions shown. 

As explanatory notes to Figure 4.8 the following should be men­
tioned. Far from the interface and for the trace constituents of interest, 
the dominant transfer mechanism is almost invariably turbulence. In 
the constant flux layer, the mixing velocity is approximately ku., 
where k is von Karman's constant and "• = (r/p0) 112 is the friction 
velocity (in which T is the shear stress and Pa is the density of air); this 
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result can most easily be obtained using Kz = ku.z and 8 = z in Eq. 
(4.37). The approximation u * = 3% u is based on experimental data 
discussed later. For high-molecular-weight gases, the transfer velocity 
within the deposition layer is reduced by the factor Sc213 , where Sc is 
the Schmidt number, in an effort to correct for both the reduced layer 
thickness and the decrease in diffusivity, but this is only an approxima­
tion even for flow .over a smooth, solid surface (Slinn et al., 1977). 
Finally, the transfer velocity for particles includes the gravitational 
settling term, v 11 , and any other slip velocity, v ., such as might be 
caused by gradients in turbulent fluctuations or diffusiophoresis. The 
similar transfer velocities in the ocean, given in the lower half of Figure 
4.8, and the dependence on the Henry's law constant, H, and effective 
solubility coefficient, a*, will be described in subsequent paragraphs. 

B. DRY DEPOSITION OF PERFECTLY ABSORBED GASES 

A formalism is now developed that uses these transfer velocities and 
displays the rate-limiting stage of the dry deposition process. Consider, 
first, the transfer through the atmosphere of low-molecular-weight 
gases that are completely adsorbed by the ocean; as will be seen later, 
an example of this case is S02• Then the drift velocity Jz of Eq. (4.36) 
can be ignored. If the remaining gradient terms (for turbulent and 
molecular diffusion) are approximated as in Eq. (4.37) then for steady­
state conditions (and therefore continuous flux through all layers) the 
flux can be approximated by 

-Fz = k..t~ - Xa) = ks<Xs- Xd = kc(Jlc- Xo) = ko<5lo- Xo), (4.38) 

where X, is the mean gas concentration at the top of the /th layer. For 
this case of a perfectly absorbed gas, Xo could be taken as zero, but 
retaining the symbol is convenient for the subsequent development. 
Alternatively, an overall atmospheric transfer velocity could be de­
fined via 

(4.39) 

or, identically, 

The advantage of Eq. (4.40) is that if (X... - xs) etc. are substituted from 
Eq. (4.38) into Eq. (4.40) and Fz is canceled from the result, then we 
obtain 
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FIGURE 4.8 A multilayer model for dry deposition of particles and gases to the ocean. For specific conditions in each layer, specific 
points in each range can be identified; the layer in which the points lie farthest to the fiaht in the figure is the layer that offers the 
greatest resistance to the dry deposition flux. The alphabetical symbols at the far fiaht of the figure identify the symbols used in the 
formulas in the text. 
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86 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

I = I + I + I + I -. 
ka k.A ks kc k11 

(4.41) 

As a final step, if we set r1 = k.1- 1, then Eq. (4.41) becomes 

(4.42) 

which is the desired result since it sets the overall atmosphere "resis­
tance" (the reciprocal of the overall transfer velocity, or "conduc­
tance," k.0 ) equal to the sum of the transfer resistances in the individual 
layers. 

These transfer resistances, the inverses of the transfer velocities, are 
shown in Figure 4.8 on the abscissa at the bottom of the figure. The 
horizontal spread of each "resistance bar" in Figure 4.8 shows the 
range of resistances that "typically" occurs in the appropriate layer as 
environmental conditions range over the values shown. For specific 
conditions in each layer, specific points in each range can be identified. 
The point the farthest to the right in the figure identifies the layer that 
impedes the dry deposition flux with greatest resistance. Thus, if the 
resistance in layer I is greatest, then transfer through the /th layer is the 
rate-limiting stage of the overall dry deposition process, and the overall 
atmospheric transfer rate, k. 0 , can be set as approximately equal to k.1• 

However, it is seen in Figure 4.8 that, at least for low-molecular-weight 
gases, the resistances in the atmospheric layers are typically of compa­
rable magnitude (about I sec em-•), and unless there is a very stable 
layer aloft or the wind speeds are low there is no clearly defined 
rate-limiting stage; typically, then, for low-molecular-weight perfectly 
absorbed gases, k.a = I em sec-•. 

The transfer velocity for high-molecular-weight gases can be sub­
stantially smaller than I em sec-•. For example, for high-molecular­
weight gases that are highly soluble in water (e.g., see Table 4.5 for 
solubility coefficients), the rate-limiting stage appears to be the atmo­
sphere's viscous sublayer of Figure 4.8. If the transfer across this 
viscous sublayer is governed by Brownian diffusion, this then gives 

(4.43) 

where Sc = v/D, v is the kinematic viscosity of air, and D is the 
molecular diffusion coefficient for the gas species in air. It must be 
emphasized, however, that this estimate is tentative until further 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


Wet and Dry Removal Processes 87 

research on the air-sea interface is performed. A discussion of specific 
research topics will be deferred until a later section. 

C. DRY DEPOSITION OF PARTICLES 

For particles, the magnitude of the dry flux can be parameterized as 

(4.44) 

in which v11 is the gravitational settling speed and v. is the (positive, 
down) component of any other slip velocity the particles might pos­
sess, e.g., caused by diffusiophoresis or gradients in turbulent fluctua­
tions. As it stands, Eq. (4.44) cannot be conveniently recast into a form 
similar to Eq. (4.37) so as to display differences in concentrations. 
However, above the deposition layer, turbulent transport usually dom­
inates the transfer of particles of interest, and, therefore, in these 
layers the other terms in Eq. (4.44) can usually be ignored. Then, in the 
deposition layer, where the turbulent fluctuations are damped, the 
downward flux can be parameterized (see Table 4.1) by the difference 

(4.45) 

where vd and Vr are deposition and resuspension velocities, respec­
tively, and x. = (v,lvd)C(z1) is the average air concentration, which, 
when resuspension occurs, would be in balance with the pollutant's 
concentration in the ocean. For example, for NaCI sea-salt particles 

x == I p.g ( u )" 
* m3 I m sec-1 ' 

(4.46) 

where n is about 3 and could be deduced more accurately from 
available data (e.g., see Junge, 1963). For SO 2- particles, C(z1) is 
about a factor of 5 smaller than for Na; for Sr, ~(z1) is about 3 orders 
of magnitude smaller; therefore, the x's for these species would be 
correspondingly smaller (ignoring possible fractionation effects). With 
these approximations, the flux can be written as 

(4.47) 
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Proceeding as in the development of Eq. (4.41), Eq. (4.47) leads to 

1 1 1 1 1 -=-+-+-+-. k0 kA k8 kc vd 
(4.48) 

In other words, the overall resistance is the sum of resistances in the 
individual layers, with v d -t being the resistance to particle transfer 
across the deposition layer. 

As can be seen from Figure 4.8, for particles (just as was the case for 
high-molecular-weight relatively soluble gases), most of the atmo­
spheric transfer resistance occurs in the deposition layer; but for both 
types of atmospheric trace constituents, the resistances in this layer are 
not known at all well. For particles of radii a in the range 
0.001 ~ a ~ 0.1 ~tm, the transfer velocity would be given by Eq. 
(4.43) for transfer to a smooth, solid surface, ignoring electrical and 
phoretic effects; in other words, these particles can effectively be 
considered as large gas molecules, and, consequently, Brownian diffu­
sion dominates the transfer across the deposition layer. The resulting 
resistance bar is shown as the upper of the two parallel bars shown in 
the row labeled "particles" in Figure 4.8. Depending on the wind speed 
(i.e. , on u.), the transfer velocity would begin to increase again for 
particles with a = 0.1 ~tm because of the greater particle mass; the 
resulting resistance bar is shown as the lower of the parallel bars, 
resistance decreasing to the left in Figure 4.8. The dotted bar to the 
right is included in Figure 4.8 to emphasize the importance of resus­
pension. However, it should be reiterated that these resistances are not 
known well; some recommended research will be mentioned in a later 
section. 

For now, the best information available for particle deposition 
velocities is that obtained from water-wind-tunnel measurements; 
these data are shown in Figure 4.9. For particles smaller than 0.1 JLID 
these results suggest that the increase in v d with increasing diffusivity 
given by a sc-213 dependence may be correct; however, waves, "sea 
spray," and induced motion of the water surface in the wind tunnel 
possibly did not adequately simulate conditions at sea. For particles 
larger than about 1~tm, it is seen that vd is substantially larger than the 
gravitational settling speed, v11 ; indeed, it appears to be larger than the 
corresponding inertial impaction contribution to v d for deposition to a 
smooth surface (Sehmel, 1973; Caporaloni et al., 1975; Slinn, 1976d). 
Possibly this is caused by an increase in inertial impaction on waves; if 
so, then failure to simulate ocean waves in the wind tunnel should limit 
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FIGURE 4.9 Deposition velocity as a function of particle size as measured by Sehmel 
and Sutter (1974) for particles of density 1..5 1 cm-3 depositing on a water surface in a 
wind tunnel and by Moller and Schumann (1970) for similar conditions using polystyrene 
latex spheres, sodium chloride particles, and purified-water residual nuclei. 

generalizations from the data. Finally, for particle diameters in the 
range 0.1 to I JLm, the deposition velocity shown in Figure 4.9 appears 
to be the result of two processes: gravitational settling and Brownian 
diffusion. However, as will be discussed in more detail later, for 
conditions over an evaporating ocean, diffusiophoresis would be ex­
pected to decrease the deposition rate while thermophoresis would 
increase it. 
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90 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

D. DRY DEPOSITION OF GASES 

For the case of gases that are not perfectly absorbed by the ocean, it is 
imperative to account for their flux back to the atmosphere. To 
simplify the analysis in this case, it is convenient to reformulate the 
problem and develop only a two-layer model. In the atmospheric layer, 
all transfer rates are lumped into a single overall gas-phase transfer 
rate, k11 , between the air-sea interface and a convenient height in the 
atmosphere where a bulk concentration, Xb• is measured. Then 

(4.49) 

In the ocean layer, similarly, 

Dd = k,(C,- Cb), (4.50) 

where k1 is the transfer velocity in the liquid between the surface and 
the depth for convenient measurement of the bulk concentration, Cb. 
The two expressions for the dry flux, Eqs. (4.49) and (4.50), can now be 
equated and lead to an estimate for the total transfer rate. Before 
describing this, however, it is useful to discuss transfer processes in the 
ocean. 

In the above discussion, the emphasis has been on developing 
parameterizations for transfer processes in the atmosphere, starting 
from the continuity equation, Eq. (4.1 ). Clearly, though, a similar 
parameterization for Eq. (4.2) could have been described and would 
lead to an overall transfer velocity in the ocean 

I I I I I . = .. + .. + . + .. 
k, kF kG kH kt ' (4.51) 

where the subscripts F through !label the layers in the ocean shown in 
Figure 4.8. There, too, are shown estimates for the transfer velocities 
through the individual layers, estimated in a manner similar to the 
atmospheric case. In particular, it is noted that, by equating stresses at 
the interface, (pu. 2)"' = (pu/),., which provides an estimate for (u.>~r· 
Also, it should be noted that because the molecular diffusion of gases in 
water is slow (typically D- I cm2 day-•), whereas vw = 0.01 cm2 

sec-•, the Schmidt number is typically very much larger than unity. 
The appropriate k1 to use in Eq. (4.50) depends on the depth to where 
the "bulk" concentration, Cb, is measured, usually a few meters below 
the surface. 
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We now return to Eqs. (4.49) and (4.50) for the case of gases that 
form simple solutions in the ocean, and, consequently where Henry's 
law prevails at the interface: 

(4.52) 

If the flux is also written as 

(4.53) 

where k1 is an overall or total transfer velocity and x. = HCb is the air 
concentration that would be in equilibrium with the existing bulk 
concentration of the gas in the ocean, then algebra similar to that used 
earlier leads to 

(4.54) 

or 

1 1 H 
-=-+-k, kg k, • 

(4.55) 

which relates the total transfer velocity to the transfer velocities in the 
two media. Incidentally, instead of Eq. (4.53), sometimes it is conve­
nient to write the flux in terms of liquid-phase concentrations; viz., 

(4.56) 

from which it is seen that K 1 = Hk 1• 

In Eq. (4.55) the total resistance to transfer, r 1 = k,- 1 , appears as the 
sum of a gas-phase resistance r 11 = k11- 1 and a liquid-phase resistance 
r 1 =Hk,-1: 

r1 =r11 +r1• (4.57) 

Figure 4.8 shows that for solubility coefficient a = H-1 == 100, the 
liquid-phase transfer resistance dominates; Table 4.5 shows that many 
low-molecular-weight gases fall in this category. Some pesticides and 
herbicides fall in the intermediate range, 101 ~ H- 1 ~ 102, and the 
resistances in the atmosphere and the ocean are comparable in mag­
nitude (Munnich, 1971). For highly soluble gases or gases that react in 
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the ocean to form relatively nonvolatile products, their transfer is 
gas-phase controlled. 

Actually, for the case of reactive gases such as S01 , it is necessary to 
strain the formalism somewhat, in an attempt to account for gas 
"transfer" to reaction products. For example, for a first-order reaction 
with reaction rate constant fJ, averaging Eq. (4.2) over high-frequency 
turbulence and accounting only for vertical diffusion leads to 

ae _ - a [ oe] -
01 + v1 • vc = oz (Kz~ + D,) oz - f3C. (4.58) 

One way to modify the formalism to account for this case is first to 
identify the rate-limiting stage of the transfer process in the ocean. If 
this is the viscous sublayer, then from Eq. (4.58) an effective flux 
"through" this layer can be identified as 

(4.59) 

where kF = [ Kz1 + D1]!8,, in which 8, is the thickness of the layer, and 
where the introduction of a nonzero CG in the last term of Eq. (4.59) 
cannot be justified except on the basis of mathematical convenience. 
The convenience is that Eq. (4.59) then leads to an effective transfer 
velocity 

(4.60) 

i.e., enhanced by the chemical reactivity of the gas. In tum, if Eq. 
(4.60) is used in Eq. (4.55) the total transfer velocity can be written as 

I I H - = -- + - , 
k 1 k11 a*k1 

(4.61) 

where a* is an effective enhancement of the solubility of the gas in 
water. As is shown in Figure 4.8, a* = I for C02 and a* = 1()3 for 
S02 (Liss and Slater, 1974). These considerations lead to the prediction 
that the transfer of highly soluble or reactive gases to the upper layers 
of the oceans is controlled by transfer through the atmosphere. The 
restrictive comment about the ocean's upper layers follows from the 
presence of the bottom resistance bar in Figure 4.8, which shows that 
transfer to the deep ocean (and ultimately to the ocean floor) is orders 
of magnitude slower than other transfer processes and therefore is the 
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rate-limiting step for the final deposition of most airborne material. (We 
exclude from consideration the possible modifying effects of biological 
processes on deposition rates in the ocean.) 

E. SUMMARY AND COMMENTS 

This section is best summarized by Figure 4.8. It may be useful to 
emphasize, however, that this development has restricted value since, 
clearly, it is based on crude parameterizations of the governing equa­
tion and crude approximations for the transfer velocities. In contrast, if 
short-term estimates are desired (e.g., to predict the fate of a specific 
pollutant or tracer release or to support limited-duration field experi­
ments) then it probably would be necessary to retain the gradient-flux 
~eterization of the turbulence flux or to return to the correlation 
~, the choice depending on the accuracy with which other factors 
are known. On the other hand, for long-term average estimates of dry 
flux of pollutants to the ocean, the type of parameterization developed 
in this section is probably the best available. Nevertheless, it is clear 
that a number of studies should be undertaken to strengthen the 
parameterizations summarized in Figure 4.8; suggestions for such 
studies will be made in the next section. 

V. SOME CURRENT AND SUGGESTED RESEARCH 

In the previous sections, a framework has been presented for the 
prediction of atmospheric trace constituent fluxes through the air-sea 
interface. In the presentation, a number of weaknesses in the 
framework have been noted, but little attention was paid to how the 
framework might be strengthened. In this section, the emphasis will be 
on current and suggested future research that might strengthen predic­
tion capabilities. The ordering of topics will generally follow the order 
in which the topics appeared in previous sections. 

A. RADIONUCLIDE MEASUREMENTS 

Measurements and analyses of natural and anthropogenic radionuclide 
concentrations can provide valuable information on mixing, or inter­
reservoir transfer, and on wet and dry removal processes. For the 
analyses of many of these data, it is assumed that nongaseous radionu­
clides rapidly attach to atmospheric aerosol particles, and, therefore, 
from these data inferences can be made about the behavior of atmo-

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


94 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

spheric aerosols. Because this is a fundamental assumption, further 
studies of this attachment process and its variability would be wel­
come, e.g., along the lines developed by Lassen et al. (1960; 1961) and 
Brock (1970). To illustrate the importance of this type of analysis, it is 
noted that, in their recent critical review, Martell and Moore (1974) 
conclude that the best estimates of tropospheric aerosol residence 
times are those based on 210Bi to 210Pb activity ratios as well as those 
based on the average 210Pb concentrations versus altitude in the 
troposphere over central continental areas. Each of these methods 
indicates an average tropospheric aerosol residence time of less than 
one week. However, as reported by these authors, size distribution 
measurements have indicated that 90 percent of the 210Pb and 210Bi 
activity can be associated with particles smaller than 0.3-J.C.m diameter 
(Gillette et a/., 1972), and the presentation in the previous sections 
would suggest that such particles would have a relatively longer 
residence time than would larger particles. Consequently, to increase 
the utility of radionuclide data, further research to characterize the 
radionuclides and their host particles would be welcome. 

Extensive data are available for wet and dry fallout of radionuclides, 
especially for fission products deposited on land. Technological break­
throughs are required to measure dry deposition rates to the ocean and, 
in some cases, even to the land (e.g., for 210Pb and 210Bi). Some data 
are, however, available for the sea surface for fission products 
(Schumann, 1975). The ratio of dry to wet deposition for 90Sr was found 
to be about 0.2 and independent of latitude in 10" S to 45° N; similar 
values were found for 210Pb. These values, which represent upper 
limits, are similar to, or even lower than, the values observed over land 
for fission products and trace elements (Cambray et al., 1973; Cawse, 
1974). However, to generalize from these results in an attempt to infer 
the relative importance of wet and dry removal to the oceans would 
ignore the different source functions for these materials, the differ­
ences in the particle sizes to which the radionuclides are attached, and 
the differences for dry deposition to mechanical collectors as opposed 
to natural surfaces. 

The observations by Bowen and his colleagues of higher integrated 
90Sr activity in the oceans have led to speculations of possible mecha­
nisms that might be responsible for higher fallout over oceans (Bowen 
and Sugihara, 1960; Volchok et al., 1971; Volchok, 1974). From the 
information presented in the previous paragraph, some authors have 
concluded that dry deposition can be ruled out as an important con­
tributing factor. Several other factors such as higher rainfall over ocean 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


Wet and Dry Removal Processes 95 

and land runoff have been considered, but at present this problem has 
not been resolved. 

From the above paragraphs one can see that, where~s it is a 
relatively simple matter to estimate the total radionuclide fallout at a 
specific place, it is nevertheless difficult to extrapolate from available 
measurements to estimate the global values for fallout, over oceans or 
land. As a further example, it is now well documented that for several 
land sites, the specific activity in rains is relatively independent of total 
rainfall. Thus, Crooks et al. (1960) found that for five stations in the 
United Kingdom where annual rainfall varied between SO and 320 em, 
the specific activity of 90Sr remained between 5.7 and 6.5 pCilliter. 
However, the results for some coastal stations show a very good 
inverse correlation (Lal et al., 1976), and, in some cases, a weak 
positive dependence has been found, e.g., for 210Pb data in Hokkaido, 
Japan (Fukuda and Tsunogai, 1975). It can therefore be seen that 
considerable uncertainty remains in estimating both the global-average 
values of fallout or relative land-ocean values. 

In order to improve prediction capabilities, better and more com­
plete data are needed. Especially useful would be more information on 
air concentrations, attachment processes, and wet-dry fallout of the 
radionuclides 7Be, 210Po, 210Bi, and 210Pb and trace elements such as 
Hg, As, Pb, and Zn. The fallout studies should seek relationships 
between the concentrations in air and in precipitation for oceanic, 
coastal, and inland stations. In view of the inadequacy of mechanical 
dry deposition samplers (see Chapter 10), the obvious solution should 
not be overlooked-to study in detail the actual flux of radionuclides to 
the ocean itself and the fate of the radionuclides in the ocean. 

B . PRECIPITATION SCAVENGING STUDIES 

A good survey of current activities in wet removal research is available 
in the conference proceedings Precipitation Scavenging-1974 (Beadle 
and Semonin, 1976). Much of the current research is focused on 
evaluating the particle collection efficiency of various types of precipi­
tation (for a review, see Slinn, 1976c), determining the deposition 
patterns of tracers released into precipitating storms (for a review, see 
Gatz, 1976b), and determining the deposition downwind of specific 
sources. Rain scavenging of gases has been extensively investigated by 
Hales and his co-workers (e.g., see Dana et al., 1975). Earlier precipi­
tation scavenging conference proceedings are those edited by Engel­
mann and Slinn (1970) and Styra eta/. (1970). 
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To assist in quantifying the wet flux of pollutants to the oceans, the 
washout ratio measurements for a number of pollutants by Gatz 
(1976a), Peirson et al. (1974), and Cawse (1974) are especially valuable. 
Some of their data were used earlier in this chapter to compile Table 
4.4. The theoretical analyses of washout ratios outlined earlier in this 
chapter may be able to explain many of the observed variations of 
washout ratios as a function of particle size, rain intensity, drop size, 
and storm type and with the vertical profiles of the pollution. Needed 
are measurements of washout ratios over the oceans (in fact, at any 
location) coupled with vertical profiles of the trace constituents in­
gested by the storms and with details about the precipitation charac­
teristics. 

Our knowledge of precipitation scavenging would be greatly im­
proved by a coordinated series of projects in which budget studies are 
made on progressively more complicated storm systems. It is envis­
aged that these projects would start with simple wave and cap clouds, 
progress to orographic and cumulus clouds, and culminate in a study of 
cumulonimbus and frontal storms. The difference between the inflow 
and outflow of airborne material (including water vapor) should be 
compared with the removal by precipitation. Budgets should be per­
formed for water vapor, trace elements, simple compounds, ions, and 
inorganic and organic gases. Particle size distribution measurements in 
the inflow and outflow air could yield information on the modification 
of the aerosols by clouds, and similar studies could yield information 
about clouds as sources and sinks of cloud droplet and ice-crystal 
nuclei. There are indications that studies such as these may soon be 
performed in the northeastern United States as a part of regional 
air-pollution studies. 

Also required is more statistical information about storms-average 
duration, total precipitation, cloud-water removal efficiencies, and 
frequency of occurrence. Over the oceans, even the total rainfall is 
uncertain: 90Sr fallout may represent the best available rain gauge! 
Marwitz (1972) and Browning and Foote (1976) have discussed the 
dramatic (- order of magnitude) decrease in precipitation efficiency of 
convective storms as the wind directional shear from cloud base to 
cloud top increases by an order of magnitude, but there are few data 
available for the cloud-water removal efficiency for frontal storms. In 
addition to field projects described in the previous paragraph, further 
development of remote sensing from satellites might yield valuable 
statistical information on storms and should be encouraged. Probably 
much information could also be obtained from existing global circula­
tion models. 
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C. MICROMETEOROLOGIC FACTORS INFLUENCING DRY 

DEPOSITION 

97 

Since the turbulent motions that generally control the dry transfer of 
atmospheric pollution to the vicinity of the sea surface are precisely 
those that contribute to the vertical fluxes of sensible heat, moisture, 
and momentum, studies of these latter fluxes can be used to infer 
information about the turbulent transfer of pollutants. Considerable 
experimental effort has resulted in a fairly good understanding of the 
oceanic case, at least in wind speeds below about 15 m sec-•. Present 
knowledge can be summarized by the observations that (a) a surface 
layer in which fluxes are rapidly equilibrated (-minutes) extends up to 
20-50 m typically (see, however, Deacon, 1973), (b) empirical descrip­
tions, obtained over land, of flux-gradient relationships apply equally 
well over water, and (c) the wind drag at the surface Tis well described 
by a simple drag coefficient relationship involving the air density p and 
the mean wind speed u: 

(4.62) 

where Cd is found to be approximately 1.3 X 10-a in moderate winds 
and in near-neutral stratification and approximately 1.4 x w-a for 
slightly unstable conditions that are typical at sea. However, variations 
in Cd with wind speed have been suggested, although, as a dimension­
less quantity, C d should not depend only on the mean wind but possibly 
on some dimensionless characteristic of the wave spectrum. A depen­
dence ofCd onclu., wherec is the phase speed of the significant waves 
and"* is the friction velocity, has been suggested, although such a 
dependence should be expected only for an equilibrium-wave spec­
trum. The experimental evidence is perhaps fortuitous since relations 
between Cd = u.2lu 2 and c/u* are influenced by experimental errors in 
·u· •. 

The friction velocity"*= (T/p)112 is a convenient and useful measure 
of the turbulence intensity. For cases for which the wind speed is 
measured directly (usually at a height of 10 m), the simple propor­
tionality 

"* = 0.037u 10 (4.63) 

is compatible with the drag coefficient given in Eq. (4.62) for typical 
conditions at sea. For those situations in which a direct measurement 
of the velocity is not available, it is possible to estimate"* from the 
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geostrophic wind speed u11 based on surface pressure gradients (Dea­
con, 1973; Hasse, 1974) 

"• == 0.025u11 • 
(4.64) 

Errors involved in the evaluation of u * from these relatively simple 
relationships are likely to be of the order of ±20 percent. Similar errors 
can arise from the neglect of atmospheric stability; corrections for 
stability can be derived from the relationships recommended by Dyer 
(1974) and Hasse (1974). However, it is unlikely that stability correc­
tions are important for contaminant profiles if the controlling resistance 
to dry deposition is associated with heights below a few decimeters, 
provided that the proper "• is used. 

A number of reports have recently focused on strengthening the 
electrical analogy for trace-constituent transport through the constant 
flux layer. A later subsection will address the case of particle transport; 
for gases, the analogy can be developed by integrating the gradient-flux 
ansatz 

-F=Dd=K(z)::. (4.65) 

where the diffusivity K contains both turbulent and molecular contribu­
tions. In general, if the dry flux is constant, then integration of Eq. 
(4.65) from the interface z = z1 leads to 

where 

l 

ku-•=ru=J dz'IK(z'). 
l . 

I 

(4.66) 

(4.67) 

If it is assumed that the dominant contribution to K above the 
aerodynamic roughness height Z11 is from turbulent diffusion, then in the 
constant flux layer and for neutral density stratification we have 

z ~z"' (4.68) 

in which k is von Karman's constant. Substituting Eq. (4.68) into Eq. 
(4.67) leads to 

r = u 
f l., 

l. 
I 

(4.69) 
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in which an aerodynamic resistance, r a = (ku .>-• 1n(z/z0) = iilu • 2 , and 
an atmospheric surface-layer resistance where molecular diffusion 
dominates, rm, have been identified separately. 

Many expressions for this surface-layer resistance have been 
suggested in an attempt to account correctly for pollutant-dependent 
heights at which molecular diffusion dominates and to compensate for 
the lack of an equivalent to pressure (or form) drag (Owen and 
Thompson, 1963; Dipprey and Sabersky, 1963; Sheriff and Gumley, 
1966; Dawson and Trass, 1972; Garratt and Hicks, 1973; Yaglom and 
Kader, 1974; Brutsaert, 1975; Roth, 1975). Generally these expressions 
are of the form 

(4.70) 

where a, b, c, and d are constants, Re.=u.zofv is the surface 
Reynolds number and Sc = v/D is the Schmidt number. For example, 
Dipprey and Sabersky (1963) gave a = 10.25, b = 0.2, c = 0.44, and 
d = 8.5. If this formalism is adequate for gases, then it should also 
apply for particles smaller than about 0.1 JLm since, typically, inertial 
effects for such particles are negligible compared to their molecular (or 
Brownian) diffusion. However, it should be noted that expressions 
such as Eq. (4. 70) have never been advanced specifically for the case of 
air-sea transfer, and, therefore, further research (e.g., see Shepherd, 
1974) to test their adequacy in this case would be appropriate. 

One of the difficulties in the application of these formulas to the case 
of dry deposition to the oceans is that the roughness length has no 
direct physical meaning at sea, but, rather, Zo is a function of the sea 
state and the relative speed of the wind and waves. For example, in a 
recent review paper, Gifford (1976) quoted the suggestion by 
Kitaigorodskii (1970) that the "equivalent sand roughness" of the sea, 
h., depends on "• (or ii) relative to the peak phase velocity of gravity 
waves, C0 , according to 

{ 
u, 

h.= 
0.38 u/lg, 

"• >>co (4.71a) 

"• <<co (4.71b) 

where u is the rms wave height and g is the acceleration due to gravity. 
Thus during early stages of wave development, with u • > > c 0 , Eq. 
(4. 71) suggests that the waves behave essentially as immobile rough­
ness elements; later in the wave development, "• << C 0 and Eq. (4.71) 
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suggests that, aerodynamically, oceans are typically quite smooth 
(h. ~ I em). However, Eq. (4.71b) and similarly the Charnock rela­
tion z.,- u;ztg, although dimensionally correct, fail to represent the 
important role of capillary waves on the uptake of stress; that is, one 
would expect the surface tension, 'Y· to appear in a dimensionless 
correlation. Brocks and Kriigermeyer (1972) have shown that 
z., - u • 2/g is not correct under neutral conditions. In general, it must be 
concluded that the physics of stress at the sea surface are still uncer­
tain. 

Further, it is not just the roughness length that is uncertain but also 
the mean wind profile itself. Thus, although it has been found that 
atmospheric turbulence spectra above the waves in general do not 
show strong influences of wave motion, wind profiles in the trade wind 
regime were distorted below the wave heights in the sense that IJii/(jz 
was increased (Dunckel et al., 1974). This probably is a feature typical 
for swell only (that is, peak wave speed c, greater than wind speed). An 
interpretation is that waves take stress from, or feed stress to, the 
atmosphere depending on the relative speeds c., and ii. The slope of the 
profile should reflect the fraction of stress transported by turbulence in 
contrast to momentum uptake via pressure forces . The stress uptake 
by waves as a fraction of total stress is between 20 and 80 percent 
(Dobson, 1971; Hasselmann et al., 1973; Snyder, 1974). Considering 
that the wave field initially adjusts fairly rapidly (of the order of an 
hour) to changes in the wind field and that the drag coefficient seems to 
be fairly independent of the sea state, it seems reasonable to assume 
that the fraction going into waves will be at the lower margin (20 
percent) in most cases, except shortly after rapid change. The conse­
quences for material transfer would be proportional, in that a reduction 
of turbulence intensity would cause a corresponding reduction in 
turbulent transfer of pollutants; on the other hand, with momentum 
uptake by pressure on waves, there could be corresponding increases 
in inertial impaction of particles and convective transport of gases. 

D . THE AIR-SEA INTERFACE AND SURFACE-LAYER MIXING 

The analyses in earlier sections suggest, however, that the most 
important details to study may be those of the air-sea interface itself 
and of mixing in the oceans. Thus, it was seen from simple analyses 
that in many cases dry transfer would be controlled in the viscous 
sublayers at the interface or by mixing in the top layers of the ocean 
(cf., Figure 4.8). It is, therefore, important to learn more about these 
layers, especially to determine if mechanisms exist to "short-circuit" 
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the high transfer resistances predicted by simple theories. Here a few 
comments are made about relevant facets of the interface and mixing in 
the ocean's surface layer. 

The momentum (or viscous-dominated) boundary layers themselves 
are probably not strongly influenced by waves and the slip of the 
surface. Typically the slip of the sea surface is a few percent of ii 10• 

Gravity waves are not expected to influence strongly the aqueous 
interfacial layer because their wavelength is large compared with the 
characteristic viscous length; capillary waves may be more important 
because of their smaller size. Waves may affect transports by their 
periodic stretching and compressing of the interfacial layer. If this 
effect is proportional to the change in surface area, then variations in 
thickness of about 15 percent could be expected (see below). However, 
although the momentum boundary layers may not vary significantly, 
there could be a significant alteration of the deposition-layer thick­
nesses and of the corresponding flux through these layers of high­
molecular-weight gases and particles whose transfer is controlled by 
Brownian diffusion. Analysis of this problem [e.g., along the lines 
developed by Zimin (1964) and Slinn (1976c) for the similar problem of 
transport to raindrops with internal circulation] is desirable. 

The physics of waves and wave breaking certainly should be investi­
gated from the point of view of pollutant transport. The increase in 
surface area by waves is modest since wave steepness is limited. A 
typical steepness of longer gravity waves is 1/17, and if to this are 
added capillary waves with a steepness of, say, 1n, then the increase in 
surface area would be about 15 percent. Cox and Munk (1955) give for 
the relative increase in surface area 

AA -A= 0.0015 + 0.0026 u ± 0.002, (4.72) 

with the masthead velocity, ii, given in m sec-•. Waves begin to break 
at Beaufort 3, and spray blown from the crest of breaking waves starts 
to become noticeable at Beaufort 6. With higher wind speeds, the 
amount of spray in the air increases rapidly; at hurricane speeds it is 
said that the sea surface is no longer defined: the air is filled with spray. 
The increase of effective surface area with spray, the capture of aerosol 
particles by spray drops, the trapping of gas by breaking waves-these 
are some of the processes that deserve further investigation since all 
would effectively bypass the slow transport across the interfacial 
layers. 

