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PREFACE

Pacific Northwest Laboratory's (PNL) 1979 Annual Report to the Department of Energy (DOE)
Assistant Secretary for Environment describes research in environment, health, and safety
conducted during fiscal year 1979. The report again consists of five parts, each in a
separate volume.

The five parts of the report are oriented to particular segments of our program. Parts
1-4 report on research performed for the DOE Office of Health and Environmental Research.
Part 5 reports progress on all other research performed for the Assistant Secretary for
Environment, including the Office of Technology Impacts and the Office of Environmental
Compliance and Overview. Each part consists of project reports authored by scientists from
several PNL research departments, reflecting the interdisciplinary nature of the research

effort. Parts 1-4 are organized primarily by energy technology.

The parts of the 1979 Annual Report are:

Part 1: Biomedical Sciences
Program Manager - H. Drucker D. L. Felton, Editor

Part

™~y

tcological Sciences
Program Manager - B. E. Vaughan B. E. Vaughan, Report Coordinator
C. H. Connally, Editor

Part 3: Atmospheric Sciences
Program Manager - C. E. Elderkin R. L. Drake, Report Coordinator
G. B. Long, Editor

Part 4: Physical Sciences
Program Manager - J. M, Nielsen J. M. Nielsen, Report Coordinator
J. L. Hooper, Editor

Part 5: Environmental Assessment, Control,
Health and Safety.
Program Managers -~ D. L. Hessel
S. Marks W. J. Bair, Report Coordinator -
C. M. Unruh R. W. Baalman, C. W. Dotson, Editors
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Activities of the scientists whose work is described in this annual report are broader in
scope than the articles indicate. PNL staff have responded to numerous requests from DOE
during the year for plamning, for service on various task groups, and for special assistance.

Credit for this annual report goes to many scientists who performed the research and
wrote the individual project reports, to the program managers who directed the research and
coordinated the technical progress reports, to the editors who edited the individual project
reports and assembled the five parts, and to Dr. Ray Baalman, editor in chief, who directed
the total effort.

W. J. Bair, Manager
S. Marks, Associate Manager
Environment, Health, and Safety Research
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FOREWORD

The goals of atmospheric research at Pacific Northwest Laboratory (PNL) are to assess,
describe and predict the nature and fate of atmospheric pollution and to study the impacts of
pollutants on local, regional and global climates. The pollutants being investigated are
those resulting from the development and use of four energy resources: coal, gas, oil and
nuclear power. In the course of this research, investigative tools are also being developed
and atmospheric assessments are being made that will contribute to the development of environ-
mentally sound oil shale, solar and fusion energy resources.

COAL, GAS AND OIL COMBUSTION

The behavior of air pollution resulting from fossil-fuel power plants is being explained.
Involved in making this explanation are these factors: the type of pollutants emitted, their
transport and diffusion in the air, their physical and chemical transformations during trans-
port, their removal by wet and dry deposition processes, and their impacts on climate, bodies
of water and living species. Since the result of the current and projected coal and 0il uti-
lization is the release of large quantities of particulate matter and sulfur and nitrogen com-
pounds, current research is being conducted primarily in the Atmospheric Studies in Complex
Terrain (ASCOT) and in the Multistate Atmospheric Power Production Pollutant Studies (MAP3S).

FISSION AND FUSION

Concern about long-lived particulates (i.e., plutonium and other radionuclides) released to
the environment from fission and fusion plants indicates that the deposition and resuspension
of these substances must be studied. For example, because the primary hazard from plutonium
is inhalation, its residence in the atmosphere must be clearly defined. Current research,
therefore, is evaluating the removal of particulates from the atmosphere by deposition (which
Timits initial exposure? and any future resuspension from the surface (which continues the
potential for inhalation).

OIL SHALE

The mountainous oil shale regions of Colorado, Utah and Wyoming present a particularly dif-
ficult air pollution problem because air may be trapped in the valleys of these regions for
extended periods of time under certain meteorological conditions. Especially stringent siting
requirements, therefore, must be fulfilled to meet State and Federal air quality standards.
Adequate models and field measurements of the complex airflow and dispersion conditions in
this complex area are not available; they must be developed to assure acceptable siting of oil
shale facilities. PNL has undertaken the assessment of the requirements for the proper model-
ing activities and field measurement programs that will contribute to this very important area
of research, as well as to the development of solar and geothermal energy.

The description of atmospheric research at PNL is organized in terms of energy technologies:
e Coal, Gas and 0il
e Fission and Fusion
e 0i1 Shale

This report describes the progress in FY 1979 for each of these technologies. A divider
page summarizes the goals of each area and lists, as bulleted items, project titles that fund
research in each technology. Contributions under project titles marked with asterisks were

transferred to the Environmental Protection Agency in midyear.

R. L. Drake
Program Coordinator
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COAL, GAS AND OIL

e Atmospheric Diffusion in Complex Terrain
e Atmospheric Boundary Layer Studies

e Radiative Effects of Clouds and Aerosols

e Pollutant Transformation in the Atmosphere

e Atmospheric Carbon Dioxide — An Archival Study of
Spectroscopic Data

e Meteorological Effects of Thermal Energy Releases (METER)
e National Interregional Air Residual Transfer

® Precipitation Scavenging in MAP3S

® Aerosol and Trace Gas Transformations

® Research Aircraft Operations

e MAP3S Modeling Studies

As the use of fossil fuels as an energy source increases, so too will air pollutants,
such as sulfur, nitrogen compounds and trace metals, produced by the combustion
and conversion of these fuels. The analysis of the fate of these pollutants from source to
receptor is most urgent so that the nation’s energy plan can proceed efficiently and be
environmentally sound.

The research activities at PNL are basically related to two interlaboratory
programs: the ASCOT Program of DOE and the MAP3S Program of EPA/DOE. The
ASCOT Programis currently concerned with the Geysers Geothermal Site in California,
but future studies will be centered at other complex terrain sites in the West. The MAP3S
Program is being conducted over the northeast quadrant of the United States and is
concerned with the ultimate fate of atmospheric sulfur compounds.

The field activities in the ASCOT Program include the micrometeorological
description of drainage winds, radiation measurements, and tracer experiments. The
multidiscipline activities of the MAP3S Program consist of:

e data analysis and flight operations based at Muskegon, Michigan

e the Precipitation Chemistry Network in the eastern mountains, midwestern plains
and coastal areas

e the incloud scavenging studies over Lake Michigan

e the laboratory analysis of sulfur and nitrogen compounds and trace metals at
Hanford

e the trajectory modeling studies being formulated at Hanford.

The results from the ASCOT and MAP3S Programs will contribute to our ability to assess
the impacts of the country’s energy plan.



Other work being conducted at PNL includes several dry deposition studies of
gases and particles, assessment of the time evolution of atmospheric carbon dioxide,
development and improvement of regional assessment models for airborne pollutants,
and the determination of the interactions between cooling tower plumes and local
weather and climate.



e Atmospheric Diffusion in Complex Terrain

Obijectives of this study are:

e Defining and developing a long-range technical plan for studying the transport and diffusion of
pollutant particles and gases over complex landforms.

e Reviewing past theoretical, numerical and field studies pertinent to diffusion in complex terrain.

® Assisting a multilaboratory program studying diffusion in complex terrain by providing method-
ologies and techniques of analyses for transport and diffusion over a variety of complex landforms.

Project ASCOT--Pacific Northwest Labora-
tory's Contribution to the Department of
Energy's Multilaboratory Complex Terrain
Field Program, July 1979

M. M. Orgill, T. W. Horst, R, I. Schreck,
D. W. Glover, P. W. Nickola, 0. B. Abbey
and J. C. Doran

During the week of September 28 to Octo-
ber 1, 1976, a joint Energy Research and De-
velopment Administration/Environmental Pro-
tection Agency (ERDA/EPA) workshop was
conducted in Albuguerque, New Mexico (Barr
et al. 1977) to consider what research pro-
grams are necessary to increase understand-
ing of transport and diffusion of pollutants
over complex landforms. The workshop pro-
posed a broad research program that would
address the air quality assessment aspects
of various energy conversion developments in
complex terrain throughout the United
States, and particularly in the western
states. Some of the recommendations of the
workshop were:

e An integrated program of mathematical
model development, field experiments,
physical model experiments and theoreti-
cal research involving air pollution me-
teorology in complex terrain should be
supported for a period of 3 to 5 yr.

e Several complex terrain research sites
should be established as focal points of
well planned field measurement programs.

In the fall of 1978, the Department of
Energy, Office of Health and Environmental

Research (DOE/QHER) selected Lawrence Liver-
more Laboratory (LLL) to direct a multilab-
oratory program to conduct studies in com-
plex terrain. The project was named Project
ASCOT (Atmospheric Studies in Complex Ter-
rain). One of the goals of Project ASCOT is
to put into action the recommendations of
the Albuquerque workshop. Therefore, Pro-
ject ASCOT has selected the Geysers Geo-
thermal Resource Area (GGRA) in northern
California as an initial site for conducting
field and model studies.

The purpose of the report here is to de-
scribe Pacific Northwest Laboratory's (PNL)
contribution to the ASCOT field project be-
tween July 15 to 28, 1979. The objective
of the field project was to make a rela-
tively intensive multilaboratory effort to
collect field data on the drainage wind
phenomenon in the Anderson Creek area of
GGRA. The GGRA is being investigated for
future expansion of electrical generation
operations that presently exist west of the
Anderson Creek area. One of the most criti-
cal issues at the GGRA is the control of hy-
drogen sulfide emissions. These emissions
are released to the atmosphere at several lo-
cations within the power plant complex and
are transported to the surrounding regions
by a combination of synoptic and local wind
regimes. Because these emissions can result
in an odor nuisance if the concentrations
are sufficiently high, there is interest in
the drainage wind phenomenon at the GGRA.

The site of the present field operations,
primarily Anderson Creek, is located approx-
imately 40 km north of the city of Santa









radiation. The output of the radiometer at
PDC-1 (at an up-valley location) was ampli-
fied, and the resultant analog signal was
recorded on a strip chart. The strip chart
was reduced by manually averaging over
10-min increments.

Measurements were not continuous at
either site but were centered around selec-
ted, intensive, measurement periods. Fig-
ure 3 displays the times and magnitude of
net radiation measurements for the 13 days
of field measurements. The duration of an
individual Diamond D experiment was 1imited
by the approximate 19 hr of data that could
be recorded on one magnetic tape with the
selected 1-sec scan rate. The PDC-1 data
were restricted to periods when an electri-
cal power generator was in operation at the
site.

Although this note is not intended as in-
depth examination of the radiometer data,
some preliminary comments and observations
based on the analog traces of Figure 3 are
in order.

The period of net positive radiation is
about 12 hr/day at each site, with positive
values starting at about 0600 PST and end-
ing shortly after 1800 PST.

The daytime net radiation at the Diamond
D site is greater than that at the PDC-1
site on all occasions where comparison is
possible. This observation suggests a lar-
ger albedo at the PDC-1 site.

At night, the net outward flux of radia-
tion from PDC-1 was slightly greater than at
Diamond D for the first four comparisons,
i.e., through July 25; but the last two com-
parisons reverse this trend. Pertinent to
this reversal is the fact that the PDC-1 ra-
diometer was moved from over a gravel sur-
face to over a grassy surface on the after-
noon of July 26. The change in character of
nighttime net radiation following this in-
strument relocation could possibly result
from a thermally insulating effect of the
vegetation and the porous, grassy surface
compared to the previous compact, bare,
gravel surface. Since the daytime outward
fluxes on July 27 and 28 remain greater at
Diamond D than at PDC-1, it appears that the
albedo of the PDC-1 site remained greater
than that at Diamond D. The surface beneath
the Diamond D net radiometer also had grass
and weeds--a vegetative cover in the fenced
area of the plowed field where the Diamond D
instrumentation was exposed.

The fluctuation of the radiation balance
near sunset at Diamond D on July 16, 18 and

20 1ikely resulted from trees to the north-
west of the radiometer. The fluctuation
diminished on July 20 and was not observed
on subsequent dates. This change likely
reflects the changing azimuth of the set-
ting sun.

Most nights were essentially cloud free,
A dramatic exception was on the evening and
night of July 20. Skies were overcast with
thunderstorms in the area. The cloud cover
resulted in reduced outgoing radiation that
night.

Although only analog traces of the net
radiation data are presented here, data from
Diamond D and from PDC-1 are available in
digital form.

Fluorescent Particulate Tracer Experiments
at Geysers Geothermal Site--Project ASCOT,

July 19791a]
P. W. Nickola

Project ASCOT (Atmospheric Studies in
Complex Terrain) is a Department of Energy
{DOE)-sponsored program designed to develop
technology needed to perform air quality
impact assessments in areas of complex ter-
rain. An early goal of Project ASCOT is to
investigate through a field measurements
program drainage flows in a "typical" val-
ley. To this end, an intensive multilabor-
atory field program was conducted in the
Anderson Creek Valley near Middletown,
California during the period July 15 to
July 28, 1979.

Among the field experiments performed
during this period were atmospheric tracer
releases. Personnel from Los Alamos Scien-
tific Laboratory (LASL) released fluores-
cent particulate (FP) tracer during
4 nights when drainage flow was anticipated.
Tracer release was from a point near the
head of Anderson Creek at an elevation of
about 1140 m (3730 ft) ms1. Tracer re-
leases lasted from 21 to 25 min, whereas
down-valley sampling persisted for a mini-
mum of 2 hr at each of the five LASL sam-
pling locations. The LASL sampling was
performed at near-stream-bed locations at
distances 2.7 to 7.6 km from the release
point. At three of the five LASL sampling
sites, samplers were operated in sequential
fashion in order to obtain a measure of the

{a) Research also part of Atmospheric Bound-
ary Layer Studies.






history of tracer concentration. Integrat-
ing samplers were operated at all five
sites. The samplers used by LASL were
Rotorods.

Pacific Northwest Laboratory (PNL) com-
plemented the LASL tracer sampling by oper-
ating membrane filter samplers at five sam-
pling locations. Whereas the LASL sampling
was designed to define down-valley profiles
of FP concentration, the PNL sampling was

designed to examine the cross-valley profile.

The PNL samplers were located near the in-
tersection of Anderson Creek and Socrates
Mine Road, a distance about 2.7 km from the
release point. An integrated sample as well
as sequential samples were collected at the
creek-road intersection (at the same loca-
tion as an LASL sampling station), but unat-
tended integrating samplers only were oper-
ated at four stations north and south of the
creek bed.

