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PROCEEDINGS OF THE ATMOSPHERIC TRACERS AND TRACER APPLICATION WORKSHOP
•

Compiled by

Sumner Barr and Teymoor Gedayloo

ABSTRACT

The second workshop on Atmospheric Tracers
and Tracer Applications was held at Los Alamos
Scientific Laboratory on May 23 and 24, 1979.
In addition to presentations by participating
members a general discussion was held in order
to summarize and outline the goals and object-
ives of the workshop. A number of new low level
background tracers such as heavy methanes, per-
f 1 uorocarbons, multiply labeled isotopes such
as 1 3C 1 802, helium 3, in addition to sample
collection techniques and analytical methods
for various tracers were discussed. This report
is a summary of discussions and papers presented
at this workshop.

I. INTRODUCTION AND EXECUTIVE SUMMARY

On May 22 through May 24, 1979 a group of scientists interested in
atmospheric tracer techniques and applications gathered at the Los Alamos
Scientific Labortory to exchange information and ideas on tracer develop-
ments and uses. This was the second meeting in what the participants view-
ed as an informal series of discussions. There was a sufficient amount of
original thought and results to warrant the collection of the discussions
into this single volume. This section is an attempt to summarize the dis-
cussions of the plenary session which took place after the prepared talks.

Atmospheric tracers consist of a variety of things that are used to
study atmospheric processes that cannot easily be measured directly. A
balloon released into the air will follow the air motion and trace out a
trajectory from one point to another. A large number of space and time
measurements of wind speed and direction would be required to determine



the trajectory without such a tracer. The dispersive property of the

atmosphere is another example of a process that is appropriately studied

with tracers.

Tracers used in atmospheric studies can be divided into the following

three general classifications.

Explicit tracers

Tracers of opportunity

Natural tracers

Explicit tracers are materials such as balloons, particles, and gases

that are released into the atmosphere for the explicit purpose of studying

atmospheric processes. Some explicit tracers currently used in U. S.

atmospheric studies include balloons, smoke, fluorescent particles, sulfur

hexafluoride, special perfluorocarbons, and some heavy isotopes of

methane.

Tracers of opportunity are materials that are injected into the air

for other reasons, but which can be used in atmospheric studies. The most

common tracers of opportunity are industrial effluents. In the event of

above-ground nuclear testing around the world, radioactive debris provides

a tracer of opportunity for the study of large-scale air movement.

Natural tracers are substances that are introduced into the atmosphere

by natural processes and, hence, are available for use in atmospheric

studies. Pollen spores, radon-222, and volcanic emissions are a few

examples of natural tracers. These tracers are especially appealing since

they are already a part of the natural scheme of things and present no real

perturbations on the environment.

A. The purpose for Using Tracers

Tracers can be used to address a variety of problems from fundamental

through very practical. Questions of transport and dispersion of atmos-

pheric pollutants; are currently pressing and in need of tracer support.

Among the pragmatic requirements are the industrial planning and compliance

functions. Plant biting is significantly aided by means of a tracer mock-

up of the potential plant effluent. Also, when AOUA.CZ identification is

needed for troubleshooting or compliance a tracer can be introduced into an

effluent stream to tag that particular stream. In addition to direct

simulation of sources, many pollutant transport problems are addressed by



means of atmospheric transport models. These models cover a wide range of

complexity, applicability and reliability and, in general, have not been

well tested on atmospheric transport data. The wonfuhop gnoup {eetd that a

maj'on nole fan txacem, U, the. ezpeAimental validation oi txaMpont and di&-

6u6ion modet&. Although the early models had their basis in tracer experi-

ments, current applications call for extension of models to time and dis-

tance scales and to geographic conditions that extend well beyond the

original empirical basis. Much of the current tracer development work is

in systems that apply to long distances, remote and rugged terrain, oceans

and coastal areas, and high altitudes accessible only to aircraft or high

altitude balloons.

B. Tracers in Fundamental Studies

In addition to the simulation capability, tracers can be and have been

used in innovative ways to deduce basic physical or chemical behavior of a

system. Fundamental properties of stratosphere-troposphere exchange, for

example, were deduced from tracer information. Important questions of

exchange rates in thunderstorms, the planetary boundary layer, mountainous

terrain, urban, forest or shoreline environments as well as other complex

but important domains may be answered through tracer data. The. gnoup

ne.comme.ndi> the maintenance oi a data ba&e of, txacen data in critical ancat,

to be uAed by the 6cie.nti&ic community {on pehnomenon identification.

As the list of available tracers with documental chemical and physical

properties in the atmosphere grows, the prospects of selecting combinations

of materials to use in fundamental studies of the chemistry of the atmo-

sphere in general and pollutants in particular increase. The gnoup necom-

mendA continued applications o& tnaceA methodology to pollutant chemiAtny.

C. Demonstration of Tracer Utility

The number of important requirements for tracers outlined above lends

emphasis to the need for highly credible and well documented tracer

systems. The gnoup wcom&ndA that pnocedune* be lonmulatzd fan demon-

Atnatlng the majon pnopentiu o{ tnaceA t,yt>temi> by inteAcompaniAon., A S we

build a broader tracer capability we should continue to place tracer

AyAtenu (tracer material, release and sampling methodology, and experiment

design) in a context of the major applications. Systems should withstand

the peer scrutiny of the scientific tracer community and a scrupulous



presentation of capabilities should be introduced to the potential users.

Tracers systems should be aligned as to their strengths for various travel

distances, meteorological, and geographical environments.

Several new tracers are being developed, or proposed, for use in atmo-

spheric transport and dispersion studies. Workshop discussions strongly

emphasized the need for thorough validation of new tracer techniques prior

to their extensive use in meteorological experiments and model verification

studies. Much can be done in the laboratory to test the accuracy and reli-

ability of tracer release, sampling and analysis techniques. However,

field trials are also required, particularly in the case of the new long-

range tracers (i.e., heavy methanes and perfluorocarbons) to establish that

their behavior truly reflects atmospheric transport and dispersion. It is

also necessary to confirm that the tracers are not subject to chemical

reactions, deposition, or other depletion mechanisms that may produce a

significant effect over long distances. This is the rationale for coopera-

tive efforts of ARL, BNL, EML, and LASL to' conduct field tests with simul-

taneous releases of heavy methanes, perfluorocarbons and SF5. Comparison

of tracer release ratios found in collected air samples can provide a good

indication of the reliability of the two new systems. Sampling results

should reveal any bias in either system and the variability of tracer

ratios provides a measure of the magnitude of random errors inherent in the

two systems. It AJ> the. conce.R6a4 0$ woh.\u>hop pafiJU.CA.pa.Yvti> that a. tong-

HOLYIQZ ildid thJjaJL -U, eAAzntuil to utabtuk the. vaticUty oft theMe. pfiomUing

v.w tAaceA iyAtzm.

Since we are dealing with systems so sensitive that modestly wide-

spread release of materials may affect the background of tracer systems as

well as possibly interfere with other sensitive scientific experiments, the.

gtioup fizo.omme.ndi> thz {onmation o{ a. tttaceJi cootidivuvUng commtftte.. The

committee would be international in scope and coordinated with the

Manufacturing Chemists Association. It would seek to identify compounds

that could be reserved as tracers in order to keep backgrounds low. Also,

since there is a potential of tracer releases themselves affecting future

background levels, coordination is necessary to establish a priority of

applications so that the optimum number of experiments yielding the

greatest net benefit can be carried out.



D. Suggested Experiments
The workshop considered a variety of problems cf potential national

interest that would benefit from the application of the tracer systems
currently available. The following list of problem areas was derived from
the discussion. No effort has been made to define priorities or formulate
experimental objectives. It is the hope of the workshop participants that
this list may serve as a nucleus for additional discussion among scientists
and policy makers.

1. Lower atmosphere transport problems.
a. Movement of pollutants across national and state boundaries.
b. Diffusion over oceans and in shoreline environments.
c. Diffusion over regional and continental scales. This becomes

important in the case of a "regional industry" where, by
virtue of resource distribution and topography, an entire
technology with its characteristic effluents occupies a par-
ticular geographic region.

d. Terrain dominated diffusion and transport.
2. Climate modification.

a. Inadvertant local climate changes due to pollutants.
b. Assistance in interpreting proxy records in paleoclimate.
c. Volcanic injections as climate modifiers and tracers of

opportunity.
3. Upper troposphere and lower stratosphere.

a. Interhemispheric exchange in stratosphere and troposphere.
b. Stratosphere-Troposphere exchange in the tropics, in mid-

latitude "tropopause folds" and at high latitudes in semi-
permanent cyclonic circulations, and in polar subsidence
regions.

c. Vertical transport to high altitudes in frontal bands, by
orographic features interacting with zonal flow and by large
tropical storms.

d. The fate of pollutants emitted by aircraft in the upper atmo-
sphere.

e. Zonal circulation around the earth in the various tropo-
spheric circulation cells and mixing between cells.



f. Measure various chemical reaction rates by use of reactive
tracer-conservative tracer pairs in situ in order to discern
the "real life" equilibrium of reactive chemical systems.

4. Interfacial exchange problems

a. Resuspension of deposited particulates.
b. CO2 update in the biosphere.
c. Emanation of earth gases.
d. Air-sea exchange of chemical species.



SOME APPLICATIONS OF TRACERS TO PROBLEMS OF

ATMOSPHERIC STRUCTURE AND MOTIONS

by

Sumner Barr
Basic and Applied Geosciences Division

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

I. INTRODUCTION
Tracers have been used as diagnostic tools for many years in a wide variety

of contexts including physical transport systems, medicine, manufacturing and
social systems. Basically, any time we can inject a known quantity of identifi-
able material into a natural system and observe its movement, depletion or other
parameters of its history to learn something about the system, we have a useful
tracer technique. In the atmosphere, we can consider three general classes of
tracers; natural tracers, other tracers of opportunity, and explicitly released
tracers. There are many candidates in each class and their utility depends on a
balance of ease of interpretation and their availability (or cost). For example,
visual observations of water clouds are a virtually no-cost method of estimating
winds aloft. However the technique is only useful if clouds are present and
visible at the elevation of interest. Also, many factors other than horizontal
transport may account for apparent cloud motion including propogating waves and
other dissipation and formation effects. Visible water droplets are remarkably
nonconservative so the interpretation of their observation must include source
and dissipation complications.

At the other end of the spectrum are the explicitly released tracers that
are carefully selected for their conservative properties and are released under
controlled conditions. In between, there is a wide range of combinations of
interpretability, implementation, and generalization. Figure 2 is a schematic
diagram of various tracers on joint scales of ease of interpretation and cost of
implementation. Of course, such a diagram cannot be quantified unless the par-
ticular goals of the application are considered. A property of a tracer that



may be a complication in the investigation of one class of phenomena may be the
very property that makes it possible to study some other process of interest.
For example, chemical reactivity of a tracer may hinder the study of transport
alone but simulate nicely the overall behavior of some air pollutant.

Pasquill identified the first experimental release and sampling effort as
taking place in England during World War II and directed at the dispersion of
airborne material close to the ground. Applications in military problems, hazard
estimation, air quality, agriculture, pest control and weather modification have
ell benefited from and contributed to development of techniques for atmospheric
tracer experiments. Developments have been in the areas of:

identification of tracer materials
equipment and techniques for releases in a variety of configurations
equipment and techniques for sampling (in-situ, real time, mobile,
remote sensing)
theory and models for interpretation and application of results.

The broader context of tracers adopted for this workshop incorporates
several related historical developments in observation and interpretation in the
physical sciences. Interpretation of tracers of opportunity (including natural
tracers) frequently involves different logical concepts than the analysis of
specific tracer experiments. The former case often has a large data base of
observations and the scientist must deduce the variety of physical mechanisms
that lead to the pattern of observations (the radon problem is a classic case of
this). In the case of explicit tracer experiments, the release and sampling
arrays are designed to answer a technical question. The more directly and
specifically we can pose the question, the better the chance we have of answer-
ing it with the experiment.
II. TRACER APPLICATIONS IN ATMOSPHERIC TRANSPORT AND DIFFUSION

Transport and diffusion of airborne materials are very important problems
requiring the use of tracers and are perhaps the problems of primary interest
to this workshop. There are several objectives within this general class of
problem and each requires its own set of experimental concepts and techniques.

The most direct concept for tracer application is the simulation of one or
more pollution sources that may be planned for a particular topographic and
meteorological environment. There are many transport and diffusion situations
that cannot be modeled with confidence and therefore critical predictive aspects



of environmental effects must rely on the empirical approach of in situ simula-
tion of prospective sources of means of tracers.

In all but the simplest short range transport problems, the question of the
mean trajectory of a cloud of airborne contaminant becomes very important.
Effects of topography, vertical gradients of the horizontal wind field, and meso-
scale meteorological variations produce horizontal and vertical deflections and
deformations of pollutant clouds. In the long run we are interested in formulat-
ing methods by which pollutant trajectories can be estimated from simple and
available meteorological indicators. This requires considerable empirical exper-
ience derived from testing the utility of various wind networks for estimating
tracer trajectories. Adequate sampling of the time and space variable wind field
to predict the trajectory of a tracer cloud has proved to be a difficult problem.
The logistics of tracer operations are expensive enough that when trajectory
verification is chosen as an experimental objective, it is cost effective to
deploy redundant meteorological equipment including, surface networks, towers,
upper air soundings, and constant density balloons. If a subobjective is to test
a particular subset of the meteorological data, then it can easily be extracted
from the full data set.

A commonly stated objective of tracer experiments is to test diffusion
models although frequently no particular class of models is factored into the
experiment design. There are many atmospheric diffusion models based on a
variety of concepts for estimating turbulent energy and its effects on material
spreading. A set of tracer experiments intended to test a particular class of
models must provide measurements to estimate the important model inputs. These
usually include mean wind and turbulence indicators, limits to vertical mixing,
and boundary effects such as deposition. To test a conventional Gaussian plume
model, for example, we would need meteorological measurements to select the dif-
fusion class as well as enough concentration measurements to test the lateral and
vertical growth curves for that class. Also, the height of the mixed layer is a
very important and often difficult quantity to obtain and verify. Finally,
source factors (geometry, height, buoyancy, duration, and background) and impor-
tant sinks due to physical and chemical processes must be documented. The
scientific and logistical factors required to derive a full set of complementary
measurements are many and complex but their neglect leaves enormous uncertainties
in the model estimates and virtually nullifies the objective of an experimental
test of the selected model.



Tracer experiments are also performed with the objective of upgrading

fundamental knowledge and testing theoretical hypotheses. Although these objec-

tives can often be satisfied with general purpose tracer data sets, there is

frequently the need for additional supporting measurements not anticipated in the

general study. Examples of these fundamentally oriented studies include explicit

Eulerian-Lagrangian turbulent statistics comparisions and the tracking of clust-

ers of individually identified "particles" such as soap bubbles or balloons.

The recent recognition of the importance of systematic but complex wind fields

associated with topography, shorelines, forests, urban complexes, and other

surface variations has given rise to many innovative studies of the mechanics and

structure of these circulations.

Another class of tracer application that has received limited attention but

is very important to many practical problems is the study of exchange processes

between dynamically separated regimes. Climate as well as environmental quantity

problems depend critically on air-sea exchange of gases (C02) and particulates.

Gaseous exchange between the solid-earth domain and the atmosphere represents an

important global source of trace atmospheric constituents. Exchange processes

between dynamically different regimes with the atmosphere are of v»tal interest

in air quality, agriculture and microclimate. Examples of such regimes are

vegetative canopies, urban modified air and imbedded stable layers such as at the

top of a mixed surface layer or, on a larger scale, tJ a tropopause. A primary

tracer technique is to inject tracer material into one domain and sample in the

other. The release and sampling configurations are probably most useful when

they are based on a hypothesized mechanism for exchange although a statistical

design aimed at gross exchange rates can also be useful as a practical inter-

mediate.

III. SOURCE DIAGNOSTICS

Perhaps a more fundamental use of tracers than transport studies is the

direct interpretation of source data in an atmospheric counterpart of the con-

ventional leak test. If we are interested in diagnosing an inadvertant release

of some valuable or environmentally harmful material, we can simply monitor the

air near the potential source for the material itself or, if that is difficult,

we can spike the system with a more easily monitored material. This has been

done for many years with an odorous mercaptan compound in the toxic but odorless

fuel gas used in residential heating. A related problem is to identify one

source from among several potential candidates. This could occur in an air

10



quality regulation problem or a variety of industrial diagnostic problems. If

the sources do not have a characteristic signature (ratio of gases or particles-

to-gases, unique material, cr particle size or shape) then the method of spiking

with a tracer can be used. Tracers can be very useful in a plant design phase

to identify an optimum source configuration (including source height, buoyancy

and exit velocity) for a given combination of building structure, topography and

meteorology.

Gross exchange rates between physical domains are another source problem

amenable to study by tracers. Particulate resuspension, vegetative sources of

pollens, hydrocarbons and other trace gases and transfer of materiel from water

surfaces to the atmosphere are examples of such exchanges.

IV. FLOW VISUALIZATION

A tiine-honored method of identifying important phenomena in relatively

complex airflows is flow visualization in which visible aspects of the flow

system are exploited to gain a broad time and space insight into the structure

of the velocity field. Atmospheric wind fields involve such immense volumes

that they must be explored in a somewhat piecemeal manner but if the whole array

of natural and artificial flow visualization methods is used imaginatively, very

useful insights into wind structure are made available. Some common visual

tracers of opportunity are stack plumes and common clouds. On a larger scale

satellite observation of arrays of clouds in long "streets", ensembles of wave

clouds, and distinct eddies in stratus cloud layers has been very useful for

deducing spatial wind patterns.

Particular boundary layer flow features may be identified through the use of

arrays of visible tracers either in a network of point sources or as a line

source generated by a small rocket.

V. TRACERS IN METEOROLOGICAL DYNAMICS

The dynamics of atmospheric circulation systems on all scales are of funda-

mental interest to the meteorologist and practical interest to the meteorologist

and practical interest in weather forecasting, air quality, and climata. Tracers

have been instrumental in identifying some vital aspects of atmospheric circula-

tions and as tracer techniques and capabilities improve, we can expect to see

more impact on the understanding of dynamical processes.

The formation and modification of air masses tend to reflect the underlying

surface features. Conventional climate classifications made use of temperature

and humidity to label air masses. However, the natural emanation of oceanic

11



materials, crustal gases and participates, and organic material from vegetation

vary regionally around the earth. The use of these quantities in combination

represents a potential index of the history of an air parcel. Properly formulat-

ed networks of air samples can be valuable aids in describing the time and space

morphology of air mass origins and modifications.

Tracers of opportunity have been useful in studies of global scale transport

processes identifying the relative roles of mean circulations (meridional and

zonal) and synoptic scale eddies. The opportunity to release known amounts of

material in a configuration of choice and still be able to detect it on a global

scale opens many new possibilities for extension of global transport research.

Similarly, exchange between the stratosphere and troposphere is critical

in determining lifetimes of atmospheric trace gases. The mechanisms for this

dynamical structure of synoptic scale disturbances and the jet stream. The

pioneering work of Danielson has made use of stratospheric tracers of opportunity

as well as hydrodynamic quantities to describe the basic features of the

stratosphere-troposphere interactions. Building on existing models of this

interaction, the release of explicity tracers in a known configuration can be

very valuable for extending our knowledge.

The setting for studies of exchange between northern and southern hemi-

sphere is quite similar although there is apparently less complete understanding

of the mechanisms at the present time.

VI. TRACER APPLICATIONS IN PHYSICAL TRANSFORMATION AND REMOVAL

Tracers have a valuable role in the study of dry and wet deposition pro-
2

cesses and a number of applications have been described in Englemann and Slinn;
Semonin and Beadle; Styra et al.j Mawson; and Englemann and Sehmel. Two

methods appear to have value in the dry deposition studies. In a direct method,

tracer material is dispersed above a surface medium which is then sampled and

assayed directly for tracer. This works effectively if the right combination of

tracer and surface medium can be found to simulate the desired deposition pro-

blem. When surface sampling is not feasible a budget technique is used. At two

or more downwind locations a total flux of tracer from a known release is

estimated from an array of air samplers. The reduction of flux of airborne

material with travel distance is taken to be the sink which, if the tracer is

chosen properly, should represent deposition. This technique is subject to

significant uncertainties due to difficulties in sampling a complete cross sec-

tion of the tracer plume at each downwind distance. Plume growth above or

12



outside the sampling array can be only crudely accounted for in a flux estimate

and concentration fluctuations on a scale smaller than the sampling grid scale

will be missed. In order to help reduce these uncertainties, a dual tracer

modification can be introduced into the budget method. An inert, nondepositing

tracer can be released concurrently with the depositing material and the budget

deficit of the latter can be determined as a departure from the conservative

tracer. In practice these techniques have met with a number of problems that

have compromised their utility. The concepts are solid enough that refinement

of the techniques would probably lead to useful and satisfactory results not only

in deposition but in chemical and physical transformation studies of all kinds.

Precipitation scavenging is fundamentally different from dry deposition in

a number of ways but one of the most important from an experimental viewpoint is

that wet scavenging is an event driven phenomenon. If tracer becomes involved

in a precipitation system it is likely to be scavenged, otherwise it will not.

Experimental efforts with tracer scavenging have centered on getting the tracer

into a recognized precipitation system and sampling the rainfall on the ground.

The logistics are difficult but positive results have been reported in the work

of Battelle Northwest Laboratory and the Illinois State Water Survey.