In contrast, interfacial resistance can be increased by surface films, a 
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subject recently reviewed by Liss (1975; 1976). Natural and artificial 
surface films can potentially influence gas exchange either directly, 
i.e., by acting as an additional barrier to transfer, or indirectly by 
affecting some interfacial property that is important for gas transfer, 
e.g., by damping capillary waves. However, any effect will be severely 
reduced if the film material does not form a continuous layer at the 
interface. It has been argued (Garrett, 1972; Liss, 1975, 1976) that 
because the material found at the sea surface is generally of very mixed 
chemical composition, has low in situ film pressure, and can be 
considerably compressed before exhibiting any appreciable rise in film 
pressure, it is unlikely to form a continuous layer and so will not play a 
significant role in retarding gas exchange. Exceptions may occur in 
coastal and other areas of high biological production, in the vicinity of 
oil spills, or, possibly, in shipping lanes. It is further noted that 
although no systematic census is known to us, it is usually reported 
that oil slicks at sea break up at wind speeds of 3m sec-• and higher. 
The absence of capillary waves (which become damped when a con­
tinuous film is present) is probably a sensitive indicator of areas where 
exchange retardation might be significant. 

Mixing within the oceans is complicated and deserves further study. 
Near the interface, the turbulence intensity in the water is determined 
by the stress transmitted past the interface and by the velocity profile. 
Compared with a layer of, say, 1-cm depth at the interface, the orbital 
motions of most wave components decay on a larger depth scale (of the 
order of 'A./2Tr, where 'A. is the wavelength) and thus do not contribute to 
the velocity profile adjacent to the interface. For such a small layer, the 
velocity profile may be modeled as a logarithmic (constant stress) 
profile assuming the stress in the water to be equal to the part of the 
total stress transferred to the interface as shearing stress (compared 
with pressure forces on waves). Logarithmic profiles have been re­
ported by Shemdin and Lai (1970) in the water layer of a wind-water 
tunnel. However, it is difficult to infer what the fraction of momentum 
taken by the waves will do for the turbulent transports in the near­
surface water layers. If the wave energy is fed by wave-wave interac­
tions to higher frequencies, then the energy taken up by longer waves 
would also be available for turbulence generation. This argument is 
based on the assumption that dissipation occurs mainly in the thin 
layers of orbital motions of the small waves; if it is correct, then small 
errors would be made in estimating pollution fluxes by assuming the 
total stress to pass through the interface as tangential stress. Mixing to 
deeper layers may be dominated by buoyancy (cooling of the surface 
by evaporation and effective net radiation enhances mixing; heating of 
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the surface by strong insolation is rarely strong enough to produce 
stable stratification and inhibit mixing), but certainly ocean currents 
contribute to vertical mixing. The ultimate deposition of materials to 
the ocean floor depends, of course, on mixing past the thermocline and 
in the deep ocean, a subject about which the authors have limited 
knowledge. 

E. GAS EXCHANGE ACROSS THE AIR-SEA INTERFACE 

Some aspects of the exchange processes requiring further investigation 
to strengthen the prediction capabilities for gas transfer will be men­
tioned in this subsection. Earlier, in Eqs. (4.53) and (4.56), the ex­
change flux was written in terms of an overall transfer velocity 
expressed on a gas (kJ or liquid (K1) phase concentration basis, with 
K 1 = Hk 1• In turn, the overall transfer velocity is 

I I H -=-+-, 
k1 k11 a*k1 

(4.73) 

where the first term represents the resistance presented by the gas 
phase r 11 = k11 -• and the second term, the resistance from the liquid 
phase, r1• In Eq. (4.73), a* is an effective enhancement of the gas 
solubility coefficient caused by chemical reactivity. In this subsection, 
current research and research needed to determine r 11 and r 1 will be 
discussed. 

It is, of course, true that measurements of gas transfer will yield only 
the total resistance, k1- 1 or K1- 1• However, as is the case with the 
evaporation-condensation of any appreciably pure liquid, the aqueous­
phase resistance should be negligible for water molecules crossing the 
air-sea interface, i.e., r 1 = 0 (Whitney and Vivian, 1949). Con­
sequently, by measuring the exchange of water molecules, along with 
the transfer of other gases, it is possible to divide the overall resistance 
to exchange into its gas- and liquid-phase components. A mean value 
for k11 for H20 over the oceans is approximately 3000 em h-1 or 0.8 em 
sec-• (Schooley, 1969). Direct measurements using the radon defi­
ciency method (Broecker, 1965) together with results from studies of 
natural and bomb-produced 14C02 (Broecker and Peng, 1974) yield a 
value for K 1 of about 20 em h- 1; as will be seen later, these results 
essentially yield k1 === 20 em h-1• 

For gases that are chemically reactive in water, a* will be greater 
than I and the liquid-phase transfer velocity will be higher than for 
gases that are inert in the aqueous phase. Exchange enhancement has 
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been observed in the laboratory for C01 and S02 (Hoover and Berk­
shire, 1969; Liss, 1973; Brimblecombe and Spedding, 1972; Slater, 
1974), and a number of equations have been proposed that are rea­
sonably successful in accounting for the magnitude of the effect 
(Hoover and Berkshire, 1969; Quinn and Otto, 1971; Emerson, 1975). 
The equations predict that under typical marine conditions the value of 
a• for C02 is very close to unity (1.02-1.03) so that exchange en­
hancement due to chemical reactivity is only a few percent. In con­
trast, under similar conditions, values of a• for S02 can be several 
thousand, which means that chemical reaction greatly increases the 
rate of exchange for this gas. The very large difference between a• for 
C02 versus so2 arises because the rate of hydration for so2 (3.4 X lOS 
sec-•) is about lOS times faster than the hydration rate for C02 (3 x l0-2 
sec-•). 

Using the values for k11 and K1 given above, together with data for H 
and calculated values for a•, Eq. (4.73) can be used to split the overall 
resistance to transfer for any gas into its gas- and liquid-phase compo­
nents. It is found for gases of low solubility that are chemically 
unreactive in seawater (a* == 1.0) that r1 >>r11 (e.g., N2, 0 2, C02, 
C~, N20, and noble gases). In the case of gases of high solubility, 
rapid aqueous-phase chemistry, orboth,r11 >> r 1 (e.g., H20, S02, N027 

NH3 , HCI, and HF). These transfer velocities are average values for 
the whole ocean surface. They are satisfactory for calculating overall 
gas fluxes and have been used, along with average values for air-sea 
concentration differences, to obtain fluxes of the following gases 
across the sea surface: S02, N20, CO, CH4 , CCI4, CCI3F, CH31, and 
(CH3hS (Liss and Slater, 1974). 

In order to refine these flux calculations, it is necessary to have a 
better knowledge of the concentrations of the gases of interest in 
seawater and in the marine atmosphere as well as more accurate values 
for the gas- and liquid-phase transfer velocities. Since many of the 
gases of interest occur at very low concentrations (down to 1 part in 
1012 by volume), their determination in seawater and marine air must be 
carried out with great care. The questionable quality and small number 
of measurements of the air-sea concentration differences are probably 
the most important factors now limiting the accuracy of these calcula­
tions. However, for quite a number of gases, the methodology for 
making such measurements is available so that there is no major 
technological barrier to obtaining concentration data. 

In order to obtain better values for k11 , a considerable amount of 
micrometeorological knowledge is available, although, as discussed in 
the previous subsections, further research is required. Micrometeoro-
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logical techniques for the measurement of water-vapor fluxes, such as 
eddy correlation and the profile method, may be applicable to the 
direct determination of fluxes of other gases whose air-water exchange 
is controlled by gas-phase processes. However, profile methods cannot 
be used to find the flux of gases for which the principal resistance to 
transfer is in the water phase. For these gases, most of the concentra­
tion change will take place across the larger resistance, so that vertical 
gradients in the air will be very small. 

When it comes to estimating values for the liquid-phase transfer 
velocity, very few in situ techniques are available. The radon defi­
ciency method (Broecker, 1965), which involves measurement of the 
decrease in the 222RnJ226Ra ratio in near surface waters due to loss of Rn 
to the atmosphere, is presently the most useful. Although the method 
gives an overall transfer velocity [viz., K, see Eq. (4.56)], neverthe­
less, because for Rn r 1 >> r 11 , the values obtained will, for all practical 
purposes, be equal to the transfer velocity of the liquid phase (k1) . 

In contrast to k11 , which from both theoretical (Hicks and Liss, 1976) 
and experimental studies (Liss, 1973) increases linearly with wind 
velocity, laboratory wind-tunnel experiments indicate that k1 increases 
approximately as the square of the wind speed (Downing and Trues­
dale, 1955; Kanwisher, 1963; Liss, 1973). Although some recent results 
(W. S. Broecker, 1976), obtained using the radon deficiency method on 
the GEOSECS cruises in the Atlantic, do show an increase in k1 with wind 
speed, the rate of increase is considerably less than that expected from 
the laboratory studies. This discrepancy may be attributable to the fact 
that in the laboratory tunnel a full wave-field is unable to build up 
because of very limited fetch. Alternatively, it has been suggested 
(Quinn and Otto, 1971) that the square-law relationship found in the 
laboratory may not be a direct result of wind stress. Instead, the effect 
of wind may be to increase the rate of evaporation of water molecules, 
the resultant evaporative cooling of the surface water leading to 
convective mixing in the liquid near the interface. If convective mixing 
is important in promoting gas exchange, then in the natural environ­
ment it will depend on many processes other than wind velocity (e.g., 
air-water temperature difference, humidity). This could explain why 
laboratory results are often poor predictors of gas exchange rates at 
sea. 

Various models have been developed that potentially allow k1 to be 
calculated indirectly, such as the simple result used earlier in this paper 
(cf., Figure 4.8). More complicated models are the surface renewal 
model of Higbie ( 1935) and later developments of it (Danckwerts, 1951; 
Munnich, 1963). In these, the liquid near the interface is replaced 
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intermittently by fluid from the bulk. Another class of models are those 
in which the surface water is described in terms of a regular system of 
eddies whose size is determined by the scale length of the turbulence in 
the underlying fluid (Fortescue and Pearson, 1967; Lamont and Scott, 
1970). The main difficulty in applying all these models to environmental 
air-water interfaces, and especially the sea surface, is in specifying the 
necessary input parameters, e.g., the residence time of elements of 
fluid at the interface in the surface renewal models and the scale length 
and rate of turbulent dissipation of energy in the eddy models. 

In order to gain a better understanding of k1 for calculating gas 
exchange rates across the air-sea interface, the following experiments 
are of prime importance: 

(a) Detailed, precise measurements of k1 using the radon deficiency 
method in order to establish the relationship between the liquid-phase 
transfer velocity and meteorological parameters, such as wind speed. 
These measurements are probably best carried out from a weathership; 
the concentration of various gases in surface seawater and marine air 
should be measured at the same time. 

(b) Careful laboratory wind-tunnel experiments should be carried 
out in order to identify the' important factors controlling liquid-phase 
exchange mechanisms for gas transfer (e.g., evaporation­
condensation, waves, spray, bubbles, wind, surface films). 

Another, but possibly less important, problem connected with gas 
transfer across the air-sea interface is whether values for the Henry's 
law constant determined at relatively high partial pressures in the gas 
phase (often I atm of pure gas) are applicable to environmental 
situations. There is some evidence that for carbon monoxide 
(Meadows and Spedding, 1974) this is not the case. Laboratory deter­
minations of H at environmental concentrations should be carried out 
for gases whose air-sea exchange is important. 

F. PARTICLE DRY DEPOSITION TO THE OCEANS 

Our knowledge of particle dry deposition to the oceans is severely 
restricted both experimentally and theoretically. Essentially the only 
relevant data available for deposition velocities as a function of particle 
size are shown in Figure 4.9, and these data were obtained from 
wind-tunnel studies (Sehmel and Sutter, 1974; Moller and Schumann, 
1970). Under some conditions, wind-tunnel data are valuable, espe­
cially if the controlling resistance is in the deposition layer next to the 
surface; however, extrapolations from wind-tunnel data to estimates of 
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the fluxes to the oceans must be suspect if, as was the case for the data 
of Figure 4.9, the state of the sea surface (including waves and spray) is 
not adequately duplicated. On the other hand, although some recent 
modeling studies are beginning to demonstrate understanding of parti­
cle dry deposition to rigid surfaces (Caporaloni et al., 1975; Slinn, 
1976b, 1976d) it appears that no one has yet successfully modeled the 
intricacies of particle dry deposition to the oceans. Thus, much future 
research is required both experimentally and theoretically; current 
research in both dry deposition and resuspension is well summarized in 
the recent conference proceedings edited by Engelmann and Sehmel 
(1976). 

From Figure 4.8 and from the recent studies of Sehmel and Hodgson 
(1976), it does appear that the dominant resistance to particle dry 
deposition should occur in the last centimeter or so above the air-sea 
interface. For the case of dry deposition to rigid surfaces, Sehmel and 
Hodgson's calculations indicate that the resistance in this lowest layer 
is up to 3 orders of magnitude larger (for 0. 1-~A-m particles) than the 
resistance in the layer from I em to 10 m, almost regardless of 
atmospheric stability. A similar result can be deduced from Figure 4.8. 
Since the corresponding airborne concentrations of particles vary 
little above about I m, it would be convenient to report experimental 
deposition velocities as the ratio of the surface flux divided by the 
concentration at a 1-m or a 10-m reference height. 

Some inferences about mass-average dry deposition velocities from 
radionuclide measurements are available but are not entirely satisfac­
tory. Young and Silker's (1974) deposition velocities to the ocean of0.7 
to 2.2 em sec-• for 7Be (presumably attached to maritime aerosol 
particles) may have been influenced by precipitation scavenging. Van 
der Hoven's (1968) review of the deposition velocities for various 
radionuclides to water surfaces are not specific either with respect to 
particle size or to details of the water surface characteristics. Results 
reported are as follows: 137Cs, 0.9 em sec-•; 103Ru, 2.3 em sec-•; 95Zr 
and 95Nb, 5.7 em sec-•, all values being substantially larger than the 
corresponding values given for soil, grass, or sticky paper. 

Particle deposition to the ocean would be expected to increase with 
increasing wave height. This inference is made from Sehme1 and 
Hodgson's (1976) correlation of wind-tunnel data on the increase in 
deposition to solid surfaces as the roughness length increases. Figure 
4.10 shows the results of this correlation for"* = 30 em sec-• and a 1-m 
reference height. However, it must be re-emphasized that the rough­
ness height Zo is not related simply to the wave height (cf. earlier 
remarks or, e.g., see Businger, 1972; Gifford, 1976). 

Any theoretical model of particle dry deposition to the oceans must 
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FIGURE 4. 10 Correlation of experimental data by Sehmel and 
Hodgson (1976) for dry deposition of particles to various solid 
swfaces. The data encompassed roughness heights only up to about 
0.1 em, and, therefore, the extrapolation to greater roughness 
heights is tentative. The deposition velocity plotted is the flux 
divided by the extrapolated concentration at I m; v. is the gravita­
tional settling speed for particles of indicated density; the case with 
u. = 30 em sec-• is shown (ll .,. 10 m sec-•); cases with other 
friction velocities can be found in the refer~nced publication. 

include the effect of turbulence and surface roughness and probably 
should account for influences on particle motion from water-vapor 
condensation and evaporation, particle growth by water-vapor con­
densation, the induced motion of the sea surface, and particle capture 
by spray drops. To illustrate, in particular, the potential influence of 
water-vapor evaporation from the sea surface, consider an evaporating 
surface of water that remains at z = 0 in the x-y plane; the restriction 
that the water plane remains at z = 0 bypasses difficulties associated 
with the motion of the water surface. Further, consider a fixed control 
volume, say of base area I cm2 and height extending from z = -I to 
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z = + 1 em, and let the water-vapor mass flux through this control 
volume be ,;,; (positive for evaporation, negative for condensation). 
With this water-vapor flux there can, of course, be identified a drift 
velocity of the water molecules, m;lp,, where p, is the water vapor 
density. With this directed motion of water molecules, it can be 
expected that a drag force will act on the air molecules and on any 
particles within the control volume. The motion of the air molecules is 
not of much interest because after a short time (with characteristic 
velocity approximately the speed of sound) a density gradient of the air 
molecules will be established. The result will be compensating fluxes of 
air molecules (one flux dragged with the vapor, the opposite flux 
diffusing down the air's density gradient) with the total pressure (from 
the air plus the water vapor) a constant. 

However, there will be a net flux of particles caused by the diffusion 
of the water vapor (Vittori and Prodi, 1967). This is known as Stefan 
flow or diffusiophoretic flux ("phoresis" =force). To determine the 
resulting velocity of the particles, it is noted first that the directed 
velocity ,;,; lp, is not the velocity of the whole fluid but only of the 
water molecules. After the density gradient in the air is established, the 
net velocity of the air molecules is zero. Consequently, the velocity of 
the fluid and, it is assumed, the velocity of any particles imbedded in 
the fluid, is the weighted mean of the two velocities. The resulting drift 
(or Stefan) velocity of the particles is 

. " m, 
v,=-------

Pa +p, Pa 
(4.74) 

where the approximation to ignore p, is acceptable, since, for cases of 
interest, p, < < Pa· More detailed analyses give a slightly different result 
(Waldmann and Schmitt, 1966), but the differences from Eq. (4.74) are 
generally ignorable for the case of interest here. Numerically, it is seen 
that if,;,;= 10 g cm-2 h-1 (although, admittedly, 10 em h-1 is a rapid 
rate of evaporation) then from Eq. (4.74), v, ""' 2 em sec-1, which 
would essentially completely terminate the dry deposition of particles 
smaller than a few micrometers in size. 

There are many other simultaneous processes that complicate the 
above simple picture. One factor is thermophoresis: the directed 
motion of a particle in the direction of any heat flux. On the one hand, it 
might be argued that if the evaporation flux were m; over a synoptic­
scale region of the ocean then, after the temperature of the sea surface 
had dropped substantially, a significant portion of the latent heat 
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FIGURE 4.11 Geographic distribution of surface-level condensation (Aitken) nuclei measured over the oceans (Hogan, 1976a). 
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required for evaporation would be supplied by the atmosphere. The 
result would be a thermophoretic drift of the particles in the direction 
opposite to the diffusiophoretic drift; for the case of submicrometer 
particles and where all latent heat is supplied by the atmosphere, 
thermophoresis could overwhelm diffusiophoresis (Siinn and Hales, 
1973). On the other hand, though, it is probably necessary to consider 
the microscale aspects of the evaporation process, wherein individual 
"eddies" sporadically are in contact with the surface, evaporation 
being intense only in some of these eddies, the corresponding heat 
required for evaporation is conducted from nearby regions of water, 
which, in tum, may receive heat at a less intense flux from a larger, 
neighboring region of the ocean and, ultimately, from solar radiation. 
To this picture must be added the turbulent impulses to the particles, 
which carry them across the viscous-dominated region of the atmo­
sphere (Caporaloni e1 al., 1975; Slinn, 1976b), and a consideration of 
where in the "eddies" these impulsive forces act on the particles 
compared with where diffusiophoresis and thermophoresis act. 

To explore these concepts, measurements of particle deposition to 
wet surfaces should be accompanied by temperature and humidity 
profiles, roughness parameters, and heat and moisture fluxes, as well 
as the usual turbulence characterizations. Models such as these must 
be explored if an understanding of particle deposition to the sea surface 
is to be developed. 

If the discussion above seems incomplete and unsatisfactory, it is 
because it reflects, to a considerable extent, our present knowledge. In 
spite of this, much information can be derived from measurements of 
the existing aerosol particles in the near-surface level, above the 
oceans. During the last few years, several thousand such observations 
have been made from islands, oceanographic ships, and merchant ships 
of opportunity. Figure 4.11 shows the resulting geographic distribution 
of mean, total aerosol number concentrations as measured by Aitken 
particle counters, which are sensitive to all particles greater than 
-0.001 JLm; such number concentrations are typically dominated by 
particles below 0.1 JLm. It can be seen (Hogan, 1976a) that the concen­
tration isopleths reflect continental sources and the effects of the 
dominant meteorological regimes. Continental tongues of higher con­
centration are found in some monsoonal areas, but, in general, the 
continental to maritime aerosol transition is quite rapid, as off the coast 
of North America. However, it should be noted that because these data 
are essentially number densities for very small particles, a significant 
fraction of the "removal" is probably attributable to interparticle 
coagulation rather than to deposition to the sea surface. There are 
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indications that the rates of concentration changes for pollution aerosol 
particles of size near, or larger than, 0.1 JLm is not nearly so rapid as the 
case illustrated in Figure 4.11 (Kojima and Sekikawa, 1974; Kojima et 
al., 1974; Misaki et al., 197.S; Hogan 1976b). However, these conclu­
sions, too, must be considered as tentative until complete evaluation is 
made of the contributions to the surface-level particle concentrations 
from air that has overridden the air adjacent to the sea surface. 

From the presentations in this subsection, presumably it is clear that 
much is unknown, both from the experimental and theoretical view­
points about particle dry deposition to the oceans. Tracer studies of 
particle deposition to the oceans or to lakes could be very productive; 
both Eulerian (or grid) and "Lagrangian" (or air-mass) studies should 
be considered. In lieu of ocean measurements, further research would 
be useful in wind tunnels, and new studies over large ponds could yield 
valuable data, especially if wave generation could be controlled and the 
resulting variations in deposition velocity studied. Much can also be 
learned from measurements of the existing maritime aerosol, especially 
if, for example, measurements were made of the evolutionary changes 
in the gas and particle phases as a polluted air mass emerges from 
a continent and passes over an ocean. More effort should also be 
devoted to model development and to investigating the validity of 
extrapolations from laboratory results to predictions about behavior in 
the ocean environment. 

VI. CONCLUDING REMARKS 

The purposes of this report have been to demonstrate some of the 
knowns and unknowns about the wet and dry fluxes of atmospheric 
trace constituents through the air-sea interface. Under the restrictions 
that have been discussed, the knowns can be summarized as follows. 
The dry flux for gases can be estimated as 

(4.7.S) 

with the total transfer velocity given by 

(4.76) 
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with k11 and k1 roughly as given in Figure 4.8. The dry deposition of 
particles can only be qualitatively estimated, using the deposition 
velocities shown in Figure 4.9. The wet flux can be estimated to be 

(4.77) 

with the washout ratios as given in Tables 4.4 and 4.5. For scavenging 
of gases that form simple solutions in rainwater, r =a; reactive poUut­
ant gases are probably converted to their reaction products before 
being scavenged; and the washout ratios for particles are given in Eq. 
(4.29) using the removal rates in Eqs. (4.23) or (4.24). 

From these relations and from the definitions of the average height 
from which poUution is removed by dry processes, as in Eq. (4.11), 
reservoir residence times of a poUutant can be estimated. For dry 
deposition from a layer of height lid and with a deposition velocity f, 
the residence time is 

(4.78) 

The rain scavenging contribution to the residence time is as in Eq. 
(4.35); e.g., 

(4.79) 

To obtain these results, use has been made of simplifications that 
would be inappropriate for use near a specific pollutant source~ If, in 
addition to wet and dry cleansing processes, other chemical or physical 
processes contribute to a poUutant's removal from the atmosphere, 
then the residence time is given by 

1 1 I I =-=- +- + -; (4.80) 
T Td T10 T0 

in other words, the separate removal paths act as resistances in 
parallel. As an example of the use of Eq. (4.80), consider an air parcel 
with aerosol particles having Td = 10 days and T.., = 10 days, and 
where other processes (e.g., interparticle coagulation) proceed at a 
negligibly slow rate (T0 - oo), then Eq. (4.80) gives 7 = 5 days. 

At a number of places in this chapter, the potential importance of 
other removal processes has appeared, but their details have been 
ignored. Examples include the oxidation of S02 to S042-, the coagula­
tion of Aitken nuclei, and the attachment of radionuclides, pesticides, 
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and other vapors to aerosol particles that are subsequently removed by 
precipitation. All these subject areas require further investigation. 
Recently, Junge (1975) discussed the attachment of some pesticides 
and PCB's to aerosols, but much remains to be done. In the case of 
low-molecular-weight halogenated hydrocarbons, it may be that the 
only important "removal" mechanism is by their (photo-) chemical 
destruction in the atmosphere. It is therefore to be emphasized that the 
focus in this chapter on wet and dry removal processes reflects more 
the authors' purposeful restriction on the scope of the paper rather than 
their opinions on the relative importance of various removal mecha­
nisms. 

VII. RECOMMENDATIONS 

In the course of this chapter, we have identified many unknowns and 
suggested areas for future research. Although we find it difficult to 
agree on a set of priorities, we do agree that the following research 
areas require special attention. The ordering of recommendations 
generally follows the order in which the topics appeared in the text. 

I. Interreservoir exchange rates for large-scale reservoirs are not 
known to within a factor of 2 or 3 at best. More extensive mea­
surements of the air concentrations and the deposition rates of various 
radionuclides, both natural and anthropogenic, could reduce this un­
certainty. 

2. Data on the removal of radionuclides from the atmosphere could 
be used to draw inferences about the behavior of aerosol particles in 
the transport and deposition cycle. However, before this can be done, 
we need more information on the character of the aerosols to which the 
radionuclides are attached, especially their size. 

3. There is a general lack of storm precipitation statistics. The 
information required includes storm height, areal extent, frequency of 
occurrence, duration, precipitation amounts, and cloud-water removal 
efficiencies. 

4. Much could be learned about scavenging efficiencies and modifi­
cation of substances within clouds by performing budget studies for 
progressively more complex nonprecipitating and precipitating clouds 
and storms. Experiments should start with simple wave and cap 
clouds, progress to orographic and cumulus clouds, and culminate in a 
study of cumulonimbus and frontal storms. 

5. Little is known about the dynamics of the air-sea interface. These 
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uncertainties are detrimental to our obtaining an understanding of dry 
deposition and resuspension of particles and gases. Needed are con­
certed scientific studies on the turbulence above and below the inter­
face, wave mixing, the physics of wave breaking, gas and particle 
entrainment, particle resuspension, and thermally driven circulations 
above the thermocline. 

6. For many gases, the dominant resistance to transfer occurs in the 
liquid phase and probably in the viscous sublayer. Wind-tunnel studies 
could help to establish the importance of evaporation and condensa­
tion, waves, spray, bubbles, wind speed, and surface films. The radon 
deficiency method holds most promise for determining the liquid-phase 
resistance in the ocean. 

7. Particle dry deposition and resuspension are areas of major 
uncertainty in our knowledge of pollutant transfer to the oceans. To 
remove the uncertainties, studies on all fronts are recommended: 
controlled wind-tunnel studies, theoretical developments, semicon­
troUed deposition to ponds and lakes, and budget studies using both 
grid (Eulerian) and air-mass ("Lagrangian") frames over the open 
oceans. 

APPENDIX 4.A SYMBOLS 

The following is a list of symbols used frequently in the text, their 
dimensions (L, length; T, time; M, mass), and, in case of multiple 
use of a single symbol, the equation numbers in which the symbol 
appears. 

a = particle radius, L 
A = hydrometeor cross-sectional area, L2 

c = empirical constant = 0.5, Eq. (4.23) 
Co = peak phase velocity of gravity waves, LT-1 

c = pollutant concentration in ocean, units L-a 
cd = drag coefficient, dimensionless 
d = pollutant drift (or slip) velocity, LT- 1 

D = coefficient of Brownian or molecular diffusivity, VT-1 

D, = total rate of destruction within reservoir i, units T-1 

Dd = magnitude of the dry deposition flux, units L - 2T-1 

E1 = collection efficiency of particles by drops 
E2 = collection efficiency of particles by ice crystals 
F diffusive flux, units L - 2T-1 

F, flow from reservoir i, units T-1 

g = acceleration of gravity, L T-2 
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G = source (or gain) term, units L - 31 1 

hd = height from which the pollutant is removed by dry 
deposition at rate k, L 

h~~: = effective height from which the pollutant is removed 
by wet processes, L 

H = Henry's law constant, x!K or x/C, dimensionless 
I, = inflow of pollutant to reservoir i, units T-1 

lu = rate of inflow to reservoir i from reservoir j, 1 1 

g = turbulent or eddy diffusivity, L 2T-1 

K6 = z component of turbulent diffusivity, L 2T-1 

k = von Karman's constant- 0.4 
L = sink (or loss) term, units L - 3T-1, Eq. (4.1) 
L = liquid or solid water content in cloud, ML - 3 , Eq. (4.28) 
I = hydrometeor size parameter 
Iii = rate of outflow from reservoir i to reservoir j, T-1 

. " m., = water vapor mass flux, ML -zT-1 

N = hydrometeor number density function 
o, = outflow of pollutant from reservoir i, units T-1 

p = precipitation rate, LT-1 or volume flux of precipita-
tion, VL -zT-1 

Pe = Peclet number = Re Sc, dimensionless 
P, = total rate of production within reservoir i, units T-1 

q = total amount of tracer still present in the atmosphere, 
units 

Q, = quantity of pollutant in reservoir i, units 
r = washout ratio, (K/')()0 , dimensionless, Eq. (4.29) 
r = resistance= k- 1, TL - 1, Eq. (4.42) 
R = drop radius, L 
Re = Reynolds number, dimensionless 
s = Stokes number, dimensionless 
s. = critical Stokes number, Figure 4.6 
Sc = v/D, Schmidt number, dimensionless 
u = mean wind speed, LT-1 

u. = friction velocity, L T-1 

v = ILwiiLa = ratio of dynamic viscosities, dimensionless, 
Figure 4.6 

v = fluid velocity, LT-1 

vd = deposition velocity, L T-1 

v, = gravitational settling speed, LT-1 

Vr = resuspension velocity, L T-1 

v. = magnitude of other slip velocities, e.g., Stefan veloc-
ity, LT-1 
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Subscripts 

a 
A,B, .. . J 

b 
cw 
d 
g 
i 
I 
m 

= magnitude of the wet flux, units L - 2T-• 
= vertical coordinate, L 
= roughness height, L 
= n-•, solubility coefficient, dimensionless 
= effective solubility coefficient, accounting for irrevers-

ible reactions, dimensionless 
= first-order reaction rate constant, T-• 
= thickness of atmospheric or oceanic layers 
= fractional amount of pollutant removed by a storm 
= pollutant concentration in precipitation, units L - 3 , 

Eq. (4.29) 
= aiR, interception parameter, dimensionless, Figure 4.6 
= decay rate for a particular radionuclide, T-• 
= average gas transfer rate to drops, T-• 
= mass density, ML - 3 

= rms wave height, L 
= pollutant residence time, T, Eq. (4.8) 
= particle stopping time, T, Figure 4.6 
= residence time if only dry removal processes are 

acting, T 
= lifetime, residence time, or turnover time of pollutant 

in reservoir i, T 
= residence time if only wet removal processes are 

acting, T 
= frequency with which pollutant encounters a precip-

itating storm, T-•, Eq. (4.19) 
= kinematic viscosity coefficient, L2T-•, Eq. (4.43) 
= precipitation scavenging rate coefficient, T-• 
= pollutant concentration in air, units L-a 
= near-surface air concentration for dynamic equilibrium 

of deposition and resuspension, units L-a 

= air, atmosphere, aerodynamic 
= layer identification 
= bulk 
= 
= 
= 
= 
= 
= 

cloud water 
dry 
gas phase 
interface, ith reservoir, initial 
liquid phase 
molecular, volume or mass mean 
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n = normal 
0 = ground level 
r = rain 
s = surface, snow 
ss = steady state 
I = total, terminal 
v = vapor 
w = water, wet 
z = vertical component 

Other Symbols 

r,t = position vector, time 
i = average e over microscale processes 
f = average e over large-scale meteorological processes 
(e)= average e over height of storm 
f = the fluctuating component of e which has zero micro­

scale average 
~' = sum ofj with no sum on i 
j 
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5 Metals 

I. INTRODUCTION 

The evaluation of the magnitude of man's input of metals to the 
atmosphere and the ocean is rendered difficult by the fact that the rates 
of mobilization of these metals by natural processes is not well known. 
In contrast to the situation with many other pollutants such as syn­
thetic organic chemicals and radionuclides, materials that have no 
natural sources, the metals emitted by anthropogenic processes are not 
readily distinguishable from those emitted by natural process. Thus, it 
will be necessary to characterize the total global cycle of these metals 
before the impact of man's activities can be assessed. 

The objectives then, in this chapter, are to summarize and evaluate 
the existing data on the concentration of metals in the troposphere, to 
identify possible sources, natural and anthropogenic, for these metals, 
and to estimate their fluxes to the oceans. 

II . CONCENTRATION OF METALS IN THE MARINE 
ATMOSPHERE 

There is a dearth of good-quality data on the concentration of metals in 
the marine atmosphere. This dearth can be attributed primarily to the 

Members of the Working Group on Metals were W. H. Zoller, chairman; R. Chesselet, 
R. Chester, R. A. Duce, E. D. Goldberg, J. Jedwab, C. C. Patterson, and D. H. Peirson. 
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difficulties involved in the collection of large-volume air samples free 
from contamination and the problem of accurately analyzing these 
metals in the samples at the very low concentrations that normally 
obtain. The analytical difficulties could be reduced by increasing the 
sample size. However, the probability of contamination by material 
advected from local sources increases with sampling duration. 

In addition, the length of the sampling period might be dictated by 
the meteorological considerations. At the operational level, the local 
wind characteristics, such as the sea-breeze effect observed on many 
islands, can limit sampling times. More fundamentally, it may be 
desirable to relate sampling duration to a specific synoptic situation so 
that each sample is representative of an identifiable large-scale 
meteorological feature , i.e., a specific air-mass type or a front . (The 
meteorological criteria for determining sample duration are discussed 
in Chapter 3, Table 3.1.) In practice, the primary consideration in 
metals studied has been to obtain the maximum sample size consistent 
with the minimized possibility of contamination from local sources. 
Generally, the operational optimum is realized when samples are 
collected aboard ships or at coastal sites on islands over a maximum 
period of a day or two (under carefully selected and monitored wind 
conditions). 