The bottom portion of Figure 4 gives a
cross-valley profile of elevation along a
roughly north-south line near the PNL samp-
lers. Although it would have been prefer-
able to space samplers evenly with respect
to elevation or distance, dense vegetation
and steep terrain made such a sampling lay-
out impractical. Sampling locations (tri-
angles) on Figure 4 were plotted on the ba-
sis of elevation {(not north-south distance
from the Anderson Creek center position).

The data plotted in the upper portion of
Figure 4 show the distribution of FP concen-
tration observed during each of the four
tracer releases as determined from the inte-
grating samplers. These samplers were in
operation at the start of tracer release and
continued for at least 2 hr. Tracer release
dates and durations are listed at the right
of the figure. The open circles at the
Anderson Creek location represent the con-
centration derived from integration of the
9 to 12 sequential filter samplers operated
at that Tocation. They show reasonable
agreement with the integrated sampler
concentrations.

Although Figure 4 indicates that the max-
imum tracer concentration was not observed
at the Anderson Creek sampler during any
field test, the data from Tests 1, 3, and 4
are in basic agreement with the picture of
a cool mass of air draining down-valley.
However, there is little doubt that the
plume centerline during Test 2 was consider-
ably north of the lower portion of the creek
valley. Since the meteorology associated
with the field tests is not available at
this writing, the reason for the cross-
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FIGURE 4. Cross-Valley Profiies of Tracer Concen-
tration and of Terrain Elevation at 2.7 km from
Tracer Release Point

valley plume component can only be specu-
lated. It is possible that the distribution
along the north wall of the valley results
from a down-valley drainage modified by a
gradient wind with a southerly component.

In order to be able to derive at least a
"ball-park" estimate of the lateral spread
(cy) of the tracer plume, the concentration
profiles of Figure 4 were extrapolated to
the south for Tests 1, 3, and 4. Although
an attempt was made to give an appearance of
symmetry in the extrapolation, the procedure
was very subjective. The oy values derived
for Tests 1, 3, and 4 were, respectively,
71, 122 and 144 m--values that are commen-
surate with those found in flat terrain at
night for a similar downwind distance.

Figure 5 presents the results of the se-
quential sampling at the Anderson Creek-
Socrates Mine Road crossing. Sequential
sampling increments were 15 min during
Test 1 and 10 min during the other three
tests. A comparison of the duration of
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tracer release (as depicted at the left for
each test) with the duration of tracer pas-
sage at this 2.7-km down-valley point re-
veals well-above background concentrations
for a period of at least twice the dispersal
duration. The dotted lines, derived from
the integrating samplers, indicate the con-
centration expected from a continuous plume.
Note that only during Test 2 did the ob-
served short-period concentration reach that
expected continuous plume value. The "x"
symbols on Figure 5 represent the concentra-
tions derived from LASL Rotorod samplers--
samplers operated over the same time incre-
ments as the filter samplers.

On the basis of the 1979 experiments, it
can be concluded that if crosswind tracer

sampling is included in subsequent ASCOT
field experiments, sampling should be ex-
tended much farther up the side of the
valley.

Tethersonde Data at the Geysers Geothermal
Site--Project ASCOT, July, 1979(a)

M. M. Orgill, R. I. Schreck, T. W. Horst
(Pacific Northwest Laboratory)

and W. D. Neff and R. S. Larson
(Wave Propagation Laboratory)

Two mobile tethersonde units were utili-
zed in the Anderson Creek area near Middle-
town, California during the July, 1979,
field effort for Project ASCOT (Atmospheric
Studies in Complex Terrain). One unit was
from Pacific Northwest Laboratory (PNL) and
the other from the Wave Propagation Labora-
tory (WPL) in Boulder, Colorado. On the
evening of July 16, a cooperative effort be-
tween the two groups obtained tethersonde
data at the Diamond D Ranch site for 18 hr,
After that period, the PNL tethersonde was
located at the PDC-1 well site in the north-
western part of the Anderson Creek drainage
(840 m) for the duration of the project.
WPL's tethersonde was located at the Thorne 7
well site (600 m) around 1.1 km southeast of
the PDC-1 well site.

Data were obtained from both tethersonde
sites for six nighttime and early morning
periods. Vertical profiles of wind, tempera-
ture and humidity were taken about every
hour except when strong winds, equipment mal-
function or weather prevented them. A
ground station received the data remotely,
which was printed on a paper tape.

The PNL and WPL tethersonde data volume
is in the process of being data-edited and
plotted. Data are being placed on punch
cards and after editing will be placed on a
data tape. At the present time the edited,
nonaveraged data are being processed by a
computer plotting routine as shown in Fig-
ure 6 for preliminary assessment and analy-
sis. The tethersonde data from both Anderson
Creek sites and other data collected during
this period will eventually be analyzed to
define the vertical and horizontal mesoscale
wind and temperature variations for this
July period.

(a) Research also part of Atmospheric Bound-
ary Layer Studies.






e Atmospheric Boundary Layer Studies

Objectives of these studies are:

® Investigating the meteorological characteristics of the planetary boundary layer that pertain to

pollutant transport and dry removal.

¢ Analyzing the transport and diffusion of pollutants in complex terrain, particularly in the Geysers

Geothermal Area of California.

e Constructing simple models for the prediction of the depth, speed and direction of gravity-
controlled drainage flows and pollutant dispersion within these flows.

Micrometeorological Measurements During
Drainage Wind Periods in the Geysers Area

J. C. Doran, 0. B. Abbey and T. W. Horst

The Atmospheric Studies in Complex Ter-
rain (ASCOT) Program is a multilaboratory,
cooperative study of drainage flows in the
Geysers area near Middletown, California.
For the initial measurement period during
the summer of 1979, Pacific Northwest Labor-
atory (PNL) installed a 30-m instrumented
tower at the mouth of the Putah and Anderson
Creek drainage regions. The measurement
site was located at the Diamond D Ranch, ad-
jacent to a Doppler acoustic sounder oper-
ated by the National Oceanic and Atmospheric
Administration (NOAA) Wave Propagation Lab-
oratory. The site was a large, open field
partially obstructed by a line of trees ap-
proximately 20-m high at the up-wind end of
the field (Figure 7).

Aspirated thermistor and Gill UVW anemo-
meters provided temperature and wind speed
data at heights of 29.3, 22.8, 10.1 and
3.0 m. Wet- and dry-bulb temperatures were
measured at 2.4 m, and soil temperatures
were measured at 0.01 and 0.1 m below the
surface. A net radiometer was also mounted
on the tower at a height of 1 m.

Data were recorded digitally on 9-track
magnetic tape in either of two modes. Dur-
ing most of the summer, one scan of all in-
struments was taken every 10 sec; during a
period of intensive measurements in July,
the sampling rate was increased to 1 scan
every sec.

In addition to providing generic informa-
tion about the times and intensities of
drainage winds, the data may be used for a
number of more specific purposes. Measure-
ments of the turbulent fluctuations of heat

and wind velocity may be used to evaluate
terms required in second-order closure mod-
els describing the development of drainage
winds, and for diffusion models. HNet radia-
tion measurements are useful in the calcula-
tion of energy budgets. Developing profiles
of drainage winds may be investigated in
combination with the acoustic sounder meas-
urements taken at the site. Low-freguency
fluctuations in the wind as a result of os-
cillations in the stable drainage flow may
also be discovered.

The data collected during this first sea-
son will be assessed in conjunction with the
findings of other laboratories. These as-
sessments will form the basis for a second,
expanded program to be carried out in the
summer of 1980.

Sulfur Surface Flux Measurements

J. G. Droppo
Introduction

The motivation for recent studies of sur-
face pollutant fluxes derives from a need
for better quantification of atmospheric
pollutant budgets. Models of long-range
sulfur transport are severely limited by the
state-of-the-art definition of surface
source/sink relationships.

Recent studies have made a major point
that dry removal of air pollutants is not
expected under all conditions. Because na-
tural surfaces are sources as well as sinks
for "air pollutants,” "surface pollutant
flux" or "surface flux" are proposed in lieu
of terms implying either a surface sink or
source for nonprecipitation surface pollu-
tant fluxes. For example, a surface flux
field study using flux chambers was able to






The Hanford tests on December 17, 1975
over arid surfaces during low winds produced
results that most closely agreed with clas-
sical models of aerosol removal. In addi-
tion, the gradient accuracy appeared to be
the best in the Hanford tests. Figure 8
shows one set of sulfur concentration, wind
and temperature profiles at Hanford. Three
levels were chosen as a minimum to define
the gradient and provide an intermediate
point to assess the accuracy of the gradient.
Deviations from a linear fit with logarith-
mic height reflect both experimental varia-
bility and natural curvature although the
Hanford tests indicated much better profile
accuracy than did tests at other sites. Our
current estimate is that the gradient accu-
racy ranges up to #5%. Absolute accuracy
for sulfur concentrations are not as good as
the relative accuracy.

Table 1 contains two Hanford tests with
near-background sulfur aerosol concentra-
tions. The deposition velocities of a few
centimeters per second agree with values ex-
trapolated from wind tunnel tests, which may
reflect the fact that the arid surfaces most
closely match the wind tunnel surfaces. The

50
L 12-17-75
) T X
L S
= 10 ;‘
= L
=
I L
o]
w L
1 —
L 1 L ] j ! )
0 1 2 -1 0 +1 07 080 0.8
WIND SPEED AIR SULFUR CONC,
{m/s) TEMPERATURE (ug/m3)
©cy
vd = 0.27 cm/s (£ 0.08 cm/s)
FIGURE 8. Particulate Sulfur, Wind, and Temperature

Particles at Hanford (Error Bars lllustrate +1% Resolution)

11

TABLE 1. Summary of Results for Dry Deposition of
Sulfur Aerosols

Vg RT Ra Rs u(17m)
Test {cm/s) (s/cm) (s/cm) {s/cm) (m/s)
1 0.10 10.0 2.3 7.7 1.13
3 0.27 3.7 0.44 33 1.28

values computed with momentum eddy diffusiv-
ities, and the atmospheric resistances are
momentum transfer resistances and the sur-
face resistances are residual resistances.

The data taken over nonarid vegetation
show quite a different trend. Daytime par-
ticulate sulfur gradients consistently in-
dicate a surface source term. Figures 9
and 10 show the sulfur profiles for the Cen-
tralia and Sangamon sites, respectively.
These figures are presented to illustrate
trends in profiles.

Centralia daytime tests (May 1975) consis-
tently had negative gradients--the profiles
at lower concentrations had about the same
percentage change as profiles at higher con-
centrations. Much of the consistency is
1ikely the result of the similar midday con-
ditions for these tests.

Sangamon daytime tests (July 1976) also
had consistently negative gradients. The
only test that suggested a surface sink for
sulfur particulates occurred at the higher
ambient sulfur concentrations. The profile
with the lowest concentrations provides an
interesting insight to particulate surface/
sink processes. The order of magnitude
change in sulfur concentration over the pro-
file is not unreasonable for the early mor-
ning time of this test.

The X-ray fluorescence analysis of the
Sangamon data provides comparable accuracy
of relative concentration of elements other
than sulfur. Figure 11 shows the profiles
of sulfur and three other elements. The or-
dering of the gradients are consistent be-
tween all three levels and indicate differ-
ent vertical flux rates for each of the
elements--including a reversal to a flux
downward for silicon. The ordering of the
profiles was the same for other tests.
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Figure 12 shows a comparison of gradients
normalized to the upper heights with this
test and two other tests. The order of sort-
ing of gradients is the same; the direction
of the silicon gradient has reversed.

Uncertainties in the physical interpreta-
tion of the gradients have precluded compu-
tation of specific flux rates. If a gra-
dient flux is assumed, the order of magni-
tude of these gradients indicates the source
term equivalent in magnitude but reversed in
size to removal rates predicted by deposi-
tion velocities of a few centimeters per
second.

The particulate source/sink processes
over natural surfaces cannot be considered
as a simple one-directional single rate flux.
There is evidence that natural surfaces may
be either sinks or sources of sulfur particu-
lates. The non-equivalent normalized gra-
dients for different elements (Figures 11
and 12) illustrate the potential complexity
of the fluxes or the processes defining the
shape of the profiles.

The state-of-the-art in surface flux mea-
surements has not yet been able to meet the
information need; sulfur sink/source surface
processes are only incompletely understood.
The way is open for improvement of current

or development of new experimental approaches.
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Normalized Particulate Gradients for Three Sangamon Tests
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While the fractional losses of material
for these two cases are periodically the
same, significantly different behavior is
observed at other times. The differences
are most striking if the ground-level con-
centrations are considered, since these are
most sensitive to the differences in vq(z,).
Figure 14 shows the suspension ratios in
the Towest 40 m as a function of downwind
distance after 60 and 72 hr. The suspension
ratio is defined here as the amount of mate-
rial in the air divided by the amount that
would have been present without deposition.
The details of the concentration distribu-
tion are clearly dependent on the diurnal
variations in both stability and vgq(z,).

These results show that the determination
of appropriate values of vq(z,) for parti-
cles is more important than has been gener-
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ally acknowledged and underscore the neces-
sity for additional measurements in this
area.
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Sensitivity of Particle Deposition to
Changes in Deposition Velocity

J. C. Doran

In the past few years, the effects of
varying deposition velocities on the removal
rates of gaseous pollutants have begun to
receive greater attention. In addition, re-
cent experiments (Wesely et al. 1977; Hicks
and Wesely 1978) have shown that the com-
monly accepted value of 0.1 cm s-! for the
deposition velocity of small particles may
be a considerable underestimate, and that
substantial diurnal fluctuations in the dep-
osition velocity are not uncommon. These
findings are particularly significant since
the aerodynamic resistance to vertical
transport is relatively less important in
cases where the surface resistance is large.
This is generally assumed to be true for
small particles. As a result, variations in
the surface resistance (or deposition velo-
city) may have a correspondingly larger ef-
fect on pollutant removal than would be true
for gaseous contaminants. In the present
study, a relatively simple model is utilized
to examine the sensitivity of particle depo-
sition to changes in the deposition velocity
when this parameter is small. The model in-
corporates the diurnal variations of winds,
eddy diffusivities, and surface resistance
terms, and illustrates the complexity of the
interactions of these factors in determining
concentration patterns for pollutants.