VII. CHEMICAL AND PHYSICAL TRANSFORMATIONS

Very useful practical applications for tracers which have only recently

begun to be explored are studies of transformations of airborne material. Many

problems in climate, air quality and stratospheric composition involve important

chemical reactions that vary with the meteorological setting and must eventually

be studied in the atmosphere. There are three basic techniques applicable to

tracer operations for atmospheric transformations. Counterparts of the direct

and budget methods described in Section VI are appropriate here. In the direct

method a labeled element may be introduced into one molecular species and sought

in the suspected reaction products. The dual tracer budget technique is ideally

suited to problems of transformation. Both techniques still suffer from the

sampling uncertainties described in Section VI. The third experiment concept is

directed at reducing the uncertainties by sampling in a Lagrangian reference

frame. In this method the samples are intended to be drawn from the same parcel

of air during its travel over many hours. Whether the samples are taken from a

released tracer or from a tracer of opportunity such as an urban plume, a se-

quence of samples reflecting the chemical history of an air parcel is an extreme-

ly valuable analytical aid. Two techniques have been used. In one. a constant

13



density balloon traces the path of the air parcel and is used to vector a
sampling aircraft. In the other, Project da Vinci, a free floating manned bal-
loon is the sampling platform. As in most of the previous discussions, continued
technique development is required for the experimental methods to achieve their
conceptual potential.
VIII.SUMMARY AND CONCLUSIONS

There is a virtually boundless number of applications for tracers in atmo-
spheric problems. As we develop tracer materials and analytical systems capable
of extreme sensitivity we have an obligation to explore their application from
the broadest and most innovative viewpoint we can achieve. Well executed tracer
experiments can become very expensive and they are likely to be most cost effec-
tive if they are designed as part of a well coordinated meteorological expedition.
Tracer releases can satisfy many objectives and careful experimental design will
optimize the objectives satisfied by a given set of releases. It is important to
consider the supporting measurements of meteorological structure, solar radia-
tion, vegetative cover, the state of major water bodies and other relevant col-
lateral data required to apply theories and models. Natural tracers and tracers
of opportunity are frequently inexpensive supplements to an experiment and their
application should be considered in the experiment design.

In this paper we have attempted to survey some of the more conventional
objectives and techniques in atmospheric tracer applications with the hope that
these items will prompt the imagination of the reader. If the community of
tracer development scientists can take the broadest view of the utility of their
tools and if various user groups can see how tracers can enhance their investiga-
tions, tracers will begin to fulfill a role of utility that goes beyond any-
thing we can currently perceive.
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SMOKE AS A QUANTITATIVE ATMOSPHERIC DIFFUSION TRACER

by

F. A. Gifford
Air Resources

Atmospheric Turbulence and Diffusion Laboratory
National Oceanic and Atmospheric Administration

Oak Ridge, Tennessee 37830

I. INTRODUCTION
Outlines of the edges of smoke plumes, determined from photographs, can be

analyzed to obtain useful, quantitative information about atmospheric diffusion,
1-3 4

using Gifford's generalization of Roberts' "opacity" theory. The method has
not been exploited to any extent in the United States but has considerable po-
tential as an inexpensive experimental tool, particularly in air pollution prob-

3
lems. To the list of applications of this methodology compiled by Gifford can
be added those discussed in the recent study by Nappo . The theory and some
Soviet applications have been summarized by Monin and Yaglom . The purposes of
the present paper are: 1) to summarize the working formulas of the method;
2) to present some further theoretical extensions; and 3) to describe several
recent applications.
II. DETERMINING THE DIFFUSION LENGTHS a AND az

Although in principle any measure of diffusion can be estimated by this
method, most interest is in application involving the diffusion lengths a and
a of the steady-state Gaussian plume formula,

-1 2 2 2 2
X/Q * (ir a CTZ u) exp -y /2a - z /2a^ (1)

The notation is standard (Gifford ); X is the plume concentration distribution,
Q is source strength, a and a z are crosswind and vertical plume concentration
standard deviations, and u is the mean transport wind. Equation (1) has (con-
ventionally) been multiplied by two to account for plume "reflection." This does
not affect the values of a and az obtained. It is virtue of the opacity
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method that all constant parameters are eliminated, including the source strength,
Q, and the unknown visual threshold (edge) concentration value.

The procedure, as detailed in the references (Gifford ) is to integrate
equation (1) in either the z- or y- directions, express the result in terms of a
constant edge concentration, and collect and eliminate all the resulting con-
stants. The formulas are

ay
2 « y£

2 [ta (e yj/o/) f1 , (2)

and

a/ - z£
2 [In (e , ^ / c , 2 ) J*1 ; (3)

y £ and i~ are the values of y and z at the plume's edge, i.e. half the plume's
visible width and depth. The subscript m refers to the maximum value of y E or
zr at the plume's widest point. Equivalent formulas for single "puffs" of
smoke can be obtained, as detailed by Gifford. These various transcendental
equations for a and a can be solved either graphically, or numerically by
Newton's method.
III. EXTENSIONS TO MORE GENERAL CONCENTRATION DISTRIBUTIONS

The above result can easily be extended to considerably more general con-
centration distributions. Suppose that the concentration obeys the following
rather general distribution law,

X/Q - <oy az u ) "
1 f(y/ay) g(z/a8) , (4j

where f and g are unspecified distribution functions. Formulas of this type
occur for instance in Lagrangian similarity theory. Following the procedure
outlined above we can integrate with respect to z and find that along the hori-
zontal "edge" of the plume

x/Qdz - Xg/Q - (oy u ) '
1 f(yE/°y) G (5)

y-yE
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where

G = I g d(z/a ) • constant.
z

In the planetary boundary layer, diffusion in the crosswind, y- direction is
usually symmetrical and assumed to be fairly well approximated by the Gaussian
function. Accordingly

XP/Q - (a u ) " 1 exp (-y 2/2a 2) G, (6)

and since the final formulas are independent of constants, including G, equation
(2) for the horizontal spreading, a , still applies even in the presence of a
non-Gaussian vertical concentration distribution.

There is general agreement, however, that the vertical plume diffusion from
a low-level source is not correctly described by a Gaussian function.
Pasquill proposed as a reasonable generalization a plume formula having arbi-
trary powers of z in the exponential terms. If his generalized plume formula is
integrated with respect to y, and the result evaluated as above for z = z£, it
is found that

exp [-YS/2 i^/a^8] (7)

where y = r(3/s)/r(l/s) and B is a (constant) parameter involving u. The form is
just that of Pasquill's crosswind infinite line source formula. Equation (7)
applies as well at the plume's end, where z^ = 0, and so, since X^B/Q is a con-
stant,

° 2
/ a

z E "
 exp * - Y S / 2 ( Z E / O Z ) S ] ' (8)

where a r is the value of a at the plume's end. By differentiating the log-
arithm of (8) with respect to x and using the fact that dz^/dx = 0 at the plume's
widesc point (where Zr = z ), it is found that
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where of course a is the value of az at the point where z£ = zffl. Combining

(8) and (9) it follows that

-l/s
ee (10)

and by combining the above results to eliminate a and a r it develops that

which gives a in terms of Zr and s. Equation (11) reduces to (3) in the

Gaussian case, i.e. for s = 2.

Several possibilities exist for eliminating the additional parameter s from

equafJc.i (11), none of them very satisfactory. Instead we have chosen to assume

a range of s-values, in analyzing plume photographs for a , with the result to

be discussed below.

IV. SKYLAB-4 IMAGERY

Randerson analyzed a Skylab-4 photograph of a long smoke plume from an

unknown source on the Louisiana coast, that extended south approximately 150 km

over the Gulf of Mexico. He determined a single value of the horizontal eddy

diffusivity, K, on the order of 10 cm sec" , using in effect Roberts'

method. The same plume has been reanalyzed using equation (2), from which the

detailed behavior of the horizontal spreading, a , is obtained. Figure 1 shows

the result, which is irregular in its details but generally agrees with typical
3/2instantaneous cloud spreading (relative diffusion), for which a «t .

V. a FROM A U-2 PHOTOGRAPH

Nappo5 reported the analysis, by equation (1), of photographs of an oil-fog

smoke plume over 5 km long, released close to the surface at the National

Engineering Laboratory near Idaho Falls. Horizontal plume spreading was docu-

mented by means of four U-2 photographs made at about 15 m intervals. Both

instantaneous values of a for each photograph, and values of the envelope

determined by superimposing the four plume outlines on a single plot, were

calculated. The result, shown in Fig. 2, is quite interesting. The individual
3/2plumes show a typical accelerated diffusion regime, for which o « x , just as

observed in Fig. 1. When the envelope of the four plumes is analyzed, however,

the horizontal spreading is found to obey a Taylor, averaged-diffusion law, for

which a « x, This result documents, for the first time, the- influence on
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diffusion of large, horizontal eddies (necessarily much larger than the plume's
length), which shift its position over time-periods on the order of 15 min.
VI. oz FROM SIDE VIEWS OF THE PLUME

Side-view photographs of the above plume were also made using time-lapse
photography(30 s interval) with an ordinary, "ixed 35 mm camera. Calculations
of a were made on Equation (11), for values of s ranging from 1/2 to 2.
The results arc summarized in Fig. 3, which includes values and curves of a^
based on the assumed limits of the s-values. The Zr-values on which these
results are based represent averages of the individual photographs over a 40 min
period. They indicate, in agreement with the known meteorological conditions
of this test, slightly unstable conditions, similar to Pasquill's type C, within
a developing boundary layer. The interesting conclusion, which was the point
of the calculation, is that a -values calculated from 1/2 "<s< 2 did not vary by
more than a factor of 2 in these particular conditions. Since this is within
the uncertainty of carefully controlled diffusion experiments, the result is
evidence that the generalized plume formula is not very sensitive to the assumed
power index, s.
VII. CONCLUSIONS

The above examples and theoretical development show that the opacity method
provides a useful and rather general basis for converting inexpensive photo-
graphic plume outline measurements into detailed quantitative diffusion informa-
tion. This can certainly be useful in many air pollution applications but also,
as the second example shows, can provide new information on the structure of
atmospheric turbulence. Although all the examples are based on ordinary photo-
graphy in daytime conditions, it is not difficult to imagine applications at
night with high-speed film or even using remote imaging techniques of various
kinds. All that is required is a method of observing plume outlines.
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extreme values of the vertical shape parameter, s, is indicated:
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THE ROLE OF TRACER EXPERIMENTS IN DEVELOPING

AND TESTING POLLUTANT DISPERSION MODELS

by

Tetsuji Yamada
Atmospheric Physics Section

Radiological and Environmental Research Division
Argonne National Laboratory

Argonne, Illinois 60439

I. INTRODUCTION
Many numerical models of pollutant dispersion have been developed, includ-

ing several turbulence-closure models, but there are seldom enough data for
proper model testing. Since the conservation equations involve many unknown
variables, a large amount of data (which is used to replace some of the unknown
variables) is needed for solving the model equations and testing the results.
The amount of necessary data varies greatly from case to case. Therefore, it is
desirable to discuss the data requirements for particular problems. Three model
simulations, with surface topography varying from horizontal homogeneity to
realistic heterogeneity, are selected here as examples. The results suggest a
number of ways in which tracer experiments can aid in developing and testing
pollutant dispersion models.

II. UNKNOWN VARIABLES IN THE MODEL EQUATIONS
The unknown variables encountered in solving the model equations are sum-

marized in Table I and are discussed below.
A. Meteorological Variables

1. Mean variables. Wind, temperature and humidity are necessary. High
resolution in the vertical direction is desirable so that the Richardson number,
which is important for parameterization of turbulence, can be computed.

2. Turbulence variables. Vertical profiles of turbulence energy and heat
flux are needed at several locations so that the turbulence parameterization
scheme used in the model can be tested.

3. Inversion heights. It is well recognized that the inversion height
(or mixed-layer height) is one of the most important determinants of pollutant
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concentration. Observed inversion heights may also be used to test various
mixed-layer models.

4. Clouds and precipitation. Clouds and precipitation play important
roles in removal and transformation of pollutants. In addition, interruption of
solar radiation by clouds alters the local heat energy balance at the surface
and thus modifies the local circulation.
B. Sources and Sinks

An accurate inventory of pollutant emissions, including location, effective
stack height and emission rate, is vital for comparison of simulations with
observations. Chemical transformations and wet and dry removal mechanisms must
be parameterized. For budget studies, horizontal fluxes of pollutants must be
measured or estimated at the upwind and downwind boundaries of model.
C. Initial and Boundary Conditions

Boundary conditions depend on topography, land-water distribution, surface
vegetation and surface moisture.

D. Observations of Pollutant Concentration
For optimal testing, the spatial and temporal resolutions of observations

should be comparable to those of the model.
III. DISCUSSION OF MODEL SIMULATIONS

Data collection efforts could be considerably reduced if concentrations of
an appropriate tracer, are measured. Specifically, the source location and the
emission rate are determined accurately, and background concentrations are
effectively zero. The effects of clouds and precipitation can be eliminated if
the experiments are conducted under clear skies. Complexities associated with
chemical transformation do not exist if chemically inert tracers are chosen.
Furthermore, necessary measurements of meteorological variables are greatly reduc-
ed if the tracer experiments are conducted over a horizontally homogeneous sur-
face. In theory, vertical profiles of the meteorological variables at one loca-
tion would then be sufficient.

A numerical experiment under these simplest dispersion conditions, has been
conducted. Since the model results have been discussed in detail elsewhere
(Yamada ) only a brief review is necessary here. A three-dimensional conserva-
tion equation is solved numerically. The mean wind, temperature and turbulence
fields are also computed from a simplified version of a second-moment turbulence-
closure model. The most significant result obtained in this numerical experiment
is the clear diurnal variation of the pollutant concentration profiles (Fig. 1).
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This large contrast between daytime and nighttime values is the direct result of

the diurnal variation of the computed turbulence energy (Fig. 2). Another inter-

esting feature is the effect of stack height on the surface concentration. Dur-

ing the day the stack height is relatively unimportant, since the pollutant is

strongly mixed vertically by turbulence. However, during the night the stack

height becomes an important factor in determining surface concentrations. A

pollutant car, be transported for long distances before reaching the surface, when

the source 1s located above the surface inversion (Fig. 1).

As a first step toward more realistic treatment of topography, pollutant

dispersion around a simple isolated mountain (Fig. 3) is worth consideration

(Yamada * ). The horizontal wind distribution at 340 m (a terrain-following

coordinate system is used) above a Gaussian hill 500 m in height is shown in

Fig. 4. Acceleration and deceleration are seen over the lee and upwind sides,

respectively. The convergence and divergence in the horizontal wind fields

result In vertical motions, which can be computed from the continuity equation.

A maximum downward motion of 2 m s" is obtained approximately 3.5 km above the

mountain and slightly downstream; the maximum upward motion is only 0.35 m s" ,

but exists over a greater volume. The potential temperature in a vertical plane

through the diagonal A-B (Fig. 4) is shown in Fig. 5. In the lee of the mountain

the potential temperature increased by 8°C and the air is much drier than at the

Inflow boundaries, due to the subsidence of air of higher potential temperature

und lower moisture content.

Simulated concentrations in a vertical plane through A-B (Fig. 4) are shown

in Fig. 6. Contour values are normalized by the maximum value simulated at the

inflow boundary. Concentrations at the inflow boundaries are nearly uniform

below 1.5 km and decrease almost linearly with height above that level. Rela-

tively strong vertical gradients of concentration in the surface layer are due

to pollutant removal by deposition at the surface. Concentrations decrease

considerably on the lee side of the mountain, due to mixing with subsiding clean

air. Concentrations below 2.5 km are lower than at the inflow boundary due to

subsidence and dry deposition. On the other hand, concentrations above 2.5 km

are higher than at the inflow boundary, except in the regions directly over the

crest, due to the upward transport of polluted surface air by the updraft of

approximately 20 cm s" .

26



A more complex terrain may be constructed by superimposing several Gaussian
mountains. The horizontal wind distribution at 340 m for system of two moun-
tains is shown in Fig. 7.

Finally, a model simulation with realistic terrain features has been con-
ducted. The dynamic model has been improved in order to simulate the diurnal
variations of air flow over mountains (Yamada ). The surface temperature is
computed from a heat energy balance at the ground. In order to compute soil
heat flux at the surface, a heat conduction equation is solved for a soil layer
1 m deep.

A perspective view of the topography of the study area is shown in Fig. 8.
The Atlantic Ocean is artificially lowered so that the coast can be seen clearly.
The most distinguishable mountain ranges in the area are the Appalachian Moun-
tains in the east and the Ozark Mountains in the southwest.

Initially, a horizontally homogeneous field is assumed, and topography is
gradually introduced into the model in order to reduce numerical disturbances.
A uniform westerly wind of 10 m s" (except in the surface layer where the wind
profile is logarithmic) is initially assumed. Initial temperatures, 288 K in
the mixed layer, increased at a rate of approximately 4 K km" in the inversion
layer. Initial temperature in the soil layer is 291 K; the ocean temperature
is kept constant at 293 K. Integration is continued for 6 hours with a time
increment of 10 min.

Computed horizontal wind vectors at 1100 EST at 0.2, 340 and 3200 m above
the surface are shown in Figs. 9, 10 and 11, respectively. The computed hori-
zontal winds are strongly affected by topography, particularly by the
Appalachian Mountains. Another interesting feature is the acceleration of wind
speed over the Atlantic Ocean (Fig. 9) due to much smaller roughness lengths
over water (typically 2 x 10" m) than over land (0.1 m is assumed).

The results discussed above are subject to the particular conditions used
in the model. For example, the location of the upper boundary has significant
effects on the vertical wind computed from the continuity equation. The con-
centrations are subject to large numerical pseudodiffusion. Nevertheless, these
numerical simulations are indicative of the important role of topography on
atmospheric circulations. Further improvements in the model are underway: for
example, longwave radiation cooling in the atmosphere will be incorporated in
order to realistically simulate the nocturnal boundary layer.
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IV. MODEL TESTING BY FIELD EXPERIMENTS

The amount of data necessary to test the three cases discussed here varies

from relatively little to extensive. The simplest experiment among the three

assumes a surface horizontal homogeneity, which in reality may be only approxi-

mately satisfied. Nevertheless, the model simulation reveals interesting fea-

tures, such as a strong contrast between daytime and nighttime concentration

profiles and the marked effect of the stack height on the surface concentrations.

Quantitative verification of this case by field experiment could be relatively

easily performed.

The second simulation involves Gaussian mountains. The most interesting

findings from this experiment are the modification of the mean wind field by the

mountains and the resulting effects on pollutant concentration. The amount of

data necessary for model testing increases substantially from the first experi-

ment. Meteorological measurements should be made at several locations. This

may suggest a two-dimensional experiment (homogeneous in the direction lateral

to the mean flow), before a three-dimensional experiment is conducted. After

the models are fully tested with the data collected under relatively simple sur-

face conditions, models may be used to simulate the pollutant dispersion in a

more general surface condition such as that discussed in the third experiment.

The field data may be used to check the model prediction qualitatively, since the

verification of the results in detail may no longer be possible. The field

experiments should continue for at least several days so that models may be test-

ed under different synoptic flow conditions.

Although the emphasis of this presentation has been on second-order closure

models, we should not overlook the roles that will be played by simpler and more

familiar simulations, such as those based on considerations of the behavior of

puffs and plume (e.g. puff-on-cell models, mass-consistent models, "random-walk"

statistical models, etc.). Since one of the more complicated models is used as

a basis for the analysis given here, the conclusions reached probably identify

a "sufficient" set of experimental requirements that might not always be

"necessary."
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TABLE I

SCHEMATIC DIAGRAM OF VARIABLES NEEDED TO EXERCISE POLLUTANT TRANSPORT

AND DIFFUSION MODELS AND TEST THE RESULTS

Pollutant conservation equation

• Sjte.y.i.t)

Computed concentration

Meteorological
variables

Source ind sink

- S C R - $R»

Initiil ind
boundary conditions

Numerical scheme

Test of

• Mean wind, temperilurt, humidity

- Turbulence

• Inversion height
- Clouds and precipitation

r $£ emission fcriective stack helghU

- L SC R Chemical IranslormationL S

L SR Removal by dry and/or mt deposition

Topography, roughness length, type of vegetation

Causslan. Puff, PIC

Grid

model results
Observed concentration
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Fig. 1 . Pollutant concentration eross-sectfons at (a) 1500 1ST on day 33
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Fig. 2. Time and space variation of the conputed q (a sua of the wind variances
or twice the turbulent kinetic energy). The units »re a 2 s*|. .The
stippled areas Indicate regions where 10"3 a 2 s"z < 07 < 10"' a s"z.
(Yaaadi and Hellor5).
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F1g. 3. A Gaussian mountain of 500 m height.
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Fig. 4. Horizontal wind vectors at 340 m above the surface. Terrain
Is contoured by dashed lines with an Increment of 150 m. The
lowest contour 1s at i • 20 m.
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Fig. 11. Horizontal wind vectors at z • 3200 • above the surface.
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NEAR SOURCE TRACERS AT HANFORD

by

P. W. Nickola
Atmospheric Sciences Deaptment
Pacific Northwest Laboratory
Rich!and, Washington 99352

Today I'd like to review some of the atmospheric tracer work carried out at
Hanford. Although we have used particulate tracers in the investigation of the
resuspension and translocation of particulates, and although we have on occasion
pursued tracers by aircraft beyond a distance of 30 km, I'd like to restrict my
discussion today to point source field experiments in which fixed "ground-level"
and tower sampling were pursued at distances close to the source. Inasmuch as
the last field tracer technique developed at Hanford (a krypton-85 technique)
offered more novel data than our earlier techniques, I'll dwell on it a bit more
intensely.