Reliable data on metals in the marine atmosphere have only been 
obtained during the last few years. These data are summarized in Table 
5.1. We have excluded from this compilation all data that we believe do 
not conform to the sampling criteria discussed in the preceding para­
graph (with one possible exception, which is noted in the table and 
discussed below). 

The concentration of atmospheric trace substances are generally log 
normally distributed. For this reason, we report the geometric means in 
Table 5 . I . However, if the flux of material between the atmosphere and 
the sea surface is proportional to its atmospheric concentration, then 
short periods of high atmospheric concentration may dominate the 
flux. Hence, the arithmetic mean concentration is most appropriate for 
flux calculations. In most cases, the arithmetic and geometric means 
are not very different; arithmetic means are presented only for the 
Bermuda and eastern tropical Atlantic data in Table 5.1. Concentration 
ranges are included to provide an indication of the variability at a given 
site. 

For the purpose of comparison, we include in Table 5.1 the mean 
metal concentrations measured at an altitude of 600 m at sites 32 to 48 
km downwind of major urban centers in the northeastern United States 
(Younget al., 1975). These concentrations should be representative of 
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TABLE S.l Concentration of Metals in the Atmosphere (Units: w-e 
g m-3 of air STP)0 ·b 

Urban Reciona (1975)1 Bermuda ( 1973)' 

Metal Geo. llln. GSO Ranae Metal Aritb. llln. ASD Geom. llln. GSD Ranae 

Na 510 3 130-2300 Na 2000 1700 1600 200-8000 

Ill& 730 3 U0-2030 lila 300 200 200 30-900 
AI 1600 2 3<40-3800 AI 500 600 1.0 6 3-3000 
Ca 1200 410-6100 Ca 200 200 1.0 3 6-1100 
K 400" K 200 200 120 3 17-1000 
Fe 1700 380--41100 Fe 300 400 90 5 4-1900 
Pb 170 41-1000 Pb 7 7 3 4 0. 10-20 
Zn 120 29-7.0 Zn 6 6 3 3 0.2-20 

llln 32 8-110 llln s 1.2 4 0.03-30 

v 16 9-170 v 1.5t 2 0.8 3 0.2-6 
Cu 50" Cu 2 3 0.9 4 <0.08-U 

Ha 0.22 3 o.9-1.3 Ha 
Cr 14 4 2.6-U3 Cr 0.5 0.7 0.3 3 <0.04-3 

Ce 3• Ce 0.6 0.8 0.2 5 0.005-3 
Cd 3• Cd 0.4 0.4 0.2 4 <0.01-1.6 
Se 1.7 2.7 O.S-5.7 Se 0.19 0.17 0.13 3 <0.02-0.6 

As 16 1.5-50 As 0.12 0.12 O.o7 3 0.012-0.S 

Co 0.97 2.0 0.42-2.8 Co 0.08 0. II 0.03 5 <O.OOS-0.5 

Sb 3.0 2.9 0.81-12 Sb 0.03 0.03 0.014 5 <0.001-0.3 

Sc 0.39 2.3 0.11-1.3 Sc 0.06 0.09 0.02 s 0.002-0.4 
Tb 0.3 Tb 0.05 0.08 0.02 5 0.002-0.2 

AI 0.6 Aa 0.009 0.02 0.003 3 <0.002-0.08 

Eu O.OS6 2.8 0.016-0.21 Eu 0.009 0.012 0.003 <0.0002-0.0S 

Urwick. Sbetland Islands (1972)' Eastern Tropic:al Atlantic ( 1974)' 

Metal Geo. llln. GSD Range Metal Aritb. llln. ASD Geom. llln. GSD Ranae 

Na 2000 2 600-5000 Na 2000 1200 1800 1.9 800-4000 

lila lila 300 150 200 2 90-400 
AI 60 1.9 20-150 AI 70 50 50 3 12-130 
Ca Ca 150 50 150 1.4 80-200 
K K 90 .0 90 1.6 .0-1.0 
Fe 70 2 19-160 Fe 50 .0 40 3 10-110 
Pb 30 3 <4-80 Pb 7 s 2-14 
Zn .0 2 9-100 Zn 5 3 3 0.3-10 
llln 2 4 0.2-10 llln 0.3 0.3 0.2 <0.04-0.7 
v 0.4-6 v O.IS 0. 13 0. 10 <0.02-0.4 
Cu <4 Cu 0.9 0.3 0.9 1.4 0.5- 1.2 

Hs <0.05 Hs 0.10 0.09 0.07 <0.02-0.3 
Cr 1.0 3 0.07-3 Cr 0.2 0.2 0.15 0.02-0.4 
Ce 0.08 2 0.02-0.18 Ce 0.17 0. 12 0. 13 0.04-0.3 
Cd <9 Cd 
Se 0.5 1.9 <0. 1-0.9 Se 0.3 0. 11 0.3 1.4 0.2-0.5 
As 1.3 4 0.14-8 As 
Co 0.07 2 0.03-0. 18 Co 0.04 0.02 0.03 0.01-0.07 
Sb 0.4 0.09-1.7 Sb 0. 16 0.15 0.11 3 0.03-0.5 
Sc O.OIS 1.8 O.OOS-0.03 Sc 0.019 0.014 0.014 3 0.003-0.04 
Tb <0.04 Tb 0.016 0.013 0.011 3 0.004-0.04 

AI A a o.os 0.10 0.014 s <0.007-0.3 
Eu Eu 
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Northern Norway (1971-1972)' Gulf d Guinea (1970)' 

Metal Geom. Mn. GSD Ranae Metal Geom. Mn. GSD Ranae 

Na 300 60-1500 Na 

Ma 60 12-180 Ma 
AI 40 6-130 AI 
Ca 40 1.6 15-90 Ca 1700 1.6 800-3000 
K 40 1.6 15-80 K 
Fe so 1.7 11-100 Fe 120 1.3 80-110 
Pb 4 2 0.6-20 Pb 
Zn 1 1.9 1.7-30 Zn 
Mn 1.8 0.6-6 Mn 
v 1.2 0. 19-~ v 
Cu 2 1.8 0.~-~ Cu 

Ha Ha 0.2 2 0.04-0.4 
Cr 0.~ 0.18-2 Cr 0.6 0.11-3 
Ce 0.0~ 0.016-0.3 Ce 0.17 0.02-0.6 
Cd 0.11 0.02-0.8 Cd 
Se 0.2 1.7 0. 10-0. ~ Se 
As 1.2 3 0.19-8 As 
Co Co 0. 13 1.8 0.0~-0.3 

Sb 0.3 2 0.0~-1.2 Sb 0.4 3 0.10-3 
Sc 0.006 1.9 0.0016-0.02 Sc 0.02 1.4 0.017-0.04 
Th 0.008 0.002-0.06 Th 0.02 1.6 0.009-0.04 

Aa Aa 
Eu Eu 0.006 1.4 0.004-0.010 

Oahu, Hawaii (1969-1970)' Soulh Pole (1974)' 

Metal Geom. Mn. GSD Ranae Metal Geom. Mn. GSD Ranae 

Na 3000 1.7 900-14000 Na 1.~ 1.7-4 
Mg 400 1.7 0.10-1.8 Ma 0.7 1.8 0.3-1.4 
AI 4 3 0.~-SO AI 0.6 1.9 0.2-1.4 
Ca 140 1.6 0.06-0.7 Ca 0.~ 1 .~ 0.3-0.8 
K 100 1.7 0.03-0.3 K 0.7 1.2 0.~-0.9 

Fe 9 2 1.0-SO Fe 0.~ 1.6 0.3-1.0 
Pb 0.3-13 Pb 0.03* 1.4 0.02-0.04 
Zn Zn 0.03 1.7 0.016-0.07 
Mn 0.16 2 0.02-0.6 Mn 0.012 1.6 0.006-0.02 
v 0.14 1.9 0.04-0.7 v 0.0013 .. ~ 0.0006-0.0016 
Cu 1.4 0.2-12 Cu 0.04 1.6 0.02-0.0~ 

Ha Hs 
Cr Cr 0.0043t 1.7 0.003-0.010 
Ce Ce 0.0019* 1.9 0.0008-0.00~ 

Cd Cd 
Se Se 0.~ 1.2 0.00~-0.001 

As As 0.001* 1.1 0.0067-0.0013 
Co Co 0.0006 1.2 0.000~-0.0006 

Sb Sb 0.0008 1.5 0.000~-0.0014 

Sc Sc 0.00012 1.9 0.00006-0.0003 
Th Th 0.00012 1.6 0.00001-0.0002 

Aa Ag 0.002 3 0.0001-0.009 
Eu Eu 0.000019 1.4 0.000013-0.00088 

See overleaf for footnotes. 
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major coastal urban areas, which may well be major sources of the 
anthropogenic component of the metal flux to the oceans. Also pre­
sented are data from samples collected at the South Pole, this site being 
one of the most remote on the earth's surface. In general, the mean 
values for most elements in the North Atlantic samples are much less 
than the urban values but much higher than those from the Antarctic. 

There are no data for the open ocean in the southern hemisphere that 
qualify for inclusion in Table S.l. This is a serious deficiency. Data 
from the southern hemisphere would enable us to better assess an­
thropogenic impacts, because only 10 percent of the particulate pollu­
tant sources are located in that hemisphere (Robinson and Robbins, 
1971). The comparison of northern and southern hemisphere concen­
trations has been a valuable method for distinguishing between natural 
and anthropogenic sources for other trace substances such as carbon 
monoxide (Seiler, 1974; Newell et al., 1974). 

III. SOURCES OF METALS IN THE MARINE 
ATMOSPHERE 

A. REFERENCE ELEMENTS AND ENRICHMENT FACTORS 

There are many possible natural sources for the metals present in the 
atmosphere; consequently, the anthropogenic contribution to the total 

Footnotes to Table S.l. 
" Sample collection notes: 
'Youna rt a/ . (1975); •Zoller. personal communication. 
' Ducc ~~ a/. ( 1976&; 1976b): Samples collected for one- to tw<Hiay periods from a coastal tower 40 m above sea 

level. Sample collection controlled automatically by wind speed and direction. The vanadium datat arc from 
ship-collected samples ncar Bermuda (Duce and Hoffman. 1976). The number ~samples analyzed was 29-I>.S. 

" Rahn ( 1976): Samples collected for one- to two-week periods at Skopnvarre ncar around level. Collection location 
about 75 km from the open sea. No control of samplina. The number of samples analyzed was 21 . 

. • Crozat n ·a/. (1973): Samples collected from a ship for one-day periods on a 5-m-hjp bow mast. about 8 m above 
water level. Samples collected only when the sbip was headina into the wind. The number ~ samples analyzed 
was9. 

• Peirson rt a/ . ( 1974): Samples collected for one-month periods 0.5 km from the sea, ncar II'OUnd level bot 75 m 
above sea level. No control of samplina. The number of samples analyzed was II . 

• Chcssclet rt a/. ( 1975): Samples collected from a ship for one-day periods on a bow tower extendina 6 m forward 
of ship and approximately 8 m above water level. Sample collection controlled automatically by wind direction. The 
number of samples analyzed was 8. 

' Hoffman rt a/. (1972); Holfman and Ducc ( 1972): Samples collected for one-day periods from a windward coastal 
tower 20 m above sea level. Samples collected only durina extended continuous periods of onshore tradewinds. 
The number of samples analyzed was 56-119. 

• Macnhaut rt a/ . (1977); *Zoller rt a/. (1974): Samples collected for approximately one-week samplina periods 6 m 
above ice level at an elevation of 2800 m above sea level. Collection controlled automatically by wind speed aod 
direction and condensation nuclei counts. Data presented arc aenerally from samples collected on Wbatman 541 
filtcn. Hillier concentrations were observed for Pb. Se. aod Sb in samples collected with 0.4-~tm Nuclepore filters. 
sugcstina that these elements arc primarily present on very small particles. The number of samples analyzed was 
4-10. 

• In column head: GSD. aeomctric standard deviation; ASO, arithmetic standard deviation. 
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burden is not easily assessable. One approach to resolving the inputs 
from the various sources is to attempt to identify reference elements 
that are characteristic, or indicative, of specific natural sources. 
Ideally, a reference element must be amenable to relatively simple and 
accurate analysis, and it must be present in high concentration in 
aerosols produced by the source for which it serves as a reference and 
in low concentration in aerosols from other sources. 

There is general agreement that the major portion of the aerosol mass 
over the oceans is derived from two sources: the sea itself, as spray 
from the bursting of bubbles, and the earth's crust, as mobilized soil 
material. Although a number of major constituents of seawater have 
been used as reference elements for that source, Na is generally 
preferred. Commonly used as reference elements for crustal weather­
ing products are AI, Fe, Si, and Sc. 

Of these, Si is probably best suited for this purpose. However, AI is 
used often because the analytical procedure is simpler and more 
accurate than that for Si. 

For any element in an aerosol sample, we can define an enrichment 
factor relative to a reference element in a specific source. For seawa­
ter, using Na as the reference element, the enrichment factor, EFsea• 
for an element, X, is 

EFsea = (X/Na)atr j(X/Na)sea• (5.1) 

where (X /Na)81r and (X /Na)sea refer, respectively, to the ratio of the 
concentration of metal X to that of Na in the atmosphere and in bulk 
seawater. Likewise, for crustal weathering products, 

EFcrust = (X/AI)atrf(X/AI)crust· (5.2) 

If the concentration of any element in an air sample yields an EF sea 
or an EF crust value that is close to unity, then one can assume that the 
most probable source for that element in the aerosol was, respectively, 
seawater or crustal material. Some caution must be exercised in 
interpreting enrichment factors. With respect to EFsea values, the 
principal assumption is that the composition, relative to Na, of atmo­
spheric sea-salt particles produced by bursting bubbles at the air-sea 
interface is identical to the composition of bulk seawater. However, it 
has been shown that this is not the case for many substances, such as 
iodine (Seto and Duce, 1972), phosphate (Macintyre and Winchester, 
1969), and total organic carbon (Barger and Garrett, 1970; Hoffman and 
Duce, 1976). These substances are significantly enriched in atmo-
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spheric sea-salt particles relative to bulk seawater. This fractionation is 
due, in part, to the association of these substances with surface-active 
organic compounds, which are scavenged by rising bubbles and trans­
ported to the water-atmosphere interface. Thus , the oceanic surface 
microlayer, which serves as the source for some of the material in the 
atmospheric sea-salt particles, becomes enriched with these materials 
relative to subsurface seawater. Many metals are known to be concen­
trated in the top several hundred micrometers of the air-sea interface 
(Piotrowicz et a/., 1972; Szekielda et a/. , 1972; Barker and Zeitlin, 
1972). It is expected that these metals will also be enriched in any 
sea-salt particles that incorporate material from the surface microlayer. 
The magnitude of the enrichment for these metals and its geochemical 
significance remain subjects of debate (Chesselet eta/., 1976; Peirson 
eta/., 1974; Van Grieken eta/., 1974). However, Duce eta/ . (1976b) 
have presented strong evidence that Fe, Zn, and Cu are enriched by a 
factor of several hundred on atmospheric sea-salt particles produced 
by bubbles bursting in coastal waters. 

Crustal enrichment factors do not enable us to distinguish between 
that crustal material which is injected into the atmosphere as a conse­
quence of natural processes and that which is mobilized as a result of 
man's activities. The latter include increased exposure and breaking of 
soil surfaces for agricultural usage and in land-clearing operations; the 
production of crushed stone, sand, and gravel; and the suspension of 
soil particles by vehicular traffic. The interpretation of EF values is 
further complicated by the fact that many anthropogenic activities 
yield products (for example, coal and fly ash) in which many elements 
have relative concentrations that are similar to those of average crustal 
material. Moreover, one would not necessarily expect naturally de­
rived soil aerosols to have a composition identical to that of average 
crustal material . First, the composition of rocks and soils varies from 
region to region. Second, the composition of the mobilized fraction of 
the soil may be different from that of the bulk soil material. Thus, 
EF crust ratios greater or less than unity do not necessarily preclude a 
crustal source. 

Despite these limitations, the determination of EFsea and EFcrust 
values can yield useful information on possible ocean and crustal 
sources for many metals. Enrichment factor values much greater than 
unity-a factor of 10 or more-alert us to metals that may be derived 
from other sources. Metals in the latter group, those that are appar­
ently nonmarine and noncrustal in origin, may have major an­
thropogenic sources. It is these metals that ultimately may be of 
greatest concern. 
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B. THE OCEAN 

With the exception of the alkali and alkaline earth elements, the EFsea 
values for all the metals listed in Table 5.1 are very large, with values 
ranging from hundreds to tens of thousands. In contrast, the EFsea 
values for Mg, K, and Ca are generally in the range of 1 ± 0.1 in 
aerosols collected on the coast of Hawaii and from ships over the 
North Atlantic (Hoffman and Duce, 1972; Hoffman et a/ ., 1974). 
Slightly higher EFsea values for these metals have been observed 
(Chesselet eta/., 1972; Buat-Menard eta/., 1974). These higher values 
could be attributable to the presence of significant quantities of crustal 
aerosols in the atmosphere in these regions. However, there is some 
evidence that EFsea values forK may be higher in atmospheric sea-salt 
particles generated in regions of upwelling water (Buat-Menard eta/., 
1974), possibly as a consequence of the increased biological productiv­
ity . 

C. CRUSTAL WEATHERING 

A compilation of representative EF crust values is presented in Table 
5.2. These data suggest that weathered crustal material is the primary 
source of Sc, Fe, Mn, Ce, Eu, and Co (i.e. , their EFcrust values are 
considerably less than 10). However, a number of elements are highly 
enriched relative to both the crust and seawater; these are Zn, Cu, Cd, 
Hg, Sb, Ag, As, Pb, and Se. Interest centers on these elements because 
of the possibility that they might have a significant anthropogenic 
component. Zoller eta/. (1974) pointed out that most of these highly 
enriched elements, and their oxide or halide compounds, have a 
relatively low boiling point. 

If a significant fraction of the earth-atmosphere flux of these metals 
involves a vapor phase, then we would expect their concentration to be 
relatively greater in submicrometer particles. The aerosol surface area 
is greatest in the sub micrometer-size range, and, consequently, the 
effects of sorption, condensation, and surface reactions should be most 
apparent on these particles. This size dependency has been most 
clearly demonstrated in studies of aerosol composition and size distri­
bution in urban areas. Generally, it is found that the total aerosol mass 
distribution is essentially bimodal (except in the immediate vicinity of 
major sources) with a saddle point at approximately 2-p.m diameter 
(Whitby eta/., 1975; Sverdrup eta/., 1975). Particles larger than a few 
micrometers in diameter are generated by natural and anthropogenic 
mechanical (comminution) processes, while most of the particles below 
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TABLE 5.2 Mean Crustal Enrichment Factors for Metals in Atmospheric Particles 

Eastern 
Lerwick Tropical North Coast 
Shetland Is. Bermuda Atlantic of Norway Gulf of Oahu, Hawaii South Pole 

Element Urban Regions" (1972Y' (1973)< (1974)d (1971-1972)' Guinea (1970Y ( 1969-1970)' (1974)A 

Sc 0.8 0.9 1.1 1.2 0.6 0.8 - 0.8 
AI /.0 1.0 /.0 /.0 1.0 /.0 1.0 1.0 
Fe 1.2 1.7 1.0 1.1 1.9 1.7 2.6 t.2 
Th 0.7 3.8 2.1 2.4 1.8 - - 1.6 
Mn 1.4 4.6 0.7 0.5 5.0 - 2.6 1.4 
Ce 1.1 1.7 3.6 4.3 2.3 2.6 - 4.4 
Eu 3.8 - 2.5 - - - - 1.9 
Co 1.8 2.8 1.8 2.4 6.3 4.0 - 2.6 
Cr 14 15 1.7 3.2 12 6.8 - 6.9 

~ v 17 24 17 1.8 24 - 15 1.1 N 
Zn 200 790 26 480 240 - - 50 
Cu 21 77 12 22 79 - 450 84 
Pb 1,800 3,300 180 720 800 - 2,900 240 
As 89 1,500 50 - 1,900 - - 510 
Ag 200 - 52 1,400 - - - 2,600 
Hg 570 <700 <!65 1,800 - 1,800 

Sb 910 3,600 180 3,700 3,600 2,400 - 410 

Cd 340 - 570 - 1,200 
Se 3,600 12,000 2,600 17,000 10,000 - - 16,000 

" Youna" a/. ( 197S); Zoller (personal communication). 
• Peirson " at. (1974). 
'Duce~r a/. (1976b). except for V. which is from Duce and Hoffman (1976). 
'1 Chesselet " a/. ( 197S). 
• Rahn (1976). 
'Crozat tt a/. ( 1973). 
• Hoffman " a/. (1972). 
• Maenhaut ~~a/ . (1977). except forCe and Cr. which are from Zoller" a/ . \1974). 
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a few micrometers in diameter are produced either directly in combus­
tion processes or indirectly from the condensation of chemical or 
photochemical reaction products. In urban areas, metals in the small­
particle mode are generally characterized by large EFerust values; 
examples are Cu, As, Hg, Zn, Sb, and Pb (Paciga and Jervis, 1976). In 
contrast, metals concentrated in the large-particle-size fraction (Fe, Sc, 
Co, and Mn) have low EFerust values (Paciga and Jervis, 1976) and are 
assumed to be soil-derived. 

There are few data on the size distribution of metals in marine 
aerosols. However, one major study (Duce et al., 1976a) has shown 
that, in aerosols collected at Bermuda, the metals having high EF crust 
values were concentrated in the submicrometer-size range, whereas 
the oceanic and crustal-source metals were concentrated in the larger 
particles. Also, supporting evidence comes from an aerosol size study 
made in coastal cities (Johansson et al ., 1974); these data show that the 
size dependence of the metal concentrations in air masses with an 
oceanic trajectory is essentially the same as that in air masses with a 
continental trajectory. 

It would appear, then, that the metals having high EFerust values 
are derived from the continents and are products of vaporization­
condensation/sorption processes. These volatilization processes could 
be anthropogenic; however, there are a number of natural processes, 
some of which will be discussed below, that possibly could produce the 
same results. 

D. POLLUTION 

There are several major anthropogenic sources of atmospheric heavy 
metals: the combustion of fossil fuels (coal, gasoline, lignite, and oils), 
the incineration of waste, and the emissions from cement plants and 
other industrial sources. The fluxes of some heavy metals to the 
atmosphere from these sources can approach, or even exceed, natural 
fluxes to the marine environment (Study Panel on Assessing Potential 
Ocean Pollutants, 1975). For some individual heavy metals, single 
dominant sources often can be identified in certain regions. Examples 
include lead from the combustion of lead alkyls in gasoline (Murozumi 
et al., 1969), vanadium from residual oil combustion (Zoller et al ., 
1973), arsenic from smelters (Crecelius et al., 1974), and cadmium from 
incinerators (Greenberger al., 1977). Many of these metals are released 
to the atmosphere from high-temperature combustion processes; these 
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metals are primarily associated with submicrometer particulate mate­
rial in urban areas as discussed above. 

There are two categories of discrete particles found in the air and the 
sea that are exclusively man-made and that can easily and unambigu­
ously be identified by electron microscope and microprobe techniques. 
These are automobile exhaust particles and inorganic pigments. These 
materials are stable in air and water and, because of their small size and 
long residence times, are widely distributed. Because the annual pro­
duction figures for these substances are a matter of record, they can be 
used as tracers for the study of the dispersion of particulate an­
thropogenic materials. As yet, exhaust and pigment particles have not 
been systematically studied, and there are few data on their fluxes, 
their concentrations at various levels in the atmosphere and oceans, or 
their geographical distributions. 

E. OTHER SOURCES 

Although the concentrations of metals in the atmosphere in remote 
regions can vary by several orders of magnitude, the EF crust values 
generally do not. The similarities between the EF crust values at several 
of the widely distributed sites given in Table 5.2 have been noted and 
discussed by Duce et a/. ( 1975); they suggest that the geographical 
uniformity of EFcrust values may indicate that natural sources or 
processes could be responsible for some of the observed enrichments. 
Possibilities include the following. 

I. Low-Temperature Volatility and Crustal Degassing 

Low-temperature vaporization of some metals or their compounds 
from crustal rocks has been postulated to take place (Goldberg, 1976). 
Degassing of the earth's crust may be the major source of atmospheric 
mercury (Weiss eta/., 1971). 

2. Biological Mobilization 

Life processes can mobilize heavy metals to the atmosphere. For 
example, the methylation of arsenic and selenium by land plants and 
the subsequent release of the methyl arsenides and methyl selenides 
has long been known. Wood ( 1974) points out that methylated forms of 
As, Hg, S, and Se can be produced by microorganisms in the marine 
environment. More recently, evidence has been obtained that suggests 
that growing plants release zinc compounds to the atmosphere 
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(Beauford et al., 1977). The importance of biological mobilization is yet 
to be established on a global basis. 

3. Volcanic Activity 

Heavy metals are introduced to the atmosphere intermittently through 
volcanic activity. Intense volcanic eruptions can directly inject par­
ticulate and gaseous materials into the stratosphere as well as the 
troposphere; as a consequence, these materials can be rapidly mixed 
throughout the atmosphere. Estimates of the mass yield of particles 
from volcanoes vary widely, but recent measurements suggest that 
yields could be quite large (Hobbs eta/., 1977). The metal output of 
volcanoes via the high-temperature volatilization mechanisms is un­
known. However, the metals with high EFcrust values in Table 5.2 also 
have very high EF crust values in particles collected in the fumaroles and 
vents of active volcanoes (Cadle eta/., 1973; Mroz and Zoller, 1975; 
Duce eta/ ., 1976b). 

F . METAL FLUXES TO THE ATMOSPHERE 

One approach to understanding the origins of metals in remote areas is 
to estimate the global fluxes of each metal to the atmosphere from 
known sources to ascertain if any one source could be dominant. To 
this end, we have assembled calculations for the total fluxes of metals 
from crustal material, sea salt, and fossil fuels to the atmosphere (Table 
5.3). It should be noted, as mentioned previously, that there may be 
other natural and anthropogenic sources for these aerosol metals . 
However, there is currently no information on which to base a calcula­
tion of the global fluxes of metals from these other sources. 

The total mass flux of crustal material to the atmosphere has been 
estimated to be 2.5 x 1014 g yr- 1 (Goldberg, 1971); the average crustal 
abundances of Taylor (1964) were used to convert this total crustal 
mass flux to elemental fluxes . The flux of sea-salt particles to the 
atmosphere is estimated to be I x 1015 g yr- 1 (Eriksson, 1959). The 
sea-salt flux is converted to a metal flux using the average seawater 
concentrations reported by Riley (1975) and by Chester and Stoner 
(1974). This calculation assumes that no element fractionation occurs 
during sea-salt particle production. The flux of heavy metals from the 
combustion of coal, lignite, oil , and natural gas is taken from Bertine 
and Goldberg ( 1971 ). The flux of sub micrometer lead to the atmosphere 
from anthropogenic processes (primarily the combustion of leaded 
fuels) is taken from Patterson eta/. (1976). 
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TABLE 5.3 Global Flux of Metals to the Atmosphere Based on Total 
Crustal Material Flux of 2.5 x 1014 g/yr"' and Total Sea-Salt Flux of 
1 X 1015 g/yrb 

Crustal Material' Bulk Sea Salt4 

Element 1()11 J/yr J()l' lfyr 

AI 20,000 O.IS 
Fe 14,000 o.s 
Na 6,000 3 X 1()6 
Mn 200 0.005 
Sc 6 0.000015 
Cu 14 0.04 
v 30 o.os 
Se 0.013 0.003 
Pb 3 0.0008 
Cd o.os 0.0008 
As o.s o.os 
Zn 18 0.08 
Sb o.os 0.007 
Hg 0.02 0.0005 

• Goldbera ( 1971) . 
• Eriksson ( 19S9). 
'Usina crustal abundancea d Taylor (1964). 
• Usq seawater c:onc:entrations d Riley ( 197S) and Chester and Stoner ( 1974). 
• From estimates d Bertinc and Goldbera (1971 ). 
t Estimated PUtenon ~~ Q/. (1976). 

Fossil-Fuel 
Combustion 
Products• 
J()ll lfyr 

1400 
1400 
300 

7 
0.7 
2 

12 
o.s 

1501 

0.7 
o.s 

1.6 

It is clear, from Table 5.3, that the crustal sources dominate the sea 
salt and fossil-fuel sources for most metals. The notable exceptions are 
Na from the oceans and V, Se, Hg, and Pb from the combustion of 
fossil fuels and leaded gasoline. 

IV. FLUXES OF METALS FROM THE ATMOSPHERE 
TO THE OCEAN 

A. NEARSHORE 

There have been relatively few field studies of the atmospheric input of 
materials to coastal areas. Cambray et al. (1975) have attempted to 
measure the deposition of metals from the atmosphere into the North 
Sea by analyzing material collected in continuously open rain collec-
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tors exposed at several coastal sites for periods of approximately one 
month per sample. Samples collected in this manner over such a long 
period of time have a high probability of being contaminated by 
material from local sources; however, the investigators selected the 
sites carefully to minimize such contamination. On the basis of these 
measurements, integrated over a one-year period (1972-1973), Cam­
bray et al. (1975) estimate that the annual atmospheric input of Fe, Pb, 
Zn, and Cu to the North Sea may be greater than 10 percent of the 
steady-state concentration of these metals in the water. 

Patterson and Settle (1974) measured the atmospheric input of Pb 
into a 12,000 km2 area of the Southern California Bight. They found 
that atmospheric transport accounted for 45 percent of the pollutant Pb 
input, the balance being carried by waste-water discharges, river input, 
and storm runoff. 

These field studies clearly illustrate the potential importance of 
atmospheric deposition to nearshore marine pollution. 

B. OPEN OCEANS 

It is impossible at present to make any realistic estimate of the 
atmospheric transport of metals to the global ocean because of a 
complete lack of data from many regions, the most critical being the 
southern hemisphere. The data coverage is best in the North Atlantic, 
where there are several sets of data from different areas and covering 
relatively extended periods of time (see Table 5.1). With these data, 
mean deposition rates can be calculated on the basis of a simple model. 

The model assumes that the metal-bearing aerosols are distributed 
uniformly from the sea surface to 5000 m. This distribution is based, by 
analogy, on measurements of a number of continentally derived non­
pollutant elements (Gillette and Blifford, 1971). (There are virtually no 
data on metal concentrations at altitudes greater than a few meters 
above sea level.) The model further assumes that the atmosphere is 
washed clean of particles 40 times each year. This rain statistic is based 
on the fact that the average residence time of water vapor in the 
troposphere ranges from 8 days at low latitudes to about 15 days at high 
latitudes (Junge, 1963). Obviously, this crude calculation can yield only 
a rough estimate of the total deposition; however, the limitations of the 
data do not warrant a more sophisticated treatment. 

The most representative data sets for the North Atlantic are those 
obtained by Duce et al. (1967b) for the period June through September 
1973, from a 40-m tower at Bermuda, and by Chesselet et al. (1975) for 
April and May 1974, from a ship in an area of the eastern tropical 
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Atlantic between 18 and 36° N and 18 and 30" W (Table 5.1). Neither 
set of samples was collected in the plume of dust that periodically 
emerges from the Sahara and crosses the Atlantic in the northeast 
trade-wind belt. The eastern tropical Atlantic data were weighted twice 
as heavily as the Bermuda data because the former are more represen­
tative of the open Atlantic. 

The weighted arithmetic means (Table 5.4) are used in making the 
flux calculations. Using atmospheric Fe as an example, we obtain the 
following input for Fe: 130 ng m-3 STP x 40 washouts yr-• x 5000 m3 

STP m-2 = 2.6 x J0-2 g m-2 yr-• . 
The calculated deposition rates of metals to the North Atlantic 

Ocean surface are given in column 3 of Table 5.4. How do these 
estimated atmospheric inputs compare with the input of these elements 
to this region from all sources? To answer this question, we estimate 
the total input on the basis of the known elemental composition of the 
deep-sea sediments and the measured sediment accumulation rates. 
(This calculation assumes, of course, that the oceans are in steady 
state.) The calculated sediment fluxes, based on a mean deep-sea clay 
sedimentation rate of 12 g m-2 yr-• (Turekian, 1965), are given in 
column 4 of Table 5.4. The last column of Table 5.4 presents the 

TABLE 5.4 Estimated Flux of Metals to the North Atlantic Ocean 

Atmospheric Atmospheric Sediment Atmospheric 
Concentration" Flux to Ocean Depositionb Input 

Metal (ng m-• STP) (g m-2 yr-•) (g m-2 yr-•) (%ofSed. Input) 

Fe t30 3 X J0-2 7.8 X JO-I 4 
AI 200 4 X J0-2 1.0 X 100 4 
Mn 1.2 2 X J0-4 8.0 X lO-t 0.3 
Sc 0.03 6 X 10-<' 2.3 X J0-4 3.0 
Zn 5 I X 10-3 2.0 x 10-3 51 
Cu 1.3 3 X J0-4 3.0 X J0-3 10 
Cd 0.3 6 x 1o-• 5.0 X 10-• t200 
v 0.6 1.2 X J0-4 1.4 X J0-3 8 
Sb 0.12 2 X 10-• 7 x to-• 300 
Pb 7 1.4x to-• 9.6 X J0-4 ISO 
Hg 0. 10 2 X 10-• 8.0 x 1o-• 250 
As 0. 1 2 X 10-• 1.6 x to-• 13 
Se 0.3 6 x to-• 2.0 X 10-• 2900 

• Weiallled mean from data in Table S.l (see text). 
• Calculated on the basis of deep-sea clay composition Jiven by Turekian and Wedepobl (1961) as presented in 
Gtochtmical Tablts. H. V. Rosier and H. Lanae. eds. (Elsevier. New York . 1'172). pp. ~239. except for H& 
(Benine and Goldbera. 1'171) and Sb (Duursma. 1'173). 
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computed atmospheric input expressed as a percentage of the sediment 
deposition rate for each metal. The calculated percentage atmospheric 
inputs are subject to considerable uncertainty. Nonetheless, highly 
anomalous values can alert us to important processes or sources that 
might not otherwise be considered. In Table 5.4, the atmospheric input 
percentage values for AI, Fe, Cu, Mn, V, As, and Sc are reasonable. 
However, the atmospheric input rate for Zn is high, and those for Cd, 
Sb, Pb, Hg, and Se are greater than the deposition rates of these 
elements to the sediments. The elements in the high atmospheric 
deposition rate group are also among those that are anomalously 
enriched in the aerosol. 