The basic equation describing the plume
behavior in the model is the standard time-
dependent gradient transport formulation for
two-dimensional flow:

3¢ |, — 9C _ 9 3cC
L) -3 k@ &

where ¢ 1is the concentration averaged over
a rectangular grid element, u{z) is the
height-dependent mean velocity, and K(z) is
the eddy diffusivity. The diffusing pollu-
tant is assumed to be removed at some height
24, and this process is described by the
boundary condition

ac

K(Z) —a"z—

(2)

2=z, = Vd(z*) c(z,)

where vgq(z,) is a specified deposition velo-
city. The height z, need not be equivalent
to z,, the roughness length for momentum,
but in the absence of tall vegetation cano-
pies z, and zy are probably comparable.
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For the model, a value of 5 cm was chosen
for z,; the method outlined below can read-
ily be modified for other values.

The diurnal cycle of wind and stability
was divided into four periods:

e Stable conditions were in effect from
0000 to 0700 and from 2100 to 2400 hr.

e Neutral conditions prevailed form 0700 to
1000 and from 1900 to 2100 hr.

e Slightly unstable conditions ran from
1000 to 1400 and from 1700 to 1900 hr.

e Moderately unstable conditions occurred
between 1400 and 1700 hr.

The wind and eddy diffusivity profiles for
these categories were adopted from the pro-
files given by Clarke (1970) and are shown
in Figure 13. Above a mixing height H,
which also varies with time, K(z) is as-
sumed to be zero so that turbulent mixing is
suppressed.

Equation (1) was solved using a modified
combination of schemes suggested by Egan
and Mahoney (1972) and Draxler and Elliot
(1977). A continuous source was assumed at
a height of 100 m, corresponding to a moder-
ately high stack.

Various initial release times were used
and the resulting depletion of material
studied. For an initial release at 0000,
the fractions of emitted material lost af-
ter 24 hr were 0.067, 0.149, and 0.232 for
vg4(z,) values of 0.1, 0.3 and 0.5 cm s-!,
respectively. These relative differences
are much greater than would be the case if,
for example, values of 1.0, 3.0, and
5.0 cm s™! were chosen for vg4(z,).

Hicks and Wesely (1978) have also shown
evidence for a diurnal variation in the val-
ues of vq(z,), with the highest values occur-
ring during the afternoon hours. Although
no general conclusions were drawn from their
preliminary study, it is interesting to ex-
amine the consequence of such behavior if it
is applied to areas other than the pine for-
est over which their measurements were ob-
tained. To simulate this variation, it was
assumed that the deposition velocity vq(z,)
attained values of 0.1, 0.3, 0.5 and
0.567 cm s-! during stable, neutral, slightly
unstable and moderately unstable periods,
respectively. This distribution gave a
daily average of 0.3 cm s-1, and the results
were compared with those obtained for a
fixed value of vq(z,) of 0.3 em s-1,






Hicks, B. B. and M. L. Wesely. 1978.
"Recent Results for Particle Deposition Qb-
tained by the Eddy-Correlation Method."
Paper presented at the American Institute
for Chemical Engineers 85th National Meet-
ing, June 4-8, 1978, Philadelphia, PA.

Wesely, M. L. and B, B. Hicks. 1977. "Some
Factors That Affect the Deposition Rates of
Sulfur Dioxide and Similar Gases on Vegeta-
tiog." J. Air Poll. Control Assoc. 27:1110-
1116.

Wesely, M. L., B. B. Hicks, W. P. Dannevik,
S. Frisella and R. B. Husar. 1977. "“An
Eddy-correlation Measurement of Particulate
Deposition from the Atmosphere." Atmos. En-
viron. 11:561-563.

Application of the Modified Source Depletion
Model

T. W. Horst

Horst (1979) proposed a modification of
the source-depletion diffusion-deposition
model, and its predictions compared quite
well to the surface-depletion model when
using a Lagrangian similarity diffusion mo-
del. However, the Lagrangian similarity mo-
del is theoretically limited to near-surface
releases and short downwind distances.

Since the Gaussian diffusion model with
empirical formulas for o, has a broader po-
tential application, the aerodynamic resis-
tance of the Gaussian diffusion model has
been derived for use in the modified source
depletion model. The resulting predictions
are shown here to compare very well with
the surface depletion model. A procedure
is also suggested for use with particles
that have a finite settling velocity.

The Gaussian Diffusion Model

The modified source depletion model- pre-
dicts the crosswind-integrated airborne con-
tamination as the result of a point source
to be

©(x,2) = Q(x)D(x,2,h)P(x,z) (1)

where h is the source height, z is the re-
ceptor height and x is the downwind separa-
tion of source and receptor. The function
D(x,z,h) describes the diffusion from a
unit source of nondepositing contaminant.
For the common Gaussian plume model

D(x,z’h) = _1_ exp ;(Z-—h)z
J?Fuoz 20_2

z

\ exp[-_@ﬁ]} 2)
2022

where u is the mean wind speed and o, is
the vertical diffusion parameter. The
source strength Q, is reduced as a function
of downwind distance to account for the
loss of airborne contaminant by deposition,

Q(x) =

Q, exp x',2,,h) P(x',z,) dx'

X
- f Vd(Z*)D(

° (3)
Here vq(z,) is the deposition velocity eval-
uated at height z,.

Since deposition preferentially removes
the contaminant at ground-level, the verti-
cal distribution is altered from the non-
depositing form (2). This is predicted by
the profile function

V4 Az -1

P(x,z,) =1+ KZ R(z,z,)dz (4)

where Az = ¥1/20, and R is the aerodynamic
resistance

d ]
= f K;I . (5)

The eddy diffusivity K is related to the
diffusion parameter oz by
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into (5) gives

x(z)
f dX . (8)

R(z,z,) =
x(zy)
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Figure 15 shows the deposition-caused re-
duction of the ground-level airborne contam-
ination as calculated by the modified source
depletion model, Equations (1) to (4) and
(8). Also shown are the predictions of the
Chamberlain source depletion model,

P(x,z) = 1, and the surface depletion model.
The calculations were made for a source
height of 10 m and a ratio of the deposition
velocity to friction velocity, vq/u,, equal
to 0.03. This corresponds to a single par-
ticie size; the variation of vq/u with at-
mospheric stability or Pasquill category re-
sults from the dependence of u,/u on
stability. The agreement between the modi-
fied source depletion model and the surface
depletion model, an exact solution for non-
settling particles, is quite good.

Settling Particles

Equations (2) and (4) are for nonsettling
particles, vs = 0. A common procedure for
settling particles is to replace the source

height in (2) with

h' = h - vsx/u. (9)
This is not an exact solution, but is pro-
bably a reasonable approximation for

vgx/uh < 1. Equation (4) is then modified
by replacing vyR with

4 s 1 - eVsRy (10)

The settling particle model will be tested
against a K-theory model during FY 1980.
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o Radiative Effects of Clouds and Aerosols

Obijectives of this study are:

® Measuring energy-related aerosol radiative properties and relating them to aerosol physical and

chemical properties.

® Measuring upwelling.and downwelling short- and longwave radiation at various levels within the

planetary boundary layer.

® Determining radiative effects of clouds, particularly those that have been infiluenced by energy-

related pollutants.

® Modeling radiative transfer in the planetary boundary layer using measured aerosol radiative

properties and fluxes.

Aircraft Measurements of Turbidity in Urban
and Rural Atmospheres

N. S. Laulainen and A. J. Alkezweeny

Efforts have been underway at Pacific
Northwest Laboratory (PNL) since 1975 to
understand the effects of aerosol layers on
the redistribution of solar radiation and
on the heat balance at the earth's surface.
Initial experiments were concerned with the
simultaneous measurements of turbidity
(aerosol optical depth), aerosol size dis-
tribution and the Tight-scattering extinc-
tion coefficient as a function of altitude
in a variety of air-mass types and loca-
tions (Alkezweeny and Laulainen 1975a,
1976b; Laulainen et al. 1978). Additional
experiments were conducted over Lake Michi-
gan in August 1976 and June 1979. During
the June 1979 experiment, solar radiation
sensors were included. The experiment plan
for the June 1979 study is discussed here
first, followed by a summary of the results
of the August 1976 study.

Energy-related atmospheric aerosols, re-
sulting primarily from the combustion of
fossil fuels, are believed to potentially
contribute to alteration of atmospheric
heating and cooling patterns. There is a
national need to develop the means for mod-
eling and predicting the response of weather
and climate to present and future emissions
of these pollutants. Clearly, a necessary
ingredient in fulfilling these modeling ob-
jectives is to specify aerosol optical prop-
erties in more detail than is presently
available and to relate them to aerosol
physical and chemical properties.
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A suitable experiment plan would consist
of a combination of measurements obtained
from surface stations and instrumented air-
craft flying within and above the mixed
layer. Surface measurements would include
direct, total and diffuse radiation fluxes
and spectral turbidities. Aircraft measure-
ments would include aerosol concentration
and size distribution, aerosol composition
and mass loading, aerosol 1ight absorption
extinction coefficients, upward and downward
shortwave radiation fluxes, including total
and spectrally resolved components, and long-
wave radiation fluxes. A full complement of
such measurements were carried out during
the June 1979 study. Analysis of these data
is now in progress; hence, results for this
study are not yet available.

However, analysis of the August 1976
data has been completed. Aerosol size dis-
tributions and chemical composition data
are discussed elsewhere in this Annual Re-
port. The results of the turbidity measure-
ments and comparisons of aerosol extinction
coefficients derived from them with those
calculated from the measured aerosol size
distributions and those measured directly
with an integrating nephelometer are
discussed.

Aerosol characteristics of two different
airmasses were investigated in the study.
On August 21 an airmass over lower Lake
Michigan, dominated by aerosol from the
Chicago/Gary urban and industrial area, was
studied, and a clean airmass, which had
moved in over upper Lake Michigan from (pre-
sumably) rural areas in Canada, was examined
on August 29.






TABLE 2. Comparison of Aerosol Extinction (Scattering) Coefficients at Different Altitudes Obtained from
Aerosol Optical Depth (Turbidity) Measurements, Calculated from Measured Size Distributions, and
Measured Directly with an Integrating Nephelometer.

Profile Flight Ave. Layer Measured AT Computed Nephelometer
Id Altitude Altitude Aerosol “Ah bext ext
(m) {m) Optical (10-*m-") (10-*m-") (10-*m-")
Depth
August 21, 1976 305 0.374 0.90 2.30
Traverse A 610 3.62
915 0.154 0.58 1.37
1160 0.93
1400 0.109 0.35 1.25
1615 1.30
1830 0.053 0.012 0.30
August 21, 1976 305 0.327 1.19 1.75
Traverse B 610 2.21
915 0.192 0.65 1.50
1020 6.1
1130 0.061 0.62 1.55
1220 0.39
1310 0.054 0.26 0.45
August 29, 1976 305 0.080 0.03 0.07
460 0.13
610 0.076 0.02 0.06
765 0.16
915 0.071 0.03 0.06
1070 0.16
1220 0.066 0.04 0.07
1375 0.30
1525 0.057 0.02 0.03
1680 0.30
1830 0.048 0.02 0.03

between the various values is quite poor,
calc _ ,calc

ext bscatt and bscatt'

The reason for these discrepancies is not
yet known. Improvements are being made in
the aerosol size measurements in order to
eliminate some of the uncertainty in the
calculations. Sunphotometer measurements
were difficult at best from the aircraft
and any horizontal spatial inhomogeneities
in the aerosol layer (which were quite ap-
parent in the nephelometer record) and
cloudiness may have also contributed to the
rather poor extinction values.

even between b
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The measurements described in this arti-
cle represent a first step in evaluating
the effects of aerosol layers on the redis-
tribution of solar radiation and on the
heat balance at the earth's surface.
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® Pollutant Transformation in the Atmosphere

Objectives of this study are:

® Measuring chemical transformation rates of polynuclear aromatic hydrocarbons and other organic

compounds emitted by fossil-fueled power plants.

e Correlating transformation rates with distance from the source, ambient temperature, light intensity
and concentrations of sulfur dioxide, nitrogen oxides, and ozone.

e Evaluating the results of laboratory studies on discrete reaction steps in the overall transformation

processes.

Pollutant Transformations in the Atmosphere

D. R. Kalkwarf and S. R. Garcia

A variety of polycyclic aromatic hydro-
carbons (PAHs) and other undesirable organic
pollutants are emitted by coal-fired power
plants. Exposure of these substances to
sunlight and reactive atmospheric compon-
ents, e.g., ozone, nitrogen oxides and sul-
fur dioxides may convert PAHs into either
less noxious compounds or more potent car-
cinogens. The purpose of this study is to
identify transformations of PAHs that occur
at significant rates in the atmosphere.
This information is needed to more accur-
ately assess the environmental impact of
coal-fired power plants.

Laboratory experiments during FY 1979 fo-
cused on measuring the sublimation half-
times of PAHs so that their distribution be-
tween vapor and fly ash states in the
atmosphere could be evaluated. These atmos-
pheric distributions are significant since
several PAHs are known to be more reactive
in the adsorbed state. Also, concentra-
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tions of PAHs in particulate samples must
generally be corrected for sublimation
losses during high-volume sampling.

In addition, a new helicopter-mounted,
vapor/particulate sampler was developed and
used to sample air along the stack-emission
plume at Colstrip, Montana. Fluoranthene
and pyrene were found to be largely in the
vapor phase, whereas benzo[a]pyrene and
perylene were completely adsorbed on parti-
culates. After correction of data for dilu-
tion as a result of plume dispersion, the
degradation half-distances for fluoranthene
and pyrene were both found to be 7 km.

Sublimation half-times of fluoranthene,
pyrene and chrysene from coal fly ash were
measured and compared with calculated values
for the pure compounds. Experiments were
conducted in both static air and air flowing
with a linear velocity of 0.7 ms-!, typical
of high-volume samplers. Fly ash from elec-
trostatic precipitators was cleaned by ex-
traction with dichloromethane and then al-
lowed to readsorb measured amounts of PAHs
equivalent to a surface monolayer. For



measurements in static air, samples of this
loaded fly ash were encased in sealed poly-
ethylene envelopes. These envelopes acted
as perfect sinks for the PAH vapors and
were extracted periodically with dichloro-
methane to determine the amounts of sub-
1imed material. For measurements in air at
0.7 ms~!, samples of loaded fly ash were
held on the glass filter of an operating,
high-volume air-sampler and extracted peri-
odically to determine the residual PAH con-
tent. Results of the latter experiments are
shown in Figure 17.