First, however, I would like to review very briefly our tracer field exper-
ience at Hanford. The first atmospheric tracer used was a visible oil fog. The
disadvantage with this approach was that efforts to develop a quantitative assay
technique for concentration (based on fluorescent properties of the oil fog)
failed. The primary tracer observation technique used was photography. The
advantage of a visible technique is that it offers an excellent tool to get the
"feel" and the scale of diffusion and transport processes—a feel that is dif-
ficult to appreciate with nonvisible tracers. Figure 1, for instance graphically
portrays the wind speed and (more dramatically) direction shear accompanying this
early morning ground-level release into a stable atmosphere.

The second tracer used in atmospheric diffusion studies at Hanford was a
fluorescent particulate (FP). A variety of sampling devices were used with FP—
including tacky paper, cascade impactors, silicone-coated paper and metal cylin-
ders, Rotorods and membrane filters. Perhaps our biggest coup was in the
development of a device to assay FP on membrane filters. This device, shown in
Fig. 2, was instrumental in facilitating assay of the tens of thousands of
filters deployed during the Green Flow and other Hanford field experiments.
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2
This Rankin counter , named for the engineer who developed the device, is based

on a scintillation counting technique in which a fixed alpha emitter excites a
variable sdntillator (the FP) to fluorescence, and the resulting scintillations
are monitored by a multiplying phototube. This assay device replaced the tedious
tnd time consuming man, microscope and ultra-violet light source assay approach.

Other particulate tracers used at Hartford in point source studies have been
fluorescein (uranine) and rhodamine B fluorescent dyes. The fact that the Rankin
assay approach for FP is a nondestructive process pennitted collection of fluo-
rescein (or rhodamine) and FP on a common filter and subsequent noninterferring
analysis. Dual tracer release field experiments were possible.

The prime difficulty with particulate tracers is that they deposit. An
inert gas tracer is a much better baseline tracer. I personally feel that our
particulate tracers have given a great deal of valid information with respect to
horizontal dispersion. However, absolute concentration and vertical dispersion
measurements are addressed less satisfactorily.

Nonisokinetic sampling is another problem associated with particulate
tracers. Although much of the Hanford sampling data were corrected for non-
1sok1netic flow on the basis of a wind tunnel study , I feel certain that these
corrections are only improvements in the field sampled data, and not perfect
representations of atmospheric concentration. I recall a remark at another work-
shop 10 or 12 years ago that "... there are as many answers as there are particu-
late sampling methods." I suspect this is a valid assessment with particles
larger than 1 ym in diameter. (Our predominant FP tracer, U. S. Radium Corp.
FP 2210, has a mass median diameter of about 5 ym and a specific gravity of about
4).

As I stated in my introduction, I'd like to dwell a bit more heavily on our
4

Hanford Inert gas kypton-85 field technique. This technique is considerably
more sophisticated than the visible and particulate tracer techniques I've been
describing. The krypton technique develops histories of concentration at up to
128 field locations; the particulate techniques generate only bulk tinie inte-
grated samples. The krypton dispersal technique permits release of either a
plume or a true puff; the particulate techniques permit continuous releases,
but only approximations of puffs through short continuous releases.

Figure 3 shows the krypton apparatus for generation of a true puff. There's
little doubt that the presentation to the ambient atmosphere is
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near-instantaneous. The lead brick at the top of the guillotine drops on a
quartz vial containing the krypton.

Release of a continuous source (plume) is rather more conventional. The
radioactive krypton (mixed with a nonradioactive argon carrier) is released from,
a compressed gas cylinder.

Figure 4 shows several of the Geiger-Muller tube sensors in the field.
Most were mounted on fence posts at an elevation 1.5 m above ground level.
Several can also be seen mounted on the poles in the background. Each sensor
receives high voltage from a central control trailer by means of a coaxial cable.
The same cable relays the radiation induced pulses back to the central location.
Counts from all field sensors are simultaneously accumulated over a selected
time increment. A sampling increment of 5 or 10 s was generally employed.

Figure 5 depicts one of the field arrays used with the krypton system.
Each dot represents a sampler. Hence both vertical and ground-level (1.5 m)
sampling were carried out on arcs 200 and 800 m from the release point. Only
ground-level sampling was attempted at the 1600 m arc.

Figure 6 depicts the history of concentration along an arc 200 m from a
ground-level puff release. The left portion of the figure shows isopleths of
concentration as functions of azimuth and time. Each row of numbers depicts
5 s mean concentrations at G-M sensors 1.5 m above ground level. At the right
are concentrations measured on a tower on the 200 m arc. The tower sensors
generate a history of concentration in the vertical at an azimuth of 114° with
respect to the source.

Figure 7 shows the history of concentration at an elevation of 1.5 m during
a plume passage (not a puff). Whereas the previous slide showed history of con-
centration based on 5 s time increments, here we have 40 s increments of concen-
tration. At the left is a history at 200 m from the ground-level source. At
the right is the same plume at 800 m. The "real" and meander components of the
mean plume can easily be derived from these data.

The Hanford krypton-85 inert gas system offers the advantages of an inert
gas tracer, permits release of either puffs or plumes, and presents histories of
concentration as opposed to only time-integrated concentrations. However, the
approach used has the disadvantages of being useable at only short distances, is
a relatively expensive system to deploy and maintain, and is restricted as to
locations where it may be used due to the radioactive nature of the tracer.
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In the remaining few minutes, I'd like to present some "odds and ends"
resulting primarily from data generated by the krypton-85 field system. The
results presented are novel since they result from the simultaneous continuous
recording of concentrations at a large (64 or 128) number of field locations.

Let's refer once more to Fig. 7. Although in fact 40 s time increments
were used during this experiment, a number of other continuous plume release
experiments were conducted with 10 s sampling increments. Let's assume the time
Increment for each row of data on this figure is 10 s. Let's further assume we
have a crop-dusting pilot willing to fly crosswind through this plume at an
elevation of 1.5 m, and that he has a magic sampler capable of continuous record-
Ing of krypton concentration. It is then not unreasonable to assume that each
10 s Increment of data on Fig. 7 represents the profile that would have been
seen by the pilot during one traverse. We can then construct the mean crosswind
profile the pilot would have deduced on the basis of a series of traverses. And
since the true mean profile is known (by integrating over all time increments),
we can compare the pilot's estimates with the true profile. Figures 8 and 9
Illustrate the effect of an increasing number of traverses. The data in Figs.
8 and 9 result from analysis of ground-level crosswind distributions of con-
centration 800 m from a 26 m elevation release during stable atmospheric
conditions.

On Fig. 10 we see ground-level crosswind integrated exposure (as determined
from 10 s sampling increments) versus time. These data are from the same 26 m
release described at the end of the preceding paragraph. This graph illustrates
the variation in short period mean concentration that can be experienced even
under stable atmospheric conditions. Figure 11 develops (by methods similar to
the pilot argument 1n the prior paragraph—but using all possible traverses)
standard error for crosswind integrated exposure and for real plume maximum
concentration as a function of number of traverses. It appears that for this
stable-atmosphere experiment, the added dividends in accuracy accruing from
repeat traverses decreases after six or seven traverses. Also on the basis of
this one experiment, there appear to be minimal differences in the standard
errors for the computed parameters at downwind distances of 800 and 1600 meters.

Although I'll present no tabular or graphical data on the subject here, the
time history of concentration shown on Figure 10 suggest the possibility of peak-
to-mean concentration relationships, ">eak-to-mean concentration ratios can be
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developed for crosswind integrated values, real plume centerline values and
apparent (or mean) plume centerline values.

Figure 12 displays field measurements made following a puff release in very
light wind conditions. The field grid used during this release was a marriage
between a grid deployed for other purposes and a grid intended specifically for
the light wind case. Each dot on Fig. 12 represents a ground-level Geiger-Muller
sensor. The array of sensors permitted a definition of the extent of above
background krypton concentrations at specific post-release times. Perhaps the
most interesting contour is that observed at 14 min after puff release. Note
that the puff was detected at a distance greater than 1 km from the release point
at that time, but was also still detected at the source. The measured winds
(with vectors shown at the bottom of the figure) were not sufficient to permit
transport to a distance of 1 km in 14 min. Yet even in this thermally stable
atmospheric situation (see temperatures at lower right in figure) a portion of
the ground-release puff was transported with a speed greater than that observed
at 50 feet above the surface.

Figure 13 is the final figure in my "odds and ends" from the field krypton
data. In this figure, crosswind integrated concentrations observed on arcs at
200 m and 800 m are graphed as a function of time after release. Data from two
ground-level puff releases are presented. The data at the left were generated
following puff P7, a puff released in winds of about 5 m s " during unstable
atmospheric conditions. At the right, the data represent concentrations follow-
ing a release into a stable atmosphere with winds of 3 m s~ . These data afford
the opportunity to investigate the magnitude of a , a parameter of interest in
describing puff diffusion, but a parameter for which there are few field measure-
ments. If it is assumed that the effective transport speed (U ) of the puff is
the speed with which the mean of the graphed distribution passed a sampling arc,
the abscissa of Fig. 13 can be converted to units of distance, i.e., x = U t
(where t is a temporal mean as indicated on Fig. 13). The standard deviation of
a distribution is then a ,

Another interesting observation from Fig. 13 is that in both puffs, the
leading edge of the puff was detected at 800 m while the tail of the puff was
still observed at 200 m. This situation occurred following all experimental
ground-level puff releases regardless of wind speed or atmospheric stability.
It is pertinent to note that vegetation at Hanford is primarily sagebrush and
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desert grasses. The canopy, although not dense, reaches an elevation of about
1.5 to 2 m. The surface roughness, zQ, is estimated as 3 cm.

I'd like to close by acknowledging that the work described was sponsored by
the U. S. Department of Energy and its antecedent agencies.
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F1g. 1. Hind direction and speed shear affecting ground-level release.

Fig. 2. Assembled Rankin Counter (right) and disassembled Rankin Counter (left) with
several field filter assemblies 1n place for assessment.
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Fig. 3. Guillotine employed in puff generation.



Fig. 4. Geiger-Muller tube sensors mounted on fence posts and tailed poles.
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THE USE OF HELIUM-3 AS A GAS TRACER FOR

MESOSCALE METEOROLOGICAL STUDIES

by

J. E. Halverson, M. M. Pendergast, and A. L. Boni
E. I. du Pont de Nemours and Company

Savannah River Laboratory
Aiken, South Carolina 29801

I. INTRODUCTION AND SUMMARY
In order to conduct studies of atmospheric diffusion over distances of 100

to 1000 km, it is necessary to use tracers which are nonreactive, easy to sample,
easy to measure above global background - have few other sources, and have no
biological significance to man. Highly pure helium-3, the decay product of
tritium is one such tracer. As a noble gas, the concentration of helium-3 in
the atmosphere is stable, and is not reactive or hazardous upon release. These

attributes simplify the interpretation of results. New gas mass spectrometric
4

techniques permit measurements of as little as 5 x 10 atoms of helium-3. This
sensitivity permits analysis of background helium-3 in air samples smaller than

3
1 cm . This sample size is small enough that large numbers of samples can be
easily collected. The amount released in mesoscale meteorological studies
would be very small compared to the global inventory of helium-3.
II. HELIUM-3 AS AN ATMOSPHERIC TRACER

For any material to be useful as an atmospheric tracer it must meet several
criteria: low background levels of the material in the atmosphere, absence of
effects that may confuse interpretation of the results (other sources, reactions
of the tracer with the atmosphere or other environmental entities, etc.) no
deleterious effect on the environment, ease of release and sampling, accurate and
facile analysis procedure, and availability and purity of the tracer. Helium-3
meets all of these criteria within acceptable limits.

The atmospheric helium-3/helium-4 abundance ratio [1.384 x 10"6(± D.4%)]1

and the atmospheric concentration of helium (5.24 ppm) can be used to calculate

that the atmospheric concentration of helium-3 is 7.25 ppt. Although this is a
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fairly high background level, it is very stable and any variations greater than
or equal to 1 ppt would result in significant dat?. There are few known sources
of helium-3 that could cause this background level to vary greatly.

One of the main attractions of using helium-3 as a tracer is the fact that
it is an inert gas, which results in no reactions between it and any environ-
mental agents causing depletion of the tracer, Helium-3 is not chemically re-
active or radioactive and has no damaging effect on the environment. The
quantity of helium-3 released in any proposed meteorological study would not add
significantly to the world Inventory of helium-3.

The sensitivity of the proposed sample analysis procedure, allows simple
sampling and release methods. The amount of helium-3 in one standard milliliter
of air 1s more than adequate to measure accurately (< 1% error) the atmospheric
concentrations of hel1imi-3. Thus, whole air samples can be collected by opening
small evacuated sample bottles, making manual, automatic, sequential, mobile
and time-integrated sampling possible.
III. ANALYSIS PROCEDURE

A specially designed static gas mass spectrometer (presently under con-
struction for Savannah River Laboratory), shown schematically in Fig. 1, will be
used to measure helium-3/helium-4 abundance ratios in the atmospheric samples.
Such an instrument is presently being used at McMaster University and Woods Hole
Oceanographic Institution for a variety of investigations involving measurements
of helium-3. These instruments can measure quantities of helium-3 as small as
2 x 10 std cc within 10%. Since the background of helium-3 concentration is
7.5 ppt, analysis of air samples as small as 1 cc will not be difficult. The
limiting factor on the quantity of helium-3 tracer required and the range to
which helium-3 1s a useful tracer is the degree to which background is a con-
stant and the accuracy to which any excess in the helium-3/helium-4 ratio can be
measured. For the calculation which follows, it is assumed that any change of 1
ppt 1n the air concentration of helium-3 would be measurable.

IV. USEFUL RANGES AND TRACER RELEASE QUANTITIES
A. Detection Limits for an Instantaneous Release (Puff)

The work of Heffter3 was used to estimate nominal values for growth rate of
an instantaneous release of helium-3. The standard deviation of concentration
distribution in the crosswind direction (a ) was calculated using experimental
data distances between 10 and 10,000 km (Fig. 2). The dashed line and the solid
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line were added to represent growth rates of a puff released during stable and
unstable conditions.

The relative concentration is related to the value of a according to

where x/Q is the ground level centerline relative concentration resulting from
a puff and o , a , and a are the standard deviations of the concentrationy x z
distributions in the crosswind, along wind and vertical directions at a downwind
distance, x. The x/Q estimates for equation 1 are valid for a surface release.
For purpose of this estimate, the following assumptions are made:

az = 1000 m for unstable conditions
a = 500 m for stable conditions

Using Equation (1), and Fig. 2, and the above assumptions, relative con-
centrations for stable and unstable conditions were determined for distances
10-10,000 km (Table I). The conservative assumption ax = a is often made, but
researchers have shown that at large distances o > 2 a so relative concentra-

x y
tions may be too high in this assessment.

It ts assumed that an air concentration of 1 ppt of helium-3 (1 ppt He =
»10 31.3 x 10 g/m ) is sufficiently above the normal variation of background to

detect the presence of the helium-3 tracer. The amount of helium-3 required to
achieve this concentration for different distances and stability conditions is
shown in Table II. From these results, it is apparent that helium-3 can be a
useful puff tracer under certain meteorological conditions at distances up to
1000 km.
B . Detection Limits for a Continuous Release (Plume)

Relative concentrations given in Table ITI were extracted from a theoreti-
cal curve4 for two cases. The stable case was assumed to be represented by
Pasquill stability class F, wind speed of 3 in s" and a mixing depth of 500 m.
The unstable case is assumed to be represented by Pasquill stability class B,
wind speed of 5 m s , and a mixing depth of 1000 m.

The results for x/Q listed in Table III were used to calculate release rates
which would result in atmospheric concentrations of 1 ppt along the plume center-
line.
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Table IV lists integrated quantities of helium-3 needed to be released to
result in concentrations of 1 ppt at distances of 10 km and 100 km.

The values listed in quotes in Tables III and IV are extrapolations of a
theoretical curve to indicate approximate outer bounds of usefulness. These
results indicate that helium-3 can be a useful tracer for plume releases at dis-
tances greater than 100 km.
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TABLE I

RELATIVE CONCENTRATIONS (x/Q) RESULTING FROM AN INSTANTANEOUS
POINT SOURCE. VALUES OF X/Q LISTED ARE THE MAXIMUM GROUND
LEVEL VALUE AT THE CENTER OF THE PUFF.

Downwind
Distance, fan

10

100

1000

10,000

Stable
x/Q, W 3

2.8 x 10'9

2.8 x 10"11

2.8 x 10"13

2.8 x 10"15

Unstable
X/Q, m'3

1.3 x

1.3 x

1.3 x

1.3 x

10"

10"

10"

10"

10

12

lu

16

TABLE II

AMOUNT OF 3He NEEDED TO BE RELEASED IN ORDER TO RESULT
IN AIR CONCENTRATION OF 1 PPT AT SEVERAL DISTANCES DOWNWIND
Downwznd
Distance, km

10

100

1000

10,000

Amount of He Beleasedj g
Stable

0.05 (.37 L)

4.6 (35 L)

460 (3500 L)

46,000 (350,000

Unstable

1.0

100

1000

L)100.000

(7.5 L)

(75 L)

(7,500 L)

f750.000

TABLE III

RELATIVE CONCENTRATIONS (x/Q) RESULTING FROM A CONTINUOUS
GROUND LEVEL RELEASE. VALUES OF x/Q REPRESENT THE MAXIMUM
GROUND LEVEL VALUE AT THE CENTER OF THE PLUME

Distance;, Ton

10

100

1000

Stable F, sec/m
U = 3 sac
H = 500

1 x 10"6

7 x lO'7

7 x 10"8

Unstable B, sec/m
U - 5 sec
H = 1000

7 x 10"e

1.0 x 10"8

1.4 x 10-9
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TABLE IV

AMOUNTS OF 3He NEEDED TO BE RELEASED IN ORDER TO RESULT
IN AIR CONCENTRATIONS OF 1 PPT. TRACER MATERIAL IS
ASSUMED TO BE RELEASED OVER A PERIOD EQUAL TO THE TRAVEL
TIME FROM SOURCE TO RECEPTOR

Distancea Jon

10

100

"1000"

Stable
Travel Time, hr

0.93

9.3

93

Total Released* q

0.06 (.45 L)

6.0 (45 L)

"600" (4500 L)

Unstable
Travel Time* hr

0.56

5.6

56

Total Released, a

3.6 (27 L)

300 (2300 L)

"19,000" (140,000)
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USE OF OZONE AND AITKEN NUCLEI AS NATURAL TRACERS TO EXAMINE THE EXCHANGE

OF AIR BETWEEN THE TROPOSPHERE AND STRATOSPHERE IN THE

VICINITY OF THE TROPOPAUSE FOLD

by

William A. Sedlacek
Chemistry and Nuclear Chemistry Diviison

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Sometimes one can learn much about air transport by observing the movement

of natural tracers such as clouds or smoke from fires and industrial plants. A

few years ago we developed techniques for tracing individual industrial polluters

based on "fingerprinting" their aerosol emissions and tracking them. At that

time it was not politically acceptable to do such things and point the finger at

a guilty party. Indeed, extensive sampling of radioactive debris from atmo-

spheric nuclear tests provided most of the early knowledge of the motions of the

upper atmosphere.

During the CIAP program we used a very sensitive fast-response Aitken

nuclei detector which provided much information about the characteristic con-

centrations of Ail ken nuclei in various parts of the upper atmosphere. Slide 1

shows typical levels of Aitken nuclei at the altitudes of jet aircraft flight

corridors to be many hundreds to one thousand per cubic centimeter. Occasionally
3

spikes were encountered in contrails which exceeded 60,000 A.N./cm . The lower
portion of the slide shows the orography along a ± 15-mile band under the flight

path. The dashed lines are north of the flight path and the solid lines are

south of the flight path. Slide 2 shows another source of high Aitken nuclei

concentrations that occasionally are injected into the upper atmosphere from

volcanoes. This 37-day old cloud of debris from Fuego Volcano in Guatemala was

encountered over the Gulf of Mexico with Aitken nuclei concentrations up to a
3

couple hundred per cm . The presence of many larger sulfuric acid aerosols
was also confirmed by filter collections.
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Slide 3 shows a flight over strong Intertropical Convergence Zone activity
as confirmed by satellite imagery. On the outbound leg at 60 K ft (about 5000
ft above the tropopause) the Aitken nuclei concentrations were about the lowest

3
we have ever measured at about 10 A.N./cm which is virtually the dark current
limit of the instrument. Simultaneously the ozone concentration was high. On
the return flight from the equator at 50,000 ft (about 5000 ft below the
tropopause) the Aitken nuclei concentrations ranged between 100 and 200 A.N./cm
and were especially high in regions of ITCZ activity. The concurrent ozone
measurements were low. The Aitken nuclei were effectively removed from the air
being transported across the tropopause by the Hadley cell circulation, pro-
bably due to the condensation processes and precipitation occurring at the ITCZ.
Slide 4 shows the flight paths over the ITCZ for both the 14 and 15 Feb. flights.
Data for the 14 Feb. flight will be shown on the next slide. Ndte the path over
South America on 14 Feb. after crossing the equator and particularly the turn
in over the Andes Mountains from 6°S. Slide 5 gives the data for this flight at
55,000 ft which is about the tropopause height. Note the sharp increase in A.N.
concentration between 6°S and 9°S where the flight path crosses over the high
mountains. This presumably is caused by the turbulent effect of the orography
on the prevailing winds. We have observed similar effects to 50,000 ft over
the Rocky Mountains.