There are several possible explanations for the high atmospheric 
input rates for these elements: 

1. The primary sources of these elements are anthropogenic, and, 
thus, the calculated input rates reflect a recent phenomenon in the 
geological time scale. The sedimentation data are long-term averages 
spanning many hundreds to thousands of years. Thus, an unusually 
high-rate, but short-term, injection would not be resolvable in the 
sediment record (see below). 

2. A significant quantity of the metals present in the atmosphere 
may actually be recycled material that has been resuspended from the 
ocean surface. Most suspect would be those metals that are enriched in 
sea-salt aerosols relative to their seawater concentrations. Thus, the 
calculated atmospheric deposition rate would be artificially high and 
would not represent a true net input to the ocean. 

3. The assumption that the mechanism for the removal of the metals 
from the atmosphere is equally efficient for all particle sizes may not be 
valid. Experiments indicate that aerosol removal by precipitation and 
by dry processes is relatively more efficient for larger particles (see 
Chapter 4). Thus, the actual removal rate for small particles over the 
oceans may be considerably less than that for large particles. As 
mentioned previously, measurements made on Bermuda (Duce et al., 
1976a) of particle composition as a function of size show that the major 
fraction of the mass of Cu, Zn, As, Sb Se, Hg, Pb, and Cd is present in 
submicrometer particles. In contrast, Na, AI, Mn, Fe, Sc, Th, and Co 
are found primarily on the 1- to 5-m-radius particles. Thus, it would 
seem that the actual deposition rates of the enriched metals could be 
much less than that predicted by our simple model. However, if the 
size-selective removal. of aerosols were a major effect, we would 
expect to see a trend of progressively increasing enrichment factors 
with increasing distance from continental sources. No such trend is 
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evident in the data in Table 5.2, but this may be attributable to the 
limited nature of the data base. 

At present, it is impossible to determine which of these, or other 
factors, might be responsible for the anomalously high calculated 
atmospheric input values. However, it must be emphasized that a 
proper understanding of the nature and magnitude of the flux to the 
oceans wiD require a careful investigation of the physical processes 
involved, in addition to the actual measurement of deposition on the 
ocean. 

C. TIME RECORDS OF ATMOSPHERIC TRANSPORT TO THE 

OCEANS 

The magnitude of anthropogenic inputs and the impact of these inputs 
on the global cycle of metals could be more readily assessed if we had 
available a chronological record of atmospheric deposition that pre­
dates the era of heavy industrialization. Such a record may be obtain­
able from marine sediments and glaciers. 

I. Sediment Records 

Deep-sea sediments cannot be used because of the low sedimentation 
rates that obtain, generally, a centimeter or less per thousand years. 
Thus, the anthropogenic components would be confined, theoretically, 
to a layer less than a millimeter thick at the sediment surface. In 
practice, burrowing benthic organisms chum the surface sediments to 
depths of at least several centimeters and, in effect, homogenize the 
time record over a several-thousand-year period. Nearshore sediments 
can yield much better time resolution because of the much higher 
sedimentation rates (Bruland et al., 1974). Burrowing organisms still 
pose a problem, but this can be avoided by working with sediments 
from anoxic basins (Bertine and Goldberg, 1977). However, the in­
terpretation of nearshore sediment records is difficult, and the conclu­
sions ambiguous, because of the complicating effects of inputs from 
rivers, sewage outfalls, and coastal runoff. 

2. Glacial Records 

There is only one source for the particulate and dissolved material 
incorporated into glaciers-the atmosphere. Also, the chronology of 
the annual inputs to glaciers is readily established by a number of 
techniques. Certainly, the transfer mechanisms and, consequently, the 
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deposition rates to the glacier surface will differ from those over the 
ocean. However, a record of the year-to-year changes in the input rates 
of materials to the glacier are extremely valuable because they permit 
correlations to be made with known trends in (postulated) source 
processes such as the annual rates offossil-fuel consumption, process­
ing of specific raw materials, and volcanic activity. 

A classic example is the study (Murozumi et al., 1969) that showed 
that the concentration of Pb in the Greenland ice cap increased at a rate 
that reflected the increased industrial processing and utilization of the 
metal. This study was the first to demonstrate that the atmospheric 
transport of a metal was more than a local or regional phenomenon. 

The glacial record will also provide information on the output from 
natural sources (such as crustal material, the ocean, and volcanoes), on 
the variation of these outputs with climate, and on the possible effects 
of output changes on climate. 

However, glacier studies are fraught with difficulties, the major one 
being the problem of contamination during the sampling procedure. 
The contamination problem is severe because of the extremely low 
concentrations of particulate and dissolved materials in glaciers. The 
extreme precautions that must be taken, and the consequences of not 
taking them, are described by Murozumi et al. (1969). 

V. RECOMMENDATIONS 

A. Carefully designed field programs should be carried out in open 
ocean area.v to measure the wet and dry deposition rates of metals to 
the sea surface. Data are required for both the northern and southern 
hemispheres; the need for data from the southern hemisphere is 
urgent. Islands in midocean locations are preferred as sampling sites. 
Although sample collection will be difficult and contamination will 
continue to be a major problem, this type of study is presently feasible. 

Aerosol composition as a function of size is a critically important 
parameter in the determination of deposition rates; the inclusion of 
such measurements into field programs should be encouraged. 

B. Investigations should be undertaken to determine the major 
sources of metals in the atmosphere. Determination of sources and 
fluxes have equal priority. Emissions from anthropogenic sources such 
as smelters, cement plants, oil, and gas power plants must be measured 
and characterized on a global basis.lmportant parameters are elemen­
tal (or chemical) composition, particle size distribution, and particle 
composition as a function of size. 
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The importance of specific natural sources and processes such as 
volcanism, the biosphere, low-temperature volatilization and crustal 
degassing, and chemical fractionation at the air-sea interface must be 
evaluated. 

C. The time trends of the atmospheric transport of metals to 
remote areas should be established through studies of concentration 
changes with depth in glacier snow and ice. With these measurements, 
and with a knowledge of the historical trends of anthropogenic source 
terms, an assessment can be made of the anthropogenic impact on a 
global scale. However, if glacier snow and ice is to be used for this 
purpose in a systematic fashion, it will be necessary to develop new 
techniques for collecting larger cores using· more stringent 
contamination-control procedures. 

D. Immediate efforts must be made to initiate procedures or pro­
grams that will lead to an increase in the accuracy and precision of 
aerosol concentration and composition data. There are two ways in 
which a given laboratory can verify the quality of its analytical proce­
dures: (I) through the use of standard reference materials and 
(2) through participation in interlaboratory comparison exercises. 
Standard reference materials must be formulated according to the 
needs of environmental scientists working in the marine environment. 
At present, standards exist for metals in such solid phases as fish meal, 
orchard leaves, fly ash, and coal (U.S. National Bureau of Standards). 
Of these, only the latter two are suitable for use in some aerosol 
studies; however, they are of little value in the analysis of highly saline 
marine aerosols. 

It is essential that a mechanism be established whereby standards 
can be formulated and distributed expeditiously. Often, developments 
in the area of environmental studies have occurred rapidly. In the past 
few years, there have been a number of instances where concern over 
the dissemination into the environment of certain elements or com­
pounds resulted in a sharp increase in field sampling programs. In 
many cases, the quality of these data might have been greatly improved 
if standards could have been made available on short notice. At 
present, the U.S. National Bureau of Standards requires three years 
for the preparation of reference materials; this is far too slow a 
procedure for our purposes. Consequently, we urge SCOR to explore 
the possibility of designating an appropriate international laboratory 
that would be responsible for the rapid preparation of and dissemina­
tion of environmental reference standards and for the organization of 
interlaboratory intercomparison exercises. 
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6 Halogenated 
Hydrocarbons 

I. INTRODUCTION 

The halogenated hydrocarbons have recently received considerable 
public attention because of the potentially detrimental impact of some 
species on the quality of our atmosphere and the earth's ecosystems 
(IMOS, 1975; Ocean Affairs Board, 1971). Of particular interest are data 
concerning the concentration distribution for the two classes of mate­
rial that will be discussed in this chapter: the low-molecular-weight 
halocarbons (leAs, 1975; Grimsrud and Rasmussen, 1975; Wilkniss et 
a/., 1975) and the high-molecular-weight chlorinated hydrocarbons 
(Bidleman eta/., 1976). Unlike most other pollutant materials that have 
substantial natural as well as anthropogenic sources, many of these 
species are believed to be exclusively man-made, and their transport to 
the ocean is recognized as an accomplished fact because it can be 
assumed that they were not present in seawater prior to their invention, 
manufacture, and dispersion by man. Although the assessment of 
impacts is not one of our objectives, we can state that the general 
concensus is that at this time there is no recognized direct impact of 
either group of materials on the ocean, although the bioaccumulation of 
the high-molecular-weight species has been established, and possible 
indirect effects via biomagnification in the food chain have been 

Members of the Working Group on Halogenated Hydrocarbons were R. A. Rasmussen, 
c·huirman; T. F. Bidleman, D. Pierotti, and P. E. Wilkness. 
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postulated in specific cases. However, the data available on the hori­
zontal and vertical concentration distributions in the oceans and in the 
atmosphere are very limited. 

In this chapter, we will review our present knowledge on the 
distribution of these compounds in the atmosphere and the oceans and 
attempt to evaluate the most significant sources and transport paths. 

II. LOW-MOLECULAR-WEIGHT HALOCARBONS 

In the evaluation of the tropospheric transport of the low-molecular­
weight halocarbons, there are three categories that should be con­
sidered separately. One of these categories is based on source, and the 
other two are based on factors that affect tropospheric lifetimes: 
chemical reactions in the atmosphere; dissolution in, and removal by, 
precipitation; removal at land and ocean surfaces; removal after at­
tachment to aerosol particles. The first category includes those com­
pounds that appear to have their primary source in the ocean. The 
second category includes those man-made halocarbons whose tropo­
spheric lifetimes are short, thereby limiting atmospheric transport to 
relatively short distances from the point of release. The third and final 
category includes those anthropogenic halocarbons whose tropo­
spheric lifetimes are sufficiently long to allow transport over consider­
able distances through the troposphere; therefore these can be con­
sidered as potential global pollutants. 

A. OCEANIC SOURCE HALOCARBONS 

In this group are the monohalomethanes CH3Cl, CH3Br, and CHJ (see 
Table 6.1 for a list of formulas, abbreviations, and names). These 
should not be considered as oceanic pollutants, because they are 
present in the ocean in concentrations far too high to be in equilibrium 
with the air above. (See Table 6.2 for a compilation of atmospheric 
concentration measurements.) Therefore, the ocean appears to be a 
source rather than a sink. Lovelock and co-workers (Lovelock et al., 
1973; Lovelock, 1975) have measured all three compounds in the 
Atlantic Ocean and have calculated that the ocean may release as much 
as 2.8 x 1013 g yr-1 of CH3Cl into the atmosphere. Wofsy eta/. (1975) 
and Yung eta/. (1975) have estimated the release of CH3Cl from the 
oceans at 5.2 x 1012 g yr- 1, of CH3Br at 7. 7 x 1010 g yr-1, and of CH31 at 
7.4 x 1011 g yr-1• Liss and Slater (1974), using Lovelock's values for 
CH31, have calculated that the oceans release 2.7 x 1011 g yr-1 of this 
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TABLE 6.1 Formulas, Common Names, Abbreviations, and Their 
Equivalent Scientific Names 

Formula 

CH,.CI 
CH.CI. 
CHCI,. 
CCI. 
CH,.Br 
CH31 
CH,-CH,CI 
CH,.-CCI,. 
CHCI=CCI2 

CCI2 =CCI2 

CH2 =CHCI 
CH2CI-CH2CI 
CH,Br-CH,Br 
CFCI,. 
CF,CI2 

CHF2CI 
CF,CI-CFCI, 
CF2CI-CF2CI 

Common Name 

Chlordane 

Dieldrin 

Toxaphene 

Abbreviation 

BHC 
p,p'-DDD 
p,p'-DDE 
p,p'-DDT 
o,p'-DDT 

PCB 

Scientific Name/Description 

Methyl chloride 
Methylene chloride. dichloromethane 
Chloroform 
Carbon tetrachloride 
Methyl bromide 
Methyl iodide 
Ethyl chloride 
1.1.1-Trichloroethane. methyl chloroform 
Trichloroethylene 
Perchloroethylene. tetrachloroethylene 
Vinyl chloride 
Ethylene dichloride. 1.2-dichloroethane 
Ethylene dibromide. 1.2-dibromoethane 
Freon-11 
Freon-12 
Freon-22 
Freon-113 
Freon-114 

cis- and trans- isomers of 1.2.4.5,6.7 .8.8-octachloro-2.3.3a.4.7 .7a­
hexahydro-4. 7 -methanoindene 

1.2.3.4,10.10-Hexachloro-exo-6.7-epoxy-1.4.4a.5.6.7 .8.8a­
octahydro-1.4-t'ndo,exo-5.8-dimethanonaphthalene 

A mixture of chlorinated camphene compounds containing 
67-69% Cl 

Isomers of hexachlorocyclohexane 
1.1-Dichloro-2.2-bislp-chlorophenyl)ethane 
1.1-Dichloro-2 .2-bislp-chlorophenyl)ethylene 
1.1.1-Trichloro-2.2-bislp-chlorophenyl)ethane 
1,1.1-Trichloro-2-(o-chlorophenyl)-2-lp-chlorophenyl)cthane 

Polychlorinated biphenyls 

compound, an estimate that is very close to that of McElroy (Wofsy et 
al., 1975; Yung et al., 1975), which was determined by a different 
method. The natural rates of production of these compounds in the 
oceans (and, possibly, on land by vegetation) far exceeds the rates 
from anthropogenic sources (see Table 6.3 for a summary of source 
production rates). 
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B. SHORT-RESIDENCE-TIME HALOCARBONS 

The second class of compounds, those halocarbons with extremely 
short tropospheric lifetimes, includes CHCI=CC12, CCI2=CCI2o 
CH2CI-CH2Cl, CH2=CHC1, and CH2Br-CH2Br. The tropospheric 
lifetimes of these compounds are on the order of hours: CH2=CHC1 
(vinyl chloride), CH2Cl-CH2Cl (ethylene dichloride), and CHCl=CC12 
(trichloroethylene) have half-lives estimated at between 2 and 6 hours, 
and CCI2=CC12 (perchloroethylene) has a half-life of around one day 
(Gay et al., 1976). Consequently, if these compounds undergo tropo­
spheric transport, they will have a very limited range. Nonetheless, 
Murray and Riley (1973) have measured CHCl=CC12 and CC12=CC12 
in, and above, the waters of the Atlantic Ocean from the west coast of 
Mrica to the British Isles. However, because CHCI=CC12t 
CCl2=CCl2, and CH2Cl-CH2Cl all have been detected in municipal 
water·and sewage systems in the United States, Great Britain, and 
Europe, much of the oceanic pollution may be transported through 
drainage waters rather than through the air. These compounds all have 
much longer lifetimes in water than in air (e.g., 6 months to a year for 
CHCl=CCI2 and CC12=CC12), so it would seem that a significant por­
tion of the oceanic burden could be due to direct injection by rivers. 
An alternative interpretation would be that Murray and Riley's data are 
evidence for the existence of natural sources for reduced halocarbons. 

C. LONG-RESIDENCE-TIME HALOCARBONS 

The chemical and physical properties of the low-molecular-weight 
(C1-C2) halocarbons in this group are very different from those of the 
high-molecular-weight halocarbons, the polychlorinated biphenyls 
(PCB's) and chlorinated pesticides, which also have long residence 
times. (The latter group will be covered in Section III, below.) The low­
molecular-weight halocarbons have much higher vapor pressures and, 
thus, tend to partition into the atmosphere. Their,•.bioaccumulation 
factors are 100 to 1000 times smaller; and their water solubility, 
although fairly low, is considerably higher (i.e., 1()3 to 105 times as 
great). Also, the manner in which these compounds are used results in 
large releases to the atmosphere. 

The chlorofluorocarbons, particularly Freon-11 (F-11), F-12, F-22, 
F-113, and F-114 (see Table 6.1) all appear to have long tropospheric 
lifetimes because of their relatively low reactivity in the troposphere 
and their low solubility coefficients in water. Therefore, we would 
expect the chlorofluorcarbons to have a sufficiently long residence 
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TABLE 6.2 Summary of Atmospheric Concentrations of Halomethanes0 (Units: t0-12 v/v ±SO) 

Ratio, Sto N 
Compound Continental Background Marine Background Urban Range Hemisphere" 

NOtifluorinated 

- CH3Cl S69 ± 421 S30 ± 3011 1260 ± 4344 834 ± 40" 

"" S87 ± 1023 1140 ± 400" 0 
713 ± Sl4 

1040 ± 3994 
690 ± 39()6 

CH,Cl, 36 ± I J3 3S ± 19" <2~1443 

CHCI3 9± 31 40 ± 384 102 ± 1024 <0.11 
II± S3 27 ± 8" I~IS,0007 

2S ± 184 6-3000' 
20 ± 1011 

CCI4 122 ± 131 128 ±42 134±204 0.9.5 
133 ± 10" 128 ± J64 12~18,0007 

116 ± 8• Ill ± II" )4008 
120 ± IS" 12~1.500' 

CH3Br IS± 104 93± 1004 108 ± 1384 

o.s- ).()6 <1~22()6 

CH31 9 ± s• 7 ± 74 24 ± 204 
<I- JJIO <1-38007 
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CH,CCI3 98.8::!: 9.7'" 
cct.cct. 30.7::!: 10.513 

cHaco, 15.6::!: 2.513 

Fluorinated 

CFCI3 130::!: 5' 
(F-11) 125 ::!: 8" 

115.6::!: 5.013 

CF.ct. 228::!:71 

(F-12) 230::!: 1011 

203.5 ::!: 18.513 

CHCI2F 
(F-21) 14.2::!: 4.913 

CFCI2CF,CI 19.9::!: 3.413 

(F-113) 

-VI " Sources (complete cilalions are found in references): 
1 Cronn ~~a/. (1976). 
'Pierolli ~I a/. (1976). 
'Pieroui and Rasmussen (1976). 
• Singh ~~ a/. (1977). 
'Harsch and Rasmussen (1977). 
1 Cox~~ a/. (1976). 
7 Lillian~~ al. (197S). 
• As reported in Sinah (1977) from sources cited !herein. 

1 Ollla ~~ a/. (1976). 
• Su and Goldbera (1976). 
•• Lovelock~~ a/. (1973). 

123::!: 264 

207::!: 334 

" Grimsrud and Rasmussen (1975). 
" Lovelock ( 1975). 
" Singh ( 1977). 

120-88007 

120-4900" 

250-470007 

250-11400" 

0.42 

0.10 

0.89 

0.89 
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TABLE 6.3 Estimated Yearly Source Strengths of Chloroform and 
Three Monohalomethanes (1012 g/yrY' 

Methyl Methyl Methyl 
Chloride Bromide Iodide Chloroform 

Total 
source 0.74 
strength S.2 7.7 X JO-t 0.27 0.23-0.99 

Global 
industrial 
source 7.9 X J0-3 (O.S-2.0) X JO-t Insignificant 12.4 X J0-3 

• Sourus: Yu111" 11/. ( 1975); Wofsy " "' · ( 1975); Uss and Slater ( 197.f). 

time in the atmosphere to permit relatively complete tropospheric 
mixing on a northern-southern hemispheric scale. Indeed, the concen­
tration of F-11 and F-12 has been found to be relatively uniform over 
nonurban continental regions and the oceans (Table 6.2). Because of 
the greater solubility in water of the low-molecular-weight halocarbons 
compared with DDT or the PCB's, substantial amounts would be 
expected to remain in solution if they were to be dumped into rivers or 
the ocean. Thus, they could become oceanic pollutants by this direct 
route in addition to the route through the atmosphere. Indeed, 
Thompson and co-workers ( 1975) have measured much higher concen­
trations of F-11 (CFC13) in municipal water systems than would be 
expected from equilibrium with F-11 in the atmosphere. Using 
Lovelock's measurements, Liss and Slater (1974) have calculated that 
the oceans act as a sink for F-11, removing 5.4 x 109 g yr-• from the 
atmosphere. However, this represents only about 2 percent of the total 
world production of F-11. Although specific measurements have not 
been made, a consideration of solubility coefficients relative to F-11 
leads one to expect the ocean to be a greater sink for F-22 and a 
negligible sink for F-12, F-1 13, and F-114. 

The low-molecular-weight chlorinated hydrocarbons with relatively 
long tropospheric lifetimes have much the same characteristics as the 
chlorofluorocarbons. Although generally they are more water-soluble 
than the chlorofluorocarbons, their solubility coefficients are, nonethe­
less, very small, and, consequently, precipitation scavenging is not an 
important mechanism for their removal from the troposphere. The 
compounds included in this group are CCI., CHCl3, CH2Cl2, CH3CC13, 
and CH3CH2Cl. CCI., CHC13, and CH3CC13 all have been detected in, 
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and over, the waters of the Atlantic Ocean by Lovelock et al. (1973) 
and by Murray and Riley (1973). The atmospheric concentrations of 
some of these compounds are summarized in Table 6.2, and the sea­
water concentrations of CHCI3 and CCI.. are presented in Table 6.4. 

Liss and Slater (1974), using Lovelock's values, have calculated that 
the ocean acts as a sink for CCI4 , removing 1.4 x 1010 g yr-• from the 
atmosphere. However, it must be reiterated that all these compounds 
are fairly soluble in water, and all (except CH3CH2CI) have been 
detected in municipal water and sewage systems, along with F-11, 
F-113, and many other chlorinated compounds. Therefore, transport in 
the aqueous phase may be substantial; however, the primary route for 
transport to the ocean is most likely through the troposphere. The 
relative importance of these two modes could be assessed by compar­
ing the concentrations of these compounds in estuarine and coastal 
waters with the concentrations in the open ocean, far from direct 
sources of injection from rivers and municipal sewage systems. This 
approach has been used for DDT and PCB's. Because most haloge-

TABLE6.4 Chloroform and Carbon Tetrachloride Concentrations in 
Seawaters (I0-9 g liter-•) 

Location Chloroform Carbon Tetrachloride Reference 

Open ocean, East 
Pacific (mixed 
layer, 0-HlO m) 14.8 ± .5 .3 0 . .51 ± 0.28 Su and Goldberg 

Scripps Institution (1976) 
of Oceanography 
pier water, 1-28-7.5 
to 7-8-7.5) 
Including rainy 

season I 1.8 ± .5.8 0.67 ± 0.17 Su and Goldberg 
(1976) 

Excluding rainy 
season 9.3 ± 3.6 0.72 ± 0.06 

Northeast Atlantic 8.3 ± 1.8 0.17 Murray and Riley 
(1973) 

Liverpool Bay 0.2.5" Lovelock et al . 
(1973) 

Atlantic Ocean 0.41 Pearson and 
McConnell (197.5) 

• Includes uicboloretbane (CH,CO,). 
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154 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

nated hydrocarbons produced in the United States are manufactured 
along the Gulf Coast in Texas and Louisiana. the Gulf of Mexico would 
seem to be a prime area for making such measurements. 

II. REMOVAL OF HALOCARBONS FROM THE 
ATMOSPHERE 

On the basis of the chemical properties of these materials and the 
emerging picture of their distribution patterns in nature. the following 
statements can be made: 

1. For the major fraction of the low-molecular-weight halocarbons. 
chemical transformation is probably the most important removal 
mechanism. possibly with OH radical playing an important role (Singh. 
1977). 

2. The removal of low-molecular-weight halocarbons by precipita­
tion does not appear to be very important; these compounds have 
solubility coefficients that are too small for this process to be efficient 
(Junge. 1976). 

3. Gases are being directly transferred from the atmosphere to the 
oceans to a significant degree; this process is estimated to be of 
particular importance for such compounds as CCI4 • CFCI3 • and CH31 
(Liss and Slater. 1974). 

4. Attachment to. and subsequent removal by. aerosol particles is 
not likely to be an important mechanism in clean air for compounds 
having vapor pressures greater than t0-6 to J0-7 mm of Hg (Junge. 
1975a). Thus. this process is insignificant for low-molecular-weight 
compounds but may be important for the high-molecular-weight 
chlorinated hydrocarbons (see below). 

III. CHLOROFLUOROCARBONS AS TRACERS OF AIR 
AND WATER MASSES 

Freon-11 and Freon-12 (CFCI:s and CF2CI2 • respectively) can be mea­
sured easily and with great sensitivity. Because of this. and because of 
their relative inertness in the troposphere. they could be ideal tracers 
with which to study the dispersion of pollutants from urban source 
areas and. subsequently. to follow atmospheric transport to the 
oceans. They may be especially useful for assessing the fate of reactive 
pollutant gases (e.g .• CO. S02 • and N02) in the same air mass; by 
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simultaneously measuring pollutants along with F-11 and F-12, a 
correction can be made for reductions in concentration that result from 
dilution by mixing with clean air (i.e., with air parcels from above the 
boundary layer or from open-ocean trajectories). The usefulness of 
low-molecular-weight fluorocarbons for studying microscale and 
mesoscale transport phenomena has not been explored in practice, 
and knowledge in this area in general is essentially lacking. On the 
global scale, experimental observations show an increase in the atmo­
spheric concentration of low-molecular-weight chlorofluorocarbons 
(CFCI3 especially) with time; this trend is consistent with theoretical 
model predictions and worldwide production estimates (IMOS, 1975). 
The geographical distribution of these compounds (greater, and more 
variable, atmospheric concentrations in the northern hemisphere rela­
tive to the southern hemisphere and a gradient across the equator) has 
also been predicted by global modeling; this distribution can be attrib­
uted to the fact that these compounds are exclusively man-made and 
that their manufacture and use is concentrated in the northern hemi­
sphere. In Table 6.2, the ratios of southern hemisphere to northern 
hemisphere concentrations are presented for some species; these ratios 
range from 0.10 for CHCICCI2 to 0.95 for CCI.. 

The measurement of chlorofluorocarbons in seawater is relatively 
easy compared with the measurement of other tracers such as tritium 
or fission products. Only small volumes of seawater are required for 
analysis (less than 1 liter), making detailed investigations possible. 

The concentration of CFCI3 has been measured in the Atlantic 
(Lovelock et al., 1973) and in the remote central Pacific. The mea­
surements are too few and too fragmented to allow any detailed 
conclusions to be made on the sources, fluxes, or fate of this com­
pound. A general observation that can be made is that the CFCI3 is 
confined primarily to surface waters at this time and that its concentra­
tion decreases rapidly with depth. Thus it appears that CFCI3 (and by 
analogy, the chlorofluorocarbons in general) are slowly being trans­
ferred to the oceans. The chlorofluorocarbons may be an extremely 
useful and unique tracer with which to follow mixing between surface 
water and the deep ocean. 

However, the full potential of the chlorofluorocarbons as oceano­
graphic tracers will not be realized until we have more, and better, data 
on the chemical fate of these compounds in seawater. Of particular 
interest are the rates of destruction through hydrolysis and through 
biodegradation. While data seem to indicate that the lifetime of these 
compounds in seawater is relatively long, experimental verification is 
necessary to assess the limits of these materials as oceanic tracers. 
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IV. HIGH-MOLECULAR-WEIGHT CHLORINATED 
HYDROCARBONS 

The second major class of halogenated hydrocarbons considered are 
the high-molecular-weight chlorinated hydrocarbons (CHC). 

In 1971, the National Academy of Sciences published Chlorinated 
Hydrocarbons in the Marine Environment, a report that assessed the 
environmental impact and transport routes of these species (Ocean 
Affairs Board, 1971). In the same year, Woodwell et al. (1971) 
formulated a mass balance for DDT in the biosphere; the model 
incorporated translocation route from the land to the atmosphere to the 
ocean and predicted concentrations in these reservoirs through the end 
of the century. A similar model was proposed by Cramer (1973). These 
works emphasized the importance of thinking on a global scale and 
both concluded that, for these materials, the primary transport path to 
remote areas was via the atmosphere. 

Since then, we have accumulated more information on the concen­
tration of CHC in the air and the ocean, and it seems safe to conclude 
that DDT concentrations in these reservoirs are at least one to two 
orders of magnitude lower than predicted by Woodwell's global circu­
lation model. Based on what has been learned since the early 1970's, 
new estimates of air-sea CHC fluxes can be made that are useful for 
two reasons: first, they allow us to assess whether atmospheric inputs 
could potentially account for the levels of CHC presently observed in 
the ocean; and, second, they suggest which atmospheric removal 
processes are likely to result in significant deposition into the oceans. 

Although generally considered as being "nonvolatile," chlorinated 
pesticides and the PCB's have saturation vapor densities in the parts­
per-million (mg/m3) to parts-per-billion (JI.g/m3) range. Thus, significant 
quantities of these materials can become airborne. The chief sources of 
these CHC's in the atmosphere are probably vaporization from soils 
for the chlorinated pesticides and evaporation of plasticizers and 
releases during open-dump burning for the PCB's (Nisbet and Sarofim, 
1972). 

Several laboratory studies have been carried out to measure pes­
ticide evaporation rates. Some of these predict that the bulk of CHC 
pesticides applied to the soil would be lost to the atmosphere within a 
year. The few measurements of losses made under actual field condi­
tions suggest that evaporation rates from soils are an order of mag­
nitude lower than estimated from laboratory data (Willis et al., 1972; 
Caro et a/., 1971; Caro and Taylor, 1971). There is a great need for 
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more field studies if we are to formulate meaningful estimates of 
pesticide input to the atmosphere. 

V. CONCENTRATION AND DISTRIBUTION IN THE 
ATMOSPHERE 

A large-scale survey of pesticides in U.S. air was carried out by the 
Environmental Protection Agency in 1970-1971 (Yobs et al., 1972). A 
selection from these data (Table 6.5) shows that mean levels of air­
borne pesticides are only a few parts per trillion (nglm3), and even these 
means may be biased toward the high side as it appears from the 
authors' report that samples yielding values below the detection limit 
were not included in the averages. Other measurements of pesticides 
(Table 6.5) indicate that background levels over the continent are in the 
low ppt range and may be less than 1 ppt for DDT. This is substantially 
lower than Woodwell's predicted 72 ppt of DDT in the troposphere 
(Woodwell et al., 1971) and more in line with Cramer's 0.11 ppt 
estimate (Cramer, 1973). 

The mean concentration of the PCB's on suspended particles in four 
cities in the late 1960's was 50 ppm (Nisbet and Sarofim, 1972), which, 
based on the suspended particulate load, is equivalent to 3.5 ppt in the 
air. Measurements of airborne PCB's within the last two years are of 
similar magnitude (Table 6.5). 

Direct evidence of pesticide transport over the oceans was provided 
in 1968-1971 by the identification of ppb quantities of DDT and 
dieldrin in trade winds aerosols collected on mesh samplers at Bar­
bados (Risebrough et al., 1968; Seba and Prospero, 1971; Prospero and 
Seba, 1972). Recent measurements over the North Atlantic (Table 6.6) 
indicate that nylon screen samplers have very likely underestimated 
the pesticide burden of marine air because most of the CHC is carried 
in the vapor phase rather than on particles (Bidleman et a/., 1976; 
Bidleman and Olney, 1974; Harvey and Steinhauer, 1974; Bidleman 
and Olney, 1975). The small number of available data indicate that 
CHC levels over the ocean are about 1 to 2 orders of magnitude lower 
than over land. 