Sublimation half-times for the pure com-
pounds were calculated by means of the
Hertz-Knudsen equation (Sherwood and
Johannes 1962). For a monolayer of adsorbed
material, this can be written as dw/dt =
wap (M/2mRT)0-5, where w is the weight of
compound with molecular weight M remaining
at time t, a is the specific surface area of
the compound and p is the vapor pressure of
the compound at temperature T. Using com-
puted values for a and literature values for
p, sublimation half-times were calculated
and are shown in Table 3 along with those
measured for adsorbed forms of the compounds.
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FIGURE 17. Sublimation of Polycyclic Aromatic

Hydrocarbons from Fly Ash into 0.7 ms= Air at 22°

TABLE 3.

Sublimation Half-Times of Polycyclic Aromatic

Hydrocarbons Adsorbed on Fly Ash and in the Pure State

Vapor
Compound Temp. Pressure to.s (pure)(a) tous (adsorbed)(b)
Fluoranthene -14°C 10-6 Pa 102 s 106 s
Fluoranthene 4 10-5 10 . 108
Fluoranthene 22 10-4 100 104(10?)
Pyrene -14 10-6 102 108
Pyrene 4 103 10 105
Pyrene 22 104 100 104 (103)
Chrysene -14 109 106 —
Chrysene 4 108 104 107
Chrysene 22 107 108 107 (106)

{@values calculated for a monomolecular layer with the Hertz-Knudsen

equation.

(b)values without parentheses are those measured for samples in static
air; values inside parentheses are those measured for samples in

0.7 ms- air.
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Comparison shows that adsorption on fly ash
increased the sublimation half-times of PAHs
by 3 to 4 orders of magnitude. However,
even adsorbed PAHs were found to sublime
from fly ash with a half-time of less than
an hour if their vapor pressures were

10-3 Pa or greater.

A two-stage sampling system was developed
for measuring the atmospheric distribution
of PAHs between vapor and fly ash. A glass
fiber filter to collect particulates was
followed by a bed of Tenax GC to adsorb or-
ganic vapors. Greater than 90% retention of
fluoranthene was achieved in this bed during
the usual 1-hr, high-volume, air-sampling
period. Analyses of the extracts from the
filter and Tenax bed together with sublima-
tion half-times allowed calculation of the
atmospheric ratio, Ra, of PAH in the vapor
state to that on particulate matter, e.g.,
Rag = (Ry + 1) [exp(-0.693t/ty_s) - 1]. Here
Ry is the ratio of PAH on the Tenax to that
on the filter, ty 5 is the sublimation half-
time of the PAH and t is the sampling time.

The two-stage sampling system was mounted
on a helicopter and used to sample the emis-

sion plume from the power plants at Colstrip,
Montana. Except for the inclusion of the
Tenax vapor-traps, the procedure was the
same as that described in the Annual Report
for FY 1978 (Kalkwarf and Garcia 1979).
Calcium emitted from the stacks was again
collected and analyzed separately to follow
the dilution of the plume with distance.
Results from these sampling operations, cor-
rected for sublimation of PAHs during the
sampling time, are listed in Table 4. Com-
parison shows that substantial amounts of
fluoranthene and pyrene were in the vapor
phase, whereas all the perylene and
benzo[a]pyrene were on particulates.

Samples taken March 16, 1979, provided
the most complete data to show the degrada-
tion of PAHs with distance from the stacks.
At each sampling point, vapor and particu-
late concentrations of a PAH were added,
divided by the concentration of calcium and
plotted versus distance as shown in Fig-
ure 18. Although measured concentrations of
all PAHs at 1.6 km from the stacks appear
unreasonably low, concentrations measured
further out indicate that fluoranthene and
pyrene have degradation half-distances of

TABLE 4. Concentrations of Polycyclic Aromatic Hydrocarbons in the Atmosphere at Various Distances Downwind

from the Colstrip Stacks

Compound, ng/m?

Distance, Temperature, Fluoranthene Pyrene Perylene Benzo[alpyrene Calcium

Date km °C Particle Vapor Particle Vapor Particle Vapor Particle Vapor  Particle
March 13, -0.4(a) 3 nd® nd  nd nd nd nd nd. nd. 30
1979 0.4 3 nd®) 90 350 16 15 nd 05 nd. 3000
1.6 6 nd.®)  nd H 15 nd” nd nd. nd 850
March 14, -0.4(a) 3 nd®  nd. nd nd  nd nd nd. nd. 90
1979 1.6 2 nd®) 270 nd 22 19 nd. 15  nd. 1500
8.0 3 nd.®) nd. nd nd 04 nd 05 n.d. 250
16.0 4 nd® nd. nd. nd 16 nd nd. nd. 350
March 15, -0.40) 9 nd®  nd. nd nd nd nd nd.  nd. 150
1979 0.8 10 nd() 250 120 50 45 n.d. 35  nd 2500
8.0 10 nd(b) 56 180 16 08 nd. nd. nd. 160
16.0 11 n.d.(b) nd. n.d 12 n.d. n.d. n.d. n.d. 280
March 16, -0.4) 12 n.d.(b) n.d. n.d. n.d. n.d. n.d. n.d. n.d. 240
1979 1.6 9 nd(d) 240 nd. 63 18 nd. 24  nd. 2500
96 9 nd.(®) 130 nd 24 15 nd. 05 n.d. 400
16.0 11 nd.®) 60 nd. 18  nd.  nd. nd. nd. 510
32.0 10 nd® 05 nd 15 nd nd nd. nd. 190

{a)upwind measurement

{b)n.d. = nondetectable = <0.5 ng/m?3
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FIGURE 18. Degradation of Polycyclic Hydrocarbons
(PAHSs) with Distance from the Colstrip Stacks on
March 16, 1979 ([PAH]/[Ca] Ratios Used to Adjust
Data to Constant Plume Density)

7 km. These values can be compared with the
values of 3 km and 8 km for fluoranthene and
pyrene at this site during the preceding
July (Kalkwarf and Garcia 1979). Since con-
centrations of perylene and benzo[a]pyrene
were only a few-fold higher than their de-
tection levels, their degradation rates
could not be evaluated.
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e Atmospheric Carbon Dioxide Abundance — An Archival Study of Spectroscopic Data

Objectives of this study are:

® Determining the current and past abundance of the carbon dioxide in the earth’s atmosphere by

spectroscopic means.

e Providing independent corroboration of the CO, increase that has been observed with mass

spectrometers.

information now exists.

Atmospheric Carbon Dioxide Abundance--An
Archival Study of Spectroscopic Data

G. M. Stokes

The relationship between the atmospheric
abundance of carbon dioxide and various an-
thropogenic factors, most notably fossil
fuel burning, has become a matter of great
concern. Carbon dioxide has a significant
effect on the average temperature of the

earth's surface and lower atmospheric layers.

These temperature changes are largely a re-
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Extending the knowledge of the total atmospheric CO; burden back to a time for which no

sult of the gas's large infrared opacity
that produces a "greenhouse effect." Be-
cause of the importance of C0, to the energy
budget of the atmosphere, the possibility
exists that changes in its abundance could
have a major effect on the earth's climate.

In order to understand how man's consump-
tion of fossil fuels could affect climate
through changes in the atmospheric CO, abun-
dance, it is necessary to understand all the
factors that control the atmospheric abun-
dance of C0,. Unfortunately, the atmosphere



represents a relatively small reservoir of
carbon when compared to other reservoirs,
such as the deep oceans or sedimentary de-
posits. As a result, relatively modest
changes in these much larger reservoirs can
have an overwhelming effect on the atmos-
pheric C0, abundance. It is, therefore, not
surprising that there continue to be intense
debates as to which processes affecting
which sources and sinks of carbon control
the atmospheric C0, abundance.

An interest in the historical changes in
atmospheric CO, abundance has led to a cri-
tical evaluation of the existing data that
may relate to that abundance. As a result,
an attempt is being made to extract know-
ledge about the abundance of C0, from spec-
tra of the sun that have been accumulated
since the 1890s.

As sunlight passes through the atmosphere
of the earth, the molecules in the atmos-
phere absorb and scatter the radiation. A
substantial fraction of this absorption is
caused by the excitation of various energy
levels in atmospheric molecules. Absorption
of this kind occurs at specific wavelengths
and results in what are called absorption
lines. The strength of these lines is pri-
marily a function of the properties of the
molecule and the amount of the molecule be-
tween the observer and the sun. It should,
therefore, be possible to determine from
spectra of the sun the amount of CO, in the
atmosphere. Such spectroscopic data exists
for a period extending back to at least the
mid-1890s when Samuel P. Langley began obser-
ving and recording the spectrum of the sun
with a prism spectrobolograph.

The current program has been organized to
collect and evaluate the spectra of the sun
that have been accumulated over the past
90 yr and that are now found in the archives
of various institutions, such as the Smithso-
nian Astrophysical Observatory.

Although in principle the analysis of
these spectra to extract atmospheric CO,
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abundance is quite simple, there are several
practical problems that must be surmounted.
The most important is the identification and
correction of sources or systematic error
both in the observations and in the analysis
of the data. The program goal is to deter-
mine changes in the atmospheric CO, abun-
dance to an accuracy of 1 to 2% over the

90 yr period of data collection. Since this
determination must be of very high quality,
great care must be taken at each stage of
the analysis.

Three major precautions are being taken
to guarantee the quality of the analysis.
First, the abundance of molecular oxygen
(0,) is being determined from the same spec-
tral data. Since the atmospheric abundance
of 0, is not expected to have changed over
the period of the study, its abundance can
be considered a control. Second, because
most of the data being analyzed has been
taken at lower spectral resolution than is
possible with modern techniques, weak lines
of other gases, such as water, may contami-
nate the lines of CO, and 0, by an unknown
amount. Using very high spectral resolution,
new data has been accumulated at Kitt Peak
National Observatory for the identification
of these weak interfering lines. Finally,
the facilities of Kitt Peak National Observa-
tory are also being used in a search for
other sources of systematic error that might
affect the analysis of older data.

At present several major solar spectral
atlases are being analyzed for C0, abun-
dances. A major effort is also underway to
digitize spectra accumulated during the
Smithsonian Solar Constant program. This
collection represents 3000 days of observa-
tions taken from 1920 to 1950 at a variety
of sites. Finally, the archives of many in-
stitutions are being combed for additional
spectra. Eventually, this data should pro-
vide a record of the atmospheric C0, abun-
dance of sufficient accuracy to test various
models of the carbon cycle.



e Meteorological Effects of Thermal Energy Releases (METER)

Objectives of this study are:

® Developing technical data bases for assessing the potential effects of waste heat sources on

weather, climate aind ecosystems,

e Determining the importance of waste heat releases on the spacing and location of groups of

thermal power plants.

® Conducting field studies on surface shadowing by cooling tower plumes, surface deposition of
chemical drift from towers, augmented precipitation as the result of scavenging of plumes, and
increased incidence of fogging and icing from plumes.

Drift from Mechanical Draft Cooling Towers

N. S. Laulainen

A comprehensive experiment to study drift
from mechanical draft cooling towers was
conducted during June 1978 at the Pacific
Gas and Electric Company's (PG&E) Pittsburg
Power Plant at Pittsburg, California. The
objective of the experiment was to establish
a data base for use in drift deposition
model validation. This objective was
achieved by the simultaneous measurement of
cooling tower source emission parameters,
meteorological variables and drift deposi-
tion patterns during seven of eight test
runs. The results from six of these test
runs are presented and discussed here.

Environmental Systems Corporation (ESC)
conducted the source characterization
measurements. These measurements included
cooling tower emission parameters, such as
updraft velocity and temperature profiles,
liquid and mineral mass drift emission
rates, and drift droplet size distributions.
ESC also provided plant and cooling tower
operational parameters obtained either from
its own measurement program or from the
PG&E plant log.

Pacific Northwest Laboratory (PNL) car-
ried out the meteorological and surface
drift measurements. The meteorological
measurements included wet- and dry-bulb tem-
peratures and wind speeds and directions on
a continuous basis from sensors on a 10-m
tower, and on an intermittent basis from an
instrumented, tethered-balloon system. The
latter measurements provided information on
the vertical structure of temperature, mois-
ture and mass transport. Surface deposition
measurements included both droplet and bulk
mineral mass deposition rates.
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Substantial variation in drift emissions
were noticed. Large day-to-day variations
for a given cell and large cell-to-cell
variations were observed. Because of the
large variability of drift mass emission, a
representative emission rate per cell was
calculated by ESC using a weighted average
based on both the pretest survey and the de-
tailed characterization of seven cells. Be-
cause the problem of deriving a total drop-
let emission spectrum and rate from one or
two towers was complicated, the modeler must
decide on the amount of detail he needs to
satisfactorily predict downwind deposition
patterns.

Assuming that ESC's averaging procedure
was reasonable, the emission rate per cell
was found to be 4.8 g s-1, If all 26 cells
were operating, the total emission rate
would be 124 g s~1. The latter value may
be uncertain by anywhere from 30 to 70%, de-
pending upon the validity of the averaging
procedure. With a total circulating water
flow rate of 20 m3 s-!, the 124 g s-! emis-
sion rate corresponds to a drift fraction of
0.0006% compared to the guaranteed drift
rate of 0.004%.

Comparison of drift droplet size distri-
butions emitted form a reference cell on
Tower 7-1 using several techniques was not
as satisfactory as originally planned. The
sensitive paper (SP) and 1ight scattering
(PILLS) devices were compared only on one
day as a result of equipment malfunction.
The results indicated that the PILLS device
produced drift mass emission rates that were
typically 20% lower than the SP method. On
the other hand, data from the photographic
device were not compared with simultaneous
SP-acquired data since these measurements
were acquired nearly a month after comple-
tion of the main drift experiment.



Consequently, although the photographic data
show variations similar to those obtained

by the SP method, there was no way of prov-
ing whether the cooling towers were opera-
ting in similar modes during the two differ-
ent test periods.

Meteorological conditions during the
drift study were characterized by rela-
tively high winds, warm temperatures and
moderate humidities. The relatively high
winds increased the uncertainty in the
measured deposition patterns. In spite of
the large (factor of 2 or 3) uncertainty in
the measured deposition rates, preliminary
calculations of drift deposition rates by
ESC using its own model and the source and
meteorological data described above are in
agreement with each other for Test Run 1,
June 16, 1978.