In general, however, the Aitken nuclei and ozone are anticorrelated. The
ozone concentrations are high in the stratosphere and low in the upper tropo-
sphere. On the other hand Aitken nuclei concentrations are high in the upper
troposphere and low in the stratosphere. The one occasion shown previously on
Slide 2 of volcanic iniection is infrequent into the stratosphere and conversion
to larqer particles probably reduces the Aitken nuclei concentration to about
stratospheric levels in a couple of months. We have on one occasion observed
a hiqh concentration of Atiken nuclei correlated with high ozone for about a
week over Alaska, as shown on Slide 6. Vincent Schaeferl had also observed
this phenomena on a transpolar flight. We have not observed this feature at
mid-latitudes near the tropopause fold.

Ed Danielsen's^ classical work on the tropopause fold pictured the flow
pattern illustrated in Slide 7. Measurements of ozone, radioactivity and
calculation of potential vorticity were used to indicate the flow patterns,
which were interpreted as a coupling between the direct cell (Hadley cell) and
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a weaker indirect cell (Ferrel cell). This picture is somewhat simplier than
that which actually appears to occur.

A year ago we made two observations in which both the NCAR Sabre-liner and
the WB-57F were used to make measurements across the path of a jet stream at the
time of a major frontal system, illustrated in Slide 8. Concentrations of ozone
and Aitken nuclei, winds, and temperature were recorded continuously as a func-
tion of altitude, latitude, and longitude. Additional meteorological data was
taken from the NWS sounding network. Slide 9a. shows the potential temperature
and wind velocities for Case A. The solid lines are isopleths for potential
temperature, the heavy dashed lines are contours of wind velocity, and the light
dashed lines are the flight paths of the two aircraft. Large dots and associated
numbers are the GMT times that the aircraft passed that point. An interpreta-
tion of the tropopause according to temperature is penciled in. Slide 9b.
shows the ozone concentrations observed and Slide 9c. shows the Aitken nuclei
concentrations with an interpretation of the tropopause location according to
their respective concentrations which are penciled in. In this case, we are
cross sectioning the tropopause fold on the anticyclonic side of the jet stream
flow downstream from the region of maximum winds. Here we see considerable
return flow of tropospheric air into the stratosphere. There is also an in-
consistency between the ozone and temperature defined tropopause when compared
to the Aitken nuclei defined tropopause. The Aitken nuclei defined tropopause
extends considerably further into the stratosphere and in this region consider-
able turbulent mixing has apparently taken place which will cause the exchange
of air between the troposphere and stratosphere, even though the tongue of tropo-
spheric air later draws back into the troposphere. A similar further penetra-
tion of the ozone tongue into the troposphere than is shown by the Aitken nuclei
count indicates a turbulent exchange of air.

Slides 10a.-c. show the corresponding data for case B at the point of
cyclonic jet stream flow. This particular case is partially confused by the
presence of a double jet from convergence of the polar and subtropical jet
streams. Upper level return flow of tropospheric air into the stratosphere is
not discernible in this case, but the lower level turbulent air exchange is
apparent. This upper level return flow to the stratosphere on the downstream
anticyclonic region of jet flow instead of at the point of cyclonic flow is
consistent with the circulation expected by Gerry Mahlman's3 models.

61



On future measurements of this type, we would also hope to add FLO vapor as
another tropospheric tracer while collecting filters for the analysis to pin-
point the flow of stratospheric nitric acid vapor and sulfate aerosol. However,
with only wind and temperature coupled to the natural ozone and Aitken nuclei
tracers, the understanding of the complex turbulent mixing mechanisms for tro-
pospheric-stratospheric air exchange at the tropopause fold has been greatly
clarified when compared to the simple model of a decade ago.
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Slide 7. Proposed pattern of air exchange between
stratosphere and troposphere from
Daniel sen.2

13, 1978

March 16, 1978
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Slide 8. Cross sections of tropopause folding examined
in March 1978 experiments.
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Slide 9b. Ozone concentrations for the March 13, 1978
flights.
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Slide 10a. Potential temperature °k (solid lines) and
wind velocities m/s (dashed lines) for the
March 16, 1978 flights.
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IDENTIFICATION AND TRACING OF ATMOSPHERIC PARTICULATE POLLUTANTS

BY MEASUREMENTS OF BACKSCATTER COEFFICIENT, EXTINCTION

COEFFICIENT AND DEPOLARIZATION EFFECTS

by

V. E. Derr and G. M. Lerfald
National Oceanic and Atmospheric Administration

Environmental Research Laboratory
Boulder, Colorado 80302

I. INTRODUCTION
Small solid or liquid particles suspended in the atmosphere respond to

air movements and thus act as atmospheric tracers. Solid particles less
than 1 pm in diameter have low vertical fall velocities and therefore long
residence times. If such particles can in some way be identified and
tracked they can be used to trace air movements. Also, if their velocities
can be measured they can be used to measure air velocities, since they will
follow air stream motions very closely. This paper describes techniques for
remotely sensing the characteristics and motions of small particles, with
particular application to tracing atmospheric motions. The measurement
systems are described briefly and in some cases examples of the types of
results obtainable are given.

Participate matter suspended in the atmosphere scatters and absorbs
incident electromagnetic radiation, which interaction serves as the basis
for remotely sensing the presence and characteristics of suspended
particles. There is a well-established body of theory which describes the
interaction of electromagnetic radiation with particles, (Kerkerl). The
theory is exact and complete for some regular particle shapes such as
spheres and cylinders. With the advent of high speed computers detailed
solutions to the theoretical equations are available at reasonable cost.

The instrumentation for remotely sensing particles includes backscatter
lidars of several configurations, solar radiometers and time-lapse photography.
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Table I lists the primary measurement techniques, the parameters measured and
comments.

II. BACKSCATTER LIDAR SYSTEMS

Lidar, (Light Detection and Ranging), has been developed in several
configurations. The most widely used lidar developed at NOAA is a fully-
steerable, pulsed system which is shown in cut-away view in Fig. 1. Pulses
of radiation with duration of the order of 15 ns. and peak power of the

order of 100 Mw. are transmitted. A 28 in. diameter telescope mirror
collects backscattered radiation and focuses it on detectors. The basic
form of the data obtained is the backscattered signal intensity as a

function of time. The distance from the transmitter to the volume of the
atmosphere being probed is d = (t-t0) x c/2 where t0 is time of trans-
mission, t is time of measurement and c is the velocity of light. The cur-
rent system can transmit three laser wavelengths (viz., 0.3472, 0.6943, and
10.6 V«m), simultaneously. Alternately it can be used in a dual polarization
mode in which a linearly polarized pulse is transmitted and the received
signal is separated into the polarization components parallel to and per-
pendicular to that transmitted. The occurrence of depolarization (i.e.,
signal in the perpendicular polarization) is an indication of backscatter
from nonspherical particles. (Multiple scatter also* causes depolarization
in dense clouds but is rarely a problem for aerosol tracing.)

Doppler lidar uses transmitters that maintain phase coherence over time
periods that are long enough so that the transmitter and local oscillator
band widths are much narrower than the desired Doppler frequency resolution.
The shift in phase or frequency is then measured and used to obtain the
particle velocity by the well-known Doppler principle. The Doppler lidars
developed at NOAA use 10.6 pm, CW laser transmitters. The range is limited
by low power, but the systems have been used with notable success in tracing
the motions within dust-devils, and water-spout vortices at ranges up to
several km, and measuring "clear air" wind velocities within one km. A
pulsed Doppler lidar system is currently under development and is expected
to permit clear air velocity measurements out to approximately 20 km. By
scanning, such a system should be capable of mapping wind components over a
region about 40 km 1n diameter. A dual Doppler set-up could provide com-
plete wind field mapping over a region 40 km in diameter. Plans for a
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satellite-borne Doppler lidar system to provide mapping of global wind
fields have been carried through the feasibility stage and are now in an
early design phase.
III. EXAMPLES OF CAPABILITIES
A. Dual-Polarization Method.

Spherical particles backscatter electromagnetic radiation without
changing its polarization. Thus, incident linearly polarized radiation will
result in backscatter linearly polarized along the same direction and would
be observed only in the parallel receiving channel. Nonspherical particles
would depolarize the linearly polarized radiation and thus the perpendicular
receiving channel would also be excited. The amount of depolarization is
dependent on the shapes, orientations and indexes of refraction of the
particles.

The depolarization technique has been used extensively to identify the
occurrence of glaciation (formation of ice crystals) in clouds. This is an
important process in the development of clouds and the initiation of pre-
cipitation. The depolarization technique has also been used to distinguish
between effluents from smokestacks and dust raised from the ground by mining
operations. The latter consists of irregularly shaped particles that cause
depolarization, while smokestack effluents are essentially spherical and
thus do not. Figure 2 shows an example of lidar signatures indicating the
difference between the two cases.

B. Multi-wavelength Lidar Probing.
Simultaneous measurements at two or more wavelengths permits estimates

of the size distribution of the particles doing the backscattering. Examples
of measured ratios of backscattered power at wavelengths of 0.3472 and
0.6943 jim are shown in Table II. Recently, a third wavelength, viz 10.6
\un has been added and this will extend the capability to detect the presence
of particles larger than 1 \im diameter while being less sensitive to
smaller particles.
C. Three-dimensional Mapping.

By systematic scanning of the lidar beam, a plane or volume in space
can be examined and the resulting data combined to produce a two- or three-
dimensional map of the backscatter coefficients. One useful form consists
of contours of equal backscatter intensity over a vertical plane. Figure 3
shows several such "vertical slices" taken through a plume from a coal-fired
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electric power plant stack. The plume was visible to the eye only within a
few hundred feet of the stack because of the efficient scrubbers and filters
used in this particular power plant. The "hot spots" indicated in the plume
at larger distances from the stack were found to be real by an instrumented
aircraft that was directed to these regions of higher backscatter by the
lidar operators. This technique is capable of providing data useful in
studying the dispersion and transport of pollutants in any sort of terrain.
It would appear to have particular potential for studies in rough terrain
where theory is believed to be quite inadequate at this time.
D. Identification of Pollutants by Broad-band Spectral Signatures.

Ivlev and Popova? have presented some data that show strong, broad,
distinctive absorption bands for iron and aluminum oxides, carbon black,
some organics, ammonium sulfate and other carbonate, silicate and nitrate
compounds. If suitable measurements can be made using radiation transmitted
through the atmosphere or by a backscatter lidar tunable over a broad wave-
length range, it may be possible to identify the presence of some of the
materials composing atmospheric aerosols. Recent development of a laser
system tunable over a broad wavelength range, i.e., 1 to 25 pm, (Byers^),
appears to make it possible to test the feasibility of such measurements,
either in a transmission mode or in a backscatter mode. Measurements using
a broad-band source such as the sun might also be worth trying.

There are a number of open questions which may bear the practical ap-
plication of the method, such as the effects of nonsphericity of the aerosol
particles and the effects of conglomerate particles.

Computations of extinction and backscatter coefficients as a function
of wavelength assuming small pure spherical particles reveals that the
different materials have distinctively different broadband spectral
signatures. Figures 4 and 5 show backscatter versus wavelength computed
for NaN03 and CaCO3> respectively.
IV. SOLAR RADIOMETRIC TECHNIQUES

The sun radiates energy at a rate that is constant over periods of at
least decades (in the visible and infrared wavelengths) and thus serves as a
good broad-band source. Measurements of the extinction of solar radiation
as a function of wavelength can be used to infer the amount of various gases
in the atmosphere and the amount and size distribution of particles suspend-
ed in the atmosphere. The shape of the angular scattering lobe in the
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near-forward direction is determined by the size distribution of suspended
particles and conversely, measurements of the angular scattering function
are used to infer particle size distributions. These methods have the
limitations that the volume examined is constrained to the sun-instrument
path and the effects are naturally integrated over all heights. On the
other hand, these types of measurements are relatively easy to make, and, in
conjunction with other techniques such as backscatter lidar, provide
complementary information. The extinction measurements are made in specific
bands of the solar spectrum chosen to coincide with gaseous absorption bands,
(0.596 ym ozone band and 0.941 ym water vapor band), or to avoid them. The
wavelengths, 0.317, 0.333, 0.382, 0.50, 0.875, 1.06 and 8-13 pm are used to
infer the size distributions of aerosol and cloud particles.
V. TIME-LAPSE SKY PHOTOGRAPHY

Although it is largely qualitative, color photography of the sky by
time-lapse cameras can be extremely useful. The motions of clouds,
including dust, smoke and pollution clouds can be observed when such films
are viewed in a movie mode. If the height of the cloud is known from lidar
data the velocities can be estimated. In any case, the information
provided on general weather and atmospheric conditions are often of value
during analysis of other data. Two camera systems are generally used: one
that views the entire vertical hemisphere (alt-sky camera) and one that fs
mounted on a solar tracker which views a 50° field centered on the sun with
the sun covered by an occulting disc. Low cost systems based on 8 mm movie
cameras are used.
VI CONCLUSION

Brief descriptions have been given to remote sensing techniques that
have application to identification and/or tracing of atmospheric
particulates.

Perhaps the most promising in terms of providing detailed knowledge of
atmospheric motions is the Doppler lidar technique. A dual Doppler lidar
system could potentially provide complete information on wind field and
turbulence characteristics within a volume of the atmosphere limited by the
system range. It appears that for a ground-based system, a range of 20 km
is currently feasible using state-of-the-art pulse lasers in the 10.6 ym
wavelength band.
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A multi-wavelength backscatter lidar has been used for several years to
obtain contour plots of the concentration of particulates in smokestack
plumes, natural clouds and distributions of natural and anthropogenic
aerosols. These results provide examples of the complex effects which occur
due to atmospheric and plume dynamics in the dispersion and transport of
pollutants.
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TABLE 1

METHODS FOR REHOTE SENSING OF ATMOSPHERIC PARTICULATE CHARACTERISTICS

MEASUREMENT TECHNIQUE

PULSE LIOAR
(Dual Polarized Mode)

PULSE LIOAR
(Multi-wavelength node)

SOLAR RADIOMETRY
Multi-wavelength extinction

SOLAR RAMOMETRY

Aureole angular scattering.

DOPPLER LIDAR

TIME-LAPSE SKY PHOTOGRAPHY

PARAMETERS MEASURED

Aerosol mass loading.
Distinguish non-spherical f r o *
spherical part ic les.

Aerosol mass loading.
Estimation of part ic le size
distr ibut ion.

Aerosol mass loading.
Estimates of part ic le size
distr ibution
(part ic le radi i > 0.1 urn)

Estimates of part ic le size
distr ibution
(part ic le radi i > 1 un)

Air velocity component.
Turbulence velocity f i e l d .

Distinguish cloud types.
Cloud geometry.
Detect local sources of pol lut ion.
Atmospheric optical pher.sss.na

(Solar halos, e tc . )

COMMENTS

Excellent spatial resolution.
3-dimensional Mpping can
be done by scanning.

High operating cost and
difficulty.

Limited to sun-Instrument
line.
Moderate operating cost
and difficulty.

Dual doppler setup can give
3-dimensional velocity f ield.

Qualitative data but very
useful during «r>siysis of
other data* Low cost.

TABLE I I

LIDAR 8ACKSCATTER COEFFICIENTS MEASURED SIMULTANEOUSLY AT ULTRAVIOLET
AND REO WAVELENGTHS BY A DUAL-WAVELENGTH LIDAR AT COLSTRIP, MONTANA.
THE RATIOS OF UV TO RED ARE COMPUTED FOR VARIOUS TYPES OF BACKSCATTERERS.

Dual Wavelength Measurements, Colstrip, Montana
(Preliminary Results)

Scattercr

Relative
Cross

UV
16.
29.
47 .

4840
32,

•5350

.5

.0

.'4

.8

Scattering
Section

Red
1.03
3.18

41.3
2000

2.12
2S2

UV/Rcd Ratio
Clear Air (23000 Ft MSL;
Clear Air (1000 Ft AGL)
Cloud (29000 Ft MSL
Cooling Touer Condensation
Plume (At Stack)
Plume (Downwind

16.0 (By Definition)
9.1
1.1
2.4
15.b
13.3

79



Uetcctor

laser Output KinJon

Comlf Path

. IR K.'iiiiumcter

Lasers

Control anJ Data Processing

F<(. 1. Cut-amy »<•» of rant* swutftg facility.

NOAA OWL POLASir-MIOfl IIDAR SIGNAL »T COLSTHIP. a
COAL-FISEO POUEil

INSTBUMESIEO W U C O f l E R BEI.1G
OWECTED INTO POKR PIWIT
ANO MM FRre-i STRIP MINE bUST

STRIP (HUE OUST
(IRREGULAR PARTICLES

POWER PLANT PLUME
(SPHERICAL PARTICLES:
SIGXAL MOT DEPOLARIZED)

RANGE (KM)

80

Fig. 2. Example of dual-polarization lidar returns obtained at Col s t r ip ,
Montana. Dust from the strip mine is seen to depolarize the
lidar signal, indicating the dust particles are partly
nonspherical. The power plant plume does not depolarize the
lidar signal, indicating that the plume particles are spherical
or very nearly so.
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Fig. 3. The top part of the figure snows a plan view mp with lines which
Indicate the positions of "vertical slice" scans by the Hdar bean
through the Col strip, Montana power plant pi w e . The corresponding
contour plots, (identified by the azimuth angles) show contours of
equal backscatter coefficient measured within the pliae during
each of the "vertical slice" scans.
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Fig. 4. Radar (lidar) backsutter versus wavelength, computed for small
spherical particles t,' NaN03- Tha horizontal axis represents
wavelength in meters «n a logarithmic scale extending from
1 x 1017m. (0.1 urn) at the left to 1 x 1 0 " V (100 vm)
at the right.
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Fig. 5. Radar (lidar) backscatter versus wavelength, computed for small
spherical particles of C4CO3. The horizontal axis represents
wavelength in meters on a logarithmic scale extending from
1 x lO-'m. (0.1 pm) at the left to 1 x 10"4m. (100 pm)
at the right.
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NATURAL ATMOSPHERIC TRACERS

by

William E. Clements
Basic and Applied Geosciences Division

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

I. INTRODUCTION
Atmospheric tracers consist of a variety of things that are used to study

atmospheric processes that cannot easily be measured directly. A balloon re-
leased into the air will follow the air motion and trace out a trajectory from
one point to another. A large number of space and time measurements of wind
speeri and direction would be required to determine the trajectory without such a
tracer. The dispersive property of the atmosphere is another example of a pro-
cess that is appropriately studied with tracers.

Tracers used in atmospheric studies can be divided into the following three
general classifications.

. Explicit tracers.

. Tracers of opportunity.

. Natural tracers.
Explicit tracers are materials such as balloons, particles, and gases that

are released into the atmosphere for the explicit purpose of studying atmospheric
processes. Tracers of opportunity are materials that are injected into the air
for other reasons, but which can be used in atmospheric studies. The most common
tracers of opportunity are industrial effluents. Natural tracers are substances
that are introduced into the atmosphere by natural processes and, hence, are
available for use in atmospheric studies. These tracers are especially appealing
since they are already a part of the natural scheme of things and present no real
perturbations on the environment.

The purpose of this paper is to review some natural tracers which have been
used in atmospheric studies and to point out some possible new ones. The review
is not intended to be exhaustive, but rather to serve as a reminder that nature
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provides a variety of tracers which can be used to address a number of practical
problems.
II. ORIGINS OF NATURAL TRACERS

Natural atmospheric tracers are produced by a variety of natural processes.
It is convenient for the purposes of this paper to group these tracers according
to f^ve general sources:

The earth's crustal matter
The oceans
Vegetation
Cosmic rays
Electrical phenomena

It is often the case that the source of the tracer is as important as its
existence in contributing to its value in atmospheric studies. For example some
originate predominately from either land or water and, hence, naturally tag
continental and maritime air masses.

Examples of tracers from each major origin will now be given.
III. TRACERS ORIGINATING FROM THE EARTH'S CRUST
A. Dust

Suspended soil particles (dust) have been used to trace air mass movement.
Larsen et al. have studied the continental component of the air mass over the

222 222Greenland and Norwegian Seas using dust and Rn ( Rn will be discussed below).
The same technique has been applied to air mass trajectories in the Antarctic by

2
Wilkness et al. Dust transport from the African continent in the North Atlantic
trade winds has been investigated by Prospero and Carlson. They also combined
222

Rn measurements in their study. Some visual observations of large dust clouds
4

viewed from space are given by Randerson which demonstrate the vastness of some
of these. Dust as a tracer does suffer from coagulation, deposition, and rain-
out problems.
B. Radon - 222 2?fiRadon-222 (T, = 3.8d), an inert noble gas, originates from Ra which is

^ 238
present to some extent in all crustal material due to the omnipresent U.
Although 226Ra is present in ocean waters, the oceans only contribute about 2% of

222 5
the total Rn exhalation of the continents (Wilkening and Clements ). Atmo-

222spheric Rn is thus primarily of continental origin.222As with dust Rn can be used to identify continental air masses. The
2 1 3

studies of Wilkness et al., Larsen et al., and Prospero and Carlson
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222discussed 1n the previous section used Rn in addition to dust as a tracer of

air masses of continental origin. "Radonic storms" associated with the intrusion

of continental air masses into the Anarctic have been identified by Lambert

et al. These events show an order of magnitude increase in the surface radon
7 8 222concentration when air of continental origin is present. Rama ' has used Rn

to study monsoon circulation and the determination of a continental component

in the monsoon air off the west coast of India. Due to its 3.8 day half-life
222

Rn can be used to track continental air masses over the oceans for a period
of up to about two weeks.