The concentration of CHC's in the atmosphere is not likely to 
decrease markedly in the near future. Although DDT has been banned 
in the United States and several northern European countries, the rate 
of use of DDT in South America, Africa, and Asia is expected to 
remain essentially constant or to increase slightly through the end of 
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TABLE6.5 Chlorinated Hydrocarbons in Continental Air (Units: I0-9 g/m3 of air STP) 

Location Year PCB DDT" BHC Chlordane Dieldrin Toxaphene Reference 

Mean of "average monthly 
levels," nine citiesb 1970-1971 9.6 2.3 2.3 Yobs et al. (1972) 

New York, Florida, Texas 1970-1971 80% of 200 samples contained CHC residues below 0.03-0.3 ppt Compton et al . (1972) 
760-2440 m above N.W. pine 1974 

forest after DDT spraying Immediately 
after spray 2.2-13.0 Orgill et al. (1974) 

3 months 
after spray <0.02 Orgill et al . (1974) 

Mississippi Delta, mean of 1972 99.5 258 - " monthly averages" 1973 16.0 82 Arthur et al . (1976) 
1..11 
00 1974 11.9 159 

Rhode Island 1973-1975 1-15 0.03-0.6 0.04-0.4 Bidleman et al . (1976) 
Sapelo Island, Georgia 1975 0.02-0.07 0.1-0.3 1.7-5.2 Bidlemanet al . (1976); 

Bidleman and 
Olney (1974) 

Vineyard Sound, 
Massachusetts 1973 4-5 Harvey and 

Steinhauer ( 1974) 
La Jolla, California 1973 0.5-14 McClure ( 1976) 
London, UK 1965 3 6-11 18-21 Abbott et al . (1966) 
W. Germany 1970 0.3-0.6 Junge (1975b) 
W. Germany 1970-1972 0.01-1.0 <0.01-0.1 <0.01-0.2 Weil et al . (1973) 

• May indudep,p'·DDT. o,p'·DDT, andp,p '·DDE, dependina on reference. 
• Balrimore. Md. ; Buffalo, N.Y.; Dolhan, Ala. ; Jo- Ciry, Ia. ; Orlando. Fla.; Sail Lake Ciry. Ulah; Fresno, Calif. ; Riverside. Calif. ; Sroneville. Miss. 
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TABLE6.6 Chlorinated Hydrocarbons in Marine Air (Units: I0-9 m3 of air STP) 

Location Year PCB DDT" Dieldrin Chlordane Toxaphene Reference 

Northeast 1965-1966 0.000061 0.000006 Risebrough et a/. ( 1968) 
tradewinds 1968 0.0002 Seba and Prospero (1971) 
(particulate) 1970 0.000066 0.000065 Prospero and Seba ( 1972) 

Bermuda 1973 0.15-0.5 0.017-0.053 Harvey and Steinhauer ( 1974) - 1973 0.19-0.66 0.009-0.022 <0.005-0.053 <0.02-1.1 Bidleman et a/. (1976); Bidleman VI 
\0 1974 0.08-0.48 <0.003-0.062 0.003-0.077 0.01-0.067 0.11-1.9 and Olney ( 1974); Bidleman and 

Olney (1975) 
Bermuda-U.S. 1973-1974 0.05-1.6 0.001-0.058 0.003-0.048 <0.002-0.17 0.04-1.6 Bidleman eta/. (1976), Bidleman 

cruises and Olney (1974); Bidleman and 
Olney ( 1975) 

Grand Banks 1973 0.05-0.16 <0.001 Bidleman and Olney ( 1974) 
OIJ British Coast 1974 <0.2-0.8 0.01-0.02 Dawsen and Riley (1977) 

• May incllldep,p'-DDT, o,p'·DDT, andp,p '·DDE. 
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TABLE6.7 Chlorinated Hydrocarbons in Ocean Water (Units: I0-9 g/liter) 

Location Year PCB DDT" Reference 

California coastal 1971 2-6 Cox (1971) 
waters 1971 2.5 0.1 Williams and Robertson ( 1975) 

1973 0.3-0.5 0.3-1.3 Young (1975) 
1974 2-10 0.2-1.8 Scura and McClure ( 1975) 
1975 <0.1-0.7 <0.2-3.1 Risebrough eta/. (1976) 

Offshore waters of 1975 <0.1 <0.05 Risebrough eta/. (1976) 
Mexico 

North Central 1972 5 <0.03 Williams and Robertson ( 1975) - Pacific g North Atlantic 1971 5-40 Bidleman eta/. (1976); Olney and Wade (1972) 
1972 1-22 Bidleman et a/ . (1976) 
1972 27-41 <I Harvey eta/. (1973); Harvey eta/. (1974) 
1973 0.9-3 .6 <0.1 Bidleman and Olney ( 1974) 
1973 0.8-2.0 Harvey eta/. (1974) 
1975 4-9 Harvey and Steinhauer (1976) 

Irish Sea 1974 <0.2-1.5 <0.01-0.25 Dawsen and Riley ( 1977) 
Mediterranean, off 1972 100-210 80-180 Raybaud ( 1972) 

Marseilles 
N. W. Mediterranean 1974-1975 1.5-38 0.5-2.7 Elder ( 1977) 

coastal waters 
Open Mediterranean 1975 0.2-8.6 Young (1977) 

" May im:lude DOE and ODD. dependins on referem:e. 
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the decade (Goldberg, 1975). Considering this geographical shift in 
DDT use, it is essential that measurements be made in the equatorial 
regions and in the southern hemisphere, as well as in the northern 
hemisphere. 

VI. CONCENTRATION AND DISTRIBUTION IN THE 
OCEANS 

We have much more information on PCB and DDT residues in marine 
organisms than in seawater itself. Doubtlessly this is because seawater 
concentrations are very low, and contamination during sampling and 
analysis is a more serious problem than with animal tissues. Within the 
last few years, considerable progress in water-sampling techniques has 
been achieved by using macroreticular resins and other polymeric 
adsorbents to isolate trace organics from large volumes of water 
(Harvey et al ., 1973; Bedford, 1974; Junk et al., 1974). Thus, the 
technology is now available to carry out a worldwide ocean-sampling 
program. 

The data for CHC in seawater are summarized in Table 6.7. There is 
no completely satisfactory explanation for the apparent order-of­
magnitude decrease in North Atlantic PCB concentrations between 
1971 and 1973. Harvey attributed the decrease to the combined effects 
of scavenging by sinking particles and the declining input that resulted 
from world sales restrictions (Harvey et al., 1974). However, it seems 
unlikely that sales restrictions would have such an immediate impact 
on PCB input~quivalent to "turning off the tap." Concentrations of 
PCB's in the North Pacific are comparable with those currently ob­
served in the North Atlantic-a few ppt or less (Risebrough et a/., 
1976; Scura and McClure, 1975; Williams and Robertson, 1975). No 
data exist for PCB's in southern hemisphere ocean waters. 

Thus far, no one has reliably measured DDT in the open ocean, 
except in surface films (Bidleman and Olney, 1974). Concentrations in 
the subsurface water were below the detection limits of 0.1 ppt in the 
North Atlantic (Bidleman and Olney, 1974; Harvey eta/., 1974) and 
0.03 ppt in the North Central Pacific (Williams and Robertson, 1975). 
Measurable concentrations of DDT have been reported off the 
California coast, ranging from 2 to 6 ppt in 1971 (Cox, 1971), 0.2 to 1.8 
ppt in 1973-1974 (Young, 1975; Scura and McClure, 1975), and 0.05 to 
0.8 ppt in 1975 (Risebrough et al., 1976). 

DDT and PCB's are enriched at the air-sea interface relative to their 
concentrations in the underlying water (Bidleman and Olney, 1974; 
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Bidleman eta/., 1976; Williams and Robertson, 1975; Olney and Wade, 
1972; Duce eta/., 1972; Seba and Corcoran, 1969; Larsson eta/., 1974). 
The enrichment is a result of either scavenging by bubbles rising 
through the water column or atmospheric deposition on the sea sur­
face. Lipids in surface films at the sea surface could accelerate the flux 
from the atmosphere to the ocean because the CHC's have much 
greater solubilities in lipids than in water. CHC's are probably removed 
from the water column by adsorption onto sinking particles (Harvey, 
1974; Hom eta/., 1974), but nothing is known about the rate of this 
process in the open ocean. 

VII. REMOVAL FROM THE ATMOSPHERE AND 
ATMOSPHERIC LIFETIMES 

The presence of pesticides in rainwater and snow collected over land 
was the earliest indication of aerial CHC translocation. This led 
Woodwell et a/. ( 1971) to consider rainfall the most important process 
for removing DDT from the atmosphere and prompted the Ocean 
Affairs Board ( 1971) to suggest that up to 25 percent of the annual DDT 
production would be rained out into the world's oceans. However. no 
data on CHC in rain collected at sea are available. and samples 
collected over land are likely to be locally contaminated. There is an 
urgent need for measurements of the concentration of CHC in precipi­
tation at sea. 

More CHC may be removed from the atmosphere through scaveng­
ing by falling particles than by rain. especially over land and on waters 
near the coast. In Sweden and Iceland, the annual rate of dry deposi­
tion for PCB's and DDT is of the order of grams per square kilometer 
(Sodergren. 1972; Bengston and Sodergren. 1974). McClure (1976) 
concluded that more CHC was deposited each year by dustfall than 
through washout. In California (Young. 1975; Younge! a/. 1976). aerial 
fallout contributed about as much DDT and one fourth the quantity of 
PCB's to the Southern California Bight as did surface runoff and 
sewage outfalls. 

A potentially important, although as yet unexplored, mechanism of 
CHC input to the oceans may be vapor-phase transfer through the 
air-sea interface. Estimates of worldwide air-sea fluxes of several 
trace gases [S02 • N20, CO. CH4 , CC14 , CCI3F. CH31. (CH3)tS1 have 
been calculated by Liss and Slater (1974), assuming that the transfer 
occurs by molecular diffusion across stagnant air and water films 
(boundary layers) at the air-sea interface. Using this gas diffusion 
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model and background levels at 0.1 ppt of PCB and 0.01 ppt of DDT 
over the western North Atlantic, Bidleman et al . (1976) have estimated 
maximum fluxes of6 x 107 g yr-1 of PCB and 6 x lOS g yr-1 of DDT into 
the North American Basin (an area roughly I x 107 km2 centered 
around the Bermuda Rise). Input estimates for rain were about equal to 
the vapor fluxes, and those from particle fallout, about half. The total 
PCB/DDT inputs into the North American Basin by atmospheric 
processes could be as large as 1.4 x lOS g yr- 1 of PCB and 1.4 x 107 g 
yr- 1 of DDT; this deposition is equivalent to about 0.3 percent and 
0.013 percent of the 1971 world output of these chemicals, respec­
tively. If these deposition rates were to be extrapolated to the world 
ocean (area 36.1 x 107 km2) , then the annual deposition rate, expressed 
as a percentage of 1971 production, would be 10.8 percent and 0.47 
percent for PCB and DDT, respectively. There are few data to warrant 
such an extrapolation. However, we would expect the PCB and DDT 
concentrations to be greater over the North Atlantic relative to other 
ocean areas. Thus , the extrapolation yields an upper limit estimate that 
is considerably lower than earlier estimates. 

While these estimates are only speculative, they do indicate that all 
three atmospheric removal processes are likely to be important-wet 
removal , dry deposition, and vapor-phase transfer. Furthermore, they 
are of the correct order of magnitude to account for the levels of the 
PCB's and DDT observed in the ocean surface waters . The residence 
time of these compounds in the 100-m ocean mixed layer could range 
from a year, as suggested by the 1972-1973 decline in North Atlantic 
surface water PCB concentrations, to as long as 10 years (about equal 
to the turnover rate of the water itself). The atmospheric input rate 
calculated above would thus result in mixed-layer concentrations rang­
ing from 0. 15 to 1.5 ppt of PCB and 0.015 to 0.15 ppt of DDT, values 
close to currently observed PCB levels in the North Atlantic and about 
equal to the present detection limit for DDT in seawater (Table 6.7). 
Certainly, for DDT, these estimates more nearly reflect the true 
situation in the ocean than do global mass balance predictions of 15 and 
9 ppt in the mixed layer (Woodwell eta/., 1971; Cramer, 1973). 

VIII. RECOMMENDATIONS 

1. A major effort must be made to obtain halocarbon concentration 
data of the following types. 

(a) Vertical and areal distributions in the atmosphere. Especially 
lacking are measurements of the high-molecular-weight chlorinated 
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hydrocarbons in relatively remote ocean areas. The concentrations in 
such regions are very low, often below present-day detection limits. 
Thus, such measurements will require the development of better 
instrumentation and improved techniques to minimize the possibilities 
of losses and contamination. It is extremely important that mea­
surements be made simultaneously of both the vapor-phase and the 
particulate-phase concentrations and of the concentration in precipita­
tion. 

Most urgently needed are measurements in the southern hemi­
sphere. For some species such as the chlorofluorocarbons, the major 
centers of production and consumption presently lie in the northern 
hemisphere; for other species such as DDT, the major areas of con­
sumption lie in the southern hemisphere. An extensive data base of 
concentrations in both hemispheres and a record of the changes in 
concentrations with time will be most useful for assessing fluxes and 
for validating atmospheric transport models. 

(b) Vertical and areal distributions in the oceans. In order to 
assess the global fluxes to the ocean from the atmosphere and from 
rivers, the concentration fields in the surface (mixed) layer, and 
vertical profiles across the thermocline, must be well characterized. 
The concentration in phytoplankton and zooplankton should also be 
measured to determine the degree of biomagnification and the extent of 
natural biological production. For those compounds that have both 
natural and anthropogenic sources, the carbon-14 activity might be 
useful for determining the anthropogenic component and, therefore, 
should be measured. Intensive studies should be made in waters along 
the Gulf Coast, where many major manufacturers of halocarbons are 
situated. 

2. The modeling of the transport of halocarbons to the oceans calls 
for detailed knowledge of their chemical reaction mechanisms. These 
can only be obtained through laboratory and field studies directed 
toward the identification of the important reactions and the dominant 
species. The importance of wide-ranging field studies cannot be 
stressed too highly. We anticipate that such studies will require the co­
operative efforts of relatively large groups of chemists working in 
conjunction with meteorologists. From the standpoint of cost effective­
ness, it may be desirable to attempt to integrate chemical programs 
into existing or planned large-scale meteorological experiments such 
as those that will take place as a part of the Global Atmospheric 
Research Program. 

3. A record of the atmospheric concentrations of the halocarbons 
may reside in glaciers and snow fields. By comparing the preindustrial 
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concentrations ofhalocarbons in the lower layers of ice and snow cores 
with present-day concentrations in the upper levels of the cores, the 
relative strengths of natural and anthropogenic sources can be as­
sessed. 

4. At present, a wide variety of techniques are used to collect and 
identify halocarbons and to measure their concentrations. Often, the 
results obtained are nqt in agreement. Consequently, we strongly 
recommend that a thorough intercalibration of these techniques be 
carried out as soon as possible. It would be most useful to have a series 
of universally acceptable standards available for calibration purposes. 
Some group or organization should be assigned the responsibility for 
generating suitable standards. 
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7 Petroleum and Related 
Natural Hydrocarbons 

I. INTRODUCTION 

Petroleum is a complex mixture of chemical classes with many indi­
vidual and physical properties and their atmospheric reactivity; these 
differences can affect the manner in which the materials are trans­
ported in the troposphere. The rate of hydrocarbon introduction into 
the atmosphere depends on the type of petroleum product, the volatil­
ity of its individual constituents, and, if used as a thermal energy 
source, the products produced in combustion. Also, there are a number 
of factors involved in the production, handling, transportation, and 
utilization of petroleum that affect its release into the atmosphere. In 
addition, the measurement of hydrocarbons in the atmosphere and the 
ocean and the assessment of anthropogenic impacts is complicated by 
the presence in the marine environment of a broad variety of biogeni­
cally produced hydrocarbons whose spectra would be superimposed 
on the petroleum hydrocarbon spectra. 

Numerous studies have been made to determine the impacts of 
petroleum on the marine environment. These have been summarized 
recently in the report of a workshop on inputs, fates, and effects of 
petroleum in the marine environment (Ocean Affairs Board, 1975). In 
the report, the deleterious effects of high concentrations of petroleum 
from oil spills, petroleum handling, and ship operations are assessed. 

Members of the Working Group on Petroleum and Related Natural Hydrocarbons were 
W. D. Garrett, chairman; J. H. Hahn, and J. W. Swinnerton. 

169 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


170 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

These include amenity reduction, damage to recreational values, sea­
bird mortality, tainting of seafood, and the modification of benthic 
communities in heavily polluted coastal sediments. Also, there are a 
number of possible chemical and physical mechanisms by which petro­
leum hydrocarbons could produce undesirable effects. Large petro­
leum slicks could change the ocean's albedo, alter the rate of exchange 
of gases through the air-water interface, and accumulate lipophilic 
substances. At this time, there is no evidence that petroleum films have 
had any significant impact on interfacial properties and processes. 
Theoretically, all of these mechanisms are plausible. However, no 
experiments have been performed to ascertain if these mechanisms are 
operative in situ. Indeed, information as basic as the distribution and 
areal extent of oil slicks on the oceans is lacking. 

II. ATMOSPHERIC CONCENTRATIONS AND 
AIR-SEA EXCHANGE 

The existing data on the sources, concentration, and composition of 
hydrocarbons in the atmosphere is sparse, confusing, and often con­
tradictory. Robinson and Robbins (1968) calculated that worldwide 
anthropogenic emissions of all types of hydrocarbons to the atmo­
sphere resulted in a nonmethane hydrocarbon production of 68 Tga 
(Tga, teragrams per annum = 1012 g yr-•). The authors estimate that 
about 30 Tga (of the 68 Tga released) are "reactive," i.e., they are 
largely olefinic, and the oxides of nitrogen will react rapidly (within 
hours) in the presence of sunlight and NO.,., ultimately forming con­
densed particles that have an atmospheric residence time of only a few 
days. The balance of 38 Tga remains in the gas phase; this material is 
referred to as the "long-lived" hydrocarbon fraction. On the other 
hand, Hidy and Brock (1970) estimated that only about 3 Tga of the 
hydrocarbons are rapidly converted to atmospheric particulate matter, 
with 65 Tga remaining in the gaseous form. An assessment by Peterson 
and Junge (1971) yielded 45 Tga of anthropogenic nonmethane hydro­
carbons, of which 30 Tga remain as a gas and 15 Tga undergo conver­
sion to particles. Table 7.1 (Duce et a/., 1974a; 1974b) presents a 
summary of estimates of the total anthropogenic production of atmo­
spheric hydrocarbons (excluding methane) that may largely remain in 
the gas phase and, thus, have relatively long residence times. Duce et 
al. (1974a; 1974b) concluded that the total man-made "long-lived" 
gaseous hydrocarbon production is approximately 50 Tga, of which 45 
Tga is produced in the northern hemisphere. 
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TABLE 7 . I Estimates of Emissions and Conversion of Non methane 
Hydrocarbons in the Atmosphere 

Remaining as 
Total Rapid "Long-Lived" 
Emissions to Conversion to Gaseous Hydr~ 
Atmosphere Particles carbon 

Author (Tga)• (Tga)" (Tga)• 

Man·s production 

Robinson and Robbins (1968) 68 30 38 
Hidy and Brock (1970) 68 3 65 
Peterson and Junge (1971) 45 IS 30 

Natural production 

Rasmussen and Went (1965) 440 
On the basis of 

Peterson and Junge (1971) 220 220 
Rasmussen ( 1973) s440 =-0 

• Tp = Terapams per annum • 1011 a year-•. 

The natural production of atmospheric hydrocarbons (mostly ter­
penoids) has been estimated to be as much as 440 Tga worldwide 
(Rasmussen and Went, 1965; Rasmussen, 1972; Peterson and Junge, 
1971; Ripperton et al., 1967). Peterson and Junge assumed that half of 
this material is converted relatively rapidly to particles, the balance 
remaining in the gaseous state. In contrast, Rasmussen suggested that 
almost all of the naturally produced hydrocarbons are rapidly con­
verted to oxygenated species such as alcohols, aldehydes, and acids. 
Eschenroeder (1974) surveyed the state of knowledge of the sources of 
naturally emitted hydrocarbons in the atmosphere and concluded that 
the emission rate of natural hydrocarbons is offset by their reaction 
rate in the atmosphere. Thus, the estimates of the production rate of 
naturally produced hydrocarbons having relatively long atmospheric 
residence times range from 0 to 220 Tga (see Table 7 . I). If it is assumed 
that production is proportional to land surface area, the production rate 
of "long-lived" gaseous hydrocarbons in the northern hemisphere 
would be 0 to 150 Tga. 

A recent workshop (Ocean Affairs Board, 1975) estimated the global 
atmospheric input of petroleum hydrocarbons to the seas to be roughly 
0.6 Tga. Duce ( 1973) estimated a higher value of 1.4 Tga for the heavier 
particulate hydrocarbons (n- 14C to n-33C) carried to the sea by dry 
fallout and precipitation processes; these values are based on prelimi-
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nary measurements of particulate hydrocarbons in air samples taken 
aboard a ship in the open North Atlantic Ocean. The cited estimate of 
1.4 Tga was calculated from an average particulate hydrocarbon con­
centration of about I0-9 g/m3 in the marine atmosphere; the hydrocar­
bons in the gas phase were not measured. Because these estimates are 
based on many unproven assumptions, the hydrocarbon input values 
should be regarded with caution. 

A significant fraction of the nonmethane petroleum hydrocarbons in 
the marine atmosphere may be derived from oceanic sources. Garrett 
and Smagin (1976) estimate that 1.35 Tga is emitted to the atmosphere 
by natural seeps, transportation sources, and offshore production 
facilities. The majority of this sea-to-air petroleum flux is localized 
along tanker routes and coastal areas, where petroleum production 
activity is high. It is merely fortuitous that the sea-to-air flux is 
essentially equal to Duce's (1973) air-to-sea flux of 1.4 Tga, as the 
composition of the materials in these fluxes is quite different. The 
hydrocarbons entering the atmosphere from maritime petroleum 
sources will be primarily composed of volatile, gas-phase compounds 
that are highly paraffinic and stable and, thus, not likely to be rapidly 
converted into particles that would then be redeposited to the sea. A 
number of investigators have demonstrated experimentally that 
n-alkanes with up to 14 carbon atoms are rapidly evaporated from the 
sea surface, while McAuliffe (1973) suggests that most hydrocarbons 
with up to 12 carbon atoms (alkanes, alkenes, cycloalkanes) will be 
preferentially distributed into the gas phase under equilibrium condi­
tions between air and sea. In contrast, Duce's downward flux consists 
of particulate matter formed from the heavier organic constituents of 
petroleum and their reaction products. Thus, in addition to continental 
inputs, it seems likely that there is a cycle of petroleum hydrocarbons 
between the oceans and the marine atmosphere in which (a) there is a 
net flux of volatile, low-molecular-weight compounds from sea to air; 
(b) the less stable compounds undergo gas-to-particle conversion in the 
atmosphere; and (c) the particulate forms are returned to the sea by 
precipitation processes and as dry fallout. 

III. FACTORS AFFECTING THE DETERMINATION OF 
ATMOSPHERIC TRANSPORT OF HYDROCARBONS 

A. INTRODUCTION 

Estimates of atmospheric inputs of hydrocarbons to the ocean are very 
uncertain because of the paucity of data and the necessity of making a 
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large number of simplifying assumptions when dealing with the com­
plex physical and chemical systems inherent in a multicomponent 
mixture such as petroleum in the environment. There are five major 
problem areas that must be considered in attempting to estimate the 
magnitude of the tropospheric transport of petroleum hydrocarbons to 
the sea. These are related to (I) the complex nature of petroleum, 
(2) selective reactivity in the atmosphere, (3) selective transport, 
(4) natural sources, and (5) concentration levels. 

B. THE COMPLEX NATURE OF PETROLEUM 

Crude oil is composed of thousands of individual compounds, mostly 
hydrocarbons representing several homologous series. The relative 
ratios of these compounds in a petroleum product will determine the 
character of its combustion products when burned and its physical and 
chemical behavior when spilled onto water or allowed to evaporate. 
Although there are widespread variations in the constituents of crude 
oil from different sources, the following composition is representative 
of an "average" crude. 

By molecular size: gasoline (IIC - 10C), 30 percent; kerosene (10C - 1ZC), 
10 percent; light distillate oil (1ZC-20C), 15 percent; heavy distillate oil 
(20C-40C), 25 percent; residual oil (40C), 20 percent. 

By molecular type: paraffin hydrocarbons (alkanes), 30 percent; 
naphthene hydrocarbons (cycloalkanes), 50 percent; aromatic hydro­
carbons, 15 percent; nitrogen-, sulfur-, and oxygen-containing com­
pounds (NSO's), 5 percent. 

C. SELECTIVE REACTIVITY IN THE ATMOSPHERE 

Once organic matter is injected into the atmosphere, its character will 
be greatly altered because of the large number of photochemical 
reactions that can take place. Compounds may be simply oxidized, or 
they may undergo complex polymerization reactions leading to particle 
formation. Strictly speaking, once oxidized, a compound can no longer 
be considered a hydrocarbon. The product is more polar and surface­
active and is readily removed from the atmosphere by physical 
scavenging processes. The reactivity of airborne hydrocarbons in the 
presence of sunlight and oxidants increases in the following order: 
normal paraffins, branched-chain paraffins, aromatics, and olefins. 
Because of the variability in the chemical composition of petroleum, 
the differences in the reactivity of its components in the atmosphere, 
and the lack of sufficient kinetic data, it is difficult to make a realistic 
estimate of hydrocarbon losses from reactions in the atmosphere. 
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Actual measurements will be required to obtain data for use in trans­
port models. 

D . SELECTIVE TRANSPORT 

The magnitude of the transport of specific hydrocarbons to the sea will 
depend to a considerable extent on their physical state and water 
solubility. In a recent paper, Junge (1975) discussed various processes 
that might effect the removal of trace substances from the atmosphere. 
He concluded that the most effective removal processes should be dry 
deposition and wet removal, the latter as a consequence of the incorpo­
ration of particulate matter into raindrops as condensation nuclei. 
However, there are virtually no data on the types and concentrations of 
hydrocarbons in rainwater in remote marine areas (or even in nonurban 
continental regions); also, the air-sea exchange of hydrocarbons is 
poorly understood. Therefore, we have no basis for making any useful 
estimates. 

Duce et al. (1974a; 1974b) concluded that a considerable fraction of 
the .. long-lived" gaseous hydrocarbons found in the atmosphere in 
remote areas is probably not deposited on the earth's surface but is 
ultimately converted in the atmosphere to oxygenated species. This 
might be true, but the extent to which this conversion occurs will be 
open to question until measurements are made of the magnitude and 
character of the .. long-lived" hydrocarbons attached to aerosol parti­
cles that are removed by dry fallout and by rainout and washout. 

Until now, the only (and still rather uncertain) assessment of the 
tropospheric residence time of gaseous hydrocarbons has been made 
by Duceet al. (1974a; 1974b). They estimated a mean value of0.5 to 2.0 
years for the northern hemisphere for all hydrocarbons that are not 
converted, or attached, to particles; this estimate assumes a total 
northern hemisphere tropospheric burden of 91 Tg and anthropogenic 
and natural productions of 45 and 150 Tga, respectively. 

If the continental regions are important sources of petroleum that is 
transported to the sea, one would expect decreasing concentrations of 
particulate and soluble forms of hydrocarbons with increasing distance 
from land. In addition, atmospheric concentrations should be greater in 
air masses that have passed over strong petroleum sources. These 
speculations have yet to be verified by measurement. However, indi­
rect evidence suggests that concentrations are markedly greater close 
to the continents. This can be inferred from the Aitken particle con­
centration distribution field over the oceans (Hogan et al., 1973; Elliot 
et a/., 1974) and from the frequency of occurrence of haze at sea 
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(McDonald, 1938). Aitken and haze particles are submicrometer sized 
and are formed predominantly by condensation from the gaseous 
state; thus, it can be assumed that the major portion of the airborne 
organic material resides in these particle classes. The highest concen­
trations at sea are found near the continents within 500 to 1000 km of 
the coast (Hogan, 1975; Machta, 1975; Prospero, 1975). 

E. NATURAL SOURCES OF HYDROCARBONS 

The contribution of biogenically produced hydrocarbons to the total 
budget of hydrocarbons in the marine atmosphere is essentially un­
known. The biogenic hydrocarbons could be derived from continental 
sources or from the sea itself. As far as continental sources are 
concerned, it is known that large quantities of terpenes are produced 
by vegetation, but these compounds are highly reactive, as mentioned 
above, and probably do not remain in true hydrocarbon form for a 
sufficient period of time to permit a significant transport to the sea via 
the troposphere. 

The oceans may be a significant source of low-molecular-weight 
hydrocarbons. Measurements by Linnenbom and Lamontagne during 
the past nine years have yielded the following average open-ocean 
concentrations: ethane, 0.50 ppbv (ppbv = I0-9 by volume); ethylene, 
4.8 ppbv; propane, 0.34 ppbv; and propylene, 1.4 ppbv. Nearshore 
samples usually contain 100 to 200 times the open-ocean concentra­
tions of ethane and propane. The concentrations of ethylene and 
propylene appear to be related to biological activity and productivity 
(Lamontagne eta/., 1974; Swinnerton and Linnenbom, 1967; Swinner­
ton and Lamontagne, 1974). Vertical proftles in the ocean reveal that 
the 1C-4C concentrations reach a maximum at about 75 m; all but 
methane decrease rapidly to zero concentration below 75-m depth. The 
occurrence of these maxima in the open ocean indicates the existence 
of sources that are producing material at rates that are fast relative to 
the rates of dispersion due to physical mixing. The phytoplankton and 
chlorophyll a distributions in the upper layers also show pronounced 
maxima that often coincide with the hydrocarbon maxima; this 
suggests a relationship between hydrocarbon distributions and biologi­
cal processes. 

According to a review in the report of the workshop held by the 
Ocean Affairs Board (1975), almost every hydrocarbon family (even 
polynuclear aromatics) are produced somewhere in the biosphere. 
However, the relative concentrations of the predominant biogenically 
produced compounds differ significantly from those petroleum hydro-
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carbons. Criteria for discriminating between biogenic and petroleum 
hydrocarbons in sea samples are reviewed in the report of the work­
shop held by the Ocean Affairs Board (1975) along with appropriate 
sampling and analytical methodology. It is stated that hydrocarbon­
class separation with liquid chromatography followed by gas­
chromatographic analysis can make the desired distinction as long as 
the petroleum fraction is greater than 10-20 percent of the total 
hydrocarbons and if the quantity of material sampled is sufficiently 
large so that limits of detection are not approached. With small sample 
quantities, one must utilize more sophisticated methods­
computerized gas chromatography and mass spectroscopy. 

F. CONCENTRATION LEVELS IN THE ATMOSPHERE 

The most common hydrocarbons in both urban and rural air are the 
paraffins. Among the paraffins, considering the full carbon range from 
2C to :me. the most prominent species appear to be the n-alkanes. For 
the urban situation, the major individual compounds in the range from 
11C to 12C were found to be benzene homologues. In urban air. the total 
concentration of paraffins (excluding methane) was found to be in the 
range 200-300 glscM (standard cubic meter) of air (Stephens and 
Burleson, 1967; USDHEW, 1970; Lonneman et al., 1974; Kopczynski et 
a/ ., 1975). In rural areas, the concentration of nonmethane paraffins is 
lower by a factor of about 10, 15-30 glscM of air (Ketseridis et a/., 
1976). 

For long-range transport and deposition in the oceans, only the 
"long-lived" fraction of the atmospheric hydrocarbons (i.e.. the 
aliphatic hydrocarbons, acetylene, and some of the aromatic hydrocar­
bons) is of interest. Although a few measurements of atmospheric 
concentrations of nonmethane hydrocarbons have recently become 
available, virtually no knowledge of the atmospheric distribution of 
these compounds is at hand. Measurements by Rasmussen (1974) at 
Hawaii and on cruise no. 32 of the Meteor from northern Europe to 
Puerto Rico suggest that the average atmospheric concentration of 
gaseous 3C-12C hydrocarbons is about 10 p.glscM in uncontaminated 
marine ·air. Duce et al . reported preliminary data on the atmospheric 
concentration of heavier hydrocarbons ( 14C-32C) measured from a 
tower in Bermuda from May to December 1973. The results indicated 
that about 95 percent of the hydrocarbons in this range are gaseous; 
they are not retained by Gelman type A glass fiber filters but are 
retained on polyurethane plugs (Bidleman and Olney, 1974) placed 
behind the ·filters. The concentration of the heavier hydrocarbons 
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ranged up to about I glscM of air. Twenty to twenty-five percent of this 
material was found to consist of gas-chromatographically resolvable 
components, while the remaining 75-80 percent was a complex mix­
ture of unresolved components. 

In a recent paper, Junge (1975) tentatively formulated a relationship 
between the surface area of aerosol particles, the vapor pressure of 
atmospheric trace constituents, and the fraction of the total atmo­
spheric concentration of a trace compound that is attached to aerosol 
particles. As Junge pointed out, the relationship can only be used to 
obtain order-of-magnitude estimates; however, the relationship yields 
results that are in good agreement with the results of Duce et al., since 
it predicts that, in the range of the 14C-28C normal alkanes, a very great 
portion of the compounds present in the atmosphere should be in the 
gas phase. In samples of organic particulate matter collected on glass 
fiber filters in remote regions such as the southwest coast of Ireland, 
the Cape Verde Islands, and the central Atlantic on Meteor cruise 32, 
October-December 1973, Ketseridis et al. (1976) identified normal 
alkanes with carbon numbers from 10 to 28 and a number of 
polyaromatic hydrocarbons up to chrysene and benzo(a)anthracene. 
Also, there was some evidence for the occurrence of pristane and 
phytane and a major amount of branched-chain alkanes. The data of 
Ketseridis et al. indicate that, with respect to the organic constituents, 
there are two different types of airborne particles in marine air: (I) a 
"young" aerosol comprised of organic material that is relatively un­
modified by reactions in the atmosphere and that has a relatively high 
concentration of ether-extractable organics (5-15 percent of the total 
particulate matter) and (2) an "aged" aerosol composed of matter 
highly altered by reactions in the atmosphere and having a distinctly 
lower concentration of ether extractables (1-2 percent). The "young" 
aerosol matter collected in the central Atlantic was found to contain 
more than 1.4 percent (0.25 IJ.g/SCM of air) alkanes, whereas the "aged" 
matter collected in the same region consisted of0.2-0.3 percent (30-60 
nglscM of air) alkanes. 

The existing data, though meager, can serve as a basis for making a 
rough estimate of the total concentration of non methane hydrocarbons 
in remote areas (i.e., areas relatively far removed from strong an­
thropogenic sources). Estimates for the marine and for the continental 
atmosphere are presented in Table 7 .2. The table is primarily based on 
a summary given by Duce et al . (1974a; 1974b) with the addition of 
recent data from Ketseridis et al. (1976). The latter study focused on 
essentially the same range of n-alkanes as that measured by Quinn and 
Wade (as reported in Duce et al.. 1974a; 1974b); the agreement be-
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TABLE 7.2 Major Nonmethane Gaseous and Particulate Hydro­
carbons in the Atmosphere of the Northern Hemisphere 

Hydrocarbons 

Marine atmosphere 

n-:SC to n-'2C 
n-'4{: to n-32C 
n-'OC to n-UC 

Continental atmosphere 

n-2C to n-'2C 
n-14C to n-32C 
n-'OC to n-UC 

• As reported in Duee ~~a/. (1974). 