Mineral depositions arising mainly from
blowing dust produced substantial interfer-
ence with the downwind deposition patterns,
especially at the greater downwind distances
where drift deposition rates were small.

The measured drift mineral deposition rates
were uncertain by as much as a factor of two
or more after this variable background com-
ponent was estimated and subtracted from the
total deposition rates. The effects of var-
jous structures, such as the electrical
switchyards at the plant, were apparent in
data for the 3 days when winds were from the
west or west-northwest.

Droplet deposition rates were also uncer-
tain as a result of the relatively high
winds, which produced droplet stains on the
sensitive papers that were streaked and dif-
ficult to analyze in an automated manner.
Calibration of sensitive papers for drop-
lets incident as oblique angles was neces-
sary to properly interpret these data.

In addition, the meteorological condi-
tions during the test period did not provide
drift data representative of all the condi-
tions that would be encountered at the
Pittsburg Plant, but they probably gave a
reasonable picture of drift emissions and
depositions during the dry, warm-to-hot sum-
mer conditions of the area. Winds were
typically 5 m s-1 or larger from the 240 to
300° direction. Relative humidities and
dry-bulb temperatures were typically 50 to
60% and 15 to 20 C, respectively, during
the experiment. Such warm temperatures, low

28

humidities and high winds had the effect of
rapidly drying out the drift droplets and
dispersing them over a broad area. From a
practical, experimental point of view,
these conditions meant that the anticipated
drift accumulation at the receptors was
much smaller than what one might observe in
the winter months at this site.

Comparison of several systems used for
the measurement of various meteorological
variables, in particular the vertical pro-
file of wind direction and speed, were car-
ried out. In general, there was favorable
agreement between the in situ and remote-
sensing measurements.

In view of the uncertainties that arose
in the interrogation of the deposition SP
as a result of using an incorrect calibra-
tion equation and as a result of problems
of measurement of the droplet stains with an
automated scanning and reading device, cer-
tain (or all) of the SPs could be remeasured
using a more manual approach.

Although the experiment plan had the bene-
fit of input from several other groups that
have been involved in drift experiments
(e.g., the Chalk Point Cooling Tower Pro-
ject), several improvements to the experi-
ment design could have been made. Larger de-
position pans would have made the analysis
of the bulk mineral deposition much easier
and less uncertain. Some kind of wind
screen to reduce the horizontal wind compon-
ent might have allowed for better control of
the SP stain images. High-volume samplers
should have been used to measure the air
concentration of the dry nondepositing drift
material.

While the present study did not encompass
as wide a range of meteorological conditions
as would be required for complete validation
of various drift models, it has contributed
a unique set of data for that purpose.

A complete discussion of this study may
be found in Laulainen et al. (1979).
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e National Interregional Air Residual Transfer

Objectives of this study are:

e Developing national interregional transport matrices for emitted fine particulates and- other

pollutants.

® Using the derived matrices in models for assessing the air pollution impacts of future energy

scenarios.

® Improving the air pollution models in order to produce more efficient and cost-effective assessments.

Deve]bgment of a National Interregional
Transport Matrix for Emitted Fine
Particulates

W. J. Eadie, W. E. Davis and
W. F. Sandusky

One objective of the Regional Assessment
Program (RAP) is to develop a useful tool
for the Division of Environmental Impacts of
the Department of Energy (DOE) to assess air
quality impacts resulting from various pre-
dicted energy-technology use scenarios.

This will then provide a basis for future
National Energy Plan evaluations in estimat-
ing environmental and health effects. Dur-
ing FY 1979 Pacific Northwest Laboratory
(PNL) developed a tool for assessing air
quality impacts resulting from emitted fine
particulates.

To develop this tool, fine particulate
transport and removal calculations were
made by use of a long-range transport model
(Eadie and Davis 1979). A unit emission
source was placed at the centroid of each
National Air Quality Control Region (AQCR),
and the air quality impact on each AQCR was
computed. The final product of the calcula-
tions is a matrix of the average, fine par-
ticulate concentration for each receptor
AQCR resulting from the unit fine particu-
late emission from each AQCR. The AQCR-to-
AQCR matrix is then utilized with any siting
scenario of energy technology use to predict
the air quality impact on any AQCR of the
projected emissions from other AQCRs by mul-
tiplying the appropriate matrix elements by
the projected emissions and summing the pro-
ducts over the emitting AQCRs. The matrix
approach will allow the ranking of air qual-
ity impacts of various energy technology
scenarios without rerunning the long-range
transport model.
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In order to investigate seasonal varia-
tions, 4 monthly, average matrices were pro-
duced using meteorological data from January,
April, July and October 1974. As shown in
Table 5 where the matrix elements for some
representative AQCRs are given, there can
be significant variations in the matrix el-
ements from one month to another. Missing
data in the table means that there were no
trajectories during that month from the
source at the centroid of the emitter AQCR
to any of the grid cells in the long-range
transport model that contribute to the re-
ceptor AQCR. Very small matrix elements,
such as for receptor AQCR 14 and emitter
AQCR 65 in October 1974, arose when there
were not enough trajectories from the emit-
ter AQCR to the receptor AQCR for the
monthly average concentration over the recep-
tor AQCR to be of any significance. The
month-to-month variations in the matrix ele-
ments shown in Table 5 demonstrate the need
in long-range assessments for a long enough
averaging time to assess mean impacts along
with an estimate of variability.

To facilitate a monthly assessment for
the source at the centroid of each of
238 AQCRs for each of 4 mo, a new technique
was developed that used 86 emission grid
points on a regularly spaced grid spanning
the United States to estimate assessments
that would be made for actual source loca-
tions. Assessments from the grid points
near a source are weighted, shifted to the
source location, and added together to form
an assessment for that source. The advan-
tage of using the assessment on a regularly
spaced grid is to reduce the number of as-
sessments to be carried out with the long-
range transport model.



TABLE 5. Monthly Variations in Long-Range Transport AQCR-to-AQCR Matrix Elements(3) for Fine Particulates as
Calculated Using Meteorological Data from Four Months in 1974

Receptor AQCR

14(b) 18(b)
January April July October January April July October
14533 0.634x10-2  0.572x102  0.684x107  0.550x10  0.315x10-  0.343x10-*  0.303x10°  0.126x10-
18 — — — — 0437107 0.149x107  0.677x10°  0.242x10""
36(2) 0.486x10-  0.583x10-5  0.167x10  0.105x10°  0.994x10  0.678x10<  0.191x106  0.564x10-
£ 65(P) — — — 0.144x10°  0.801x10-  0.489x102  0.370x10-*  0.378x10°
&)
P
g 36(b) 65(P)
E
o 14}23 0.215x10  0.190x102  0.147x102  0.257x102  0.148x102  0.136x10°  0.529x10%  0.444x10
18 — - — — - 0.947x102  0.180x10  0.736x10
360 0.374x707 0.298x10"  0527x107  0.533x10-  0.843x107  0.405x10<  0.300x104  0.408x10-*
65(D) — — — 0.409x107  0.381x107  0.160x10  0.260x10<  0.24dx 10

(a)Monthly average over receptor AQCR of fine particulate air concentrations in micrograms per cubic meter, resulting
from 1.0 kiloton per year emission from a source at centroid of emitter AQCR.

)Counties included in AQCR:

® 14: AZ Apache, AZ Conconino, AZ Navajo, AZ Yavapai, CO Archuleta, CO Dolores, CO La Plata, .
CO Montezuma, CO San Juan, NM McKinley, NM San Juan, UT Emery, UT Garfield, UT Grand, UT Iron,
UT Kane, UT San Juan, UT Washington, UT Wayne.

® 18: AR Crittenden, MS De Soto, TN Shelby.

® 36: CO Adams, CO Arapahoe, CO Boulder, CO Clear Creek, CO Denver, CO Douglas, CO Gilpin, CO jefferson

® 65: IL Fulton, IL Hancock, IL Hendersen, IL Knox, IL McDonough, IL Mason, IL Peoria, IL Tazewell, IL Warren,
IL Woodford, IA Des Moines, IA Lee.

Reference assessments have been used in the past. In

Eadie, W. J. and W. E. Davis. 1979. The
Development of a National Interregional

Transport Matrix for Respirable Particulates.

PNL-RAP-37, Pacific Northwest Laboratory,
Richland, WA.

The Use of Time-Averaged Precipitation for
Wet Removal in a Regional Ajir PoTllution
Assessment Model

W. E. Davis and W. J. Eadie

One of the problems that confronts
regional-scale computer modelers is how to
incorporate precipitation into a model with
precipitation removal, in particular, what
kind of average precipitation data should be
used. A number of different approaches to
this problem in regional-scale air pollution

30

Johnson, Wolf and Mancuso (1978) 6-hr preci-
pitation was used for an assessment. In
Eliassen (1978) 6~ and 12-hr precipitation
was used in an assessment for 1974. In
S1inn (1978), a recommendation was made that
researchers use a constant wet deposition
velocity based on the average annual precip-
itation. At Pacific Northwest Laboratory
(PNL), hourly precipitation is used for most
assessments (Powell et al. 1979; McNaughton
1980).

However, the production of hourly preci-
pitation tapes is long and costly. A com-
puter program developed by Fox and Wendell
(1977) at PNL took station file data from
more than 3000 reporting stations in the
United States and converted them to synoptic
file data. These data in turn were gridded
to be used in an assessment. The time, ef-
fort, and expense to produce these data can



cause severe limitations for regional-scale
assessments produced on a limited budget.
With this in mind, an alternative approach
was considered at PNL.

A study by Wendell, Powell and McNaughton
(1977) demonstrated that the use of average
precipitation would cause an overestimate of
the amount of sulfate deposited in a re-
gional study when compared to results using
hourly precipitation. This prompted a paper
by Davis (1979) that showed that increasing
the averaging times increased the amount of
deposition for washout ratios greater than
5 x 10%*. Davis showed that when the average
precipitation, corrected to the average in-
tensity during wet periods, was turned "on"
and "off" with the average frequency and for
the average duration of naturally occurring
precipitation, the mass balance was approxi-
mately the same as when hourly precipitation
was used, However, Davis's work was done
with an idealized pollutant that neither
dry-deposited nor underwent chemical trans-
formation. It is the purpose of this arti-
cle to test whether or not Davis's approach
can be extended to an assessment using sul-
fur dioxide and SO,.

Model

The model used in this study is described
in Eadie and Davis (1979). Only a brief
discussion of the assumptions made in the
model are presented here.

The model assumes hourly puffs that are
advected in hourly steps using gridded
layer-averaged wind (100 m to 1000 m). The
vertical component of the wind is assumed to
be zero. The following assumptions are made
on atmospheric diffusion:

e Horizontal diffusion is a function of
synoptic-scale wind variation only.

e The vertical-turbulent diffusion param-
eterization is a function of stability in
a specified diurnal cycle for all plume
elements within the daytime mixed layer
or the nocturnal stable layer.

e The depth of the daytime mixed layer is
represented by a diurnal cycle in which
a daytime layer increases from a minimum
depth at sunrise to a maximum depth in
the afternoon. A nocturnal layer builds
to a Tower depth.

e Depth of the boundary layer (mixed layer
in daytime or nocturnal layer) for each
hour determines which of two vertical
dispersion regimes--mixed layer or above
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mixed layer--will be applied to a given
plume element. Those elements released
within the depth of the layer expand ac-
cording to the stability of the hour;
those released above the current depth of
the layer expand as if the atmosphere
were extremely stable. An exception to
this method occurs when releases have ex-
panded to the maximum depth of the mixed
layer during the previous day; in this
case, their expansion continues according
to a fixed function of travel time inde-
pendent of stability or layer depth.

o Depth of the mixed layer provides a verti-
cal constraint for releases at heights
within this layer. The depth of the noc-
turnal boundary does not serve as an an-
alogous constraint.

e At the present stage of model development,
terrain effects are neglected.

Precipitation Frequency

There are at least two recent papers that
treat precipitation frequency: on a single-
station basis (Rohde and Grandell 1972) and
on a regional basis (Henmi and Reiter 1978).
Rohde and Grandell have computed the dura-
tion of wet and dry periods for a single
station in Europe using a year's data.

Henmi and Reiter have produced an analysis
of United States precipitation frequency
east of 105°W longitude based on records for
61 stations for 1974. One can apply their
results, or as has been done for one of

the studies in this article, examine the
weather maps for the month's data to be used
and hand-compute a mean dry period and a
mean duration of precipitation. Fisher
(1978) applied the techniques of Rohde and
Grandell to a regional-scale statistical
model for Europe.

Case Study

Three sites were selected, Anaconda,
Montana, Four Corners and central Arkansas,
for July 1974,

For the two sites in the west, the aver-
age duration of precipitation of 3 hr was
selected for every 120 hr. These values
were chosen based on a rough average of val-
ues presented by Henmi and Reiter %1978).

A different set of averages was used for
central Arkansas with 6 hr of precipitation
for every 60 hr.

The PNL model was run in four precipita-
tion modes for each of these sites for
hourly, six hourly, average precipitation



turned "on" and "off" (on/off) and average
precipitation. The coefficients used in
this study for SO, and SO, are shown in
Table 6. These were obtained from Sandusky,
Eadie and Drewes (1979).

The results of the mass balance compari-
son (Table 7) using the average (on/off),
average, and the six-hourly precipitation
with the hourly precipitation results show
very good agreement for all three sites. An
examination of the air concentration deposi-
tion patterns for S0, shows good agreement
for all techniques.

However, when the deposition patterns for
S0, using the average precipitation (Fig-
ure 19) and the average precipitation (on/
off) (Figure 20) are compared to the pattern
produced using the hourly precipitation
(Figure 21), a wide variance appears. Even
using six-hourly precipitation (Figure 22)
can cause large differences in deposition
when compared to the deposition from using
hourly precipitation.