222On a smaller scale Rn has been used to delineate land-sea breezes
(Wilkening ), convection patterns in cummulus clouds (Wilkening ), to classify

nocturnal flow characteristics in a mountain canyon (Wilkening and Rust ), and
12air exchange in large underground caves (Wilkening and Watkins ).

222Vertical mixing in the atmosphere has been addressed using Rn. For

example Cohen et al. have used it to study vertical turbulent diffusion near
222the surface. Some examples of the utility of Rn as a measure of the mixing

depth are presented by Wilkening and Clements . Guedeilia et al. compare the
777 71?

use of Rn and Pb (T, = 10.6h) in the study of vertical exchange in the
"5 222

lower troposphere. Vertical profiles of Rn can show actual trapping in the

mixing layer as compared to a potential for trapping derived from temperature

measurements.

Radon along with some of its daughter products ' Pb, Bi, Po have been

used to determine aerosol transit and residence times. The interested reader is

refered to Moore et al. avi Nevissi et al. for details and further references.
-i O TO 2?? ??fi

Finally Broecker et al. and Schink et al. have used Rn and DRa

measurements in the near surface ocean waters to deterime vertical mixing in

the ocean and gas exchange across the air-sea interface.

C. Volcanic Plumes

Occasionally volcanic eruptions inject large quantities of material into

the atmosphere. Sometimes the debris can be tracked for long periods of time and

used to examine troposphere/stratosphere exchange and stratospheric circulations.

With the aid of photographs taken from space satellites additional investigations

have been made. Randerson and Friedman et al. have studied the 1973 eruption

of the Sakura-Zima volcano in Japan from photographs taken from Skylab 4. They

were able to determine horizontal and vertical eddy diffusion coefficients from

the photographs and available meteorological data. They also show some evidence86



20that for the meteorological conditions existing (see Friedman et al. ) that the
18estimated 10 ergs per paroxysm was insufficient to penetrate the low-level

tropospheric temperature inversions. Volcanic eruptions provide natural case
studies on a scale that is not practical to produce explicitly.
IV. TRACERS ORIGINATING FROM THE OCEANS
A- Water Vapor

Because of the high water content of air masses that have spent some time
over the oceans the water vapor mixing ratio can be used to trace them. The
depth of the marine moist layer in the tropics is often more realistically defin-
ed by water vapor content than by temperature inversions. This is again another
example of defining mixing layers by measurement of natural substances that are
actually trapped in them.
B. Maritime Aerosols

Salt particles enter the oceanic air through wave action and bubble bursting
at the sea surface. Although no studies could be found that use the salt content
of the air as a tracer it certainly seems possible. Since the salt particles
are condensation nuclei they should be removed over land areas as precipitation
takes place and the source is removed. Furthermore, since the ocean surface may

be covered with an organic surface film, then one might expect some unique
21organic aerosols to be produced (Blanchard ).

C. Deuterium

The water vapor in air masses that have spent considerable time over oceans
have a deuterium to hydrogen ratio approximately the same as in ocean water. As
these air masses move on shore and precipitation occurs there is a fractioniza-
tion of the deuterium into the liquid phase. Hence, as the air mass experiences
more and more precipitation the deuterium content is preferentially rained out.

22This provides a tracer for the history of the air mass. Smith et al. have used
deuterium/hydrogen ratios to investigate storms that move across the Sierras from
the Pacific Ocean. They show a definite trend for the depletion of deuterium as
the storms cross the mountains and experience precipitation. Another interesting
facet of their study is that they could delineate whether or not an air mass had
passed over or around the tip of a mountain range from the deuterium/hydrogen
ratios in the precipitation.
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V. TRACERS ORIGINATING FROM VEGETATION
Vegetation produces a large variety of pollens and terpenes which are re-

leased into the atmosphere. Since the sources for particular pollens or terpenes
are usually localized to some extent the possibility of using their presence in
the air to indicate its history is intriging. For instance a particular type of
forest or agricultural area may emit substances in the air which could be

23measured to tell whether an air mass has past over that area or not. Graedel
has surveyed 367 different compounds known to be emitted by vegetation. Many of
these are esters and alcohols. Forty-five "terpenoids" which are known to be
emitted into the atmosphere (more than half a dozen have been detected in the
open air) have been characterized by Graedel. These all represent candidates
for atmospheric tracers depending on their chemistry and residence times.

25Raynor has used several pollen spores to study deposition of air-borne
particulates. In his paper a number of references are given to atmospheric
studies by himself and colleagues using ragweed, timothy, corn, castor bean, and
summer cypress pollens.

OF

A unique case of a vegetation tracer is presented by Yoshino. He shows
wind-shaped trees on a mountain ridge that have conformed to a persistent lee-
wave rotor.
VI. TRACERS ORIGINATING FROM COSMIC RAYS

The bombardment of the major constituents of the atmosphere ( 0 , N, Ar)
14by cosmic rays produces a variety of cosmogenic radionuclides such as C

(T, = 5730y), 7Be (T, = 53.3d), 32P (T, = 14.3d), 33P (T, = 25.2d), 39C1 (T, =
*5 op *2 -JQ -5 *S *S

55m), £Na (T, = 2.6y), Ar (Tt = 269y), and others. The wide range of half-'s -i
lives alone suggest that there are many potential applications for these radio-
nuclides. However, the source region for these is not well defined. Most of the
use of these natural tracers has been in the area of troposphere-stratosphere

27
relationships. The interested reader is referred to Reiter for more informa-
tion and references.
VII. TRACERS ORIGINATING FROM ELECTRICAL PHENOMENA

Because of the presence of terrestrial and extra terrestrial radiation the
atmosphere is constantly ionized and, hence, has a conductivity which depends on
the ionic charge, the number density of the ion, and the ion's mobility. When
there exists a lot of aerosols in the air atmospheric ions will attach to them
reducing their mobility and, hence, the local conductivity. Since the product
of conductivity and the electric field at a point in the atmosphere is the
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current density at the point and since the conduction current remains essential-
ly constant with altitude, then the electric field must vary inversely with the
conductivity. The essence of all this is that the presence of a high level of
aerosols should be accompanied by a decrease in conductivity and an increase in

28the electric field. Markson et al. show such a phenomena associated with an
upper level temperature inversion where aerosols are trapped. Once again we
have another direct measure of trapping in the mixing layer. These authors also
show the utility of such measurements in looking at industrial plumes which tend
to be negatively charged and have low conductivity compared to the surrounding
environment.

Much interest in the physical processes involving atmospheric ions comes
29out of the study of thunderstorms. Wilkening discusses some of these processes

in regard to thunderstorm effects.
VIII. A CLASSIC NATURAL TRACER EXPERIMENT

30 31In 1940 Woodcock ' reported a study of convection over the open sea.
Using a single laboratory thermometer and an anemometer, he measured the air and
water temperature and the wind speed while observing his natural tracer, the
Herring Gull. The ability of the gulls to soar in the air and the manner in
which they soared were tracers of the convective activity in the air above the
ocean surface. He observed that these gulls could not soar when the air was
warmer than the water or, in the reverse case, when the wind speed was greater
than 13 m s " . Also the soaring tactics of the gulls changed at about 7 m s
from circle soaring to a combination of circle and linear soaring. The essence
of this basic work is best summarized in Woodcock's words "The soaring gulls
seem to provide some clues as to the critical wind speeds at which there are
marked changes in the form of convective motion, and thus in the transfer of
momentum between the two mediums."

This study is not only a classic example of a natural tracer experiment
using a somewhat unusual tracer, but a testimonial to the beauty of simplicity
in scientific endeavors.
IX. SUMMARY

There are many potential natural tracers in the atmosphere with varied
sources and characteristics. A few examples of these have been presented in
this paper. In most of these studies the natural tracers have been used alone
to study some phenomenon. In combination with explicit tracers or tracers of
opportunity experiments, natural tracers could add additional information. For
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example, in explicit tracer studies designed to investigate the dispersive
properties of the boundary layer, the mixing height is a parameter that is
usually not well known. Discussions in this paper suggest that vertical profile

222measurements of Rn concentration or the electrical conductivity of the
atmosphere could determine the mixed layer more directly and accurately than
deducing it from the temperature structure.

Finally, I would like to recommend that careful assessment of experiments
that collect air samples be made to be certain that valuable information is not
being discarded in the form of natural tracers.
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I. INTRODUCTION
Atmospheric transport and dispersion models are being developed under the

auspices of DOE, EPA, and others, to simulate the behavior of air pollutants and
estimate regional air concentrations under various energy scenarios. With
increasing concern over regional and international aspects of air pollution,
reliable model calculations are required at distances out to 1000 km from
pollution sources. It is generally recognizpd that verification of model cal-
culations is essential to establish the credibility of the models and environ-
mental assessments based on model simulations.

Attempts to verify model calculations, using air quality data, are compli-
cated by the presence of multiple sources and imprecise knowledge of emission
amounts. There is a need for nonreactive, nondepositing tracers that could be
released at precisely controlled rates and measured accurately at very low con-
centrations. This would allow us to conduct tracer experiments which isolate
atmospheric transport and dispersion from other variables and provide data for
verification of this basic aspect of all model calculations. Regional-scale
experiments require tracers that can be unambiguously identified and measured
out to hundreds of kilometers or several days' travel time. Sulfur hexafluoride,
SFg, has been used out to about 100 km but its relatively high and variable back-
ground concentration militates against its use to much greater distances.
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II. PERFLUOROCARBON TRACER SYSTEM
Investigations by J. E. Lovelock, in England, indicated that a perf1uoro-

carbon tracer system could be developed that would be ideal for long-range
dispersion studies. The perf1uorocarbons are extremely stable, nontoxic com-
pounds, measurable at very low concentrations by electron-capture gas chromato-
graphy. Atmospheric background concentrations are well below that of SFg.
Under Department of Energy funding, the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratories (ARL) contracted with Lovelock
in 1975 to develop three different prototype samplers as the first step in the
development of a perf1uorocarbon tracer system.

One instrument, a sequential sampler, consists of a pump and a cassette of
24 tubes containing molecular sieve material to trap the tracer. Air is pumped
through each sampling tube in a preset automated sequence. The cassette is
returned to the laboratory and inserted into an analyzer unit which automatically
heats each tube in turn, to desorb the sample into a catalytic reactor which
destroys unwanted components. The sample then flows through a chromatograph
column which separates the perf1uorocarbon tracer from other surviving compounds
and then tracer concentrations are determined with an electron-capture detector.

Another prototype instrument, the "Two-Trap" sampler, combines the sampling
and analysis functions into a single unit. The unit contains two sampling tubes
so that one is sampling while the other is being analyzed. This instrument
provides readout of concentrations every 5 min at the sampling site.

A third instrument, a real-time continuous monitor, was designed to be
flown in a small aircraft. Ambient air is drawn through a catalytic reactor that
reduces the 0 ? and other electron-absorbers, leaving the perf1uorocarbons and
nitrogen. This is passed directly to an electron-capture detector providing
continuous concentration readout with a 3 s delay.

Prototype instruments were delivered by Lovelock in 1976. Since then ARL
has been working closely with the DOE Environmental Measurements Laboratory (EML)
and Brookhaven National Laboratory (BNL) in a cooperative effort to develop a
practical perfluorocarbon tracer system.

Comparative data on SFg and three perfluorocarbons (PDCH, PMCH, AND PDCB)
are shown in Table I. The atmospheric background concentration of PDCH is about
0.02 parts per trillion by volume (2 x 10 ), about 1/25 of the SFg background.
Background of the other two perfluorocarbons (PMCH and PDCB) is another order
of magnitude lower. The amount of tracer released in any experiment must be
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sufficient to distinguish the plume from background at the maximum sampling
distance. The required release rate for PDCH is about 10% of that for SFg; for
PMCH and PDCB it is about 1% of the SF.. rate. Taking the higher price of the

o
perfluorocarbons into account, the PDCH required for an experiment would cost
about the same as SF,; the cost of the PMCH or PDCB would be less than 10% of

o

the SF6 cost.
III. FIELD TESTS OF PERFLUOROCARBON SYSTEM

Perfluorocarbon tracer (PFT) release, sampling, and analysis techniques were
tested in an experiment in Idaho in April 1977. Three PFTs were released
simultaneously with SF, and samples were collected along arcs out to 90 km from
the release point.

The experiment demonstrated that release techniques worked well, with all
tracers released uniformly over a 3 h period as planned.

Five Lovelock sequential samplers were used on the 50 km arc. These
samplers performed well; about 60 half-hour samples were taken and all data were
consistent. As the plume passed the Arc, PDCH-concentrations were measured from
the background of about 0.02 ppt to a peak near 10 ppt and down to background
again as shown in Fig. 1. These measurements agreed well with SFg concentra-
tions in time-averaged whole-air samples taken at the same locations.

The "Two-Trap" sampler, operated alongside one of the sequential samplers,
provided jji situ readout of 5 min concentrations. Results from the two samplers
were in good agreement as shown in Fig. 2.

Problems were encountered with the Lovelock continuous monitor. However, an
improved version of this instrument was successfully flown in the MAP3S-AMBIENS
experiment in October 1977. A series of ground-level SFg releases were made and
airborne profiles of the plume at several altitudes were obtained at downwind
distances out to about 100 km. Four profiles obtained at altitudes from 240 m
to 640 m are shown in Fig. 3. Each profile baseline is displaced two divisions
vertically for clarity. Information that can be derived from such measurements
includes the height of the mixing layer, a material balance for the released
tracer, and the "instantaneous" crosswind standard deviation of the plume as a
function of downwind distance.
IV. IMPROVED SEQUENTIAL SAMPLER

The Idaho experiment established that the sequential samplers worked well
and that PDCH can be measured reliably down to its background level of about
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0.02 ppt. However, the molecular sieve traps used in these instruments collect
only PDCH and not the other two PFTs. Since PDCB and PMCH each has a background
concentration about an order of magnitude less than PDCH, it was desirable to
find a trapping material effective for those tracers.

Experiments at Brookhaven have shown that charcoal-type adsorbents can be
successfully used to sample and recover all three PFTs as demonstrated by the
chromatogram of a 40 liter background air sample shown in Fig. 4. A demonstrat-
ed detectability of better than 0.001 ppt for multiple tracers has led to a new
sequential sampler, the Brookhaven Atmospheric Tracer Sampler (BATS). This
sampler, shown conceptually in Fig. 5., will have 24 charcoal sampling tubes
which can be sequenced on command from an internal real-time digital clock. The
BATS will also contain an internal pump with selectable flow rates and a digital
printer for recording the air volumes sampled. Other features include automatic
start at a preselected time, selectable number of samples and duration of sampl-
ing (1 min to 24 h per tube), interchangeable lids for field replacement of a
fresh set of tubes, and provision for thermal desorption of the sampling tubes.
Internal batteries will provide sufficient power for unattended operation for
up to 24 days. The entire device will be only 1/3 the size of the original
Lovelock prototype sampler and cost about half as much. Two commercially proto-
typed units will be tested in June. We plan to contract for about 60 units to
be delivered early in 1980.

Research to improve PFT capabilities is continuing. The present and project-
ed capabilities of a number of electron capture instruments for the sensitive
detection of PFTs has recently been summarized. Using capillary chromatography
combined with the BATS sampler, detection to less than 1 part in 10 should
be possible.
V. LONG-RANGE TRACER EXPERIMENT

An atmospheric tracer experiment is planned for the Summer of 1980 as a
proof-test and demonstration of the perfluorocarbon tracer system. One or more
PFTs will be released simultaneously with at least one other tracer (possibly a
heavy methane).

A tentative experimental layout is shown in Fig. 6. The release point lies
within a major pollutant source area; two sampling arcs, at about 100 and 300 km
downwtnd, are west of the Appalachians, while the third arc, about 600 km down-
wind, ts on the other side of the mountains to observe the effects of transport
and dispersion over the more rugged terrain. The 45 degree sector could be
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covered with about 20 samplers on each arc. Samplers would be placed at about
4 km intervals on the first arc, 12 km intervals on the second arc and 24 km
intervals on the outer arc.

4 5
The ARL Regional Scale Transport and Diffusion Model ' was used to simu-

late a release of 100 pounds/h of PMCH over a 3 h period (1130-1430 GMT) at
Dayton, Ohio on April 11, 1977 when trajectories were in the chosen sector.
Plume travel times were about 2 h to the 100 km arc, 6 h to the 300 km arc and
15 h to the 600 km arc. Tracer concentrations were calculated for successive
6 h sampling periods beginning with the start of the release. Contours are shown
in Fig. 6 for calculated PMCH concentrations corresponding to twice the ambient
background (0.004 ppt) and 100 times background (0.2 ppt). In this simulation,
the plume is discernible from background at eight sampling sites on the 600 km
arc.

Measurements of the different tracers will be compared to establish the
reliability and precision of release, sampling and analysis techniques. The BNL
real-time continuous monitor will be flown to measure the vertical distribution
of tracer and crosswind concentration profiles. Data will be used to estimate
diffusion parameters and to test model calculations of plume transport and
dispersion.
VI. POTENTIAL APPLICATIONS

The perfluorocarbon tracer system will provide a capability, for the first
time, to perform long-range atmospheric transport and dispersion experiments,
at reasonable cost, for verification and improvement of air pollution models.
The PFT system should prove useful in other applications, for example,

1. Tracer studies of atmospheric transort and dispersion over complex
terrain;

2. Simultaneous release of several perfluorocarbons at different source
locations to determine their relative contributions to the gross pollutant burden
at locations of interest; and

3. Study of long-range pollutant transformation and deposition rates by
injection of tracer into a stack and measurement of pollutant/tracer ratios as
a function of plume travel time.
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TABLE I

COMPARATIVE DATA ON SFg AND PERFLUOROCARBONS

Tracer

Formula

Mol. Wt.

Background
(pptv)

Cost/kg

Relative
Release
Rate
(by wt.)

Relative
Cost/
Release

Sulfur-
Hexa-
fluoride

SF6

146

0.5

$7

100

1.0

Perfluoro-
Dimethyi-
cyclohexane
(PDCH)

C8F,6

400

0.02

$70

11

1.1

Perfluoro-
Methyl-
cyclohexane
(PMCH)

C 7F U

350

0.002

$70

0.9

0.09

Perfluoro-
Dimethyl-
cyclobutane
(POCB)

C6F.2

300

0.002

$70

0.8

0.08
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F1g. 5. The BATS automated sequential sampler.

F1g. 6. Model simulated 6 h snapie concentrations after release of
100 Ibs/h of PMCH over a 3 h period. Contours are drawn
at twice the background value and 100 times background.
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METHANE TRACER SYSTEM DEVELOPMENT

by
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I. INTRODUCTION
We at the Los Alamos Scientific Laboratory (LASL) have been interested in

the development of a long-range tracer system for some time. The experiments we
have done to date are shown on the top part of Fig. 1. Next in Fig. 1 are
listed current and planned experiments. We are now performing local experiments
in the Los Alamos Canyon to test our samplers, sample handling equipment and
analytical methods. We plan to expand our tests into the Grants, NM area very
soon and then in the spring of 1980 we would like to participate in the reason-
ably long-range experiment of 500-600 km. We are currently considering the
possibility of performing a very long-range experiment of perhaps global scale
in size.

In the third part of Fig. 1 are depicted some of the areas of interest for
possible applications of the heavy methanes as tracers. I will run through them
quickly. The first item includes all of the conventional uses for a tracer. We
are also interested in complex terrain behavior here also. Item 2 envisions the

13use of CD. as a conservative tracer to monitor reactions of other material in
the atmosphere, here the measurement of the OH radical concentration comes to
mind. Items 3 and 5 are similar and address problems concerned with the dynamics
of the atmosphere, particularly how H~0 is transported and how the stratosphere
and troposphere are coupled. Item 4 has to do with the fate and effects of air-
craft emission especially the higher flying long-range aircraft. Item 6 is a
speculative idea in which one would hope to monitor the flux from the interior
of the globe and could have considerable impact relative to future energy use.
The last item is self explanatory.
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II. HISTORY AND CURRENT STATUS
We initiated our research in 1973 by starting to study fully deuterated

methanes as possible tracers. George Cowan and Tony Turkevich had noted that in
13the mass spectrum of air there was essentially no peak at mass-21. Since CD4

has a mass of 21 and could be prepared at LASL it was speculated that there
might be sufficient detection sensitivity for this molecule to allow its use as
an atmospheric tracer.

In 1974, we performed our first "long-range" experiment. In that experiment
13^ 75 g of CD. were released at the Idaho National Engineering Laboratory

(INEL). We were able to detect this tracer some 2500 km downwind and the measur-
ed concentrations of the tracer agreed well with the amount predicted by po&t
$ac£o meteorological analysis.

The release location and predicted trajectories for the tracer are shown in
Fig. 2. The two trajectories depicted are those for the air masses corresponding
to the beginning and end of tracer release. The sampler stations are shown by
dots and were at National Weather Service observation stations. Sampling was
performed using cryogenic samplers on loan from the Air Force.

This initial, successful trial for CD4 was followed in 1975 by a similar
experiment at the Savannah River Laboratory (SRL). In this experiment two

13 12deuterated methanes, CD. and CD., were released for comparison with each
other and with SFg which was also released. The transport distance was, in this
case, ̂  100 km and sampling was done mainly by collecting whole air samples in
SARAN bags. A few cryogenic samplers were used as had been the case in the
previous INEL experiment.

In summary, this experiment was a success and the results are shown in Fig.
3. In this figure are shown the distributions of measured concentrations along
the selected sampling arc, in this case Interstate-95. One can see that all
three tracers show similar distribution, sharply peaked at mile 46. The width of
the distribution of the two methanes is somewhat narrower than that of the SFg.
Vo&t fiacto meteorological analysis indicated the observed plume widths were
about that to be expected under the prevailing conditions.