Concentration 
Range 
(#AI/SCM air) 

5-20 
0.2-1 
0.9 

50-200 
1-7 

10 

Reference 

Rasmussen (1974) 
Quinn and Wade (unpublished data)" 
Ketseridis et a/. (1976) 

Rasmussen (1974) 
Quinn and Wade (unpublished data)" 
Ketseridis et a/ . (1976) 

tween the two data sets is reasonably good. On the basis of these 
data, Duce et al. estimated the northern hemisphere tropospheric 
burden to be about 11 Tg over the oceans and about 80 Tg over the 
continents. 

IV. RECOMMENDATIONS 

The foregoing presentation and the recommendations that follow paral­
lel those incorporated in a Technical Report of the World Meteorologi­
cal Organization, Determination of the Atmospheric Contribution of 
Petroleum Hydrocarbons to the Oceans (Garrett and Smagin, 1976). 

1. The assessment of the atmospheric input of petroleum hydrocar­
bons will require measurements of the concentrations of hydrocarbons 
in the atmosphere, at the air-sea interface, and in precipitation and dry 
fallout. Emphasis should be placed on the hydrocarbons of high 
molecular weight rather than on the gaseous low-molecular-weight 
compounds, as it is likely that the latter will not contribute significantly 
to the net flux from the air to the sea. Scientists should be encouraged 
to obtain detailed spectra of the individual hydrocarbons by using 
state-of-the art instrumental techniques; these data will make easier the 
task of determining the origin of the hydrocarbons, especially with 
regard to the distinction between biogenic and petroleum sources. 

2. A greater effort must be made to characterize the areal and 
vertical distribution fields of gas-phase and particulate-phase hydro-
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carbons. Especially lacking are measurements in the southern hemi­
sphere, a region where petroleum production and consumption can be 
expected to increase in the future. Also, short-range transport and 
deposition should be measured in field studies performed in coastal 
regions relatively close to major urban sources. A prime site for such a 
study is the area off the northeast coast of the United States. 

3. We anticipate that , eventually, measurement programs will be 
carried out by a large number of individuals representing research and 
monitoring groups for many disciplines. It is essential that some 
mechanisms be established for the distribution of appropriately formu­
lated analytical standards to these groups for the purpose of intercali­
bration. 

4. The reaction kinetics of hydrocarbons in the atmosphere must be 
better understood if we are to determine the lifetime and fate of the 
various hydrocarbon classes. Important areas of study are gas-to­
particle conversion and the distribution coefficients between solid and 
gas phases for various hydrocarbon species. 
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8 N onhydrocarbon 
Gases 

I. INTRODUCTION 

The gases to be considered are various species of sulfur, nitrogen, and 
carbon. At the outset, it can be stated that the nonhydrocarbon gases 
studied here do not directly alter the chemical properties of the oceans 
in any significant way. However, these gases react in the atmosphere 
with water, ozone, and their related free-radical species to form 
products that could have a profound effect on climate. 

The central species in this chapter is sulfur dioxide , which is emitted 
as a pollutant, mainly over continents , and which becomes oxidized to 
sulfuric acid and sulfate in the atmosphere. These end products form 
aerosols that could have a direct influence on climate by altering the 
radiation balance of the earth. Also, because of the hygroscopic nature 
of sulfates, these aerosols could influence climate indirectly by affect­
ing cloud microphysical process and dynamics, thereby changing the 
albedo (World Meteorological Organization, 1975). All the other gases 
considered in this chapter have been included because they might 
significantly affect the rate of conversion of S02 to particulate sulfates. 
For example, the oxides of nitrogen, NO and N02 (called NO.r for 
convenience), and CO are emitted as pollutants. The NO.r, CO, and the 
natural precursors of CO (CH4 , H2CO, and various free-radical 

Members of the Working Group on Nonhydrocarbon Gases were J. P. Friend, chairman; 
D. D. Davis, C. S. Kiang, and W. Seiler. 
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species) interact with atmospheric radiation, ozone, and water vapor to 
produce OH (hydroxyl-free radical); OH in turn affects the oxidation 
rate of S02 to H2S04 via homogeneous gas-phase reactions. Another 
pathway for so2 oxidation is a heterogeneous oxidation involving 
liquid water (as droplets), oxygen, and ammonia or trace amounts of 
catalytic ions such as Fe3+ and Mn2+. The rates of S02 conversion via 
the homogeneous and heterogeneous pathways are most likely of 
equivalent magnitude (of the order of to-a% sec-1). Over the oceans, 
all of these substances are present in relatively constant, or slowly 
varying, concentration, which is a consequence of the dispersed, or 
large-scale, nature of the sources; over the continents, the sources are 
much more variable in space and time. 

Man's contribution of S02 to the global flux of atmospheric gaseous 
sulfur compounds (which occurs mainly as S02 , H2S, and organic 
sulfides) is of the order of 35 percent (Friend, 1973) to 45 percent 
(Granat et a/., 1976). The rate of growth in the use of fossil fuels 
containing sulfur is such that anthropogenic S02 emissions will soon 
dominate the global cycle of sulfur through the atmosphere. In addi­
tion, the increased use of tall stacks to aid in the dispersion of so2 
emissions (so that local pollution control regulations are not violated) 
will increase the quantity of so2 and sulfate particulate matter injected 
above the planetary boundary layer; this will, in effect, increase the 
efficiency with which these materials are transported to the ocean 
environment. 

Another factor of possible importance is that the increasing S02 

emissions may consume ammonia, via the heterogeneous oxidation 
process, at such a rate as to cause significant reduction in NH3 

concentrations in the atmosphere. This would serve to increase the 
residence time of so2 in the atmosphere and, thus, increase transport 
to the ocean environment. 

In the global cycles of the sulfur, nitrogen, and carbon compounds, 
the oceans can act either as a source or a sink (or both). However, 
these cycles are, for the most part, poorly understood. Consequently, 
an assessment of the global impact of pollutants cannot be made 
without a thorough study of the fluxes of these substances into, and out 
of, the oceans and of the concentrations of these and related sub­
stances in the atmosphere and in surface ocean waters. 

Carbon dioxide is an important nonhydrocarbon constituent of the 
atmosphere that has been the object of considerable concern and 
attention because of the potential impact of increasing anthropogenic 
emissions on global climate. The oceans play an especially important 
role in regulating the concentration of C02 in the atmosphere. It is 
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generally assumed that the effects of the projected increase in atmo­
spheric C02 on the oceans will be small and within the range of 
tolerability for marine biota (Macintyre, 1970). However, Sundquist 
and Southam (1976) suggest that the pH of the oceans could decrease 
by as much as I pH unit over the next 100 years. Because of extensive 
discussion elsewhere, C02 will not be considered here. The interested 
reader is referred to discussions by Keeling and by Schneider and 
Kellogg [see Rasool ( 1973)] and to a treatment of the subject by Machta 
(1971). A good recent treatment of the possible effects of C02 increases 
on climate is given by Manabe and Wetherald (1975). 

The panel did not discuss nitrous oxide, N20, in any detail during its 
deliberations. A brief discussion of atmospheric concentrations of this 
naturally occurring trace gas appears in Section II. It is worth noting 
that recently there has been concern over the generation of excess N20 
by soil microorganisms (the natural source) because of the use of 
artificial fertilizers [cf. Crutzen (1974); McElroy eta/. (1975); see also 
Svensson and Soderlund (1976) for a discussion of the global cycle of 
nitrogen]. The basis of the concern is that N20 is the major precursor to 
oxides of nitrogen, which act , in the stratosphere, as catalysts for 
reactions that lead to the destruction of stratospheric ozone. Thus, 
continued use of fertilizer might appreciably decrease the concentra­
tion of stratospheric ozone. Controversy has arisen over several as­
pects of N20 production and destruction or removal. [In addition, see 
Crutzen (1976); Liu et al . (1976); Sze and Rice (1976). ] One of the most 
important areas of concern and controversy is the question of whether 
the oceans act as a major source of N20 [as Hahn (1974) suggests] or if 
they act, in net, as a major sink of N20 [as maintained by McElroy et 
al. (1975)]. The oceanic source ofN20, whether major or minor, is, like 
the continental source, thought to be due mainly to nitrate-reducing 
microorganisms. However, Hahn and Junge (1977) suggest that nitrifi­
cation by microorganisms might also produce significant amounts of 
N20 . While there is little general agreement about how the N20 cycle 
works, there is a universal consensus that a much better understanding 
of the natural phenomena operative within the cycle is needed before a 
rational assessment can be made of the environmental effects of 
fertilizer-produced N20. 

II . SPECIES OF INTEREST 

The background concentrations of several of the species of interest in 
tropospheric air are summarized in Table 8. 1. 
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TABLE 8.1 Background Concentrations of Various Tropospheric 
Gases (Units: parts per billion, volume) 

Species Temperate Zone Tropical Zone Polar Zone 

HtS 0.002-0.20 0.006 
( 1). (2). (10) (I) 

SOt 0.2-5.0 0.1-2.0 0.002-0.02 (4) 
(2). (5). (8) (3). (6). (9) 

NtO" 200-400 ( 14) 250 (13) 240-260 ( 13) 
N02 <1-3.0 <0.5-5.0 <0.2-2.0 

(2). (7). (8) (3). (6). (9) 
NH3 <1-10 1->20 

(2). (8) (3). (6). (9) 
OMS• 0.03-1 (10) 
ocs 0.03-0.1 

tentative (10) 
CSt 0.03-0.3 

(10) 
co 60-80 

southern hemisphere 7~120 <60 (South Pole) 
(II) (II) estimated from (II) 

0{ 30 15 25 
(12) (20-40)'' 

OH• 1.3 x 10" molecules/em• 3 x 10" molecules/em• <5 x J()l molecules/em• 
(12) (12) (12) 

• Aven~~C results only reponed for 1mpicul marilime air. 
• OMS • dimelhylsulfodc. ICH,),S. 
' Ozone displays variabilily in many ocaleo. moo1 n01ably diurnally and seasonally. The concen1ra1ions shown in 1he 
1able are 1ypical values for near-surface air. 
• Tempera1e la1i1udes show 1he laraes1 seasonal varialion. and 1he approxima1e ranae .X 1ypical values is shown. The 
concen1ra1ions are hiahes1 in summer and lowes1 in win1er. 
' Diurnally and seasonally avera,ed 3·km values from 1he 2-0 OH model .X Chana and Wuebbles 1 1971>). 

(I) Na1usch ~~ ul. (1972); Sian" ul. (1977). (8) Junae (I~). 
(2) Breedina" ut. 1 1973). (9) Junae 1 1960). 
(3) Lodce and Pale I 1%6). ( 10) Maroulis "' ol. 1 1977). 
(4) Ba Cuona" ul. (1974). (II) Seiler (1976). 
15) Georaii (1970). (12) Chana and Wuebbles (1976). 
(6) Pale" ol. 1 1970). 1 13) Hahn ( 1974). 
(7) Rippenon" ul . (1968). (14) Schulz" ul. (1970). 

A. SULFUR COMPOUNDS 

1. Sulfur Dioxide, S02 

Sulfur dioxide is injected into the atmosphere as a pollutant, mainly as 
a consequence of the burning of sulfur-bearing fossil fuels, the refining 
of petroleum, and the smelting of sulfide ores. Volcanoes and geother­
mal vents also emit S02 but in considerably smaller amounts than those 
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from pollution sources. The reduced sulfur gases of biogenic origin 
(discussed below) may' in part, become oxidized to so2 in the atmo­
sphere. As of 1970, the source strengths for these various processes are 
estimated to be 65 x 1012 g yr-1 from pollution sources and 2 x 1012 g 
yr-1 from volcanoes (Friend, 1973). The amounts of S02 produced by 
the oxidation of biogenically produced compounds is difficult to esti­
mate because of uncertain and unknown factors governing source 
strengths and reaction mechanisms in the atmosphere. It has been 
commonly assumed, in studies of global cycles, that the reduced sulfur 
compounds are ultimately oxidized to sulfate in the atmosphere; how­
ever, the question of how much intermediate S02 may be created in the 
process has been ignored. 

Concentrations of S02 over the Atlantic Ocean were found to range 
up to 3 parts per billion mass (ppbm = I0-9 g of so2 per g air), or about 
3.7 JLg m-3 • The concentration reaches a maximum at about 50" N 
latitude and diminishes to values approaching the detection limit 
northward and southward of this latitude (Matthews et al., 1971). Table 
8.2 shows concentrations of S02 and SOl- reported by Ba Cuong et al. 
(1974) for various marine atmospheres. Lodge et al. (1974) also re­
ported concentrations of about 0.05 part per billion, volume 
(ppbv = 10-9 m3 of S02 per m3 air STP) for Panama. 

2. Hydrogen Sulfide, H2S 

H2S can be produced in major quantities in reducing sedimentary 
environments; however, there is considerable debate as to whether 
H2S can escape in significant quantities through the overlying oxygen­
rich surface waters. Brinkmann (1974) has shown that H 2S can be 
emitted from a tropical jungle lake during periods when the water level 

TABLE 8.2 Atmospheric Concentra­
tions of S02 and Sulfate after Ba Cuong 
et al. (1974) (Units: I0-6 g m-3 air, STP) 

Location so, so.--

Antarctic (60-70" S) 0.13 1.57 
Subantarctic (40-60" S) 0.18 1.68 
South Pacific (20-40" S) 0. 12 1.15 
North Atlantic (50-8" N) 2.33 
Mediterranean Sea 2.27 8.43 
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is low because of evaporation. However, H2S, although present in high 
concentration in bottom waters of the Baltic and Black Seas, has not 
been detected in the surface waters or in the atmosphere above 
(Fonselius, 1972; see also Ostlund and Alexander, 1963). Fonselius 
(1972) also concludes that the amounts ofH2S in stagnant ocean basins 
such as the Black Sea are much too small to account for the amount of 
sulfur seemingly required by the global budget. 

It has been generally accepted that H2S is emitted by organisms into 
the atmosphere from swamps, marshes, and muds associated with 
intertidal flats . However, reliable measurements of H2S concentrations 
in the atmosphere are virtually nonexistent. Bandy (1977) recently 
measured mean concentrations of 58 pptv off Wallops Island over a 
period of a few days. Slatt et al. (1977) found concentrations of H2S 
averaging about 6 pptv at Barbados and at Sal Island; at a coastal site in 
Miami and over the Everglades, concentrations averaging 46 pptv were 
found. 

3. Organic Sulfides 

The compounds methyl mercaptan, CH3SH, and dimethyl sulfide 
(OMS), (CH3) 2S, have been found to be produced by terrestrial and 
aquatic biological systems (cf. Lovelock et al., 1972). There appar­
ently are several possible biological and biochemical processes that can 
produce organic sulfide gases. The low solubilities of these compounds 
in water would favor their evolution from the marine environment. 
However, their oxidation reactions in water have not been studied, and 
losses as a result of such reactions cannot be estimated. The photooxi­
dation of OMS in air was studied by Cox and Sandalls (1974), who 
could not find S02 as a product. This suggests that oxidation of OMS in 
the atmosphere may lead to the formation of sulfinic and sulfonic 
compounds rather than S02 • The behavior of methyl mercaptan under 
photooxidation has not been studied. 

The only measurements of OMS in the open atmosphere that are 
known to the panel are those of Maroulis and Bandy (1977), who 
found concentrations in the range of 0.05-0.3 ppbv (mean, 0.058) off 
Wallops Island, Virginia. 

The strength of the global sources of biogenic sulfur gases (H2S and 
organic sulfides) has been estimated by Friend (1973) to be about 
110 x 1012 g of sulfur per year from both the land and the oceans, 
60 x 1012 and 50 x 1012 g yr-1 from each source, respectively. On the 
other hand, Granat et al. (1976) estimated the biogenic sulfur flux to be 
considerably less-32 x 1012 g yr-1 , of which 5 x 1012 g is from land and 
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27 x I 012 g is from the ocean. These source estimates were derived 
indirectly; they are simply the fluxes required to make the world 
budget balance. However, many of the source strengths used in the 
budget are based on a very few isolated data and require further 
substantiation. Consequently, the land and ocean source strength 
estimates are, themselves, open to considerable question. 

B. NITROGEN COMPOUNDS 

/. Nitric Oxide, NO 

Natural concentrations appear to be in the range 50-200 pptv (Noxon, 
1975), much lower than earlier estimated (i.e., I ppbv). The concentra­
tion of NO can be expected to be extremely variable because of the 
reactivity of NO toward 0 3 and the presence of strong anthropogenic 
sources. 

2. Nitrogen Dioxide, N0 2 

The discussion for NO applies also to N02 because the two are related 
photochemically via the reactions: 

3. Nitric Acid, HN03 

NO + 0 3-N02 + 02, 
N02 + h-NO + 0, 
0+02-oa. 

To the best knowledge of the panel members, no data exist for the 
natural troposphere. Concentrations in the troposphere, according to 
recent models, could range from lOS to 1010 molecules cm-3 • 

4. Ammonia, NH 3 

The principal sources of atmospheric ammonia have been thought to be 
combustion and the decay of biological matter in the soil. Estimates of 
the land source strength range from 30 x 1012 to 200 x 1012 g yr-1 of 
nitrogen [see Hahn and Junge (1977) for a summary of sources of 
NH3 and other nitrogen gases). Robinson and Robbins ( 1970) esti­
mated that about 3.i x 1012 g yr-1 ofNH3 nitrogen comes from combus­
tion sources. Healy et al. (1970) suggested that the NH3 concentrations 
measured in the United Kingdom could be largely accounted for by the 
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decay of urea in animal urine deposited on soil. Because most of the 
urine comes from cattle and other animals that are raised for man's 
consumption or pleasure, these emissions probably should be classified 
as .. anthropogenic," as was done by Tsunogai (1971). 

The concentrations of NH3 over the oceans have been measured by 
Tsunogai (1971) and found to vary from about 0.4 to 6 ppb. The higher 
concentrations in the range were attributed to continental influences. 
The low concentrations may, in fact, represent an equilibrium of NH3 

with oceanic HN4 + and metallic-ammonia ionic complexes, but this is 
quite uncertain. 

Other measurements of background NH3 concentrations are sum­
marized in Table 8.1. 

There are many aspects of the atmospheric cycle of NH3 that are 
poorly characterized: the total fluxes, the distribution of sources, the 
regulatory effect of equilibria over the oceans, the uptake by soil and 
vegetation, the deposition rates in precipitation. However, if the pic­
ture given by Hahn and Junge is substantially correct, then the NH3 

flux comprises a significant component of the global atmospheric 
nitrogen cycle. 

5. Nitrous Oxide, N 20 

Surface air measurements of N20 have been summarized by Schutz et 
a/. (1970), by Hahn (1974), and, most recently, by Hahn and Junge 
(1977). Most of the measurements have been made in temperate 
latitudes in continental air, and they exhibit some degree of variability, 
ranging over a factor of 2 in concentration, with an average value of 
close to 260 ppb. The few measurements available from the maritime 
tropics and polar latitudes yield N20 concentrations that average close 
to 250 ppb and have very little scatter about the means compared with 
the measurements made in temperate latitude continental air. Recent 
measurements by Rasmussen and Pierotti ( 1977) also yield maritime air 
concentrations with low variability but with a mean of 330 ppb. The 
differences between Rassmussen's results and those of other inves­
tigators appear to be attributable to differences in analytical proce­
dures and to the lack of intercalibration. 

C. OTHER GASES 

I. Carbon Monoxide, CO 

The concentrations, distribution, sources, and sinks of CO are re­
viewed in detail by Seiler ( 1976). The main points are summarized here. 
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Concentration and Distribution During the last five years, atm~ 
spheric CO measurements were made during the couse of several 
expeditions, using ships, aircraft, and balloons. Figure 8.1 shows the 
mean latitudinal distribution of CO over the northern and southern 
Atlantic. Only those CO data were used that were obtained in marine 
air masses. The latitudinal distribution shows a maximum at 500 N 
latitude at the surface. The CO mixing ratio decreases slightly with 
altitude to about 0. 12-0.15 ppmv in the upper troposphere at 500 N; the 
upper troposphere values in the South Atlantic are not very different 
from the surface values, about 0.06-0.07 ppmv at 60° S. Recent mea­
surements over the Pacific Ocean between 60" N and 60" S indicated a 
similar distribution. Consequently, Figure 8.1 can be considered to be 
representative of global conditions. Above the tropopause, the CO 
mixing ratio decreases to about 0.04-0.05 ppmv and remains constant 
up to altitudes of 5 km above the tropopause (Seiler and Wameck, 
1972). In contrast to the situation in the troposphere, there seems to be 
a uniform distribution of CO in the lower stratosphere in the two hemi­
spheres. Large fluctuations of the CO mixing ratio in air were found 
only in the lower atmosphere of the northern hemisphere. Here, the 
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FIGURE 8.1 Latitudinal distribution of carbon monoxide over the 
Atlantic Ocean (Seiler, 1974). 
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TABLE 8.3 Estimated Source Strengths for Atmospheric Carbon Monoxide 

Source 

Pollution 
Marine microorganisms 
Fires (forests, brush, agricultural waste) 
Oxidation of hydrocarbons 
Direct emission from higher plants 

Oxidation of methane: 
Using (OH) = 2.5 x 10" em-" 
Using (OH) = (1-3) x 10" em-" 
Using (OH) = ? 

Strength (1014 g yr-1) 

6 
0.2-2 
0.6 
0.6 
0.2-2 

22 (northern hemisphere) 
15-40 
4 

Reference 

Seiler and Zankl (1976) 
Seiler and Schmidt (1974) 
Robinson and Robbins ( 1967) 
Robinson and Robbins (1967) 
Seiler and Giehl (1976) 
Fischer and Seiler (1975) 

Weinstock and Chang (1974) 
Levy (1971); McConnell et al. (1971) 
Seiler (1976) 
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CO mixing ratio varies by a factor of 2 within a few hours, even over 
the Central Atlantic. These fluctuations are most likely attributable to 
the transport of polluted air parcels over the ocean areas. Although the 
patchiness of the distribution of CO-producing marine organisms could 
contribute to the variability, it seems unlikely that there would be 
major differences between the two hemispheres in this regard. 

Sources The sources of CO have been estimated by various workers, 
and their findings are summarized and reviewed by Seiler ( 1975). The 
major global sources of CO are generally agreed to be pollution 
(primarily from automobiles) and oxidation of atmospheric methane by 
OH radicals. Lesser, but not negligible, sources are forest fires and 
marine microorganisms. Siphonophores (jellyfish), suggested as major 
producers of marine CO, have been found to be quite negligible sources 
(Seiler, 1975). Terrestrial plants emit hydrocarbons that are oxidized to 
CO in the atmosphere; some plants may be capable of producing CO 
directly. This is discussed further in Section V. 

There is no universal agreement among the various investigators as 
to the relative importance of pollution sources. The lack of agreement 
is attributable to the widely differing estimates of the quantity of CO 
that is produced by methane oxidation. The various estimated source 
strengths are given in Table 8.3. If the estimates by Levy (1971), 
McConnell et al . (1971), and Weinstock and Chang (1974) are correct, 
then pollution sources constitute less than a third of the total. If, on the 
other hand, Seiler (1975) is correct, then the pollution sources repre­
sent about half of all CO emissions. The mean residence time of CO 
corresponding to Seiler's source estimates is about 0.4 year using a 
mean CO mixing ratio ofO.II ppm for the troposphere. The contention 
that pollution sources supply a large fraction of the CO budget is 
supported by CO mixing ratios over the continents, which, even in 
rural areas, are sometimes factors of2 to 5 higher than over the oceanic 
regions in the same latitudes. It is also consistent with the apparent 
dominance of CO sources in the northern hemisphere relative to the 
southern hemisphere as evidenced in the meridional profile of Figure 
8.1. Because of the relative land mass distributions, methane emissions 
are expected to be somewhat larger in the northern than in the southern 
hemisphere. However, the differences are not thought to be large 
enough to account for the observed latitudinal gradient in CO. Because 
of the difference in concentrations between the hemispheres and 
between continental and marine air, and because of the relatively long 
residence time of CO in the atmosphere, it would be an ideal tracer for 
studying global transport . 
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2. Peroxide, H202 

To the best knowledge of the panel members, no measurements of 
H20 2 in the natural troposphere have been reported. Based on model 
predictions ( cf. Levy, 1971), concentration values ranging from 107 to 
1010 molecules/cm3 could be expected. 

3. Ozone, Oa 

The concentration of 0 3 is quite variable throughout the troposphere, a 
consequence of the variability of its photochemistry and the an­
thropogenic sources of hydrocarbons. Natural levels of ozone are 
believed to be in the 25 to 30 ppbv range, on the average, with a 
principal source being the stratosphere. Values 10 to 20 times larger 
than this natural level are now being observed in many industralized 
countries because of the complex areal distribution and temporal 
variability of NO.r and hydrocarbon sources. 

4. Hydroxide Ion, OH 

Natural tropospheric measurements of the OH free radical have only 
become available within the last year (Davis et al ., 1976). These 
measurements are limited to a latitude range of 31 to 21° N and 
altitudes of7 to 11.5 km. Values ranged from 3 x 1()6 to 8 x 1()6 radicals 
cm-3 in October 1975. It is to be expected that the OH concentrations 
will be quite variable. However, recent budget considerations ofCHCI3 

imply much smaller average OH concentrations: 3 x I 05 per cm3 in the 
northern hemisphere and 7 x J()5 per cm3 in the southern hemisphere 
(Crutzen and Fishman, 1977). Substantially higher OH concentrations 
can only be reconciled with our present knowledge of the CO budget 
by the introduction and addition of major sources of CO. 

III. TRANSPORT 

The lifetimes of many important species are sufficiently long that 
regions remote from the sources could be affected by the species 
themselves or by their reaction products. For those species whose 
lifetimes are shorter than about a few weeks, significant concentration 
differences can exist over horizontal scales smaller than the dimen­
sions of continents or oceans. The dynamical aspects of transport and 
transport modeling are discussed in detail in Chapter 3. The Panel 
emphasizes that such models, if they are to be realistic, must take into 
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account chemical reactions that occur in the atmosphere as a conse­
quence of interactions of reactive ''plume'' components with species 
distributed throughout the ambient atmosphere and also with radiation 
and clouds. The representation of such reaction systems in models is 
complicated and, perhaps, for some species is not amenable to 
shortcut parameterizations. 

IV. TRANSFORMATION 

There are several processes by which sulfur dioxide can be trans­
formed in the atmosphere into sulfuric acid and various sulfates. 
Among these are gas-phase bimolecular and termolecular reactions, 
catalytic and noncatalytic oxidation in droplets, and catalytic oxidation 
of the gas-surface interface of particles. The factors that influence the 
rate of sulfate production are gas-phase transports, gas-phase reaction 
cross sections, liquid-phase transports, reaction rates in the liquid 
phase, nucleation, and surface catalysis. It is also necessary to con­
sider the manner in which each mechanism is affected by atmospheric 
conditions. With the appropriate mathematical formulations, computa­
tions can be made of the contribution of each mechanism to the overall 
process. In this fashion, one can hope to gain some insights about these 
complicated systems. 

A schematic block diagram for the chemical and physical transfor­
mation of so2 to sulfates (at relative humidity less than 100 percent) is 
shown in Figure 8.2. In the diagram, the arrows represent the physical 
or chemical processes and the boxes represent the products in various 
phases. In the following discussion, the chemical transformations are 
separated into two categories: homogeneous gas-phase processes and 
heterogeneous processes. 

A. CHEMICAL TRANSFORMA TJONS 

1. Homogeneous Gas-Phase Processes 

As outlined in Section I, the long-range global impact of the nonhy­
drocarbon pollutants appears to reside in their modulating effect on 
tropospheric aerosols, specifically their mass concentration, composi­
tion, number density, and distribution in the horizontal and the verti­
cal. The purpose of the following section is to outline briefly the role 
that homogeneous gas-phase chemical processes play in affecting these 
aerosol characteristics. 

The principal process of concern here is the homogeneous gas-phase 
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conversion of S02 to H2S04 molecules. This question has been exten­
sively explored by Davis and Klauber (1975), with the conclusion that 
the single most important gas-phase reaction process is 

(8.1) 

The detailed chemistry that follows Reaction (8.1) is still somewhat 
speculative (Davis and Klauber, 1975), but it is commonly accepted 
that H2S04 molecules are formed rapidly after Reaction (8.1) has taken 
place. Thus, the major focal point of the following discussion will be 
how various parameters affect the rate of process (8.1). In the most 
simplistic sense, this rate can be expressed as 

k(OH)(S02)(M), 

where (M) = N2 and the three key parameters are the bimolecular rate 
constant, k, the steady-state concentrations of the hydroxyl free radi­
cal, and the absolute concentration of S02. The values of kin this case 
have been measured at a temperature of 300 K (Davis and Klauber, 
1975). Gaseous S02 concentrations in the natural troposphere (see 
Tables 8.1 and 8.2) are not so well known as would be required for 
reliable calculations of the global H2S04 production. By far the least­
known quantity in Reaction (8.1) is the steady-state concentration of 
OH. This free radical is highly reactive with several atmospheric trace 
gases and has an average lifetime of approximately I sec. Because 
ozone, water vapor, and uv radiation are required to produce OH (see 
Figure 8.3), we can expect the OH concentration to depend strongly on 
altitude, latitude, and solar angle. It is readily apparent that direct mea­
surements of the OH radical would be of great importance in improving 
the calculations of the gas phase S02-to-H2S04 conversion processes. 
At present, only one set of measurements has been reported for the 
natural troposphere (Davis eta/., 1976). 

As can be seen from Figure 8.3, a large number of atmospheric gases 
also act, directly or indirectly, to modulate the OH steady-state con­
centration and, hence, modulate the rate of conversion of S02 to 
H2S04 • Most important are those gases involved in the production and 
removal of OH. The major atmospheric source is believed to be the 
photolysis of 0 3 at wavelengths less than 3100 A. At these wavelengths, 
0(10) is produced, a small fraction of which reacts with H20 to 
generate two OH radicals. [It should be noted that this source term is 
critically dependent on the ratio of H20 to N2 in the atmosphere 
because of the deactivation of O(ID) by N2 , which gives the less 
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FIGURE 8.3 Chemical transformations of gases to aerosol involving OH radicals (from work by D. D. Davis and C. S. King). 
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reactive form of atomic oxygen, 0(3P).) From the above discussion, it 
is apparent that anything that affects tropospheric 0 3 will also have a 
significant effect on the OH concentrations. Figure 8.3 indicates that 
hydrocarbons (natural and anthropogenic) and NOz species will have a 
significant impact on tropospheric 0 3 concentrations. The most impor­
tant removal processes would now appear to be those involving the 
reaction of OH with CO and CH4 : 

on+ co-co2 + u. 

OH + CH4 .....,. H20 + CH3 • 

(8.2a) 

(8.2b) 

However, whether or not CO is an efficient sink for OH depends 
largely on the fate of the H02 radical formed from the reaction of H 
with 02: 

(8.3) 

It was once thought that the principal reaction was 

H02 +NO -N02 + OH, (8.4) 

which would simply regenerate the OH radical and, hence, would 
argue against Reaction (8.2a) being an important modulator of the OH 
concentration. This line of thought now has to be re-examined in view 
of the recent measurements by Noxon (1975), who reported natural 
tropospheric concentrations for N02 that were 10 to 30 times less than 
previously believed. Sze (1977) addresses this same point and suggests 
that with increasing CO, less CH4 and CH3CI would be destroyed in the 
troposphere, thereby ultimately causing increased 0 3 destruction in the 
stratosphere through the enhancement of various photochemical cy­
cles. Should this generally be the case, one would expect the H02 
radical to undergo chain termination via the processes: 

H02 + HS05-H2S05 + 0 2, 

uo2 + uso.-u2so •• 

H02 + H02-H202 + 02. 

(8.5) 

(8.6) 

(8.7) 

The above discussion shows the importance of both CO and NOz in 
the OH cycle and, thereby, the gas-phase S02 conversion process 
(8.1 ). Although a more detailed discussion of other chemical species 
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will not be given here, it is apparent from Figure 8.3 that long-range 
predictions of sulfate aerosol formation could be largely dependent on 
long-term changes in the concentrations of many other pollutant 
gases. This could be especially true for CO. where already the 
northern hemisphere concentrations are nearly a factor of 3 greater 
than those of the southern hemisphere (Seiler, 1975). 

2. Heterogeneous Processes 

The term "heterogeneous" reaction is used to describe chemical 
reactions occurring in two or more phases. Among all the transforma­
tions, heterogeneous reactions pose the most difficult problems. At 
present, only crude estimates can be made of the conversion rate of 
S02 to sulfate and the removal rate of S02 by heterogeneous reactions. 

The heterogeneous reactions can be separated into two categories: 
gas-liquid and gas-solid surface reactions. 

Gas-Liquid Reactions Sulfur dioxide conversion to sulfate in pure 
water is a slow process, but it is known to be accelerated in the 
presence of cations such as ammonium, ferric, and manganous ions 
(e.g., see Junge and Ryan, 1958). The conversion of S02 to (NH4) 2S04 

in clouds is a typical example of this process. Although there have been 
experimental measurements of the overall rates of S02 oxidation in 
various solutions, no confirmed mechanism has been developed in 
which the elementary reaction steps can be shown in detail. Thus, 
there are no known rate constants relevant to heterogeneous oxidation 
of S02• Most of the present theories have treated this conversion 
process under equilibrium conditions and assumed the rate­
determining step to be sulfite oxidation in the liquid phase. A kinetic 
model is needed to estimate the conversion rates under various atmo­
spheric conditions. 

Gas -Solid Surface Reactions The conversion of S02 to sulfate via 
gas-solid surface reactions may involve physical adsorption, chemical 
adsorption, and heterogeneous catalysis. Rate constants for these 
transformation processes have not been determined. Governing pa­
rameters for determining the rate constants are the concentration of 
S02 , the chemical nature of the gaseous medium, the chemical compo­
sition of the aerosol particles, the surface structure, the number 
concentration and size distribution of the particles (and, hence, their 
surface area). Because there is little or no information on rate con-
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stants, reliable estimates of the relative importance of heterogeneous 
reactions in the overall (S02-sulfate) transformation process cannot 
now be made. 