The widest variance occurs in SO, wet,
the amount deposited by washout, whereas in-
creasing the averaging time increases the
amount in wet deposition. Deposition pat-
terns were quite different for the deposi-
tion calculated using hourly precipitation
versus the deposition calculated using aver-
age precipitation (on/off) and average pre-
cipitation, which points out the importance
of using hourly precipitation when consider-
ing episodal cases. The reason for the dif-
ference is that precipitation events are
relatively infrequent and by using the time-
averaged precipitation, turning it "off" and
“on" from 7 to 12 times a month will cause
the deposition pattern to be heavily influ-
enced as to when the precipitation is turned
"off" and "on". However, for long-term as-
sessments where a year's data is used, it is
expected that these differences will proba-
bly average out and that the patterns will
become more similar,

The use of average precipitation is dis-
couraged in that the pattern does not tend

TABLE 6. Model Input Data

Time period for meteorological data

fuly 1-31, 1974

Advection grid spacing (35°N latitude) 321 km

Grid spacing for precipitation data and

sampling of results (35°N latitude)

Effective stack height
Mixing height
Stability

Dry deposition velocities:
® SO
® Sulfates

Wet removal coefficients(@):

® SO,
® Sulfates

Transformation rate of SO; to sulfates

Percentage of emissions as primary sulfates

(@)p = rainfall rates mm/hr

32km
260 m
Variable
Variable

1.4 cm/sec
0.23 cm/sec

0.058 P/hr
0.38 P-73/hr

0.005/hr

0.02 (2% of
emission)




TABLE 7. Mass Balance (% of Release)
Type
Precipi- SO:  SO4 SO2 S04 $O: SO« SOz SO4
Station tation Air Air Deposit Deposit Off Off Drop Drop
- 7 (SO:Wey {(SOaWey T
Anaconda, hourly 3.12 1.70 84.31 8.95 0.15 0.33 0.16 1.47
Montana (4.15) (5.60)
6-hourly 3.13 1.57 84.42 9.60 0.13 0.24 0.14 0.76
(4.84) (6.96)
average 3.2 1.84 84.06 8.93 0.22 0.84 0.13 0.78
{on/off) (3.23) (5.72)
average 3.08 0.60 84.29 11.30 0.21 023 013 0.16
(3.95) (9.64)
Four hourly 3.16 1.16 84.69 9.39 0 0 0.16 1.43
Corners (6.46) (6.64)
Southwest ¢ hoyrly 319 119 84.65 9.40 0 0 018 139
USs. (6.75) (6.83)
average 3.21 1.65 84.51 9.32 0 0 0.19 1.13
(on/off) (5.75) (6.41)
average 287 0.28 85.11 11.46 0 0 016  0.11
(7.70) (10.30)
East hourly 293 071 84.81 10.46 035 027 010 0.37
Central (6.99) (7.85)
Arkansas 6-hourly 2.74 0.30 85.27 10.99 0.28 0.15 0.09 0.18
(8.8) (8.74)
average 3.26 1.14 84.65 10.41 0.27 0.15 0.08 0.05
(on/off) (7.52) (8.48)
average 2.78 0.18 85.25 11.33 0.32 0.06 0.07 0.01
(8.92) (10.28)

—— # >50 mg/m?
~-~= 10 mg/m2

FIGURE 19. Time-Averaged Precipitation, SO4
Deposition, July 1974

to average out. This is based on the high
deposition near the source as the result of
scavenging for all puffs. When the rain is
turned "on" and "off" with the approximate
natural frequency, a better estimate of depo-
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FIGURE 20. Time-Averaged Precipitation (3 hr on/120 hr
off), SO, Deposition, july 1974

sition is obtained. It is recommended that
average precipitation using monthly values
turned "on" and "off" with the average fre-
quency be used in long-term assessments.



— 10 mg/m2
—-=-5 mglm2
......... -1 mglm2

FIGURE 21.
July 1974

Hourly Precipitation, SO, Deposition,
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® Precipitation Scavenging in MAP3S*

Obijectives of this study are:

e Using field experiments and numerical modeling to determine causal relationships in the pollution-
scavenging process so that valid techniques for calculating regional removal can be formulated.

e Collecting and analyzing precipitation chemistry samples from the Multistate Atmospheric Power
Production Pollution Study (MAP3S) network in the northeastern United States.

e Data-banking precipitation scavenging and chemistry results for use in developing and testing
theories and numerical models for the prediction of transport and deposition of fossil fuel

pollutants.

The MAP3S Precipitation Chemistry Network:
Progress and Recent Results

M. Terry Dana, D. R. Drewes, D. W. Glover,
S. D. Harris and J. E. Rothert

The Multistate Atmospheric Power Produc-
tion Pollution Study (MAP3S) network is be-
ginning its fourth year of event sampling of
wet deposition in the northeast United
States region. Samples are chemically anal-
yzed and the data reported as monthly re-
ports within about 4 mo of arrival of sam-
ples at the laboratory. This time lag is
expected to shorten to about 2 mo during
FY 1980 since the completion of the Pennsyl-
vania State University collector comparison
study initiated in May 1978 has eased the
laboratory sample burden considerably.

Weekly sampling, in addition to event
sampling, has been underway at four sites
for over a year. Initial results indicate
that weekly samples (which are collected
with Health and Safety Laboratory [HASL]
samplers) show higher concentrations of the
major ions H*, NO3;~, SO; and NH,* than the
mean of the event samples during the week.
The reasons for these higher concentrations

*See Foreword
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are unclear at present, and further careful
analyses of results for an entire year of
data will be completed and reported during
the coming year.

The second periodic summary report of the
MAP3S precipitation chemistry program (MAP3S
1979) 1ists complete chemical data for the
period July 1977 to June 1978. Included are
monthly mean deposition-weighted concentra-
tions for the period, some of which are re-
produced here in Figures 27 and 28. The
seasonal trends in sulfur dioxide and sul-
fate and the lack of significant trends in
other species are evident.

More recent sulfur concentration data are
given in "Sulfur Wet Deposition in the North-
east United States: Winter 1978-1979" in
this Annual Report.

Reference
MAP3S Precipitation Chemistry Network Parti-

cipants. 1979. The MAP3S Precipitation
Chemistry Network: Second Periodic Summary

Report (July 1977 to June 1978). PNL-2829,
Pacific Northwest Laboratory, Richland, WA.
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FIGURE 38. Estimated Concentrations of SOy in Clear-Air (Lg m-?) as a Function of Observed

SO, in Rainwater (Lumoles -1)
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A Generalized One-Dimensional Model of
Reactive Pollutant Behavior, Including
Dry Deposition, Precipitation Formation
and Wet Removal

J. M. Hales(a)

A computer code has been developed that
provides finite-difference approximations to
solutions of a series of one-dimensional,
time-variant equations corresponding to the
conservation of atmospheric species. These
equations take the form

2
De _ gy 22¢€

Dt %+ Bl %§-+ Clc + G

(1)

where ¢ denotes species concentration, and
Al, B1, C1, and G are species-dependent var-
iables that may vary with time, concentra-
tion, and location.

In its present form the computer code
provides for:

e variable diffusion in height and in time

e generalized boundary conditions at both
the bottom and top of the computational
grid, allowing a versatile characteriza-
tion of the deposition/resuspension
process

e flexible vertical grid spacing

e the capability to describe cloud and pre-
cipitation phenomena

(a) This research was performed at the
Meteorological Institute of Stockholm
University in cooperation with MISU
staff members. Drs. Lennart Granat,
Henning Rodhe, and Hilding Sundqvist of
MISU have contributed actively to this
report.
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e the versatile incorporation of aqueous-
phase and gaseous phase chemical conver-
sion for multiple-component systems

e the capability to describe wet removal
processes.

At present, the code has been tested only
to a limited extent. The first test series
addressed a comparison of the reactive scav-
enging of sulfur dioxide gas with the physi-
cal scavenging of sulfate aerosol. For the
purposes of this test, nucleation was stipu-
lated to be the sole mechanism of direct sul-
fate aerosol capture, and the aqueous-phase
reaction

S0, + 05 ~ SO, (2)

“was specified as the sole S0, conversion

mechanism.

Results of the initial test are summari-
zed in Figure 39, which depicts a storm sys-
tem induced by orographic 1ifting with sub-
subsequent descent across a plateau. Preci-
pitation intensity is indicated by the hori-
zontal bar plots, and the computed cloud
outline is given approximately by the ideal-
ized sketch. Numbers running across the
schematic give computed rainwater sulfate
concentrations in uM/2 at the model times
indicated. Values to the Teft of the
slashes give sulfate concentrations arising
from direct aerosol capture, while those to
the right of the slashes correspond to the
sulfate component contributed by reactive
S0, scavenging. The two rows of numbers are
results that were obtained for two different
assumptions regarding sulfur sulfate aerosol-
particle sizes; the top row is based on the
presumption of a homogeneous sulfate aerosol
composed of 0.1-u particles, while the bot-
tom pertains to 0.3-p particles.

Future plans call for documentation of
the code for extended use and application
for mechanistic studies within the Multi-
state Atmospheric Power Production Pollu-
tion Study (MAP3S) scavenging program.
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FIGURE 39. Schematic of Computed Results
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® Aerosol and Trace Gas Transformations*

Objectives of this study are:

® Understanding the behavior and implications of atmospheric pollutant transformation processes.

e Determiningthe importance of transformation processes in predicting removal rates, and in influenc-

ing weather and climate modifications.

o Studying pollutant transformations in power-plant and urban plumes in the Multistate Power Produc-
tion Pollution Study (MAP3S) region through the use of field studies and diagnostic modeling.

Comparison Between Polluted and Clean Air
Masses Over Lake Michigan

A. J. Alkezweeny and N. S. Laulainen

The Lake Michigan area offers a unique
site to study and characterize aerosol and

trace gases in clean and polluted air masses.

Clean air masses that move over lakes and
sparsely populated areas in Canada are ad-
vected over Lake Michigan under the influ-
ence of north winds. In contrast, polluted
air masses are associated with wind from
the opposite direction. During the past
several years, Pacific Northwest Laboratory
(PNL)} has been conducting field experiments
in the Michigan area to characterize and
investigate the formation of secondary pol-
lutants. The study is a part of the Multi-
state Atmospheric Power Production Pollu-
tion Study (MAP3S) initially supported by
the Department of Energy (DOE) and most re-
cently by the Environmental Protection
Agency (EPA). Presented here are data col-
lected during the summers of 1976 and 1978
in a sampling program that consisted of air-
borne measurements of aerosol particle size
distributions and chemical composition,
light scattering and ozone. Figure 40 il-
ustrates the aircraft flight routes taken
during these experiments.

Before we assess the meaning of the re-
sults of these experiments, we need to de-
scribe the meteorological conditions under
which the data were collected. On Aug-
ust 21, 1976 the measurements were made
over Lake Michigan at different altitudes
and Tocations on east-to-west sampling
routes. The wind was from the south; hence,
industrial and urban pollutants from the
Chicago-Gary area were advected over the

*See Foreword

aircraft sampling paths. On September 8,
1978 similar samples were taken over the
lake across from Chicago under southwesterly
winds.

On the other hand, August 29, 1976 and
September 22, 1978 samples represent very
clean background air masses as a result of
the meteorological conditions prevalent be-
fore and during sampling. On August 27,
1976 the Lake Michigan area experienced a
frontal passage at night associated with
rain and shower activity and a shift in wind
direction from the west to the northwest on
August 28 and a northerly wind on August 29.
The measurements on August 29 were taken at
different altitudes from about 130 m to
1800 m AGL. Similarly, the 2 days preceding
the September 22, 1978 sampling were rainy.
The samplings on both August 30, 1978 and
September 22, 1978 were carried out while
flying a 15-km leg across the path of a tet-
roon at about 300 m AGL altitude. The
August 30 sampling period should have repre-
sented slightly poliuted air.

Figure 41 shows the particle size distri-
butions measured on August 21 and 29, 1976.
The distributions are bimodal with one peak
located between 0.1 to 1.0 um (fine particle
mode) and another one at greater than 1.0 um
{coarse particle mode). However, the dis-
tribution of the clean air aerosol is domi-
nated by the coarse particle mode (Aug-
ust 29). On the other hand, the fine parti-
cle mode is more dominant in the polluted
condition (August 21)}. There is also an in-
dication that the concentration of aerosol
particles in this mode increases with dis-
tance from a source that may be the result
of gas to particie conversion. The particle
size distributions for the August 21 samp-
ling period average over all altitudes at
that location.
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FIGURE 40. Map of Lake Michigan Showing Aircraft Sampling Routes During the

Summers of 1976 and 1978

Table 8 shows the vertical profile of
temperature, relative humidity, and Tight
scattering (ba refers to light scattering
caused by aerosol alone) for August 29, 1976.
As can be seen, b, is nearly constant with
altitude until by reaches the Tlevel of the
temperature inversion, between 1100 and
1500 m, where it drops off very sharply.
Since the air above this Tlevel is very dry,
it is possible that part of the sharp change
in by may have been caused by the drying out
of the aerosol particles. The last column
in the table shows the ratio of the total
light scattering, by, to that caused by air
molecules, b.. The range of values is be-
tween 1.0350 to 1.0800, which is close to
the value 1.05 reported by Porch et al.
(1970) for the cleanest day on Mount Olympus,
Washington.

Table 9 shows the concentrations of a few
trace metals measured on the 2 days in 1976.
It is clear that the differences in measure-
ments are more than an order of magnitude
between clean and polluted air. The trace
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metals data measured on August 29 are com-
parable with those reported by Adams et al.
(1977) for background aerosol on Chacaltaya
Mountain in Bolivia. The sulfate concentra-
tion of 0.17 ug/m3 was the lowest value
measured during our flight (see Table 10),

a value within the range of concentration
measured by Lawson and Winchester (1979) in
remote South American sites. The lower ni-
trate concentration (0.08 ug/m3) was meas-
ured on the same day as the sulfate and is
much Tower than the 0.20 ug/m® reported by
Robinson and Robins (1970) for background
aerosol. Corresponding to these low values
of sulfate, nitrate and light scattering is
an ozone level between 22 to 31 ppb, which
is the lowest ozone concentration that we
ever encountered during our sampling over
Lake Michigan and over several rural areas
in the northeast outside a plume. The data
for August 21, 1976 and September 8, 1978
are typical of urban area pollutants, except
that the nitrate values are on the high
side; we had measured half of these values
and Tower on other days in the Chicago plume.






TABLE 9. Concentrations of Trace Metals in ng/m3
Measured Over Lake Michigan

September 21, August 29,
1976 1976
Ca 662 79
Mn 32 1.7
Fe 590 54.9
Pb 34 3.6
Zn 190 ND{3)

{a)JND:  Not detected

Lawson, D. R. and J. W. Winchester. 1979.