We demonstrated at SRL that it was possible, with only a modest release of
13 12

tracer (86 g CD. and 285 g CD.) to measure their concentrations at 100 km
travel distances and still have v^ry good signal to detection limit ratios

13(̂  150 for CD.). This compares favorably with the SFg tracer used in this
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experiment, during which, ^ 154 kg of SFg were released and resulted in a signal
to background ratio of ̂  10 at the sampling line.

One problem area discovered during this field trial was an apparent lack of
conservation between the heavy methanes and the SFg. While the two methanes
agreed well with each other they were in disagreement with SFg. Either the SFg
concentration measured at the sampling line was too high or the heavy methanes
were depleted. This problem has not been resolved to date.

Our third experiment was again at INEL (Fig. 1) and was to be a comparative
13experiment between SFg, CD-, and three new perfluorocarbon tracers. In this

experiment we had several objectives including the comparison of several types

of samplers, a new release scheme, and trial sampling at 300 km.
Several sampling arcs were included as shown in Fig. 4. Arc-A was at 3.2

km while Arcs C and D were at 50- and 90-km respectively. Samplers were also
placed at ^ 300 km at Bozeman, Billings, Lodgegrass, Sheridan, and Riverton
(See Fig. 2).

While many aspects of this undertaking were successful, the overall sampling
was detracted from by contamination problems. /'. number of sample bags, used for
sequential samples on the D-Arc and for aircraft sampling, were fabricated at
LASL and were contaminated by both SFg and the heavy methanes during manufacture.
Some of the experimental results are shown in Figs. 5-7. Here one sees a broad

13erratic distribution of CD- concentrations. The SFC distribution is smoother
•1.5 4 0

(Fig. 6) than that for '"rD. (Fig. 5). It should be pointed out that, in these
13data, the CD. is much enriched relative to SFC indicating contamination, this13would also account for the very erratic natures of the CD. data. Another

13presentation of the INEL data is shown in Fig. 7 where the CD. concentration
in a sample is plotted vs. the SFg concentration in that same sample. If both of
the tracers behaved properly with no contamination then all of the points would
be on a line with a slope of 1.00 having an intercept that is the ratio of the
amounts (volumes) of tracers released. In Fig. 7 one sees that, for the most
part, the samples are enriched in CD. compared to SFg. Furthermore, as one
moves to lower SFg concentrations the divergence becomes greater. If one
postulates a more or less fixed amount of contamination, then this divergence

would be the expected result. The results for the 300 km samples are included
in Fig. 8 and one sees here that the Bozeman sample (and perhaps the Sheridan
sample) is the only one with significant signal and the proper 20/21 ratio (3.7).
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Again po&t ^aato meteorological analysis would predict that the Bozeman sample
would be the one with positive signal.

We have looked at the contamination problem from another viewpoint also;
Fig. 9 shows the CD4 and CD4 concentrations measured in the samples collect-
ed by the aircraft. In general, higher sample numbers correspond to samples
taken farther from the release point so that the higher number samples should
be, in general, lower in concentration. The observed trend is in the opposite
direction and, in fact, the concentrations are all higher than expected.
Another interesting feature is that they all have concentrations within about
one order of magnitude while the actual sample concentrations were expected to
vary over several orders of magnitude.

The explanation would seem to be that there was a small amount of trapped
air in each bag when fabricated and that air was contaminated. The bags were
all sealed until actual sample collection so it seems unlikely that they were
contaminated after fabrication and before sample collection.

During the period from 1975 to the present LASL has been in the process of
acquiring an analytical capability for all aspects of the heavy methane system.
In November of 1978, our 2-stage mass spectrometer and gas separation line came
on-line and we began testing the facility.

We decided that to test all facets of the tracer system we would conduct
several local experiments using SFg as a comparative tracer. In preparation for
these experiments we began to study the local SFg background and to our initial
surprise we found the background very high. Figure 10 shows a map of the local
area at LASL. There is a deep, well-defined canyon running between East Road
and East Jemez Road. There had been rather extensive meteorological studies of
this canyon and it was felt that we could predict the behavior of plumes in the
canyon under nighttime drainage conditions. We sampled the SFg background for
several days at the positions marked by 41 and D on the map. Seven hour integrat-
ed backgrounds were collected by filling 30 liter SARAN bags with a small pump.
The contents of the bags were then analyzed for SFg by gas chromatographic
techniques. Those results are shown in Fig. 11. In this figure, when histogram
is at the baseline, it is indicative that no sample was taken for that period.
In any case, the average for the "41" site was about 10 ppt but a concentration
of SFg as high as 120 ppt was measured on one occasion. The "D" Site generally
recorded lower concentrations averaging ^ 3 ppt but again high levels were
observed on some occasions. Incidentally, we perform the SFg-analysis at the
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site marked by 48 and have monitored the background for SFfi there also. At that

site we often see very high concentrations of SF, and on at least one occasion

have observed 5000 ppt at this site.

We checked into the consumption of SF, by LASL and the State of NM as a

whole and found that the state uses ^ 50-75 tons of SFg per year while LASL uses

^ 25 tons. With this level of consumption, it is relatively easy to explain the

observed high-level backgrounds.

These high backgrounds make it difficult to use SFg as a tracer at LASL and

we went ahead anyway and planned short range experiments. Shown in Fig. 12 are

some of the parameters used in the planning of the experiment. The initial

parameters were based on the previously observed typical meteorological condi-

tions while the final column contains the "after the fact" best guesses. The

main differences between the initial and final parameters are in the wind velo-

city and mixing depth. One can see that, using the final parameters we predict-

ed the measured concentrations to within a factor of 4. This is probably about

as close as could be expected considering the relatively crude box model used.

The results of this first local experiment are shown in Fig. 13. I have
13

plotted the SFg concentration and the CD4 concentration vs sample number. The

samples were collected as a function of time with each sample being collected

for 30 min. so that the sample number axis is equivalent to a time axis. The

samples were collected by pumping up 50 liter SARAN bags and all samples were

collected at one location (Site C in Fig. 10). The tracer release was made at

Site R (Fig. 10) and the transit distance from release to sampling was about

6 km.

We had designed the experiment to give concentrations of CD. similar to

those to be expected in a much longer range experiment.

In the case of the SFg tracer, we used enough so that the expected concen-

tration in the samples would be well above the average background. (We expected

^ 200 ppt vs. ̂  30 ppt average bkg). In fact, we were very lucky in this experi-

ment as the background for SFg, as indicated by samples C-l, C-10, and C-ll, was

less than ^ 2 ppt.
13One can see from Fig. 13 that the CD^ and SFg tracked each other, in

time, very well. We also collected an integrated bag sample, but we really

started it late with respect to the plume arrival time.

The data from this experiment are displayed in another manner in Fig. 14.

This plot is similar to that in Fig. 7 and shows the relationship of the
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13CD^ concentration 1n a sample to that of the SFg in the same sample. In this

plot no background has been subtracted, so the samples at low SFC concentration

will be perturbed from the release line as shown by C-1 and C-10 + C-ll. The

higher concentration samples show good agreement with the expected ratio from

the release.

In this experiment we feel we have shown that, over the short transport

distance involved for the concentrations used in the experiment, the CD. and

SFC are conservative relative to each other. Furthermore, we feel that there iso
no evidence for sample contamination at any phase in the experiment.

We have also performed a second experiment which was similar to the first.

In this experiment we released twice as much tracer to help overcome an intially

high SFg background and to extend the range of sample concentrations. We also

sampled at more frequent intervals (15 min vs. 30 min) to try to delineate the

plume more accurately.
13At this time we have no results from the CD^ analysis, but Fig. 15 shows

the results for SFg. We believe that the peak centered around sample C-4 is

actually residual or background material in the canyon and therefore will have

no CD. associated with it. The peak at C-8 is that associated vnth our tracer
13release and will have CD. that tracks the SFg. In this experiment we expected

^ 3x the SFfi signal measured in the first experiment and indeed observed that

result.

The data in Fig. 16 compare the results from the two experiments and, in
13general, they were very similar. We believe the CD. results will confirm this.

In this second experiment we also tried to compare bag samplers with evac-

uated tank samplers and to compare the sequential samples with an integrated bag

sample. These results are showr. for SFg in Fig. 17. The integrated average

calculated from the sequential bags agrees very well with the average measured in

the integrated bag. The agreement with the tank is not as good but is still

within 10%. We don't have any explanation for this difference at this time. We

have compared the evacuated tank with an integrated bag at a distance of ̂  8.8

km (position D, Fig. 10) and the agreement for these two samplers is excellent.

To summarize then, in the second experiment, we have repeated the first

experiment with better sampling time resolution and three times larger sample

concentration range. We have demonstrated that the integrated samples agree with

the aggregate of the sequential samples for SFg and that the evacuated tank

samplers agree with bag samplers (again, we only have SFg data as yet).
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I will now turn attention to the analytical scheme. Briefly, we analyze

whole air samples for CD4 as follows; first, we extract methane from the air

sample (10-50 liter) using chromatographic techniques. The bulk of this methane

is naturally occurring CH. which is present in the atmosphere at a concentration
13of about 1.5 ppm. The natural methane serves as a carrier for the CD. and, in

most cases, we add 0.5 to 1.0 cc of additional CH. to increase the amount of

carrier in the separation step. The separated methane is then analyzed via mass

spectrometry to determine the ratios of CD, and CD. to CH.. From these

ratios and a knowledge of the CH. concentration in the sample we calculate the

mixing ratio of CD^ and CD..

We can estimate the limits of this analytical procedure and that estimate

is displayed in Fig. 18. We can currently extract a beam of ^ 10 ions/sec of

CH.. This corresponds to a total CH- beam of ^ 3 x 10 ions/sec if we take

into account cracking in the ion source. Using an estimate of the requisite
13measurement time we can calculate, that a total of 6 x 10 CH. ions are needed.

17From this we expect to need ^ 6 x 10 molecules of methane by taking an estimate

of the source efficiency into account. Doubling this figure to allow for setup
18and handling we find we need M O molecules of CH, for the analysis; this

corresponds to ^ 0.04 cc NTP. Using a value of 1.5 ppm for the natural abun-

dance of CH4 we then calculate we need about 20 liter of air to provide the 0.04

cc of CH., This is about the size of the typical sample we now collect. Our
-12current detection limit for 21/16 is about 5 x 10 so that the minimum detect-

13 18

able amount of CD. would be ^ 8 x 10 if we could perform the analysis with

no additional methane over that occurring naturally. However, as I mentioned

earlier we now add ^ 2 cc of normal methane to each sample and this effectively

raises the minimum detectable quantity of CD. to 5 x 10" in air. We hope, in

the future, to be able to perform the analysis without the use of additional

methane and this will improve our sensitivity about a factor of 100.
12We currently have difficulty analyzing for CD. because of interference

from various species of heavy water. Some of the possible interfering species

near mass 20 and mass 21 are shown in Fig. 19. Here the binding energy, A, in

MeV is shown on the horizontal axis. This scale is proportional to mass and 10

MeV of mass defect corresponds to 0 0107 amu. For the mass-20 case, H 90
1 8,

D^O, and H~DO all contribute to the background at mass-20. HF is also a

possible contributor. We are pursuing methods of lowering the background due to

these species, but currently our minimum detectible 20/16 ratio is about 10
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III. SUMMARY
12 13The use of CD- and CD. as long range tracers for atmospheric studies

has been demonstrated in several field experiments (Fig. 1). We at LASL have

procured and developed a complete analytical scheme for these tracers as well as

for the traditional tracer, SFg. Local experiments at LASL have shown that the

deutrated methanes are conservative relative to SF, over 10 km ranges and that

currently used sampling schemes can yield reliable information. We are upgrad-
12 13ing our analytical methods to improve sensitivity to CD. and CD.. We

13 -16 12
currently can measure CD. at the 5 x 10" level in air and CD. at the

-145 x 10 level. We believe we can lower these limits by a factor of greater
than 100 with further development.

In addition to the experiments described, we plan a larger scale experi-

ment to study drainage in the Grants, NM area to assess impacts of uranium

mining and milling. In about one year (summer, 1980) we plan a long range

(500-600 km) cooperative experiment to compare the methanes with several other

tracers, including SFg.
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3.

INEL 1974 2500 km
SRL 1975 100 In

INEL 1977 3, 50, 90
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3.
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500 lot Spring '60
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4.
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Transport and Diffusion
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1 T
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Stratospheric - Tropospheric Exchange

A1r Corridor Problems

Mixing Through ITCZ
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6. Earth Flux of CH(

7. New Analytical Techniques

Fig. 1. Methane Trac«r System Development.
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F1g. 2. 1 3CD 4 Tracer Experiment, INEL 1974.
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Fig. 10. Local area map
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SPECULATIONS CONCERNING FUTURE TECHNIQUES FOR

MEASURING HEAVY METHANE TRACERS

by

Anthony Turkevich
Enrico Fermi Institute and Chemistry Department

University of Chicago
Chicago, Illinois 60637

The purpose of this talk is to speculate on new techniques for analyzing
for heavy methanes with the object of optimizing their potential as meteoro-
logical tracers on a continental or global scale. By heavy methanes are meant

12molecules of CH. in which the carbon and hydrogen have been substituted by
13 2 3heavier isotopes (e.g., C and H-j = D or H = T). The potential of these

molecules as tracers is illustrated by the observed background of methane-21
13 -17
( CD. = Me-21) in the atmosphere being less than 10" molecules per molecule
of air. This background is much lower than that established for any other pro-
posed stable atmospheric tracer. Thus, at the same dilution and the same signal
to background ratio, two orders of magnitude less Me-21 can be used than with any
other known stable tracer.

13 12The existence of several isotopic species of methane (e.g., CD., CD-,12 H •*
CD3T) leads to the possibility of using several tracers in the same meteoro-

logical experiment. This can be utilized at first to increase confidence in the
results, and later, to extend the information obtained from one experiment. Such
a procedure is important in experiments where sample collection represents an
important ingredient logistically and cost-wise. An example of such a use of
multiple tracers was the Savannah River experiment of 1977, when Me-21 and Me-20
( CD.) were released at slightly different locations and sampled by the same

2network.
The full potential of heavy methanes as atmosphere tracers might be made

even more attractive by improvements in several aspects of the sample collection
«nd analysis procedures. At present these involve isolation of a methane frac-
tion from a sample of air and analysis in a mass spectrometer to determine, for

18
example, the mass 21/16 abundance ratio. At a tracer dilution of 10 in air,
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this ratio in the isolated methane is around lO"^. in this paper there will be

discussed several techniques that might be developed to make possible a more

extensive or practical use of isotopically substituted methanes as atmospheric

tracers.

An ideal technique would enable the isotopic methanes to be determined in

the field by automatic means, preferably without physical or chemical concentra-

tion. Since, at the large dilutions being considered, spatial resolutions of

less than one km are not needed, long path length laser infra-red techniques
18suggest themselves. At a concentration of 10" , there are less than 100 mole-

3
cules per cm at sea level. In addition, for a complex molecule such as methane,
the distribution of molecules among many vibration-rotation levels at room temp-

erature and the pressure broadening, would decrease the theoretical sensitivity
13 12of such techniques. Finally, in some cases, such as CD. and CD., the centers

of the vibrational absorption are only about 20 cm"' apart for the two molecules.

This, too, is not encouraging for the prospect of development of in-situ laser

techniques. On the other hand, laser techniques are developing so rapidly that

these in-situ analysis methods should be continually re-examined as new ideas

show themselves.

The situation with regard to laser techniques is significantly different if

one considers the analysis of a methane sample that has already been separated

from the air. At present, mass spectrometric techniques are used to analyze such

a sample. Their sensitivity is limited by statistics and, particularly at mass

locations other than 21, by the presence of other molecular species, as well as

by scattered ions in the mass spectrometer.

The opto-acoustic technique is one way in which laser analysis might be

performed on such a sample. In this technique, the presence of repetitive acous-

tical signals induced by repetitive laser pulses of the correct frequency are

used to determine the amount of a substance. This technique has been used, for

example, to analyze for NO in the stratosphere, where it had a sensitivity of
9 -2

M O molecules cm . In the laboratory, using more powerful lasers, the sensi-

tivity could be improved, even though the absorption coefficient of methanes is

smaller than that of NO.
3 -12

In the case of 1 cm at standard conditions of methane containing 10 of
7 2

Me-21, there would be a 2.4 x 10 molecules of Me-21. A 0.1 cm cross-section
container would bring the absorption into the right range. Working at 100°K
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would sharpen the absorption lines and put a large fraction of the molecules in
the ground state, as well as tend to decrease the effects of thermal noise.

Table I lists the positions of infra-red absorption of some isotopically
substituted methane molecules. It is clear that the molecules with different
numbers of deuterium should be easily distinguishable. This is also true for
molecules in which tritium has been substituted. On the other hand, the differ-

73 12
ences between molecules having C instead of C are relatively small. In the

12 -1
case of CD. this difference is less than 20 cm . Again, working at lower
temperatures would decrease the probability of overlap of lines as well as
increase the sensitivity.

Just as in the case of the mass spectrometric technique, there may well be
interferences from impurities at the extreme levels of sensitivity being consider-
ed. However, these should affect different isotopic methane in different ways
than in mass spectroscopic measurements. In addition, the two mass 21 methanes
13 12CD4 and CD,T, not resolvable in the mass spectrometer, would have infra-red
absorption in quite different regions of the spectrum.

This discussion neglects many practical considerations. It is meant pri-
marily to illustrate a possible application of a particular laser technique to
analysis of methane samples for isotopically substituted components. It adds
the possibility of nondestructive analysis at high sensitivity for several com-
ponents in the same sample, and may be more suitable for automated procedures
than high sensitivity mass spectrometry.

Another laser technique that might be developed for analysis of minute
amounts of isotopically substituted methanes in an isolated methane sample is
based on the single atom detection technique recently developed by Hurst, et al .
The application to the present problem is illustrated by the following steps.

n hv + 1 3CD 4 - 1 3 C D 4 * (1)

1 3CD 4* + M — - 1 3 C D 4 + M+ + e' (2)

e" initiates a proportional counter pulse (3)

Step 1) is a multi-photon absorption of a high intensity laser beam tuned to
the correct frequency of the isotopically substituted methane. The sample would
be cooled to enhance the absorption probability as well as the selectivity of the
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absorption. The sample would be contained in a proportional counter with the
high voltage turned off.

Step 2) requires the presence of a species, M, that has a lower ionization
13 *potential than CD. , and is not itself ionized by the laser pulse.

Step 3) is initiated by the application of a high voltage to the counter
wire immediately after the laser pulse. The initiation of a proportional count-
er pulse would indicate the presence of an electron resulting from steps 1)
and 2).

Candidates for the species M are not known at present, nor are the efficien-
cies that might be achieved for steps 1) and 2); Step 3) should have a high
efficiency. Since the method is in principle nondestructive, low efficiencies
per laser pulse might be acceptable, and the same sample could be used for
repetitive analyses and for analysis for different isotopic methanes.

The third technique of analysis of isotopically substituted methanes that
will be discussed here is based on recent developments using accelerators to
determine with extreme sensitivity the presence of minor components in a mixture.
This technique was recently described by Muller , although it has been applied
for special situations by Alvarez much earlier. The technique depends on the
use of an accelerator to produce multi-MeV ions and then discriminating between
different ions of the same charge to mass ratio by special detection techniques.
If a resonant type accelerator such as cyclotron is used, the mass resolution is
already comparable to, or better than that of a conventional mass spectrograph,
AM A.

-or < 3 x 10" , and the detector scheme can make the further discrimination.
Using this technique searches have been made for isotopes of hydrogen heavier
than mass 3 down to the 10" level . It has also already been used to determine
14C/12C ratios6 down to 3 x 10"16, and T/D down5 to 3 x 10"14. For light radio-
active nuclides with half lives greater than 10 years this technique appears to
be more sensitive than measurement of the radioactivity, and uses smaller
samples. It is, however, destructive.

In the case of the methanes, one is limited to the acceleration of singly
charged positive ions (methane is thought to have negligible electron affinity,
and doubly ionized CH- probably falls apart). This precludes the use of tandem
van de Graafs. In an accelerator such as the Berkeley 88" cyclotron use of high
harmonics of the radio frequency should produce ^ 8 MeV CH4 or about 0.5 MeV/amu.

If present accelerators could be adapted (or special purpose machines built),
tuned to M/e = 16-25, and used to accelerate singly charged methane molecules to
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0.4 - 1.0 MeV/amu, detector techniques could then be used to measure the minute
amounts of isotopically substituted methanes in the presence of 10 - 10
times as many ordinary, mass 16, methanes. This technique has the advantage
over ordinary mass spectroscopy of being able to distinguish between methanes of
the same total mass number but different isotopic constitution. A schematic
experimental procedure for doing this is shown in Fig. 1.

The first part of the detector system is a foil thick enough to stop the
heavy constituent (e.g., C or N) of the accelerated molecular species. The
detector system, (2, 3), is used to identify the more penetrating hydrogen
species (D or T); the anti-coincidence detector, #4, is used to lower the back-
ground.