Urgently needed are experimental measurements to identify the 
mechanisms and rate constants for conversion processes that may be 
initiated by these gas-solid surface heterogeneous reactions. It is 
important to emphasize here that one cannot correctly estimate the 
overall transformation rate of S02 to particulate sulfate if one totally 
neglects solid-gas heterogeneous reactions. 

B. PHYSICAL TRANSFORMATIONS 

In this subsection we discuss briefly the important physical processes 
accompanying the oxidation of sulfur compounds and the incorpora­
tion of the products into aerosols. These processes are nucleation, 
growth, and coagulation. They govern the time dependence of the 
aerosol size distribution. (The interaction between sulfate aerosols and 
hydrometeors are discussed in Chapter 4 and will not be discussed 
here.) 

I. Nucleation 

The equilibrium vapor pressure of pure S02 is about 4 atm at room 
temperature. With concentrations in the atmosphere ranging from a 
few ppb to about I ppm, one would not expect S02 vapor to nucleate 
and form new particles in the atmosphere. However, as a result of the 
oxidation of S02 , H2S04 vapor can be formed. With the equilibrium 
vapor pressure of H2S04 and its hydrates in the range of I0-6 Torr and 
less, a new particle can be formed via what has been termed 
heteromolecular nucleation (Kiang and Stauffer, 1973). The particles 
consist of molecular clusters built up from sulfuric acid and water 
molecules. This particle-forming process is enhanced by the presence 
of an ion, atom, or foreign neutral molecule of different chemical 
composition from that of the bulk nucleating phase. 

At present, the theoretical basis of nucleation is in a rudimentary 
state. While homogeneous phenomena have received considerable 
experimental and theoretical attention, much less is known about the 
heteromolecular process, which is more relevant to ambient condi­
tions. Further experimental and theoretical work in this area is urgently 
needed. Such work should include the obtaining of more accurate data 
for the equilibrium vapor pressure of pure H2S04 and the surface 
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tension of the solutions as a function of composition and temperature, 
all of which are needed for heteromolecular nucleation calculations 
(Kiang and Stauffer, 1973). 

The possibility that other multicomponent systems may be involved 
in the heteromolecular nucleation also needs investigation. 

2. Growth 

Once a nucleus is formed, it can grow in mass by a heterogeneous 
condensation process that converts gases to particles. The mechanisms 
can be classified into two types: one for which growth is controUed by 
diffusion and one for which it is controUed by chemical reaction and 
diffusion. 

In the first type of growth, reaction occurs in the gas phase and leads 
to the formation of low-volatility products that subsequently diffuse to 
the particle surface. For diffusion-controUed growth involving H2S04 

vapors, the above-mentioned heteromolecular effect must be con­
sidered. The important factors in applying theory for modeling pur­
poses are the chemical state of the aerosol (i.e., its chemical composi­
tion) and the gas-phase concentrations of the various condensing 
species (e.g., the H2S04 and H20 partial pressures). Another important 
factor is the efficiency with which the growing particle surface accom­
modates the impinging gas molecules. Also, equilibrium partial pres­
sures of the low-volatility products of the relevant gas-phase chemical 
reactions are needed in order to apply existing theory to atmospheric 
problems. 

In the second type of growth, gases are first adsorbed on the 
particle-droplet surface and subsequently react at the surface of the 
particle or in the interior of the droplet. Growth is controUed by 
surface- or volume-related reaction rates. It is difficult, if not impossi­
ble, to treat this case theoretically. Instead, experimental studies must 
be made to determine the necessary parameters. 

3. Coagulation 

The growth of particles by coagulation has been extensively studied 
both theoretically and experimentally (cf., Fuchs, 1964). Existing 
theories are adequate for purposes of modeling. However, if the 
process of coagulation is coupled with growth processes, the size­
dependent composition of the aerosol becomes an important parame­
ter. Numerical techniques for treating this type of problem are needed. 
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V. REMOVAL PROCESSES 

The removal of gases from the atmosphere can be effected by various 
chemical and physical removal processes occurring in the atmosphere 
and at the earth's surface. Although many chemical and physical 
processes can occur simultaneously for an individual gas, environmen­
tal conditions may cause one (or only a few) to be dominant . Reactive 
gases are primarily removed by chemical reactions forming new 
species in the atmosphere. Physical removal processes become impor­
tant for more inert gases and for those with a high solubility in water. 
Among the important removal mechanisms are those heterogeneous 
and homogeneous reactions of gases that result in the production of 
aerosol particles, which are then removed from the atmosphere by 
physical processes. In this section, we divide the physical removal 
processes into two parts: wet removal processes and dry removal pro­
cesses. In each case, the present knowledge of the individual removal 
processes is discussed. The removal rates of the individual gases are 
given in absolute values (g yr- 1) or in terms of the lifetime. 

We adopt a global approach in which the various processes are 
considered as components of a worldwide budget or balance sheet. In 
this context, estimates of removal over land enable us to establish 
limits on the fluxes of substances to the oceans. The subject of removal 
processes is discussed in detail in Chapter 4. In this section we discuss 
only those aspects of the problem that relate to nonhydrocarbon gases. 

A. WET DEPOSITION 

Wet removal processes are important factors in the cycle of reactive 
gases such as S02 , NH3 , and 0 3 and of gases with high solubility 
coefficients in water such as N02 and 8 20 2• For nonreactive gases with 
low solubility coefficients, such as CO, the deposition by wet removal 
is negligible. It is very efficient for those gases (S02 , N02 , NH3) that 
are transformed after dissolution into less volatile species (e.g., sulfate) 
by heterogeneous reactions. These processes, as discussed in detail 
above, are also of major importance, even in nonprecipitating clouds. 
Wet removal processes are responsible for a total flux of 140 x 1012 g 
yr-1 of sulfur as S02 reaction products (Friend, 1973); for this flux, 
Granat et al . (1976) obtain a value of 109 x 1012 g yr-1 • 

B. DRY DEPOSITION 

Aerosol particles are removed directly from the atmosphere to the 
earth's surface by dry deposition, which encompasses all mechanisms 
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other than wet removal. The dry deposition rates are partly dependent 
on the size of the aerosol particle and, consequently, on the settling 
velocity. They also depend partially on transport mechanisms in the 
atmosphere-turbulent transfer followed by impaction and diffusional 
deposition upon the surface. Dry fallout represents an important re­
moval process for sulfate particles that are formed by physical and 
chemical oxidation of S02 (see above) in the atmosphere. The total 
removal rate of SOl- particles by dry removal is estimated to be 
34 x 1012 g of S yr- 1, which is approximately 20 percent of the total 
SOl- deposition from the atmosphere. Of this quantity, about 
20 x 1012 g of S yr-1 is deposited over land and 17 x 1012g of S yr- 1 over 
the oceans (Friend, 1973); Granat et al. (1976) obtain 28 x 1012 and 
10 x 1012 g of S yr- 1 for these areas, respectively. 

The dry deposition of gases from the atmosphere includes several 
processes such as uptake by plants, absorption by soil micro­
organisms, gas exchange through the air-sea interface, and the gas 
exchange between troposphere and stratosphere at the tropopause. 
These processes are discussed in the following subsections. 

C. UPTAKE BY PLANTS 

Our knowledge about the influence of plants on atmospheric gases is 
very unsatisfactory. This is mainly because of the lack of appropriate 
data. Past experiments were carried out with such high concentrations 
of gas that the results cannot be considered to be representative of 
atmospheric conditions. In many cases, the results obtained by differ­
ent authors are contradictory. In spite of these uncertainties, these 
experiments show that plants can affect the concentration of several 
gases, e.g., S02 , NH3 , and CO. S02 and NH3 are strongly absorbed by 
the plant material. As an example, S02 uptake by plants is estimated to 
be 30 x 1012 g yr- 1 (Friend, 1973). Knowledge of the distribution of 
atmospheric NHa concentrations is so sparse that meaningful estimates 
of its uptake by vegetation and soil cannot be made (see discussion of 
NH3 above). In support of the idea that NH3 is strongly absorbed by 
plants, the experimental study of Hutchinson et al. (1972) led the 
authors to suggest that plant canopies could absorb as much as 20 kg 
hectare-' yr- 1• Absorbed CO was shown to be incorporated into the 
sucrose and protein of plants (Bidwell and Frazer, 1972). The uptake 
by plants was found to be roughly proportional to CO concentration. 
At CO mixing ratios of 1-2 ppm, the uptake rate was 12-120 kg/km2 of 
land surface/day, which is equivalent to an annual total CO consump­
tion of 7 x 1014 to 70 x 1014 g yr- 1• In contrast to this, Seiler and Giehl 
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(1976) demonstrated by experiments that various types of plants can 
produce CO under natural conditions. They estimated that, worldwide, 
plants produced 2.5 x 1013 to 25 x 1013 g of CO yr-1• On the other hand, 
the incorporation of CO by plants is also well established by the use of 
14CO as a tracer. Therefore we must assume that plants can both 
remove and produce CO simultaneously, yielding a net flux from plants 
into the atmosphere. At present, little is known about the influence of 
plants on the flux of N02 , 8 20 2 , and NO. 

D. REMOVAL AT THE SOIL SURFACE 

Atmospheric trace gases can be removed at the soil surface by adsorp­
tion and microbiological processes. Adsorption is of great importance 
for reactive gases such as S02 and NH3 , which are transformed rapidly 
by heterogeneous reactions into sulfate and nitrate. Microbiological 
processes at the soil surface or in the upper layer of the soil represent a 
potential sink for a variety of natural and pollutant gases. In situ 
experiments have shown under natural conditions only CO to be 
consumed by microorganisms (Liebl, 1971; Seiler, 1974; Inman eta/., 
1971; Liebl and Seiler, 1975). The consumption rates were found to be 
dependent on the type of soil and soil temperature. The deposition 
velocities ranged from 2 x 102 to 9 x 102 em sec-' with an average of 
4 x I0-2 em sec-1; this rate yields a world uptake of 5 x 10'4 g yr-1, a 
value that is about 50 percent of the total worldwide CO removal, 
including destruction by photochemical processes. In other experi­
ments, the equilibrium concentration of CO over soil was found to be 
dependent on the type of soil and soil temperature. These results 
indicate that CO is not only consumed but also produced by micro­
organisms in the soil. The equilibrium concentrations reached values 
up to 0.1 ppm at soil temperatures higher than 400C. Consequently, we 
cannot exclude the possibility that parts of the deserts and tropics may 
act as a net source of CO rather than a sink. Further investigations on 
the influence of soil on CO in arid climates and in the tropics are 
urgently needed. 

E . GAS EXCHANGE ACROSS THE TROPOPAUSE 

Tropospheric gases enter the stratosphere through transport across the 
tropopause. In the stratosphere, they can be destroyed by various 
reactions, the best understood of which are photochemical processes. 
The net flux of gases is dependent on the transport properties of the air 
and the concentrations of gases at the tropopause. For CO, the net flux 
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is calculated to be 1. 1 x 10'4 g yr-•, which is about 10 percent of the 
total CO destruction. Because of the higher CO mixing ratios in the 
northern hemisphere (0.15 ppm) relative to the southern hemisphere 
(0.06 ppm), the CO flux into the stratosphere occurs mainly in the 
northern hemisphere (0.9 x 1014 g yr- 1) . Unfortunately, complete pro­
files of N02 , NO, NH:,. HNO:s. and S02 have not yet been measured so 
that the influence of the air exchange at the tropopause cannot be 
calculated; however, the low concentrations of these species in the 
troposphere and their relatively short lifetime (varying between a few 
seconds and a few days) make it reasonable to assume that this removal 
process is very small compared with other removal processes in the 
troposphere. 

F. GAS EXCHANGE ACROSS THE AIR-SEA INTERFACE 

All gases that are soluble in water are exchanged across the air-sea 
interface with a net flux into the ocean. The exchange rate of an 
individual gas is dependent on several parameters such as the solubility 
coefficient, pH values. transport processes in the liquid and gaseous 
phases, and the gas concentration in the uppermost layer of the ocean 
and the marine atmosphere. Recently, models of transport through a 
hypotheoretical surface microlayer have been developed (Broecker 
and Peng, 1974; Liss and Slater, 1974) to calculate flux rates into and 
out of the oceans. Using CO concentrations in seawater measured by 
Swinnerton et al. (1974) and Seiler (1974), it is calculated that CO is 
released from the ocean into the atmosphere with a flux rate of 
0.4 x 1014 g yr-•. Values of 70 x I 012 g yr-• were calculated for the flux 
of dimethyl sulfide from the ocean to the atmosphere (Liss and Slater, 
1974). In contrast to these gases, the oceans act as a strong sink for 
S02 , the removal rate of which is calculated to be 25 x 1012 to 75 x 1012 

g yr-•. 

VI. RECOMMENDATIONS 

Many of the panel's recommendations are either explicitly stated or 
implied in the discussions in the preceding sections. The rationale and 
methodology for measurements of the various trace species of interest 
are summarized in Table 8.4. In effect. this table contains the recom­
mendations of the panel regarding the types of measurements that are 
required and the methods that must be developed to make them. A 
major point brought out in the panel's deliberations is the high degree 
of desirability of obtaining simultaneous measurements of these inter-
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related species. This concept obviously is extended to include mea­
surements of particulate matter-size distributions, composition, and 
concentrations. It was noted that most, if not all, of the past programs 
designed to measure trace substances in the atmosphere have been 
limited to one, or a few, species at a time. Clearly, it will not be feasible 
to measure all the compounds with the desired frequency. However, in 
view of (i) the complexity of the various atmospheric processes, (ii) the 
need to simulate these processes for environmental planning and 
control, and (iii) the relative lack of knowledge concerning distribu­
tions and removal mechanisms of many species, the panel recommends 
the following: 

Existing atmospheric chemical programs should strive to incorpo­
rate the simultaneous measurement of as many of the species dis­
cussed herein as is possible within the framework of the program. 
These include, in the gas phase, S02, H 2S, CH3SH, CH3(2)S, NO, 
N02, HN03, NH3, 0 3, OH, H 20 2, and CO; in the aerosol phase, SOz - 2 

and N03- 1• 

Future atmospheric measurements programs should be specifically 
designed to include simultaneous measurements of as many of these 
species of interest to atmospheric scientists as possible. 

Such programs would involve the close cooperative efforts of sev­
eral, or many, investigators in a manner that heretofore has not been 
common among atmospheric chemists. Yet the advantages seem obvi­
ous. Such cooperation would increase cost effectiveness in the use of 
expensive platforms such as aircraft. balloons, ships, and satellites. 
Data quality control measures could be more easily developed and 
implemented. Finally, integrated experiments would more clearly es­
tablish whether correlations exist among the various species. At pres­
ent, many models assume specific correlations to exist even though 
there is essentially no evidence to support such assumptions. Thus, 
data from cooperative experiments would constitute an important 
aspect of model verification. 

Complete understanding of the atmospheric chemical system dis­
cussed in this chapter will require a knowledge of concentration 
distributions and their temporal and spatial variability over land and 
over the oceans. A measurements program focused on the maritime 
atmosphere in relatively remote regions of the ocean would provide 
valuable information on many fundamental aspects of the chemical 
system in that such regions are relatively free of significant pollution 
sources. 
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TABLE 8.4 Measurements of Nonhydrocarbon Gases 

Appropriate 
Type of for Network 
Species Why Measure Method Monitoring Remarks 

so, I. Strong influence on global I. Flame photometric Yes I. Methods I, 2, 3, 4, and 6 all capable 
aerosol composition and 2. Conventional resonance of measurina SO, at pollution levels 
distribution fluorescence Yes 2. Methods 3 and 6 capable of 

3. Laser-induced measurina natural levels of SO,. 
2. Direct biological effects fluorescence No Methods 3 and 6 are still under 

4. Conductivity Yes development 
5. Uv laser backscatter No 3. Other methods for makina measure-

N 6. Colorimetric analysis ments of natural backaround levels 
~ of SO, should also be pursued 

H.s I. Via atmospheric oxidation I. Gas chromatography No Further research needed 
CH,S processes these gases are 
(CH:J.S significant natural sources 
CH3SH of SO. 
NO I. Of major importance in I. Chemiluminescence Yes I. Capable of detecting natural levels 

determining tropospheric at some altitudes 
ozone budgets 2. New research still needed 

N02 I. Of major importance in I. Chemiluminescence Yes I. All four methods capable of measur-
determining tropospheric 2. Long-path infrared No ing pollution levels 
ozone budgets 3. Long-path uv absorp- No 2. Methods 3 and 4 and possibly I 

tion capable of detecting natural levels 
4. Laser-induced fluo- No 3. Method 4 still under development 

rescence 
HN03 I. Major sink for nitrogen None known - New research needed 

oxides; hence, indirectly 
affects ozone budget 
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2. A cause of acid rainfall 
3. BiologicaJ effects 

NH3 I. Plays key role in the forma- No method fully developed - New research badly needed 
tion of sulfate aerosols for detection of naturaJ 

levels 
o. I. Plays a major role in con- I. Chemiluminesence Yes All methods capable of measuring 0 3 

trolling the rate of produc- 2. Uv absorption Yes at both pollution and natural levels 
tion of the free-radicaJ OH 3. KI Yes 

2. BiologicaJ effects 
3. Possibly important in the 

heterogeneous conversion 
of so2 to sulfate 

OH I. A major reactant respon- 1. Laser-induced No Only limited data now available 
sible for the conversion of fluorescence Much more extensive data required 
so2 to sulfuric acid vapor 

2. A major reactant respon-

N 
sible for the conversion of 

s natural sulfides to so2 
3. A major reactant respon-

sible for the chemical 
transformation of several 
natural and pollutant gases 
(i.e. , CO, CH4 , CH3CI, 
N02 , and CH_..F.CI,) 

H202 I. Possibly important in the None known - New research needed 
heterogeneous conversion 
of so2 to sulfates 

co I. Appears to now be a major I. Gas chromatography No I. Method 3 still under development 
controlling agent for OH 2. Mercury oxide methods Yes 2. CO now appears to be an ideal 
radicaJs 3. Long-path laser No tracer gas for examining 

absorption atmospheric transport 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


208 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

Other recommendations of a somewhat more general nature are 
briefly listed here. 

A. Theoretical and laboratory studies are required of the following: . 
I. The rate constants for pertinent elementary homogeneous 

chemical reactions of the above-mentioned gases; 
2. The formation of nuclei by heteromolecular chemical reactions; 
3. The heterogeneous oxidation of S02 in solutions; 
4. The heterogeneous oxidation of so2 in gas-solid systems rele­

vant to the atmosphere. 
B. Support should be provided for measurement programs and 

studies to aid in perfecting knowledge of the global cycles of sulfur, 
nitrogen, and carbon compounds. Detailed tropospheric profiles of the 
OH radical would be very useful. 

C. Encouragement should be given to theoretical studies and mea­
surement programs, designed to provide verification for models and to 
improve modeling capabilities for the transport of reacting chemical 
species. 
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9 Radionuclides 

I. INTRODUCTION 

The troposphere is an important medium for the transport of natural 
and man-made radionuclides to the oceans. At this time, the principal 
sources of the man-made radionuclides present in the atmosphere are 
the detonations of nuclear devices and the releases from various 
operations in the nuclear-power fuel cycle (mining, fuel fabrication, 
reactor operation, fuel reprocessing, and waste management). These 
include a number of well-studied isotopes such as 90Sr, •=17Cs, 14C, and 
3H, as well as the less thoroughly investigated transuranic species such 
as plutonium, americium, and curium and noble gases such as 85Kr. 
The natural radionuclides found in the atmosphere are primarily mem­
bers of the uranium decay series, in particular. 222Rn and its radioactive 
decay (daughter) products and, to a lesser degree, isotopes of the 
thorium decay series. 

Various artificial and natural radionuclides have been extensively 
used as tracers of atmospheric transport processes. However, most of 
the nuclear-weapons-derived material that finds its way to the sea was 
initially released in the stratosphere and subsequently entered the 
troposphere from above; these nuclides are beyond the purview of this 
panel. In constrast, nuclear-fuekycle materials and naturally occur-

Members of tbe Working Group on Radionuclides were H. L. Volcbok. chairma11; 
K. K. Turekian, E. A. Manell, and S. Tsunogai. 
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ring radioisotopes are injected into the atmosphere from the earth's 
surface; therefore, their atmospheric route to the oceans must be 
almost exclusively via the troposphere. In the subject area of nuclear 
power and fuel-cycle sources, we have excluded from our considera­
tion the analysis of the consequences of catastrophic incidents (such as 
might occur in a nuclear reactor excursion); this subject has been 
thoroughly studied and reported on in the literature. 

II. ARTIFICIAL RADIONUCLIDES 

A great deal of research has been carried out on the sources and 
distributions of artificial radionuclides in the earth's environment, 
particularly with respect to the fission products and transuranic ele­
ments associated with nuclear weapons tests (e.g., United Nations, 
1972). In general, radionuclides deposited as aerosols on continental 
surfaces appear to have very long residence times in soil. These 
aerosols (as well as 3H and 14C, which occur primarily in gaseous form 
in the atmosphere) also have very long residence times in the oceans. 

In the nuclear fuel cycle, there are numerous opportunities for 
radioactive releases to the atmosphere (Volchok et a/., 1974). The 
release can occur as a consequence of accidents or as routine opera­
tional "leakages"; the released material can be in the gaseous state or 
the solid (particulate) state. The principal radionuclides in the fuel 
enrichment and fabrication processes are the isotopes of uranium, 
thorium, and plutonium; releases of these materials would occur as 
particulates. As far as reactor operations are concerned, facilities are 
designed in such a manner that the release of particulates is precluded 
in routine operation; however, gaseous species such as 3H (tritium), 
131I, and 8~Kr can be routinely emitted in substantial quantities (Preston 
eta/., 1972). 

Tritium (halflife = 12.26 years) from the reactor fuel cycle is released 
as tritium gas (T2) or tritiated hydrogen (HT and DT); in contrast, the 
tritium produced in fusion weapons tests occurs as HTO. The other 
major source of the tritium gas release is the venting from underground 
testing of large fusion devices (Mason and Ostlund, 1974). At present, 
approximately 95 percent of the atmospheric inventory of tritium is 
weapons-produced. There is no evidence that the present (or the 
projected future) concentration of tritium in the atmosphere will have 
any significant effects on physical or biological systems. On the other 
hand, tritium is a useful tracer for the study of atmospheric and oceanic 
transport and mixing processes having characteristic times of months 
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to years; thus, tritium could provide insights into the behavior of some 
types of pollutants. 

lodine-131, because of its short halflife (8.08 days), should be of no 
signficance as far as transport to the oceans is concerned. 

Kyrpton-85 (halflife = 10.76 years) is produced both in the nuclear­
power fuel cycle and in fusion bomb testing. However, in contrast to 
tritium, more than 95 percent of the 85Kr that is present in the 
environment on a global scale originates from the power cycle, and 
only 5 percent is from weapons testing (Schroder and Roether, 1974). 
The projected increase in concentration of 85Kr will lead to a significant 
increase in air ionization, 43 percent above the present level by the 
early part of the next century (Boeck, 1976); because atmospheric 
conductivity is proportional to air ionization, the conductivity will 
increase by the same amount. There are several pathways by which air 
ionization due to 85Kr could have an environmental impact (Boeck, 
1976): by influencing storm electrification; by affecting the coalescence 
of cloud droplets to form raindrops, especially in cloudbursts; and by 
affecting the formation of sulfate aerosol particles in gas-to-particle 
conversion mechanisms. However, at present, there is no firm evi­
dence linking 85Kr to atmospheric phenomena. 

No direct measurements of the tropospheric transport of artificial 
radionuclides from land to the sea have been reported. However, some 
site-specific plutonium isotope anomalies have been noted in a few 
local coastal marine sediment environments; these may reflect an 
atmospheric transport mechanism (Koide et a/., 1975). Direct mea­
surement of the flux via this route is difficult because of the obscuring 
effects of the fallout of these same nuclides from the dominant 
source-atmospheric nuclear detonations, most recently those of 
France and the People's Republic of China. These explosions deposit 
most of the radioactive debris in the stratosphere; this material is 
subsequently transferred to the troposphere by a number of mecha­
nisms at a rate that yields a stratospheric half-residence time (between 
stratosphere and troposphere) of about 10 months. 

The concentration in tropospheric air of the artificial radionuclides 
derived directly from the stratosphere is undoubtedly much greater 
than their concentrations due to resuspension of soil containing mate­
rial deposited earlier. This can be clearly shown by considering reason­
able upper limits of resuspension concentrations by use of the "resus­
pension factor." This is a parameter that relates air concentrations of a 
substance to its areal deposit within a specific geographical region. It is 
defined as the concentration per unit volume of air divided by the 
quantity contained per unit area of soil; in the case in point, for 
radioactive substances, 
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mCi/m3 in air Resuspension Factor (m-•) 
mCi/m2 in soil 

where mCi = 10-a curie. 

215 

Consider the situation in the vicinity of Rocky Flats, Colorado, 
where an accident in a processing plant contaminated a fairly large soil 
area with plutonium. The Rocky Flats area is basically desert, with 
mean annual precipitation of about 40 em and mean wind velocity of 
some 13 km per hour. The ground cover is typical desert grass and 
cactus, and the soil in the vicinity of the contamination is quite sandy 
and unconsolidated. The climatology, vegetation, and soil characteris­
tics are such as to lead us to expect resuspension at this site. The 
resuspension factor of Rocky Flats is about J0-9 m-• (Volchok, 1971; 
Krey eta/. , 1974). In plowed areas or other soil regions affected by 
human activity, the factor might be considerably higher. 

If, for illustrative purposes, we apply this factor to the entire 40° to 
500 latitude band of the northern hemisphere, where the mean 239+240Pu 
(hereafter referred to as 239Pu) deposit is about 2 mCi/km2 (Hardy eta/ ., 
1972), a resuspension air concentration of 2 aCi/m3 is predicted 
(aCi = JO-•s Ci). The actual measured mean annual air concentration in 
this latitude band in 1974 was about 50 aCi/m3 (Volchok eta/., 1975). 
On this basis, it would appear that resuspended soil containing 239Pu 
could, at most , account for just a few percent of the total surface air 
concentration and that the resuspended input will be undetectable until 
all atmospheric nuclear testing is stopped and the stratospheric reser­
voir has been substantially depleted. 

An interesting sidelight to the Rocky Flats study is that an effort was 
made to delineate the extent of the affected area. The most sensitive 
analytical system (mass spectrometric analyses of Pu isotopes) was 
employed to measure the soil concentrations of the spill material. The 
maximum downwind distance at which redistributed Pu from the spill 
area could be identified was 30 km (Krey, 1976). 

We have also compared surface-air concentration data from sites of 
comparable latitude but of contrasting climate. Examples are given in 
Table 9.1. These data suggest that air concentrations are not signifi­
cantly higher in areas of relatively low rainfall, where the soil is drier 
and supposedly more mobile and, hence, where one might expect 
resuspension to be at a maximum. 

Little research has been done on describing quantitatively the ''re­
suspendable layer" of the soil surface. Thus, we do not know at what 
rate, and to what depth, deposited radionuclides are transported down 
the soil column before they become unavailable for resuspension 
(Hardy, 1974). 
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TABLE 9.1 Plutonium-239 Air Concentrationsa 

Precipitation -Po 
Year and Location Latitude (em) (aCilm1:f 

1970 
Ricbland, Wash. 45" N IS 53& 
New York, N.Y. 41° N 90 68 

1974 
Richmond. Calif. 38"N 47 26 
New York, N.Y. 41°N 121 39 
Helena, Mont. 4rN 27 42 

• Dua from Voldlok" Gl. (197S) cxc:epc "'11omu and Pertina (1974) . 
• tOim'. to-'" curie. 

Based on the foregoing, it is apparent that the tropospheric transport 
of man-made radionuclides into the sea from material deposited on land 
surfaces is, on a global scale, a relatively small fraction of that being 
delivered from recent nuclear tests and that until these tests substan­
tially cease it will be difficult to quantify this mode of oceanic supply. 

III. NATURAL RADIONUCLIDES 

Of the naturally occurring radionuclides, 222Rn and 210Pb are potentially 
the most useful for the study of transport between land and sea. 
Radon-222, with a 3.8-day halflife, is emanated from soils (and, also, 
from mining operations) and ultimately decays to 210Pb (halflife = 22 
years; see Figure 9.1 for the 228Rn decay series). Radon-222 moves as a 
gas by advection and diffusion in the air column. When 222Rn decays, 
its decay products (210Pb and its precursors) rapidly become attached to 
aerosols, which are then subject to removal_by precipitation and as dry 
fallout. This behavior of 222Rn and its 2111Pb daughter is analogous to the 
behavior of ·other trace gases and their reaction products injected into 
the atmosphere (for example, S02 and its oxidation product S042-). 

However, radon is itself an inert gas. It is evident that the 222Rn/210Pb 
system can s·erve as a tracer as well as a clock for the study of such 
reactions and atmospheric concentrations. Also, the study of the 
behavior of 210Pb will provide insights into the expected behavior of 
other particulate trace substances of similar size in the atmosphere and 
may offer a basis for inferring the behavior of particles of other sizes. 
(The geochemistry of radon and its daughter products is discussed in 
Turekian et al., 1976.) 
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Ra-226 
1600y 

J Alphe 0.C.V 4.8 MeV 

/a-o.c.v 
Rn-222 
3.82d 
5.5 MeV 

Po-218 (RaA) Po-214 (RaC') Po-210 (Raf) 
3.05m 1.6 X 10-4 sec 138d 
6.0MeV 1;1.1 MeV ~5.3MeV 

Bi·214 (RaCI Bi-210 (RaE) 
19.7m 5.0d 

'; 0.4·3.3 MeV 1;1.2 MeV 

Pb-214 (RaB( Pb-210 (RaD) 
Pb-206 (RaG) 

26.8m 21 y 
Stable 

0.7,1.0MeV <0.1 MeV 

FIGURE 9.1 Principal decay scheme of tbe radium-226 series as of August 1975. 

A . ATMOSPHERIC RADON MEASUREMENTS 

It has been a common practice in the past to measure the concentration 
of the short-lived daughters of radon rather than concentration of radon 
itself; this was done for reasons of convenience and economics because 
of the relative ease with which the particulate-phase daughters could be 
coUected and counted on a filter. However, under conditions of high 
humidity and high aerosol concentrations, there is a danger that the 
concentration of the short-lived daughters may be considerably less 
than the expected radioactive equilibrium concentration with the am­
bient radon. In such cases, it is evident that the measurement of 
daughters cannot be assumed to be a reliable measure of the radon 
concentration. Because non-clear-air conditions are more common 
than clear-air conditions in surface air, it is more reliable to measure 
radon directly whenever possible. 

B . RADON FLUX FROM SOILS 

The radon flux from soils is much greater (approximately )()2 times 
greater) than that from the ocean surface (Wilkening and Clements, 
1975); however, an accurate knowledge of the geographical and time 
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dependence of the radon flux from the continents and oceans is needed 
both for air-parcel tracing and for continuity arguments involving the 
atmospheric 2111Pb flux. The flux of radon emanation from soil has been 
measured or estimated by four methods to date: (I) direct measure­
ment of radon in an enclosed container lying on the soil surface or 
ocean surface (Wilkening and Clements, 1975); (2) measurement of 
short-lived daughter activity above soils using nuclear detectors and 
dosimeters; (3) modeling of the radon flux from 2111Pb and 226Ra mea­
surements in old soil profiles (Turekian eta/. 1976); and (4) calculation 
of the average worldwide radon flux from models of atmospheric 210Pb 
flux distributions on the basis of continuity arguments (Turekian et a/., 
1976). 

Geographic and seasonal radon flux data of adequate quality and 
sufficient quantity are lacking, and major disparities exist among the 
limited data available. We do know that the number of condensation 
nuclei above vast snow-covered areas is small and, thus, that the radon 
flux should also be small. We also know that the quantity of radon and 
of short-lived radon daughter products over soils are affected by soil 
properties and meteorological conditions; however, on a large scale, 
there appears to be a reasonable degree of homogenization of radon 
fluxes. Clearly, more measurements of the radon flux over soils are 
necessary to resolve these questions and to provide adequate source 
terms for tracer studies of air parcels. 

C. LEAD-210 IN THE ENVIRONMENT 

The critical problems regarding atmospheric 2111Pb are the mean resi­
dence time, generally expressed in days, and the geographic distribu­
tion of the atmospheric flux of 2111Pb, generally expressed as pCi per m2 

per year (pCi = w-•2 Ci). Because the dominant source of 210Pb in the 
atmosphere is continentally derived radon, the knowledge of these two 
parameters could provide some insight into the atmospheric survival 
times of other continentally derived substances as the air parcels move 
over the oceans; also, these substances could serve as a tracer for 
distinguishing between air parcels that have had a relatively long 
residence time and those that have recently emerged from the 
continents. 

D. METHODS OF MEASURING LEAD-210 FLUX 

There are four methods of measuring the atmospheric 210Pb flux: (l) the 
actual collection and analysis of fallout, both wet and dry, over a long 
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period of time; (2) the measurement of the 210Pb concentration in the air 
column and the subsequent application of the appropriate deposition 
velocity (Moore et al . , 1973 ); (3) the measurement of 210Pb and 226Ra in 
repositories such as soil profiles and other appropriate integrators 
(furekian et ai., 1976); and (4) from the distribution of 210Pb and 2108i 
concentrations and activity ratios as a function of altitude (Moore et 
a/., 1973). 

There is a paucity of flux data. The fallout method of obtaining flux, 
while most direct, has produced few acceptable data because of the 
requirements for continuous, quantitative sampling and analysis. In the 
second method, atmospheric concentration data are obtained on a 
short time scale using air samplers on land or on airplanes, but the 
deposition velocity that must be applied to calculate flux has not, to 
date, been obtained for 210Pb in many cases. The repository technique 
has been used in old soils, glaciers, and lakes or in deposits on 
man-made ponds. This is a reliable method because of the quantitative 
retention of 210Pb in these environments, but a minor correction for 
near-surface radon loss in the repository must be determined or mod­
eled to get the most accurate values in various areas. 