"Atmospheric Sulfur Aerosol Concentrations

and Characteristics from the South American
Continent." Science. 205:1267-1269.

~Porch, W. M., R. J. Charlson and L. F. Radke.
1970. "Atmospheric Aerosol: Does a Back-
ground Level Exist?" Science. 170:315-317.

Robinson, E. and R. C. Robins. 1970. "Gas-
eous Nitrogen Compound Pollutants from Urban
and Natural Sources."” J. Air Poll. Cont.
Ass. 20:303-306.

Gas to Particle Conversion in Urban Plumes

A. J. Alkezweeny

The formation in the atmosphere of aero-
sol particles from the gaseous phase has re-
ceived considerable attention in recent
years. Emphasis has been placed on sulfate
aerosol because of its association with ad-
verse health effects, visibility degrada-
tion, and acid rain. Nitrate and organic
aerosol particles are also important, but
have received lesser consideration.

The conversion rates of sulfur dioxide
to sulfate aerosol have been measured by
several investigators, both in the atmos-
phere and in the laboratory. Results have
shown a wide variation in the conversion
rates. Even in urban plumes, within about
100 km of a source, the conversion rate vari-
ation is still very large, ranging from
about 1.0 to 30%/hr. Pacific Northwest Lab-
oratory (PNL) has studied the problem of
S0, to sulfate conversion over the past sev-
eral years in St. Louis, Missouri, and over
Lake Michigan. The latter study has been a
part of the Multistate Atmospheric Power
Production Pollution Study (MAP3S) initially
supported by the Department of Energy (DOE)
and most recently by the Environmental Pro-
tection Agency. Summarized here are results
of that study.

TABLE 10.

The Ranges of Sulfate, Nitrate, Ozone and Light-Scattering

Measurements During the Five Experiments over Lake Michigan

Date Alt.in AGL bz 10#m-"  SO,ug/m? NO;ug/m* O, ppb
August 29, 130 to 1800 0.051 0.20 — 226 to 30
1976

August 21, 130 2.3 35 — 80 to 112
1976

August 30, 130 0.22to 0.31 0.88 to 1.58 0.47 47 to 49
1978

September 8, 130 1.5 to 2.37 14 to 19 11.03, 16.9 155 to 198
1978

September 130 0.095 0.17 t0 0.87  0.08, 0.09 30 to 31
22,1978
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Earlier field experiments over Lake Mich-
igan, reported by Alkezweeny et al. (1977},
were aircraft flights conducted during the
summer of 1976 in the Milwaukee plume. Re-
sults showed that for days with nearly iden-
tical meteorological conditions, conversion
rates of SO, to sulfate aerosol were quite
different. For example, on one day the rate
was close to zero; on another day the rate
was about 7%/hr, even though on both days
considerable photochemical reaction activi-
ties were present as was shown by the
buildup of ozone. Similar results were also
found when these measurements were repeated
in the summer of 1978 in the Chicago and
Gary plumes. Findings showed that large
variations in the conversion rates are pos-
sible in urban plumes.

Miller and Alkezweeny (1979) examined the
Milwaukee data and other data collected dur-
ing the summer of 1977 using a chemical kin-
etics code devised to simulate the photo-
chemical reactions believed to have occurred
during sampling. The model consisted of
53 reaction steps for irradiated SO,-NOy-
hydrocarbon mixtures. The model predicted
the observed ozone formation with good agree-
ment between measured and calculated concen-
trations. However, the model failed to pre-
dict the wide variation in the conversion
rates.

If we examine the data of 1976, 1977,
and 1978, we find that high conversion rates
are associated with high aerosol loading.
This observation and the failure of the
photochemical smog model to predict the con-
version rate suggest that the oxidation of
sulfur dioxide might have taken place on the
aerosol particles in the plumes. This as-
sumption has received support in the past
from several investigators but has not been
verified from field experiments.

To solve the problem of photochemical re-
action versus catalysis oxidation of SO,,
several night flights were conducted down-
wind of Chicago and Gary during the month
of June 1979. The nights were chosen so
that the aerosol loading was similar to or
higher than those found in the previous sam-
pling days that were characterized by a high
oxidation rate. Below is a description of
one of these experiments.

The experiment was conducted on June 14,
1979 during a flight initiated from Muske-
gon, Michigan, at 1730 CDT and headed dir-
ectly toward Meigs airport in Chicago at an
altitude of 800 m AGL. The temperature and
relative humidity during the flight were
25°C and 45%, respectively, and the wind

57

was from the southwest. Therefore, we can
consider the flight along the wind direc-
tion. The day was apparently active with
photochemical activities and aerosol produc-
tion as revealed by the recorded 1light-
scattering and ozone data. Both ozone and
light-scattering levels downwind of Chicago
were much higher than those close by the
city.

To determine the vertical profile of the
wind speed and direction, several pilot bal-
loons were released at the airport between
1920 and 2015 CDT. The wind speed and di-
rection, estimated at 13 m/sec and about
206°, were remarkably steady during this per-
iod and wind direction was nearly constant
from near the surface to about 1900 m AGL.
Using this wind speed and direction, the air-
craft sampled the Chicago plume starting at
2230 CDT at constant altitude of about 475 m
AGL. Each cross section was about 45 km per-
pendicular to the wind (see Figure 42). A
total of 11 cross sections were made equally
spaced between the west and east shores of
the lake.

A few kilometers from the shore the air
was quite turbulent; therefore, it can be
assumed that the pollutants were well mixed.
However, after that location the turbulence
was damped out, and nearly laminar flow was
established. Figure 43 shows the data col-
lected during this flight. Each point is an
average over each pass. As seen from the
figure, the particle light scattering re-
mained constant throughout the flight. The
number of concentrations of total aerosol
particles, as measured with a condensation
nuclei counter (CNC), decreased with in-
creasing distance from the city. Likewise,
the total current measured by the Electrical
Aerosol Analyzer (EAA), which is an indica-
tor of particle concentration of sizes
greater than 0.01 um in dia, also decreased
downwind of the city. This behavior can be
attributed to aerosol coagulation. Cer-
tainly this finding supports the idea that
catalysis oxidation of S0, in the atmosphere
is unimportant, at least at a low relative
humidity. For these flights the relative
humidity was below 55%. However, there is
an indication from one flight that aerosol
production may be significant under condi-
tions of humidity greater than 80%.

In conclusion, the results of the data
collected during these experiments can be
summarized as follows:

e The oxidation of S02 to sulfate is domi-
nated by photochemical reactions at low
relative humidity.
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e There are some indications that catalysis
oxidation at high humidity may be
important.

e The oxidation rate during daylight is var-
iable and cannot be explained by present
photochemical models. A high oxidation
rate seems to be associated with high
aerosol loading or may be associated with
the age of the air masses advected over
the urban areas.

e Ozone is definitely formed in the urban
plume downwind of the city.
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The Impact of Fair-Weather Cumulus Clouds
on Atmospheric Pollutants

A. J. Alkezweeny

Fair-weather cumulus clouds are nonpreci-
pitating, detached, and dense white clouds
formed by thermal convection in the atmos-
phere. They frequently appear during the
warm season around midday, covering from a
few percent to 70 to 80% of the sky. The
clouds range in diameter from a few hundred
meters to about 2 km, and their depth is
just about one or two times their diameter.
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Generally, their bases are located at about
1 to 2 km above the ground. Since these
clouds undergo repeated cycles of condensa-
tion and evaporation involving airborne
gases and aerosol particles, one would ex-
pect that these pollutants would undergo
chemical and physical changes during these
processes. These changes play a very impor-
tant role in determining poliutant residence
times and the impact of pollutants on man.

Aerosol particles in the size range
roughly between 0.1 to 1.0 um have the
longest residence time in the atmosphere.
This is the range where most of the sulfate
particle mass is normally found. The long
residence time of aerosols in this size
range will allow the sulfate to be accumu-
lated and transported over Tong distances
in the atmosphere. Thus, these aerosols
contribute to visibility degradation and
acid rain by being incorporated in rain
through in- or below-cloud scavenging.
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Even though removal of aerosol particles
by precipitation or dry deposition is
strongly dependent upon particle sizes, only
few measurements of particles have been made.
Reported data are incomplete and lack infor-
mation about pertinent parameters. For in-
stance, Twomey and Severynsen (1964) deter-
mined the size distribution of aerosol
particles in a fog using diffusion batteries
before and after bag formation. Results
show that after 10 hr the fog had removed
most of the particles of radius Tess than
102 ym, with 1ittle change in the concentra-
tion of the larger particles. The particle
size distribution after fog dissipation was
not reported, however. In contrast, Harris
and Morse (1968) obtained the size distribu-
tion of particles larger than 0.1 um in rad-
jus with a Royco Optical Counter in the pre-
sence of and during dissipation of fog in
the Los Angeles area. Their results show
that the concentration of particles below
1 pm were somewhat higher after the fog evap-
orated and that the increase was most pro-
nounced around 0.8 um. Furthermore, a con-
siderable decrease in the concentration of
particles larger than 1 um was observed.
Since the relative humidity decreased from
100% to 69% during the experiment, it is pos-
sible that the change in the relative humid-
ity may explain the difference in the two
size distributions, an explanation that has
some support in Twomey's and Sverynsen's
findings.

The above experiments did not give infor-
mation on the concentration or the size of
particles that remain airborne after fog dis-
sipation. There is evidence that Aitken par-
ticles are generated by the evaporation of
cloud droplets. For instance, Radke (1970)
made aircraft measurements around lee-wave
and cap-wave clouds with a cloud condensa-
tion nuclei (CCN) counter operated at 0.5%
supersaturation. His results showed that
the concentration of CCN in the air flowing
out of the cloud was about three times larger
than the concentration of CCN in the air
flowing into the cloud. Since the supersat-
uration in his counter was 0.5% we can as-
sume that a nominal concentration of parti-
cles of radius greater than 0.02 um was meas-
ured. We have made a few flights through a
fair-weather cumulus cloud and found an in-
crease in the concentration of condensation
nuclei (CN) at the evaporating edges of the
cloud. Since CN and CCN counters measure
the total number of particies greater than
a given particle size, it is possible that
droplet evaporation may shift the particle
size distribution to large sizes where more
particies can be counted by the counter.



Another important factor that may affect
the sizes of aerosol particles after droplet
evaporation is the presence of organic mate-
rial in the air. Such surface-active mate-
rial partially or completely encapsulates
droplets and thus reduces their evaporation
rate by as much as 100 times or more for the
droplet size range normally found in clouds.
Therefore, these droplets can remain in sol-
ution even in a subsaturated environment
(relative humidity below 100%). In fact,
Braham (1977) found particles of sizes from
several microns to 15 ym in dia and in a
concentration of about 1.0/cm between and
below cloud base near St. Louis, Missouri.

Because aerosol particles are necessary
for cloud formation and precipitation devel-
opment, they may increase or decrease pre-
cipitation depending upon their size and
chemical composition. Furthermore, an in-
crease in aerosol particle concentration
leads to an increase in the concentration of
cloud droplets and, thus, has the effect of
increasing the cloud albedo for the visible
solar radiation (SMIC 1971).

In addition, a very important process
that may be operative in the pollutant-cloud
system is the oxidation of trace gases in
the cloud droplets. Recently, great empha-
sis has been directed toward understanding
the conversion of sulfur dioxide to sulfate
in the Tiquid phase. However, outcomes of
several theoretical studies and laboratory
experiments have given conflicting results
about the importance of the oxidation reac-
tion in the atmosphere (see the summary of
the International Conference on Sulfur in
the Atmosphere in Atmospheric Environment,
Volume 12, No. 1-3, 1978). Apparently, the
oxidation rate in solution is determined by
many things, including the amount of transi-
tion metal (e.g., iron, manganese, ozone,
hydrogen peroxide, and ammonia).

Fair-weather cumulus clouds may play a
very important role in the dispersion of
pollutants. Gases and particles that are
carried into the clouds by updrafts may
well be injected above the mixing layer.
This process has been a topic of conversa-
tion among atmospheric scientists for some
time. Unfortunately, no detailed measure-
ments have been carried out near clouds to
shed light on this subject. The lack of
data or planned experiments on the transport
and modification of pollutants by cumulus
clouds is very surprising since these clouds
are formed during stagnating, anticyclonic
weather conditions that are characterized
by high accumulation of pollutants and poor

60

visibility. Furthermore, many air pollution
disasters such as those in Donora, 1948,
Poza Rica, 1950, and in London, 1952, were
associated with stagnation conditions.

It is clear from the above discussion
that there is a need for field experiments
to study the interaction between fair-
weather cumulus clouds and pollutants. The
results should provide information that can
be extrapolated to fogs, other nonprecipi-
tating clouds or larger precipitating sys-
tems. A pilot experiment addressing this
problem was conducted in the month of July,
1979, near Champagne, ITlinois. The program
is a part of the Central I11inois Rain Chem-
istry Experiment (CIRCE). Two aircraft were
available for this study, the Pacific North-
west Laboratory (PNL) C-411 and DC-3. The
C-411 was equipped with a nephelometer, an
ozone monitor, and a high-volume sampler.
Temperature, dew-point temperature, turbu-
lence, standard aircraft parameters (alti-
tude, air speed, etc.) and aircraft location
(longitude, latitude) were also measured.
The DC-3, with similar capability, had addi-
tional instrumentation to measure the con-
centration of SO,, NOy, aerosol particles,
and aerosol size distributions in the range
of 0.01 to about 5.0 ym. Cloud droplet
size distributions were also measured with
an axially scattering spectrometer.

The flight plan was designed to thor-
oughly characterize the environment around
and between the clouds. The aircraft sam-
pled just below the cloud bases, between
the clouds, and above the clouds as close
to their tops as possible without touching
them. Cloud penetrations were also made to
determine droplet size distributions. The
effect of the fair-weather cumulus clouds on
the top of the boundary layer was also in-
vestigated. Vertical profiles of several
state and pollution parameters were made be-
tween clouds at several locations that were
characterized by different horizontal cloud
separations. The data collected during
this study are being analyzed and results
will be reported later.
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Relationship Among Secondary Pollutants

A. J. Alkezweeny

During the summer of 1978 several air-
craft sampling missions were carried out
over Lake Michigan by Pacific Northwest Lab-
oratory (PNL) to monitor and study the for-
mation of secondary pollutants such as ozone
and sulfate. Ozone measurements were made
with a Bendix ozone analyzer, and a MRl in-
tegrating nephelometer was used to determine
the aerosol light-scattering at a wavelength
of 0.525 um. Aerosol particles were also
collected on IPC filters at the rate of
1.4 m3/min and analyzed by x-ray fluores-
cence for sulfur content.