As an illustration of the potentialities of this technique, we will consid-
er some of the possible singly positively charged species with mass number 21
(Table II). The list includes seven methane molecules with different combina-

12 13 19 21
tions of C, C, H, D, and T. Also present are ammonia, water, FD, and Ne
species-a total of 17. Column 2 of this table lists the fractional mass dif-

13
ferences of the species from the mass of CD^. It is expected that a resonant
accelerator (or a good mass spectrometer) will separate those species with -n-
greater than 3 x 10" . There are still left five isotopically substitute
methanes which differ in mass by less than this amount. These are listed in
Table III. They include, besides 13CD., the species 12CD,T, 12CHD,T, 12CHDT9,

14 i c e .
and CHD,. These might be of interest in their own right, as well as possibly

13contributing a background to a measurement of CD. that depended solely on mass
resolution.

All five methane species will impinge on the gold foil (#1) of Fig. 1 with
the same energy. In the present illustration, it is assumed that the accelera-
tor is operated at the 0.4 MeV/amu mode, and thus the total energy of all the
molecular ions is ^ 8.4 MeV. The different atomic species making up a molecule
will all have the same velocity at this point, but, therefore, different ener-
gies. These are indicated in column 4 of Table III.

Under these conditions, a 6.0 mg cm" gold foil will stop not only the
heavy element, but also the mass -1 hydrogen. The residual energy of the
deuterons and tritons that get through (as well as the number of these per inci-
dent molecular ion) are Indicated in column 5.

The deuterons and tritons have different energies at this point as well as
different energy losses. They can be distinguished by both the energy
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deposited in the thin detector (#2) and/or by the energy deposited in detector
#3. Both these detectors should be able to distinguish energy deposition with a
resolution of less than 100 keV.

Table III illustrates the use of an accelerator combined with a detector
system of the type illustrated in Fig. 1 to determine the amount of isotopically
substituted methanes present in minute amounts with a discrimination adequate to
separate all of the possible isotopic species with the same number.

If the sensitivity that has been achieved with accelerator techniques appli-
ed to radioactive atoms can be achieved with accelerated singly charged methane
molecules, this technique should be at least comparable in sensitivity to radio-

14active measurement of C and T containing methanes. It would be more specific
in identifying the particular molecular species involved and would probably
require smaller samples.

Needless to say, this discussion has neglected practical consideration of
the availability of suitable accelerators, source development, or operation at
energies of acceleration of the molecular species. It is meant to encourage
further investigations of the potentialities of this technique in analyses of
isotopically substituted methanes.
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TABLE I

SOME INFRA-RED ABSORPTION FEATURES

OF DEUTERATED METHANES

(proainent bands a t frequencies less than 1600cn )

"°¥>2

1305

1157
1305

1030
10B7
1234

1001
1031
1288

995

1011

1
£ Mostly from Hark M. Rochkind. (1968) "Quanti tat ive Infra-Red Analysis o f
£ J Mixtures o f Isotopica l ly Labelled Gases". Analyt ical Cheaistry. 40 762-768.

TABLE I I

SOW EXAMPLES OF MUSS - 27 SPECIES

Species

12CHOT2

« C 0 3 T

" %

»CHO2T

°»3

*NHT,

160DT

17,OHT
17»

"OHO

19,FO

1

-2.8

-0.7

-4.1

-2.1

0

-5.1

•3.0

-8.0

-5.9

•10.3

-K.S

-17.5

-17.5

-18.4

-22.5

-31.4

Tht ^ values ere relative to that of 13C0..



TABLE til

BEHAVIOR OF SOME ACCELERATED (0.40 HeV/amu) METHANE SPECIES

IN DETECTOR CONFIGURATION OF FIGURE 1

Energy of Atomic Species tn HeV/Part1c1e

Accelertted AH

MoltcuUr ~*
Sutcies x 10

CH* 0

12CD3T -0.7

I3CHD2T -2.1

l2CH0T2 -2.8

*CHD3 -3.0

Atomic
Species

»C
^ ( 4 )

l2C

*H(2)
'H

" H
'H

*H(2)
'H

12C

'H
2H
3H(2)

»C

At Entrance

to Detector

System

5.20
0.80(4}

8.40

4.80
0.80(3)
1.20
8.40

5.20
0.40

0.80(2)
1.20
8.40

4.80

0.40
0.80
1.20(2)
8.40

5.60

0.40
0.80(3)
8.40

After 6.0

mg cm"2

Air fo i l #1

0.192(4)

0.768

0.192(3)
0.615

1.191

_^

-~

0.192(2)
0.615
0.999

„

- .
0.192

0.615(2)
1.422

._

—

0J9K3)
0.576

Deposited in
0.3 ng cm"2

Hi detector #2

0.118(4)
0.472

„

0.118(3)
0.192

0.546

—

0.118(2)

0.192
0.428

__

. .

0.118
0.192(2)
0.502

0.118(3)
0.354

Residue
Deposited In
Detector 13

0.074(4)

0.296

_

0.074(3)
0.423

0.645

- .

0.074(2)
0.423
0.571

0.074
0.423(2)
0.920

0.074(3)
0.222
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BEAM

Fig. 1. Components of a detector system to distinguish between accelerated
(̂  0.40 MeV/amu) methanes of the same mass number.

V

1. Stopping foil for heavy ions (C, N, 0). ^6.0 mg cm Au
jr O

2. Thin ^-detector (e.g. ^ . 3 mg cm" gas)dx
3. Thick AE detector (*v2.0 mg cm"
4. Anti-coincidence detector

silicon)

An acceptable event is one in correct time with the accelerator pulse,
anti-coincident with detector #4, and in coincidence and with correct energy
deposition in detectors #2 and #3 (see text and Table III).
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ATMOSPHERIC TRACING OF PARTICULATES

by

P. W. Krey and N. Latner
Environmental Measurements Laboratory

New York, New York 10014

I. INTRODUCTION
I am going to talk about a possible solution to a vexing problem. Depend-

ing on many administrative and other nonscientific reasons, we may not fully
pursue the study. But 1n what I perceive to be the spirit to this workshop, I
would like to offer some of our thoughts on particle tracing and some pre-
liminary plans for your review and possible stimulation.

It 1s clear that aerosols are an important factor in the assessment of
health effects of air pollution. Much arm waving has occurred in modelling the
the atmospheric transport of aerosols especially in estimating the amount of
material removed by dry deposition.

Earliest estimates, recalling the behavior of nuclear weapons' fallout,
suggested a deposition velocity for < 1 ym diameter particles of 0.1 cm/sec.
More recent studies, using eddy correlation techniques, have measured deposition

2
velocities for submicrometer particles of 0.5 to 1 cm/sec. These later values
are equivalent to the deposition velocity of reactive gases such as SOg and 0,.
The caveat Is usually added in these studies that additional research is needed.
II. EXPERIMENTAL PLAN

Our basic approach to this problem is that in the absence of precipitation,
changes 1n the relative concentration of a particle tracer and an ideal gas
tracer In a plume 1s due only to dry deposition of the particles. This concept
1s not new, but there are a few innovations in our proposed application of it.

We propose to continuously release over several hours known concentrations
of tracer gas and tracer particles. We will measure the integrated concentra-
tions with height during the plume's passage of both the gas tracer and particle
tracer at several distances downwind from the release point on the order of
tens to perhaps 100 km. From the record of a real time sensor for the gas
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tracer and/or from wind data, we can estimate the elapsed time (t) from release
3

to arrival at each sampling station. Then the net loss of particles per cm at
each sampling altitude since release (L.) is:

where
3

P. = concentration of tracer particles, number per ambient cm
3F. = concentration of tracer gas, moles per ambient cm

(y) = the concentration ratio at release.

The first term on the right hand side of Eq. (1) makes use of the double
tracer concept and essentially represents the particle concentration as if there
were no dry deposition losses. By subtracting the measured particle concentra-

3
tion, we obtain the net loss per cm due to dry deposition.

If we sum L. from 1 cm to the altitude h where there were no particle
1 /P\ /P\losses, that is where J -H = I -r\ » we obtain the total column loss of particles

per cm from the plume since the release:

1 * 1 - 1 ' I © - pi

Dividing Eq. (2) by the elapsed time t provides the mean flux of particles
R. through the lowest altitude increment to the surface.

(3)

The more general term for the flux at any altitude is:

h

1 F ( ) P (4)
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And finally the vertical deposition velocity V.d. is the flux divided by
the concentration:

h
1

1 i

III. TRACERS AND SAMPLERS
The gas tracer for this experiment will be one of the perfluorocarbons,

probably perfluoromonomethylcyclohexane (PMCH). We will probably conduct our
initial experiments on a noninterference basis with an independently planned
atmospheric tracing study. For a separate study, we could release about 230 kg
of PMCH over several hours and measure concentrations in the pi/I range at 100
km. The gas tracer can be adsorbed on activated charcoal, desorbed in the
laboratory and measured by gas chromatography-electron capture techniques at
concentrations as low as fl/1 (femto liters/liter).

The particle tracer is on less sure ground. We hope to use prepared sub-
micrometer particles (perhaps resin) spiked with Li. For detection of these
spiked particles we hope to use the Lexan star technique. Li has a very large
n, a cross section, and the resultant alpha particles cause damage tracks in a
suitable polycarbonate material like Lexan. Preliminary calculations suggest

jce
J5

that a submicrometer particle containing 10" g of Li will produce a cluster

or star of about 10 tracks when exposed to a neutron fluence of 10
We suspect that the analytical precision required for this experiment will

be about ±5%. The analytical method for the gas tracer should meet that
requirement. To satisfy this precision for the particle tracer at 100 km, about

1210 submicrometer particles/sec will have to be generated at the release point.
For a 0.5 \xm resin particle this corresponds to about 250 g of resin aerosolized
per hour. There is at least one commercially available aerosol generator that
may be suitable for this release rate but we lack hands-on experience.

The sampling platform that we propose is somewhat unusual. It is a 3 m
tethered balloon capable of attaining 1 km altitude with a 1 kg payload. A big
advantage of this balloon is that it requires no Federal Aviation Agency approv-
al to launch other than notification to local offices and probably airports.
Standard meteorological sensors are available so that soundings at the sampling
station can be made prior to and after a sampling launch.
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The air sampler that will be used is a small battery operated device shown
in Fig. 1. It has an electronically stabilized flow rate of 600 ml/min at 760
mm Hg and 20°C through a 25 mm Millipore filter with a 0.45 ym pore size. This
flow rate varied by only ±3.4% over the temperature range -21 to 43°C (-5 to
110 F). The sampler was designed at Environmental Measurements Laboratory (EML)
with special emphasis on making it as light weight as possible. Its dimensions
are 7 cm x 8 cm x 10 cm high and its total mass including an alkaline battery
is 230 grams. The activated charcoal, perhaps as little as 150 ing, can be
placed behind the filter to trap the PMCH gas tracer.

Because of payload-altitude limitations four samplers will be attached to
the tether line during a balloon flight. Therefore, the concentrations at 4
altitudes up to a maximum of 1 km plus the surface value can be determined at
each sampling station. The electronic circuitry also allows for a delay before
sampling begins so that the balloon can reach altitude before the sampler turns
on. At present the sampling interval is 90 minutes, although an increase by a
factor of 7 using Li batteries is possible.
IV. ADVANTAGES

Some of the advantages of this approach are:
1. The sampling techniques are simple and economical.
2. The great sensitivity of the analytical methods permits the technique

to be applied over relatively long periods of time thereby allowing small fluxes
to operate sufficiently to produce observable effects.

3. The precision of the sampling and analysis will be about ±5% which
should be sufficient to detect the changes in the tracer concentrations expected.
For example, Draxler used a diffusion - deposition scheme to estimate plume
losses due to dry deposition. Using his results for neutral atmospheric
stability, an elapsed time of 10 h, and a deposition velocity of 0.1 cm/sec,
we estimate that the (y\ at the surface will be 30% less than ip-J . The total

plume after 10 h will contain 90% of the particles injected at the release
point. For a deposition velocity of 0.3 cm/sec, (^) at the surface will

decrease to 60% of {£•] and the particle burden of the plume will be reduced to
\ /o

77%. We believe that such values are resolvable by our analytical techniques.
4. The method provides mean fluxes over a long fetch of terrain which

should reflect real world conditions.
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5. The double tracer technique may eliminate the need for extensive
three dimensional cross plume sampling to estimate the total plume inventory of
particles. The difference between this in 'entory and the quantity of particles
injected is usually correlated to the total flux from the plume. Our estimates
of flux and deposition velocity are certainly relevant to the downwind section
of the plume sampled. If that section can be considered representative of the
entire plume, then these estimates can be applied to the entire plume.

6. The method can be applied to a number of regimes of interest (desert,
grassland, forest, city, lake, ocean), under a number of meteorological
conditions, and for various particle sizes.

7. Although this point may be controversial, I believe that the method
will accommodate some wind shear especially if the sampling interval coincides
with the passage of the major portion of the plume.
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POSSIBLE USE OF 1 3 C 1 8 0 2 AS AN ATMOSPHERIC TRACER

by

Thomas R. Mills
Chemistry and Nuclear Chemistry Division

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

I. INTRODUCTION
As is evidenced by a number of other papers presented at this meeting,

13CD- shows significant promise as an atmospheric tracer material. What this
paper presents is the possibility of using another multiply-labeled stable

13 18isotopic compound, namely C O2, as an atmospheric tracer and to discuss some
of its features and limitations.

13 18No experiments have been done using C 0? as an actual atmospheric
tracer; however, Max Goldblatt and B. B. Mclnteer of the Los Alamos Scientific
Laboratory Chemistry and Nuclear Chemistry Group-4 (CNC-4) have been granted
a patent for this particular use of multiply-labeled compounds, and results of
supporting laboratory experiments are included in the patent. Much of the body
of this paper is drawn from the patent description.
II. PROPOSED TRACER

13 18The naturally occurring abundances of C and 0 are about 1% and 0.2%
13 18respectively. It follows that the natural abundance of C 09 in carbon

dioxide is (0.01) (0.002) (0.002) = 4 x 10 . If variations of 1% of IJC 0 2

in carbon dioxide are detectable, then the detection limit in CO- is 4 x
in -4

10" . In the atmosphere the abundance of carbon dioxide is about 3 x 10 ,
13thus pure triply-labeled C0« could be detected at a level of about 1 x 10

This dilution corresponds to 100 STP cm of tracer mixed uniformly in a cubic
kilometer of air.

Several features of C 0« would make its use as a tracer attractive.
(1) It is already present in air, thus a tracer experiment would not add a
foreign constituent to the atmosphere. (2) Carbon dioxide can be easily
separated from air by cryogenic means for isotopic analyses of samples.
(3) The multiply-labeled carbon dioxide would not persist for extremely long
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times in an area so as to preclude repetition of experiments. Isotopic
exchange of the oxygens with water vapor will return the concentration of the
tracer to natural abundance at a rate dependent upon humidity.
III. PRODUCTION AND AVAILABILITY

The stable isotope program (ICONs) of the*Los Alamos Scientific Laboratory
is the largest source worldwide for the individual separated stable isotopes

13 18 13
required for C 0o. The annual production capacity of ICONs is 20 kg of C

18at 99% enrichment and 13 kg of 0 at 98% enrichment; however, up to half the13C capacity is needed for current useage. The maximum amount of triply-labeled
1 -3 "I Q

tracer which could be made would be about 35 kg of C O . annually.
Triply-labeled carbon dioxide has been produced for various LASL uses by

the following reactions:
1.

2.

3.

13C0

Cu +

4Cu18

+ H

15N

0 +

1

18€

13{

Ru cat . 1

- Cu180

; H 4 — 4Cu

3CH4 +

+ 1/2

+
 13C

H20

1 5 N 2

\
These reactions have been used at the multihundred gram batch size for a variety
of isotopically labeled products, and kilogram size batches would require a
minimal amount of scaling changes for production.
IV. ISOTOPIC EXCHANGE RATE

13 18Since it is recognized that C 02 will exchange isotopes with atmospheric
water, the exchange rate must be known to evaluate the results of an actual
tracer experiment. Exchange rate measurements were made by injecting a small

13 18amount of C 0o into an air-tight box and monitoring the carbon dioxide
<- 1

masses 44 and 49 as a function of time,
For each run five STP cm of carbon dioxide containing 77% C 0 o was

3injected into a 16 m box of air at 580 mmHg and 25PC. The air was stirred for
a few minutes following the injection. Samples were withdrawn at various times
and the contained carbon dioxide was cryogenically separated from the air and
analyzed in a mass spectrometer.

Initial and final ratios of masses 49 to 44 are given in Table I for three
experimental runs. As would be expected, the humidity greatly affects the

12 16isotopic exchange rate. Other experiments with mixtures of C 0 9 and
TO TO ^ ]

C 0 2 indicated that the oxygens exchange very slowly when the gas is dry.
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Depending upon the sensitivity of analytical techniques, the mass 49 C02

could be detected for periods as long as 1000 hours even under conditions such
as in Run 3.
V. AUTOMATED ANALYSES

B. B. Mclnteer of LASL has developed an automated isotope ratio mass
spectrometer system capable of analyzing up to 40,000 samples per year. Pre-
sently the system is being used for nitrogen isotope measurements in nitrogen
gas generated from agricultural samples, but the automated spectrometer will be
later adapted to analyze carbon Isotope ratios in carbon dioxide from breath
samples for clinical metabolic studies.

The system uses a Nuclide 3-60-RMS isotope ratio mass spectrometer along
with special low-volume valves and other hardware developed by CNC-4. Hewlett-
Packard equipment is used for measurement and control of the system. Features
of the automated system include very small samples (25 yg of N), a wet chemistry
conversion of ammonium sulfate to nitrogen, separation of the gas from solution
via cryogenic means, automated data collection, and automated mechanical handl-
ing sample containers.

While exhaled breath and air have significantly different levels of carbon
dioxide and water vapor, the techniques for extracting the carbon dioxide from
tha sample would be similar. The capability of analyzing small samples is
quite desirable from a sample collection standpoint. It is expected that the
required sample size of air for analysis would be 15 STP cm containing 10 yg
of (XL and that 300 samples per day could be analyzed.
VI. CONCLUSION

A multiply-labeled stable isotope tracer gas ( C 02) is suggested as a
possible atmospheric tracer. The production capacity exists to produce kilogram
quantities of the material, and techniques are being developed for automated
isotopic ratio analyses of carbon dioxide in breath (and possibly air).
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Run

1

1

2

2

3

3

TABLE I

ISOTOPIC EXCHANGE RATE OF 1 3 C 1 8 0 2 AS A FUNCTION OF HUMIDITY

Time
hr

0.15

21.6

0.05

21.8

0.05

28.1

Relative
Humidity

7.

33

33

80

74

95

95

mass 44/mass 49

7.98

7.66

6.61

5.25

8.16

4.01

x 10"4

x 10~4

x 10"4

x 10"4

x 10"4

x 10"4

Halflife
hr

330

81

26.5
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ISOTOPIC TRACER MEASUREMENTS BY INTERMEDIATE RANGE MASS SPECTROMETRY

by

D. J. Frank
Chemistry and Nuclear Chemistry Division

Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

During the past year group CNC-11 has acquired the analytical capability
necessary to separate small quantities of methane from atmospheric air samples

13 12and the subsequent measurement of the CD./C H. isotopic ratio of these
samples. The samples in question consist of ^ 30 liters of whole air collected
by various means, which will not be discussed in this paper.
I. SEPARATION SYSTEM

The system used at the Los Alamos Scientific Laboratory (LASL) for the
separation and purification of methane from whole air samples is based on systems
originally developed at Airco, Inc., Murray Hill, NJ. This system (see Fig. 1)
was designed to quantitatively separate and purify 0.5 to 3 cc of methane from
approximately 20-30 liters of air which have been collected in the field. This

3
corresponds to separation factors of 20-30 x 10 . Since the average atmospheric
concentration of methane is 1.5 ppm by volume, it is therefore necessary to spike
the field collected samples with normal (12CH4) methane in order to have ade-
quate volumes of methane to handle in the separation system. The samples
received in the laboratory then consist of 20-30 liters of air containing
0.5-3 cc CH4.

The system which was designed and built at LASL is a chromatographic pro-
cess which has been modified by the addition of prepurification traps in order
to achieve the large separation factors required. The modifications include a
moisture trap and a preconcentrator trap.

The moisture trap (for removal of water vapor and C02) consists of a 5 ft
coil of copper tubing, 1/4" O.D., with 1 in. of 3/8" O.D. copper tubing silver
soldered at the end of the column.. The entire trap is packed with Cu-wool. The
ends of the trap are then covered with 200 mesh stainless steel sieve cloth to
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prevent the packing material from blowing through the column. All joints are
silver soldered.

The preconcentrator trap (for the initial separation of CH4 from air)
consists of 10 cc of activated charcoal (40-60 mesh) packed in %" of h" O.D.
copper tubing. The ends of the trap are covered with 200 mesh stainless steel
sieve cloth and all connections are silver soldered. It is important that all
joints be silver soldered as opposed to soft soldered because of the increased
mechanical strength of silver solder and its ability to withstand large thermal
stresses.

The chromatographic column consists of 25 ft of h" O.D. cu tubing which is
packed with 5A molecular sieve (40-60 mesh). Again the ends of the column are
covered with 200 mesh sieve cloth and all joints are silver soldered.

The separation and purification of a whole air sample consists first of
flowing the air through the moisture trap and the preconcentrator at 1 liter/
min. During this step the moisture trap is maintained at a temperature of -97°C
using a mixture of methyl alcohol and liquid nitrogen. The preconcentrator is
cooled to liquid argon temperatures. During this step the methane is separated
from the bulk of the air by adsorption onto charcoal.