E. MEAN RESIDENCE TIME OF ATMOSPHERIC LEAD-210 

There has been considerable discussion about the residence time of 
210Pb in the troposphere as a function of season and altitude. The most 
commonly applicable mean residence time for tropospheric 210Pb ap­
pears to be less than one week (Martell and Moore, 1974), although 
there are studies indicating substantially longer values (e.g., Nozaki 
and Tsunogai, 1972; Tsunogai and Fukuda, 1974). More research must 
be done to establish the constancy of this value. In particular, it 
appears that in the lower troposphere over the oceans the mean 
residence time of aerosols may be shorter than over continents. 
Further work should be done in this area, including the direct mea­
surement of deposition velocities or mean residence times by coupled 
atmospheric concentration profiles and surface-level measured fluxes. 

There is evidence that the western parts of continents may receive 
higher 210Pb fluxes in some latitudes than predicted by a simple zonal 
model of Rn decay and 210Pb precipitation over oceans. Three­
dimensional modeling (Mahlman, Princeton University, private com­
munication) of the 210Pb distribution in the atmosphere and the flux 
may be useful in understanding these flux observations. 
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IV. RECOMMENDATIONS 

1. The system of 222Rn and its daughter products has the potential of 
being extremely useful as a tracer for the validating of atmospheric 
transport models that incorporate a particulate phase in the removal 
processes. To this end, the vertical and areal distribution of Rn and of 
210J»b must be better characterized over the continents and the oceans, 
especially the latter. 

2. There is some evidence that under certain environmental condi­
tions radon is not in radioactive equilibrium with its short-lived daugh­
ter products in the aerosol phase; hence, the concentration of radon 
cannot always be accurately inferred from the measurement of the 
daughter-product activity collected on filters. Nonetheless, the filter 
technique is appealing because of its simplicity. Therefore, we recom­
mend that studies be made of the relationship between radon and its 
daughter products under a wide range of meteorological and climatic 
conditions so as to assess the operational limitations of the filter 
technique. 

3. The deposition of 210Pb (and other materials) will be strongly 
dependent on precipitation distribution and intensity, parameters that 
are poorly characterized over the oceans. Our knowledge in this area 
must be greatly improved. 

4. The mechanisms for the mobilization of soil radioactivity (i.e. , 
resuspension) and the subsequent transport through the atmosphere 
should be more thoroughly investigated. It seems advantageous to 
consider such studies in the context of the general problem of the 
mobilization of soil aerosols. 
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10 Techniques 

I. INTRODUCTION 

In order to evaluate the transfer of chemical substances between the 
atmosphere and the ocean, it is necessary either to (i) measure the flux 
directly or (ii) measure concentrations in the atmosphere and then 
calculate the net flux to the ocean. Both of these approaches require 
the quantitative collection of representative samples of gases, airborne 
particles, and precipitation. The flux of material across the air-sea 
interface can be in either direction, but this chapter will focus on 
evaluating the transfer of airborne material to the ocean. 

It is vital to answer several questions before a collection and mea­
surement program can be undertaken. 

I. What are the precise objectives of the study? 
2. What is the structure of the concentration-deposition field? 
3. What is the required spatial extent and density of sampling sites? 
4. What sampling frequency and duration are required? 

Answers to these questions must be provided by the experimental 
design of individual studies. Obviously, the requirements of a research 
program could differ significantly from those of a monitoring program 

Members of the Working Group on Techniques were D. M. Whelpdale, chairman; and 
G. E. Likens. 
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in this regard. Some aspects of these problems have been discussed 
elsewhere in this work, especially in Chapters 3 and 4. In this chapter, 
the discussion is restricted to collection techniques for gases, particles, 
and hydrometeors in the atmosphere. It is our intention to give a broad 
overview of techniques currently in use. More detailed coverage can be 
obtained from the cited references. 

II. COLLECTION TECHNIQUES 

The main objective of the sample-collection techniques discussed 
herein is to obtain information on the chemical composition and 
concentration of material in the atmosphere. A large variety of collec­
tion procedures, sampling devices, and analytical techniques have 
been utilized (see also Duce et a/., 1976; Windom and Duce, 1976). 

A. GASES 

Many techniques with varying degrees of sophistication are available 
for the collection and in situ measurement of the concentration of 
several inorganic gases. Very few, however, can be used for unat­
tended, long-term sampling. 

Collection systems for several of the high-molecular-weight gaseous 
hydrocarbons are presently under development. Collection systems for 
chlorinated hydrocarbons such as PCB and DDT have been developed 
by Bidleman and Olney (1974) and by Harvey and Steinhauer (1974). 
Techniques for the determination of the chlorofluorocarbons have been 
described by Grimsrud and Rasmussen (1975), Su and Goldberg (1973), 
and Lovelock et al. (1973). The distribution of several atmospheric 
hydrocarbons, including PCB and DDT, between the gas and particu­
late phases is largely unknown; therefore, it is often necessary to 
sample both phases separately or to use a system that collects a total 
air sample. 

B. PARTICLES 

Samples of airborne particles are collected by filtration, impaction, or a 
combination of the two. Filter systems usually consist of an intake 
nozzle, filter, flow meter, and regulator and a pump. The instrument 
used routinely by control and surveillance agencies is the high-volume 
sampler with a flow rate that is typically 1-2m3/min (Jutze and Foster, 
1967). Modifications of this system and many other types are used for 
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specialized research applications such as .. clean site .. monitoring at 
Mauna Loa (Simpson, 1972), collection of sea-salt particles (Fasching 
et al., 1974), and simultaneous gaseous S02 and particulate S042-

sampling by aircraft (Johnson and Atkins, 1974). 
Filter samples are collected for three purposes: to determine the total 

mass loading of particles, to conduct chemical analyses, and to study 
particle morphology. Sampling times of one to several days at high flow 
rates (typically 2 m3/min) are required to collect an adequately large 
sample. For chemical analysis, the composition of the filter is critical 
(Dams et a/., 1972): it must contain relatively small amounts of the 
species being collected and it must be compatible with proposed 
analytical procedures. Cellulose falters (e.g., Whatman 41) are com­
monly used for sulfur analyses; cellulose (e.g., Whatman 41), poly­
styrene (e.g., Delbag Microsorban) or Nuclepore for heavy metals; and 
glass tiber (e.g., Gelman Type A) for organic analysis. For the collec­
tion of trace-level inorganic species, filters should be mounted in 
plastic filter holders (polyethylene), and the holders should be placed in 
plastic shelters to protect them from rain. After collection, filters 
should be stored in sealed polyethylene containers. For organic 
species, similar procedures should be followed, using an aluminum or 
stainless-steel collection apparatus. 

Other factors determining the choice of filters include the flow rate 
obtainable through the filter, the efficiency of the filter as a function of 
particle size, loading characteristics (rate at which filter clogs), and 
cost. More detailed information on filter characteristics is available in 
Stafford and Ettinger (1972), Spurney et a/. (1969), Butcher and 
Charlson (1972), and Liu and Lee (1976). 

Problems encountered in filter sampling include the collection of a 
representative sample of the aerosol, the accurate measurement of 
sample volume, and the chemical stability of the sample. The entire 
sampling system has a characteristic upper cutoff size (determined by 
the geometry of the intake and the wind velocity) and lower cutoff size 
(related to the collection efficiency of the filter), which can result in a 
biased sample of the aerosol. For example, the standard high-volume 
system used in the United States has especially poor intake charac­
teristics that result in sharply reduced efficiency for particles above 
5-JLm diameter (Wedding et a/., 1977); also, because of the intake 
configuration, the cutoff size varies with wind direction. Chemical 
changes in the sample can be caused by reactions among the sampled 
materials, by reactions with atmospheric trace gases and with water 
vapor (Johnson and Atkins, 1974; Forrest and Newman, 1973), and by 
loss of water or volatile organic species. 

Large Terylene or nylon meshes mounted normal to the wind have 
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also been used to collect particles. They may be located on land-based 
towers or onboard ships or flown as kites from ships (Delany eta/., 
1967). Although semiquantitative because of the uncertain and variable 
collection and retention efficiencies of the mesh, the technique is 
attractive because of the possibility of sampling large volumes of air 
(1()8 m3/day with several square meters of mesh) and because of its 
simplicity, durability, and low cost. Evidence suggests that the mass 
collection efficiency is relatively constant for a specific aerosol type 
sampled in a specific meteorological setting (Prospero and Nees, 1977). 

Air-sampling instruments that make use of inertial separation of 
particles from an airstream or inertial impaction onto a surface include 
impactors, impingers, and many others (ACGIH, 1972). Impactors, the 
most frequently used, are available in a variety of configurations: 
single-stage jet impactors and cascade impactors such as the Casella, 
Lundgren, and multijet Andersen. Recent developments in the theory 
of rectangular (slot) and round (jet) impactors (Marple and Liu, 1974, 
1975) make it possible to design impactors with optimal operational 
characteristics. The relatively new high-volume cascade impactors 
having flow rates over I m3/min are particularly useful because they 
can sample large volumes of air. Frequently, a filter is added as the 
final stage to collect particles smaller than 0.3-0.5 ~~om that have passed 
through the impactor. Serious errors in the size distribution can be 
introduced by particle bounce-off, re-entrainment, and particle shatter­
ing at various stages; these effects can be reduced or eliminated by 
coating the collection surface with nondrying adhesive films such as 
greases and oils (Dzubay eta/., 1976). 

A variation of the principle of operation of the impactor is incorpo­
rated in the cascade centripeter (Hounam and Sherwood, 1965) and the 
virtual impactor (Stevens and Dzubay, 1975); air entering the instru­
ment through an inlet jet is directed against an "impaction" stage that 
consists of a slowly pumped void; "impacted" particles are sub­
sequently collected on a filter. This adaptation reduces bounce-off and 
re-entrainment problems and minimizes reactions on the filter; it thus 
allows the collection of larger samples required for some chemical 
analyses. 

Impactors separate particles according to aerodynamic size and thus 
can provide information on the particle number and mass distribution 
(Natusch and Wallace, 1976) and the chemical composition as a func­
tion of size. Disadvantages of the technique are that the particle cutoff 
size for each stage is not sharp and that long sample times are required 
to collect sufficient material for chemical analyses, which may lead to 
problems of chemical instability as with filters. 

Particle collection systems should be designed to sample isokineti-
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cally so as to minimize size discrimination effects at the sampler intake 
(Davies, 1968). This may be facilitated by using appropriate intake 
nozzle geometry and by ensuring that the intake always faces into the 
wind. However, in practice, isokinetic conditions are difficult to realize 
(Belyaev and Levin, 1974; May et al., 1976). 

Table 10. I contains a relatively complete list of features of most 
instrumentation used in the measurement of aerosol parameters. 

C . PRECIPITATION 

Two measurements are required to determine inputs of chemicals to 
oceans via precipitation: (i) the amount of precipitation and (ii) the 
concentration of material in the precipitation. Techniques to determine 
the amount of precipitation over land surfaces have, in general, been 
standardized; this has not been done for marine areas (e.g. , Elliott and 
Reed, 1973). Techniques for the collection of samples for chemical 
analysis have not been standardized for either land or sea use. 

Rain and snow are currently collected and analyzed by a number of 
different techniques in continental areas (e.g., Junge, 1963; Lodge et 
a/., 1968; Eriksson, 1959, 1960; Petrenchuk and Selezneva, 1970; 
Selezneva, 1974a, 1974b; Summers and Whelpdale, 1975). Unfortu­
nately, little information is available relative to procedures (or results) 
for marine locations. Collectors normally have been located within I to 
3m of the earth's surface and consist of a collection surface attached to 
a storage reservoir. Components of collectors used for chemical 
analysis are usually constructed of polyethylene, glass, or stainless 
steel. Collectors on ships have been operated from the bow or 
superstructure when heading into the wind; however, contamination 
from sea spray and splash often is a serious problem. 

Precipitation samples can be obtained with a variety of types of 
collectors. "Bulk" precipitation collectors are continuously open to 
the atmosphere; "wet" collection devices are functional (open) only 
during periods of rain or snow; "dry" collection devices are covered 
during periods of precipitation and are uncovered at all other times. 
Automatic (wet-dry) precipitation collectors incorporate a precipita­
tion sensor that activates a mechanism that moves a cover from one 
receptacle to the other at the time of initiation or cessation of precipita­
tion. Electrical power is required for automatic precipitation collec­
tors; this might pose a serious problem in some remote areas. Bulk 
precipitation collectors (e.g., Likens et a/., 1967) have been widely 
used because of their simplicity, reliability, and lack of electrical power 
requirements. However, these collectors suffer from the disadvantages 
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of providing no separation of the wet and dry deposition components 
and of being prone to local contamination because they are continu­
ously open. 

Sample volumes depend on the amount of precipitation and the 
surface area of the collector orifice and on the subsequent evaporative 
loss from the collector. Sample volumes varying from 100 ml to several 
liters are required for the chemical determinations that are typically 
carried out. 

The major problems in attempting to characterize the chemical 
composition of continental precipitation have been related to the 
collection and storage of samples (Galloway and Likens, 1975) and to 
analytical difficulties (Paterson, 1975). The problems of collection 
include the following: 

I. The effectiveness of the design of the collector in obtaining a 
representative sample of precipitation and its chemical content; 

2. Geochemical or biological changes that occur within the collec­
tion container as a consequence of the presence of foreign particles 
either in the samples or on the filtering material through which the 
precipitation passes; 

3. The effect of storage, including in situ collection time, on chemi­
cal composition; 

4. Leaching, or absorption, of substances from, or to, collector 
surfaces; 

5. The effects of sampling interval both during and between storm 
periods. 

A number of collectors of varied design from different countries have 
been tested and intercalibrated in separate studies by U.S. and Cana­
dian scientists. The results of these investigations (Galloway and 
Likens, 1975; Smith, 1975) were similar and may be summarized as 
follows. 

I. Precipitation samples must exclude dry deposition if accurate 
information on the chemical composition of rain and snow is required. 

2. Chemical input includes wet and dry deposition, and both must 
be assessed in biogeochemical studies. 

3. A wet-dry collector of the ERDA!HASL (U.S.A.) or AAPS (Fin­
nish) design proved to be the most reliable and useful. 

4. Substantial contamination may result when glass and plastic 
collectors are used to sample precipitation for cationic and organic 
components, respectively. For organic material, collectors should be 
constructed from glass, stainless steel, or aluminum. 
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TABLE 10.1 Features of Instrumentation Used in Measurement of Aerosol Parameters" 

Appropriate for 
Quantity Why Measure? Is a Method Available? Network Operation? Remarks 

Chemical Measurements 

Mass concentration of Budget studies; need rela- Suspended particles: yes, Yes I. Study of samp-
various constituents lion of aerosol mass to if located and operated ling location 

mass of gases for many carefully effects and intake 
different substances losses needed 

2. May be less rele-
vant than other 
variables on 
regional or global 

N 
scale 

N Concentration of Production step in aerosol S02 , organics, NO.,: yes, Research basis only Much method re-00 

aerosol-forming gases cycle Sulfides, NH3 : no No search imperative 

Chemical composition Revelant to Yes, but only for particles No, but desirable I. Need informa-
as a function of size I. Cloud and precipitation > - 0.3 p.m (impactors) on an experi- tion on r < 0. I 
and mass as a func- processes mental basis p.m 
tion of size 2. Residence time Flame photometry for Na, Research basis only 2. What is effect of 

3. Heterogeneous reac- other metals; perhaps S particle shape in 
lions distribution impactors 

4. Budget of trace ele- Scanning electron micro- Research only 3. Trace element 
ments and elemental scope with energy dis- role in hetero-
cycles persive x-ray analyzer geneous reaction 

S. Biological effects 4. Need indication 
of secular change 

Particle solubility Mode of action as cloud Yes, but as a bulk property No Research needed 
nuclei only 

Particle area as a func- Large role in hetero- Research basis only, may No Important research 
tion of size geneous reactions be questionable topic 
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Deposition (wet) I. Ecological effects and Wet removal . Measure· Yes 1. Need research 

long-term effects ments are reasonably with regard to 

2. Budgets; biogeo- accurate for long-term short-term varia-
chemical cycles averages, but sampling tion and relation 

3. Indication of aerosol time and IQiistics may to synoptics 
composition (crude) need reconsideration 2. Organic analysis 

needed 
3. Heavy metals 

Deposition (dry) Same comments as for wet Research stage No, except deposi· Location of sampler 
deposition tion plate; no is important ; 

realistic way of altitude depend-
simulating real ence needed 
surfaces 

Particle density and Role in impaction pro- Yes, partial (e.g., impactor No Research topic 
shape cesses and in optics and electron micro-

scopes) 
N N (r) for Gas-to-particle con· Ion mobility analyzer; No Research only N 
\0 0.001 sr sO.I J.C.m version products in Diffusion battery No Needs improve· 

this range + condensation ments for back· 
nucleus center ground analyses 

N (r) for Effects on radiation Several; expensive or time No Need better under-
0.1 J.C.m sr s I J.C.m budget, optical effects, consuming in evaluation; standing of par· 

cloud formation optical counters, ticle shape effects 
optical and electron in optical coun· 
microscope, for ex· ters 
ample 

N (r) for Cloud formation Yes, impactors No Same as above 
I J.C.m s r s 10 J.C.m Mass deposition 

Mass budget 

• Adapted from B. Bolin, G. Witt, and R. Charlson (1973). Stockltolm Tropo.splltric l.trosol s,,;,,, (STAS) Rep. AP·I4, Jnst. Mcteoroloay. U. ol Stockholm, and the International 
Mcteorotoaicallnst . in Stockholm, Sweden. 
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5. Collectors should be cleaned between periods of use. If acids are 
used, electrical conductivity of the final rinse solution should be 
monitored for contamination. 

6. Concentrations for most inorganic ions in precipitation samples 
of low pH (3.5 to 4.5) did not change significantly when stored at 4°C 
for a period of8 months. Chloride and phosphate results were variable. 

7. Precipitation samples should be collected on an event basis 
whenever possible, or for intervals of not longer than a week, espe­
cially if the pH is greater than 5, because of the possibility of composi­
tion change as a result of biological activity. 

8. Samples with visible particulate contaminants should be dis­
carded. 

9. Network stations should be readily accessible yet remote from 
obvious local sources of pollution (e.g., agriculture, smelters, 
airplanes). 

JO. Dry deposition is not quantitatively measured by current de­
signs of bulk or wet~ry precipitation collectors. 

The Soviet Union has an active program of precipitation collection 
and analysis onboard ships (Miller, 1975a; Selezneva, 1974a, 1974b). In 
general, however, there are relatively few data published on precipita­
tion chemistry from shipboard collections. Gambell and Fisher (1966) 
report on the chemical composition of precipitation from two ship­
board collections off the coast of North Carolina. Specific problems 
associated with sampling at sea include the following: 

I. Influence of airborne continental material on marine precipita­
tion chemistry; 

2. Heterogeneity of concentration~eposition field; 
3. Height of collection vessel above the sea surface, the deck of the 

ship, and the buoy or platform surface; 
4. Contamination by, for example, birds, sea spray, or raindrop 

splash. 

III. GENERAL CONSIDERATIONS 

A . PHYSICAL AND CHEMICAL PROPERTIES 

Frequently, chemical species exist in more than one phase in the 
atmosphere. In some cases (e.g., DDT, Hg) their partitioning between, 
or among, phases is not known. For this reason, and because there are 
transformations between the various phases, it is frequently necessary 
to sample in all phases concurrently. 
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The relative importance of various removal processes depends on 
such properties as the density and shape of particles, vapor pressure, 
chemical reactivity, solubility, and hygroscopicity. For particulate 
matter, these properties should be ·known as a function of size. A 
knowledge of these parameters will aid in recognizing and understand­
ing physical or chemical changes that might occur in samples during the 
collection process. Finally, such information is essential to the model­
ing of atmospheric transport and removal processes. 

B . SAMPLE CONTAMINATION 

Extreme care must be taken during the collection and handling of 
atmospheric gaseous, particulate, and precipitation samples, especially 
in remote areas (Duce et al .• 1974; Moyers et al .• 1972; Zoller et al .• 
1974). All the substances of interest to this Workshop are present in 
concentrations that are so low that the slightest contamination could 
render a sample useless. In addition to employing instrumental 
safeguards to minimize contamination, personnel handling equipment 
and samples must be thoroughly familiar with precautions to be taken 
and must be aware of the many sources of contamination that can arise. 
Hands, hair, and clothing of personnel should be covered when han­
dling these samples, and maximum use should be made of laminar-flow 
clean stations. 

Long sampling intervals obviously have greater potential for con­
tamination from local sources, such as the engine exhaust from a ship 
sampling platform. Use can be made of the fact that combustion 
processes produce extremely large concentrations of Aitken particles. 
Thus, a recording Aitken nucleus counter operating at sampling sites 
will provide information on short-term air-quality changes (i.e., the 
incursion of air parcels affected by local pollutant sources) as well as 
longer-term trends. The control of sampling systems by wind-direction 
and velocity sensors or by Aitken nucleus counters (Duce et al .• 1974) 
ensures that samples are collected only during desirable, or "clean," 
conditions. However, on occasion, filter samples should be collected 
during conditions that favor contamination, in order to identify charac­
teristic qualities of the contaminants. 

The possibility of contamination may also be reduced by placing 
electrical devices, combustion apparatus, and oil-lubricated machinery 
as far as possible from the collection apparatus. Materials or structures 
in contact with, or adjacent to, samplers should be chemically compat­
ible with the analyses to be done, in order to avoid sample contamina­
tion. 
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232 TROPOSPHERIC TRANSPORT OF POLLUTANTS 

C. SAMPLING SITES 

Features of various sampling platforms are listed in Table 10.2. Prior to 
establishing a permanent sampling site, it is essential that tests be 
carried out to ensure that the site is representative of the area being 
sampled and that it is free from contamination. Smoke bombs, released 
at upwind locations, may be useful to demonstrate that sea spray or 
local soil dust is not reaching the collecting location. 

Oceanographic ships are usually not designed to accommodate the 
requirements of atmospheric chemistry sampling. In addition, the 
airflow around the ship structure is very complex. For such work, 
space, free from contamination, is required in the bow, high above the 
water. 

Although gas and oil-well platforms may be used to collect atm<r 
spheric samples, the potential for contamination is also very great for 
the same reasons as it is aboard ships. Remote, small island stations 
can be useful. Currently, the United States is monitoring precipitation 
chemistry on the islands of Hawaii and American Samoa (Miller, 
1975b). 

Greater use will be made of aircraft as sampling platforms to gather 
information on the variations in concentration and properties of chemi­
cal species throughout the troposphere. Many techniques previously 
discussed will be adaptable for use in aircraft. Although aircraft may 
not be particularly useful for collecting precipitation samples (Table 
10.2), they could be valuable for the collection of cloud-water samples. 
There have been few measurements of cloud-water chemistry as a 
precursor to precipitation, even at ground level in orographic clouds 
(Houghton, 1955; Martens and Harris, 1973). Currently, aircraft sam­
pling of this type is being done by Petrenchuk (as referred to by Miller, 
1975a). However, the relationship between the chemistry of cloud 
water and that of precipitation at ground or sea level is poorly under­
stood. 

D. SUPPORTING INFORMATION 

In any atmospheric measurement program, it is important that as much 
as possible be known about the past history of the air being sampled 
and about its state at the time of measurement. Meteorological mea­
surements should include wind speed and direction and a time record 
of precipitation. Surface synoptic charts and 850-, 700-, and 500-mbar 
upper-air charts may be used to investigate the past history of the air 
parcels. Correlation of air-mass trajectories with pollutant concentra-
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tions will be a critical part of any meaningful program on atmospheric 
transport. Computer programs are now becoming available for deter­
mining air-parcel trajectories (see Chapter 3). 

When collecting airborne particles, simultaneous measurements of 
several aerosol parameters, such as number, concentration, and size 
distribution (Hogan et al., 1975), should be made in order to better 
characterize the entire aerosol. 

E. DRY DEPOSITION MEASUREMENTS 

The term "dry deposition" refers to material deposited on surfaces by 
all processes other than precipitation. This includes direct gas-phase 
transfer, impaction of particles, gravitational sedimentation of large 
particles, and diffusion processes for gases and small particles. The 
fluxes of certain inorganic gases to surfaces may be determined using 
micrometeorological techniques (flux-gradient or eddy correlation) 
under very restrictive conditions. Few such determinations have been 
attempted over the oceans. 

It would be highly desirable to measure directly the chemical compo­
sition and rates of particulate deposition. However, measurements of 
this type are extremely difficult, and there has been only limited 
progress to date. Dustfall measurements, which have been made for 
many years, are at best semiquantitative; only the relatively small 
number of particles larger than about JO ~tm are collected in this way. 
Similar reservations may be expressed about the use of the "dry" 
portion of the automatic "wet-dry" precipitation collectors now 
available to measure dry fallout. Such devices are subject to electrosta­
tic effects and to aerodynamic effects induced by the collection device 
itself. Their collection and retention efficiencies are unknown and 
probably will vary with environmental conditions from site to site. 
Their value may lie in correcting bulk precipitation measurements for 
dry contamination. 

A variety of techniques has been used to estimate the impaction of 
particles on natural surfaces; for example, with coniferous trees 
(Rosinski and Nagamoto, 1965; Langer, 1965), Spanish moss (Sheline 
et al., 1976; Roberts, 1972), plastic coniferous trees (Schlesinger and 
Reiners, 1974), and filter paper (White and Turner, 1970; Peirson et al., 
1973, 1974). The last-referenced study collected samples of airborne 
dust, rainwater, and "dry deposition" concurrently to provide a useful 
indication of the relative "dry deposition" behavior of the various 
elements in the atmospheric aerosol. 

However, data of this sort probably should be considered as provi-
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TABLE 10.2 Types of Locations for Collection of Precipitation or Aerosols 

N Research (R) Precipitation (P) 
~ Problems of or Monitoring (M) or Aerosol (A) .,. 

Platform Advantages Limitations Contamination" Useb CoUections0 

Continental coastline Permanent, accessible, Site restriction; sampling Terrestrial dust, organic R,M P,A 
stable platform; only during off-ocean debris, birds, local 
electrical power flow; extrapolation to anthropogenic 
readily available marine conditions emissions 

required 

Small island coastline Permanent, stable Accessibility (?); 
platform; proximity restricted site choice; Terrestrial dust. R,M P,A 
to marine environ- electrical power organic debris. birds 
ment availability ( ?) 

Offshore structure Permanent(?), No choice of site; Birds, local anthropo- R, (M) A, (P) 
(gas, oil weD) stable platform accessibility(?); genic emissions, 

electrical power(?) splash, etc. from 
superstructure 
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Ship Mobility; Unstable platform; Birds, local anthropo- R, (M) A, (P) 
access to analytical mobility; genic emissions; 
laboratory facilities restricted site selec- splash, etc. from 
and personnel on tion and schedule ( ?) superstructure; 
research vessels; Samples should be taken 
electrical power from bow when under 

way and heading into 
wind 

Buoy Clean site; Unstable platform; Birds, splash, etc. from M, (R) (P), (A) 
permanent (?) electrical power superstructure 

availability (?); 
height limitation 

Aircraft Mobility; Air volumes (sampling Can be avoided R A 
versatility time) limited; altitude 

and location restric-
N tions; cost per unit 
VJ time extremely high VI 

• Site-specific sea spray (surf, ships wake. etc.) in all cases except aircraft. 
• Items in parentheses indicate acceptable but not ideal conditions. 
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sional at this time over land surfaces, and they are nonexistent for the 
oceans. 

F . VERTICAL DISTRIBUTION OF SUBSTANCES IN THE 

ATMOSPHERE 

In order to assess the flux of materials to the oceans, it will be 
necessary to have information on the vertical distribution of concentra­
tions as well as the areal distribution. These data must be obtained by 
aircraft. Because of the high cost of aircraft time, and because of 
operational limitations, we can never expect to develop an extensive 
data base for the atmosphere above the surface layer by this means. 
Eventually, remote-sensing techniques might be developed that would 
be suitable for this purpose, but these are still in the development 
stage. However, at present, there is available a relatively simple 
hand-held , inexpensive device-a sun photometer-that can provide 
information on the vertically integrated concentration of aerosols in the 
atmosphere, i.e. , the atmospheric turbidity. The photometer measures 
the extinction of direct solar radiation (in one or more narrow 
passbands) due to scatter and absorption by aerosols that are primarily 
in the size range of 0.1 to 1.0 ~tm in diameter. Routine photometer 
measurements are made in a network of stations in the United States 
(Flowers et a/., 1969) and in the World Meteorological Organization 
monitoring program (WMO, 1975). Large-scale patterns of turbidity 
have been related to major natural and anthropogenic sources of 
aerosols (Flowers eta/., 1969; Volz, 1970). Measurements of extinction 
in several passbands are especially useful because they provide infor­
mation about the aerosol size distribution (Roosen eta/., 1973); on this 
basis, a distinction can be made between air masses bearing aerosols 
from arid regions and those coming from other continental areas 
(Roosen et al., 1973; Volz, 1970). 

IV . RECOMMENDATIONS 

I. The collection of precipitation at sea remains a major problem. 
The difficulties are of two sorts: obtaining quantitative samples and 
obtaining samples free from contamination. A workshop should be 
convened on the subject of precipitation collection techniques and 
strategies for the marine environment. 

2. Over the past decade, there has been a great increase in the 
number of types of aerosol-collection instruments in use; these include 

Copyright © National Academy of Sciences. All rights reserved.

Tropospheric Transport of Pollutants and Other Substances to the Oceans
http://www.nap.edu/catalog.php?record_id=19937

http://www.nap.edu/catalog.php?record_id=19937


Techniques 237 

instruments that perform an aerosol-size classification function. In 
most cases, the sampling efficiency of these instruments under natural 
ambient conditions (or their laboratory equivalent) has not been deter­
mined. We recommend that a workshop be held on the subject of 
aerosol-collection techniques and that a field intercomparison be car­
ried out in conjunction with the workshop or subsequent to it. Follow­
ing the workshop and the field intercomparison, a set of recom­
mendations should be compiled that specify preferred minimum design 
parameters for aerosol collectors. 

3. The routine use of sun photometers in aerosol programs is to be 
recommended. However, these instruments in their present form suffer 
from a number of shortcomings, including calibration drift and a lack of 
sensitivity for measurements in regions where aerosol concentrations 
are low. A strong effort should be made to improve instrument design. 
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Appendix: The United 
Nations Directory of 
Existing Pollution 
Monitoring Programs 

R. CITRON 

The United Nations Environment Program (UNEP) has a mandate to 
develop a Global Environmental Monitoring System (GEMS) as part of 
its Earthwatch Program. One of the first priorities of GEMS is to 
coordinate and support existing pollution monitoring programs that 
provide data and information that may be used to assess the current 
states and trends of global pollution. UNEP has developed a com­
puterized directory on the world's existing pollution monitoring pro­
grams. The directory now includes information on the operational and 
administrative characteristics of 700 pollution-monitoring programs 
operating more than 66,000 permanent monitoring and sampling sites in 
78 countries on every continent and ocean of the world. Many of these 
programs are already systematically sampling pollutants that are trans­
ported by the atmosphere, and the directory can be used to design ad 
hoc networks to sample specific pollutants in specific media (air, 
precipitation, marine water, etc.) at, or near, their sources, to track 
their transport and fallout en route to, and in, the ocean, and to 
measure levels at remote sites to provide background data. 

As an example, there are at least 42 separate programs in 28 
countries that utilize over 3000 sites to sample air, precipitation, and 
marine water for chlorinated hydrocarbons, toxic heavy metals, petro­
leum hydrocarbons, selected radionuclides, and selected trace gases. 
The directory can be used to design pollution sampling networks 
utilizing existing facilities by selecting sites for geographical location, 
means of sample acquisition, sampling frequency, measurement or 
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analysis technique, mode of data storage, or any combination of these 
parameters. The directory can also be used to identify gaps in existing 
networks for any selected pollutant in any specified medium. While the 
directory does not contain information on all pollution monitoring 
programs in all countries that have them, it does represent a first 
approximation of the world's existing pollution monitoring resources. 

A DESCRIPTION OF THE UNITED NATIONS 
POLLUTION MONITORING PROGRAM DIRECTORY 

The computerized directory is designed to be used as a major resource 
for the planning of integrated networks of pollution monitoring sites 
that would systematically measure pollutant levels throughout the 
world . It contains information on the purpose of each program, how 
the programs are administered, and on the pollutants they monitor. The 
following information on the administrative characteristics of each 
program is contained in the directory: 

I. Program name; 
2. Purpose of program; 
3. Name and address of administrative organization or office and 

the office responsible for storage of data collected in the program; 
4. Director's name, address, telephone and telex numbers, and 

cable address; 
5. List of priority pollutants monitored. 

For each of the priority pollutants, the following operational or 
technical information is contained in the data base: 

1. Physical medium monitored; 
2. Geographical area covered; 
3. Number of monitoring sites; 
4. Sampling frequency , measurement techniques, and precision of 

analysis; 
5. Means of data or sample acquisition; 
6. Mode of data storage (publications, punch cards, magnetic tape, 

etc.); 
7. Latitude and longitude of each monitoring site in each program, 

when available. 

The directory can supply answers to specific questions about the 
data. One may request a list of programs that are monitoring a specified 
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pollutant in a given medium in a certain group of countries. The data 
base also can supply statistics on the number of programs sharing the 
same monitoring characteristics such as monitoring methodology, 
sampling frequency, medium monitored, and analysis techniques. Fur­
thermore, a computerized plotting machine can draw world or regional 
maps indicating the location of sites selected according to common 
characteristics. Plat maps and computer printouts will greatly simplify 
the design and implementation of planned pollutant-monitoring net­
works. 
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