Because of the reduced atmospheric pressure at 7000 ft in our laboratory,
nitrogen and argon boil at lower temperatures than at sea level. It is there-
fore necessary to reduce to internal pressures of the preconcentrator in order
to prevent the formation of liquid oxygen in the trap. This has been effect-
ively accomplished by attaching a house vacuum line to the end of the precon-
centrator trap. The prevention of the formation of liquid oxygen is especially
important since 1) liquid oxygen can be explosive and 2) methane is readily
soluble in liquid oxygen and is flushed out of the preconcentrator and lost.

After the sample (CH.) has been loaded onto the preconcentrator, the
moisture trap is isolated and purified helium is flowed at about 800 cc/min
over the preconcentrator while it is allowed to warm slowly to room temperature.
During this step the excess air saturating the preconcentrator is flushed out
of the system bypassing the chromatographic column. This is done in order not
to saturate the chromatographic column with air. After 5 min, the helium flow
is switched to the chromatographic column (methane has been shown not to elute
from the preconcentrator before 6 min while slowly warming to room temperature).
At this point boiling water is placed around the preconcentrator in order to
accelerate the elution of methane. The helium for this and all other steps in
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the process 1s purified by passing through 1000 cc of silica gel (6-16 mesh) at
liquid nitrogen temperatures.

The final separation of methane is accomplished on the 5A mole sieve column
at room temperature with a helium flow of 800 cc/min. Each component eluting
from the column is monitored by a Carle Model 100 thermal conductivity system
utilizing thermistors.

The collection of the product methane is accomplished using specially
designed solid nitrogen dewars. Solid nitrogen has a melting point of -209°C.
After collection, the excess helium carrier gas is pumped off and the methane is
transferred to a breakseal for analysis on the mass spectrometer.

Each separation is done using a newly regenerated preconcentrator and
chromatographic column. These columns and the helium purifiers are regenerated
in a Si-oil bath at 180°C.

The above system has been shown to produce methane samples of greater than
99% purity with a total separation time of about 2 h. In addition it has been
shown that there is no apparent memory effect on the isotopic ratio of
13 12 8 12

CD^/ CH^ over a range of 10 to 10 from consecutive samples.
II. MASS SPECTROMETER

13 12The mass spectrometer used for the analysis of CD./ CH. ratios is based
on the U. S. National Bureau of Standards design, developed and perfected by
W. R. Shields, for highly accurate measurement of isotopic abundance ratios.
This instrument was designed and constructed at LASL by W. R. Shields.

This mass spectrometer (see Figs. 2 and 3) is a double focusing, gas
source instrument consisting of two magnetic sectors in an "S" configuration.
Each analyzer tube has a 12 in. radius and a 90° deflection angle. The source
in this instrument is a modified Nier thin lens with "Z" axis focusing and
hot electron trap. The analyzer optical system uses an extended flight path,
1.1° off-axis ion beam with a mismatched flight tube and magnet to compensate
for fringe field effects. The vacuum envelope is all stainless steel with semi-
sheer gold gaskets. In addition there is a beam valve between the source and
analyzer section which is an integral part of the source mount and has an over-
size orifice to avoid interference with the ion beam.

The pumping system consists of two 140 liter/sec double ended ion pumps
mounted on each analyzer stage. These pumps are located so as to maximize
pumping speed while at the same time minimizing the effects of stray particles.
In addition there are 3 Hg diffusion pumps with liquid nitrogen cold traps.
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These diffusion pumps are mounted on 1) the source housing, 2) the inlet system
and 3) at the connecting can between the 1st and 2nd stages. This 3rd pump on
the analyzer section is used to periodically pump out accumulated methane which
is not effectively pumped by the ion pumps. Finally a glass solid nitrogen cold
finger is located above and behind the ion source to provide additional pumping
at the source itself.

Ion detection on this instrument is accomplished by two systems. At the
end of each stage there is a movable deep Faraday cage mounted behind a "Z"
axis baffle, electron supression slit and defining slit. The signal from this
collector is then amplified by a Cary 401 MR Vibrating Reed Electrometer and
then converted to digital form by a 0.01% linear voltage to frequency converter.
The output from the V-F converter is then sent to a 250 MHz scale. This
collector has an ion beam collection efficiency of 99% or better. The second

Q

system consists of: a 17 stage electron multiplier with gain of 10 , a NBS
descritninator capable of supplying a 1 volt 4 nanosecond wide output pulse when
triggered by pulses from 6 mv to 2 volts in magnitude, a voltage divider to
eliminate line reflections, and a 250 MHz sealer. This ion counting system
achieves efficiencies of 100% with a deadtime of 31 nanoseconds and a dark
current of 1 count in 25 s.

In addition there is an automated data collection system. This includes a
Hewlett-Packard 9830 B desk calculator with extended memory and line printer.
In addition to processing data this calculator controls various switching func-
tions of the mass spectrometer. Also employed in this system is an expanded
scale recorder which is used primarily during the set-up of an analysis and to
measure the major ion beam at approximately 10 ions/sec.

The inlet system on this machine consists of simply attaching the break-
seals described in the previous section to a small manifold which is connected
to the source by means of 28 in. of 0.004 in. I.D. capillary tubing. The sample
is then cooled to liquid nitrogen temperatures at which the vapor pressure of
CH4 over the solid is ^ 6.2 mm Hg at the 7000 ft altitude of the laboratory.
Using the vapor pressure of solid CH. then provides a constant and repeatable
source of methane for the ionization source of the mass spectrometer.

13 12The above machine has been shown to produce analysis of CD./ CH. ratios
•jo R

at + 3 x 10 in approximately 1.5-2 h. At ratios of 10 or less there has
-9 -11 13 12been no apparent memory effect. In the range of 10 to 10 CD./1 CH^ ratios

it has been shown that the precision of an analysis is 1% or less while the
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absolute accuracy* based on preliminary standards made here at LASL, is no
worse than ±20%.

The above discussion has attempted to briefly describe the systems used in
13 -I?

our laboratory to analyze methane samples collected in the field for CD./ CH.
-8 -12ratios between 10 and 10 . This description is by no means complete. Many

small details have been omitted for brevity.

144



Fig. 1. Separation system.

Fig. 2. Mass spectrometer electronic console.
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Fig. 3. Mass spectrometer analyzer section.
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MEASUREMENT OF DEUTERATED METHANE BY MASS SPECTROMETRY

by

S. F. Squiller, H. F. Aning, J. F. Prince, and D. W. Efurd
McClelian Central Laboratory

1155 Technical Operations Squadron
McClellan Air Force Base, California 95652

I. INTRODUCTION
The McClellan Central Laboratory has developed a mass spectrometer capable

of measuring trace contaminents in carrier gases. The capability of the instru-
ment, particularly for low masses, is illustrated by its capability to measure
minute levels of deuterated methane in normal methane. Specifically, five
parts of fully deuterated methane can be detected in 10 parts of normal
methane. The addition of an electrostatic lens will improve the detection
threshold by two orders of magnitude. It should be noted that the selection of
fully deuterated methane as a test gas was based on its low natural abundance.
To achieve this measurement sensitivity, one of the tandem magnet mass spectro-
meters was modified by (Phase 1} adding an electron bombardment ionization
source, emission regulator, and a turbo-molecular pump. Increased sensitivity
is expected by the addition of an electrostatic lens (Phase 2). This report
summarizes the results of Phase 1 work; a future report will summarize the
results of Phase 2.

II. INSTRUMENTATION
The mass spectrometer used for the Phase 1 measurements is a tandem magnet,

12 in. radius, 90° sector, "C" configuration, first order direction focusing
instrument. The ion source consists of an electron bombardment ionization
source mated to a Dietz thick-lens ion gun. The ions are detected by in 18-
stage electron multiplier that is operated in the pulse counting mode. The
detector system has a dark current of two counts per minute. The vacuum system
consists of a 1500 liters per second turbomolecular pump used in conjunction
with cryopumps and ion-getter pumps. The system is capable of maintaining a
base pressure below 5 x 10 torr.
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III. BACKGROUND

The first experiment was a characterization of the background of the tandem

instrument over the mass range 18-21 with no sample entering the spectrometer.

The following species were observed of mass 20: Ar , Ne+, H9 0, Ne,
18 18 +

HD 0. A small number of counts were observed at the H-, 0 mass positions.

All background species detected were at low levels and will not interfere with

the methane measurements.

The second experiment completed was a remeasurement of the background

spectrum while the spectrometer source contained 10 torr of methane. This

simulates the operational conditions inside the spectrometer when it is being

used to measure deuterated methane. The methane sample used in this experiment

had been separated by the chromatographic train that will be used to separate

the deuterated methane samples.

A constant flow rate of methane was introduced into the source through a
8 12

variable leak; a count rate of 3.5 x 10 crjnts per second of CH» was obtained
and the spectrum was characterized. This background spectra had larger

18 18 20

quantities of H2 0, H~ 0, and Ne than were observed in the previous experi-

ment.

The increased background varied from sample to sample and was caused by

impurities not being completely separated by the chromatographic purification.

The quantities of water and neon introduced by the chromatographic separation
12 13

were small and will not interfere with the measurements of CD4 and CD..
IV. ABUNDANCE SENSITIVITY MEASUREMENTS

The abundance sensitivity at the mass of the deuterated methane was deter-

mined. A methane count rate of 3.5 x 10 counts per second was obtained.

Computer controlled data acquisitions were taken at four mass positions in the
12 13regions where CD^ and CD^ are located. Four positions were used so that a

better estimate of pressure scattering in the flight tube could be obtained.

From this data the abundance sensitivity was calculated as:
Counts per second at mass 20 (or at mass 21 region)

Counts per second at mass 16

It should be noted that the abundance sensitivity as defined above is not the

classic definition of abundance sensitivity, but is only a working definition.
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The abundance sensitivities at mass 20 and at mass 21 are presented In
Table I. The best estimate of the spectrometers present abundance sensitivity
Is 5 x I0"10.
V. FUTURE DEVELOPMENTS

A 14.5 in. radius electrostatic lens has been installed and is being
characterized. The electrostatic lens will serve as a energy filter and reduce
pressure scattering in the flight tube. This should increase the spectrometers
abundance sensitivity so that the instrument is capable of detecting one part

12of deuterated methane in 10 parts methane.
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TABLE I

ABUNDANCE SENSITIVITY MEASUREMENTS

MASS

20.0564
(12CD4)

21.0597
(I3CD4)

MINIMUM

1.9X10"10

1.4X10"10

MAXIMUM

9.5X10"10

4.8X10"10

AVERAGE

5.5X10"10

2.7X10"10



APPENDIX

THE NEED FOR MULTIPLE ATMOSPHERIC TRACERS

by
Sumner Barr, William E. Clements, and Teymoor Gedayloo

There are relatively few nonradioactive gaseous tracers that will be
available to the atmospheric scientists for routine research use for travel

distances beyond 100 km in the next few years. The tracer systems under
12 13development include heavy methanes ( CD., CD,. ) and special perfluoro-

carbons ( COF,C, C«-F1O» C-,F,„)• Sulfur hexafluoride is used extensively for
o I D b Lc. { 1 4

site evaluations, but high and variable backgrounds restrict its use to
short range experiments. Particle tracers, such as FP, have their place,
but are also short range and cannot be used-quantitatively due to their high
deposition rate.

Although a single tracer suffices to perform studies with limited ob-
jectives, the atmospheric scientist must adopt a broader view to insure that
we have the tools necessary to carry out all types of studies, now and in
the future. There are many questions about atmospheric transport and dis-
persion that require multiple tracers to provide credible answers. Further-
more, good gaseous tracers need not be restricted to the atmosphere. There
are many questions pertaining to crustal gas movement and air-ocean inter-
change processes that could be addressed with a good reliable sensitive
tracer gas.

Because of background degradation, particularly in the case of very
stable compounds that have long atmospheric lifetimes, the use of only one
tracer is not a wise alternative. In general, the limited number of proven
tracers currently available represents a marginal capability. There are
many geophysical problems requiring the use of tracers that don't presently
have them available for use.

The following paragraphs describe a few air pollution related problems
that require multiple tracers:
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Application 1, Simulate a number of existing or projected sources:
The presence of multiple sources in a given industrial area aggrevates

the assessment of environmental effects due to effluents from these sources.
In order to determine the contribution from each source, tracer experiments
need to be carried out for each individual source and the total effect of
multiple sources in the area estimated from these individual experiments.
Most often the results obtained do not reflect the true picture because of
uncertainties in determination of actual contribution from a given source.
In addition, the results of single tracer studies cannot easily be combined
because of the almost impossible requirement of similar meteorological con-
ditions. In order to eliminate some of these uncertainties and obtain a
better estimate of the contribution from each source, multiple tracer ex-
periments need to be conducted. The availability of several sensitive
tracer systems such as heavy methanes and perfluorocarbons allow the appli-
cation of multiple source tracer experiments. One component tracer can be
released near each of the existing or planned source locations under select-
ed meteorological conditions.

Application 2. Tracer studies of confluent drainage basins:
Many industrial sites, particularly where terrain is a factor, encount-

er systematic processes of confluence or difluence of air currents. Consid-
er a major valley with an urban population along its axis, probably near the
main source of water. A favorite location for power plants and other in-
dustries may be out at the sides of the valley. The tendency for nocturnal
flows to converge toward the axis as they move down valley may create
uniquely poor air quality at the very place that it does the most harm.
Harmful products of atmospheric chemical reactions are possible from plants
innocently sited up to 30 miles apart if these confluent patterns persist.
Examples of potentially converging air in major valleys include,

The Salt Lake Valley, Utah
The Rio Grande Valley, NM and Texas
The Snake River Valley, Idaho
The Willamette Valley, Oregon
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Documentation exists for at least the Salt Lake and Snake River valleys from
wind fields reported by Kao et al.l and Wendell, respectively (Figs. 1
and 2 ) .

The role of these airflows in overlaying plumes from independent
sources can only be seriously tested with a set of simultaneous releases of
several separate identifiable tracers. Multiple releases of the same tracer
or sequential operations from different locations simply leave too much
ambiguity in the interpretation. However, if as shown schematically in
Figs. 3a and b, four or more releases are made at separate locations and
sampled on the same array, vital information is gained on the practical
problem of plume superposition as well as the fundamental problem of the
interaction of convergent air flows. Questions on vertical stratification
of convergent air currents as well as their speeds and possible oscillations
can be explored by altering source factors and adding temporal and vertical
resolution to the sampling array.

Application 3. Basic effects of source configuration:
Virtually all atmospheric diffusion models require a selection of a

source configuration in time and space and results tend to be sensitive to
this configuration in the first hour of travel. Considerable controversy
has accompanied the modeling choices in some cases. Several series of
tracer experiments in the past have varied the source configuration from one
experiment to the next in order to explore the role of the source on down-
wind concentration pattern. However, the meteorology is never quite the
same from one case to the next so the source configuration effect is always
compounded with meteorological influences. A definitive experiment can be
performed on the role of source configuration with multiple tracers released
simultaneously from several sources and sampled in the same array. All
tracers would then be subject to identical meteorology and the analysis
could focus on the release conditions.

Consider a controlled experiment with a sampling array covering 1 to 10
km downwind. Combinations of 4 to 6 sources from Table I can usefully be
investigated in one experiment.
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TABLE I

SOURCE CONFIGURATIONS TO BE COMPARED

1. Ground level continuous point source

2. Ground level short term puff
3. Ground level line
4. Ground level area
5. Elevated continuous point
6. Elevated puff
7. Elevated line
8-14. Buoyant versions of items 1-7

The list in Table I is not exhaustive but would address practical
problems associated with stack plumes, tailings piles, mining operations
(vents, ground operations, strip mining), transportation and other practical
phases of energy development.

Application 4. Exchange between two or more sources of air:
In studying the atmospheric transport and diffusion often the phenome-

non of exchange between air sources pose interesting questions which need to
be answered. Examples of such exchanges are:

Airflow in a confined valley versus outer flow
Mixing at the confluence of two or more valleys
Mixing height separating local surface air from air aloft
Urban air in a rural environment

1. Exchanges between confined valley and outer flow
The general air flow over a valley may produce air circulation

within the valley resulting in partial mixing of outer airflow with that in
the valley. In order to determine the extent of this process and calculate
the mixing ratios one needs to perform tracer experiments. Although single
tracer experiments have been conducted to obtain various needed parameters,
the use of multiple tracer experiments would greatly facilitate and enchance
the results. As shown in Figs. 4a and 4b, one component tracer can be
released in the valley at point A and a second component released on the
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ridge at point B. Samples can then be collected at point C. Knowing the
amount of each component and their concentration at C various transport and
diffusion parameters can be determined.

2. Exchange through the top of the mixed layer
Frequently the region of well mixed surface air is bounded by an

elevated inversion separating the mixed layer from the outer portion of the
troposphere. The height of this boundary layer varies according to diurnal,
meteorological, and topographic conditions. The boundary is by no means
impermeable and in order to determine the amount of exchange through this
boundary it is essential to conduct tracer experiments. A two-component
tracer can be used in these studies where one component is released at point
A above the boundary layer and another at points B and C within the layer as
shown in Fig. 5. Highly useful samples could be collected aerially or on
the ground at some distance downwind of the release points. The experi-
mentally determined concentrations of tracer-components will help to deter-
mine the depth and structure of the mixed layer and other important turbu-
lent mixing parameters.

3. Mixing of urban air
Of particular importance and interest is the phenomenon of mixing and

transport processes in urban areas. In order to ascertain the underlying
principals of air flow in and through an urban area it is necessary to con-
duct well designed tracer experiments. Again, single tracers do not ade-
quately satisfy all conditions. Multiple tracers on the other hand are a
better tool to use in such situations.

Horizontal confluence induced by the urban heat island circulation is a
very subtle wind flow feature that would, however be identified by several
separate tracers released around the proposed urban heat island (Fig. 6).

The urban roughness-modified internal boundary layer can be investigat-
ed by multiple tracers. Releases at A, B, and C with sampling at x, y and z
in Fig. 7 will suggest exchange rates and processes between upstream rural
air and urban air.
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Application 5. Stagnation air in valleys or basins:
During periods of extended atmospheric stagnation conditions pollutant

concentrations may rise to hazardous levels. This type of condition happens
often in the Salt Lake Valley and persists for days. Many other cities
including Albuquerque, Phoenix, Denver, and Los Angeles experience such
episodes. The confinement imposed by valley or basin environments worsens
the situation.

One proposed abatement practice is to direct the shut down of indus-
trial plants and automobile traffic when conditions warrant. Testing the
effect of such action is difficult to do without actually applying the pro-
posed practice. Wind fields are not totally absent during stagnation epi-
sodes but there is a reduction of ventilation rates and extension of air
residence times under these conditions. The wind circulation properties are
probably functions of the diurnal period. For example in a valley or basin,
nocturnal drainage winds could provide some local ventilation to an urban
area like Albuquerque even under very weak synoptic wind conditions.

Multiple tracer experiments performed during a stagnation episode could
provide some of the missing information and test the effect of abatement
action. For example, tracer A could be released for a finite duration (e.g.
3 h) and its concentrations monitored as a function of time to observe the
buildup and subsequent decay of its concentration in the area. At the end
of the release of tracer A, a release of tracer B could be started, and so
on for C, D . . . through a diurnal period. Having one tracer as a source
while another is just diluting should give a great deal of information on
the transport and dispersion processes involved. By monitoring all tracers
as a function of time the diurnal behavior can be documented to some degree.
Such samples may show the return during the day of an air mass that was
displaced at night.

Application 6. Diurnal patterns of pollution:
Almost all areas are subject to some diurnal cycle of the local winds

such as upslope-downslope winds in mountains and land-sea breezes along
coastlines. These are most effective during periods of weak synoptic
influence and so in some respect represent a case similar to, but not neces-
sarily as severe as a stagnation condition. For example in the San Juan
Valley of northwestern New Mexico a distinct up valley-down valley diurnal
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wind reversal has been observed to cause pollutant clouds to double back
over earlier paths.

One of the questions often asked when a source of pollution is in a
cylic wind field is whether or not pollutants that are transported in one
direction during one phase of a diurnal cycle can fold back on a receptor
location with any significant concentration during the opposite cycle.
Obviously if the wind shifts 180°, then the nearby material will fold back,
but that is not the important question. What we would really like to know
is if pollutants that passed a receptor in the early evening drainage flow,
for example, and which have participated in mixing processes can return to
the source in the opposite flow the next day at any significant concentra-
tion. If they can, then the concentration at a given location will be high-
er than conventional models would predict. In fact most operational models
would not predict them at all. The continuous plume of a power plant is not
a good predictor of this, because it is always present and one cannot dis-
tinguish what fractions of it may be a day or so old.

By releasing a few tracers during a diurnal period one could determine
the extent and radius of influence of the diurnal wind cycle. For example,
four 2-h releases of different tracers in a 24 h period which are monitored
for 48-72 h under the right meteorological conditions should contain a
wealth of information on the processes under consideration. Also one can
easily think of a number of "tack on" experiments that could be performed
concurrently to examine other properties and make the experiment more cost
effective; (i.e., mixing height or lateral dispersion).

The foregoing six applications are simply examples of potentially valu-
able multiple tracer experiments. The practical questions that arise in
every application should be explored for the added benefit to be derived
from multiple tracer releases. A large portion of the cost of tracer
experiments is in the logistics of field deployment of personnel and equip-
ment. Valuable supplementary information can be gained for very little
additional cost when multiple tracers are released.

We should note that multiple releases do not eliminate the need for
series of independent experiments under a set of given meteorological and
site conditions. Any experiment in the atmosphere is fundamentally uncon-
trolled due to natural variabilities beyond those that form the basis for
selection of experimental conditions. The best way to address the
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case-to-case variabilities is to make several repetitions of an experiment
for each class of general meteorological and site conditions.
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