Figure 44 shows the relationship between
ozone and sulfate. The ozone values are
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FIGURE 44, Relationship Between Sulfate and Ozone
(Straight Line Represents the Best Fit)



averages over the same sampling period.

The data are fitted with a straight line
using linear regression analysis on 47 pairs
of data points. The best fit is described
by the following equation,

S0, = 0.102 03 - 1.03 (1)

where S0, and 05 are the concentration of
sulfate in ug/m3 and the concentration of
ozone in ppb. The correlation coefficient
between the two parameters is 0.9. Such
high correlation suggests that sulfate parti-
cles in the atmosphere are formed by photo-
chemical reaction. The data presented here
were collected under low relative humidity
conditions (below 75%). Therefore, it is
possible that catalysis of sulfur dioxide at
high relative humidity may be important.
Similar conclusions were also reached by
Alkezweeny et al. (1977), Gillani et al.
(1978) and Alkezweeny (1980).

A plot of the Tight scattering (Bscat)
versus sulfate particle concentration is
shown in Figure 45. The Bgcat values are
time-averaged over the same period of filter
sampling times, and they represent the com-
ponent of scattering as the result of aero-
sol alone. The correlation coefficient, cal-
culated from 55 pairs of data points, is
0.94. This high correlation demonstrates
the strong contribution of sulfate to visi-
bility degradation in the atmosphere. The
linear regression of light scattering onto
sulfate is:

Bscat = 0.11 SO, + 0.13

where Bgcat 1S in units of 10~* m-1 and SO,
is the concentration of sulfate in ug/m3.
The constants in the above equation are con-
sistent with other reported data (see
Pierson et al. 1979).
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Measurement of Atmospheric Hydrogen Peroxide

R. N. Lee

Despite evidence of the significant role
of hydrogen peroxide in photochemical smog
chemistry (Demerjian, Kerr and Calvert 1974;
Graedel, Farrow and Weber 1976) and poten-
tial contribution to sulfate aerosol produc-
tion (Penkett et al. 1979), there have been
very few reported measurements of H,0, in
the ambient atmosphere. Analytical defi-
ciencies largely responsible for this void
may have been overcome with the recent de-
velopment of a chemiluminescent technique
that has been applied to both integrated and
real-time detection of H,0, during moderate
smog episodes in southern California (Kok
et al. 1978a; Kok et al. 1978b). This tech-
nique utilizes the metal-catalyzed reaction
of Hy,0, with Tuminol for the quantitative
determination of H,0, in aqueous solution.

A system for the analysis of integrated
samples of H,0, [very similar to the system
described by Kok et al. (1978b)] was con-
structed at the Muskegon (Michigan) Field
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Laboratory during FY 1979. The system was
used for samples acquired during urban plume
flights over Lake Michigan and the Central
I11inois Rain Chemistry Experiment (CIRCE)
experiment in central I11inois during the
summer of 1979. The analyzer unit was assem-
bled from the following components:

® Technicon Proportioning Pump

e Glass Reaction Cell (spiral shape with
mirrored wall constructed at Battelle-
Columbus)

e Hamamatsu R268 Photomultiplier Tube

e AID Model 513 Gas Chromatograph with
Keithley A65 Electrometer

Reagent solutions, prepared from reagent-
grade chemicals without further purification,
were transported to the reaction cell
through Teflon® tubing, with the exception
of peristaltic pump tubing. The reaction
cell was sealed in a light, tight, aluminum
shield designed to accomodate the photomul-
tiplier (PM} tube housing of a flame photo-
metric detector from an AID Model 513 gas
chromatograph. Chemiluminescent radiation,
viewed by the PM tube without optical fil-
tration, produced a photocurrent that was
amplified by the electrometer of the AID
chromatograph and displayed on strip-chart
recorder output. Standards prepared immed-
iately before use by serial dilution of
stock H,0, were run in sequence with samples
and deionized water blanks to quantify sam-
ple response.

Hydrogen peroxide samples were collected
by bubbling air at 1.3 &/min through 10 mg
of deionized water. Since there generally
was a delay of at least 3 to 4 hr between
capture and analysis of samples, storage at
subambient temperatures was utilized to mini-
mize H,0, decay. On the basis of the behav-
ior of aged standards stored under identical
conditions, the most concentrated ambient
samples should have deteriorated by no more
than about 50% during storage. However, po-
tential interferences by components of pol-
luted atmospheres such as sulfur dioxide (re-
ported to be insignificant) have not been
fully investigated. Samples collected in
the Chicago plume during a severe stagnation
episode in mid-July show decided disruption
of the analyzer baseline as a result of some
material in the collected sample. Our re-
sults, therefore, suggest the need for con-
tinued investigation of the analytical tech-
nique to establish its suitability for use
in polluted atmospheres.



Data collected during the summer of 1979
are summarized in Tables 11 and 12. Concen-
trations reported for the CIRCE flights and

TABLE 11. Observed Concentrations Ranges
of H:0: During Summer 1979

Sampling Locations H»O,, ppb
Chicago Urban 03to 1.8
Plume,
June 1979
CIRCE Flights, 0.5t0 1.7
July 1979
Muskegon, M, 1.0 to 1.7
July 5, 1979
TABLE 12. Sequential Samples Collected

at Muskegon County Airport During
Period Characterized by Northerly Winds,

July 5, 1979
Sampling Period H,0,, ppb
1029 to 1120 EDT 1.7
1130 to 1230 17
1231 to 1334 1.5
1335 to 1454 1.0

sequential samples collected at Muskegon on
July 5, 1979 during a period of advection

of unpolluted air should accurately reflect
atmospheric H,0, levels. Samples collected
in polluted air over Lake Michigan were most
subject to H,0, decay during periods of pro-
longed storage and probable interference by
material (or materials) in the urban plume.
Calculated concentrations may, therfore, be
an order of magnitude or more below actual
concentration levels.
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Tests for the Evaluation of an Airborne
Aerosol Sampling System and Filter Analysis

Methodologies
R. N. Lee

Aerosol collection via high-volume fil-
tration on-board an aircraft platform has
been recognized as a difficult sampling
problem. Difficulties relating to air vol-
ume measurement, leaks in the sampling
1ines and impaction of large particles on
the inlet lines are potential problem areas.
The high-volume sampling system on-board the
Pacific Northwest Laboratory (PNL) DC-3 air-
craft has undergone frequent modification to
meet changing program requirements and to
upgrade performance in regards to the above
problems. A system with superior flow and
volume measurement characteristics is now
in place and is deScribed by Arbuthnot and
Hales in this Annual Report.

In order to appraise the guality of data
derived from the use of this sampling sys-
tem, a study has been initiated to evaluate
all aspects of the data-generation scheme
from aerosol collection through analysis.

As the first step in this process, randomly
selected quartz filters have been cut in

half for analysis at both Brookhaven Na-
tional Laboratory (BNL) and PNL. These sam-
ples include aircraft, surface and blank
filters processed at the Muskegon (Michigan)
Field Laboratory. Sections of filters to be
analyzed by PNL were extracted with deionized



water and extractants sent to the Hanford
Precipitation Chemistry Laboratory for ion
chromatographic analysis. Filter segments
to be analyzed at BNL were sealed in indivi-
dual plastic bags and mailed to BNL where
they were processed with other filters ana-
lyzed at that laboratory. The resulting an-
alytical data from both laboratories will
provide a good comparison of the respective
analytical procedures for the determination
of airborne sulfate and nitrate and will be
of particular interest when comparing data
from collaborative field studies such as the
Atmospheric Mass Balance Industrial Emitted
and National Sulfur (AMBIENS) field study
and the Central I11inois Rain Chemistry Ex-
periment (CIRCE).

During the summer of 1979, the interlab-
oratory exchange of filter segments was ex-
panded to include Lawrence Berkeley Labora-
tory (LBL). Surface samples obtained by LBL
were cut in quarters at LBL and the segments
sent to the participating laboratories for
sample work-up and analysis.

While the exchange of filter segnents
will provide a data base for evaluating fil-
ter handling and analysis procedures, the
identification of possible bias traceable to
the airborne sampling system is being ad-
dressed by a second series of experiments.
These tests currently in progress consist of
the parallel exposure of three filters in
the aircraft high-volume sampling system to
ambient aerosol. In addition to quartz,
Teflon®-coated glass fiber, IPC and nylon
membrane filters are among those being used
for sample collection. Available from past
studies are a limited number of tests involv-
ing parallel exposure of quartz and IPC fil-
ters during airborne sampling missions.
These tests were run with an earlier version
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of the aircraft high-volume sampling system.
Although the agreement between calculated
sulfate concentrations from quartz (IC Analy-
sis) and IPC (XRF analysis) filters was gen-
erally quite good, comparison is difficult
since the Tow flow that could be achieved
with the quartz filters on the old system
resulted in different sampling intervals for
the two filter materials. 1In order to yield
optimum definition of sulfate profiles, two
IPC filters were generally run sequentially
with each quartz filter. Hence, quartz fil-
ters were relied upon to provide back-up
sulfate data and an indication of the magni-
tude of nitrate aerosol concentration.

Tests now underway will restrict sampling to
the same time interval.

Design of a High-Volume Air Sampling System

for Aircraft Research

D. A. Arbuthnot and J. M. Hales

In the past, high-volume filter sampling
practices aboard the Pacific Northwest Lab-
oratory (PNL) DC-3 have been hampered by the
rather cumbersone configuration of the asso-
ciated equipment and by the comparatively
low flow rates provided by the conventional
high-volume blowers that were installed on-
board. This latter feature has been parti-
cularly troublesome because of the corres-
ponding long time periods required to obtain
measurable samples. Sulfate samples, for
example, required at least 20-min sampling
times, even under rather polluted conditions.

A new high-volume filtering system was
installed in the PNL DC-3 aircraft during
the past year to overcome these difficulties.
Shown schematically in Figure 46, this sys-
tem incorporates the following features:

INLET PROBES

TURBINE
FLOW METERS

BLOWER

FILTER CASSETTE HOLDERS

FIGURE 46. Schematic of PNL High-Volume Filter Sampling System
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e capability for simultaneous three-filter
operation, with all filter 1lines driven
by a common Paxton 2.5 hp 28-vdc centri-
fugal blower

e continuous monitoring of flow rates in
each sample Tine, using Cox turbine flow-
meters, whose output signals are logged
on the DC-3 data acquisition system

e convenient, rapid, and fail-sale filter
mounting via clamp-type filter recepta-
cles, which accept preloaded filter cas-
settes. Tandem filter-pack operation is
possible

e sufficient flexibility to incorporate spe-
c¢ial sampling devices, such as cloud-
water samplers when desired.

This new system triples the original filow
capacity of the high-volume air sampling sys-
tems, thus lowering required sampling times
by roughly one third. In addition, a signi-
ficant improvement in measurement reliabil-
ity and quality control has been achieved,
which will be documented in quality assur-
ance tests for the system currently in
progress.

® Research Aircraft Operations*

Obijectives of these operations are:

® Providing technical supportin the form of research aircraft for on-going Multistate Power Production

Pollution Study (MAP3S) programs.

® Providing aerial platforms for atmospheric sampling of aerosols and trace gases, for the release of
special tracer materials, and for the measurement of radiative properties of the atmosphere.

Development of an In-Flight Calibrator for
Sulfur Dioxide and NO, Monitoring Systems

K. M. Busness and J. M. Hales

Because of the adverse nature of aircraft
operating environments, frequent calibration
checks are essential for reliable operation
of airborne sulfur dioxide and NOy instru-
mentation. In the past these checks usually
have been performed while on the ground,
using carry-on calibration equipment. Such
checks are not totally satisfactory, how-
ever, because they cannot be performed with
sufficient frequency, and they do not per-
mit validation of the measurement equipment
at operating altitudes under actual samp-
ling conditions.

This situation has been improved during
the past year by construction of an in-
flight calibrator for the Pacific Northwest
Laboratory (PNL) DC-3 aircraft, which per-
mits virtually instantaneous zero and span
checks (for sulfur dioxide and nitrogen di-

*See Foreword
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oxide), and allows detailed, multipoint cali-
brations to be performed as well. Shown
schematically in Figure 47, this system uti-
lizes permeation-tube sources, which can be
operated in three basic modes controlled by

a remote switch:

e the sample mode, wherein the measurement
instrumentation is sampling outside air

e the span mode, which supplies predeter-
mined concentrations of nitrogen dioxide
and sulfur dioxide to the respective
analyzers

e the zero mode, which supplies zero gas to
the analyzers.

The status of the calibration system is
continually written on the magnetic-tape
data-acquisition system so that these modes
can be detected automatically in subsequent
data analyses. It is important to note that
positive-displacement, synchronous pumps are
used as primary air movers, providing a con-
stant volume of diluent air; thus, the sys-
tem provides a constant concentration(a§ of

(a) As contrasted to mixing ratio.
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span gas, which is invariant with altitude.

Time-response of the calibration system
(after switching between modes) is of the
order of 1 min; thus, span and zero checks
can be obtained frequently during the
course of a sampling flight.

the calibration system using an auxiliary

air source and monitoring the diluent ajr-
flows with the rotameters. Owing to diffi-
culties in obtaining reliable flow-rate
measurements while airborne, multipoint
calibrations are obtained only while the
aircraft is on the ground.

Multipoint calibrations over an extended

concentration range can be performed with
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e Multistate Power Production Pollution Study (MAP3S)
Modeling Studies*

Objectives of these studies are:

e Developing short- and long-range trajectory models that simulate the behavior of the atmosphere
and its contaminants from the source of these contaminants to their receptors.

® Testing these assessment models for accuracy and sensitivity against field data collected in the Sulfate
Regional Experiment (SURE) and the Multistate Atmospheric Power Production Pollution Study

(MAP3S) field programs.

® Using these models to aid field investigators in planning experiments in the MAP3S program.

MAP3S Modeling: Annual Progress, FY 1979

D. J. McNaughton
Introduction

Presented here is a brief description of
the Pacific Northwest Laboratory (PNL) mod-
eling activities of the Multistate Atmos-
pheric Power Production Pollution Study
(MAP3S) program during FY 1979. Studies
have been directed primarily toward develop-
ing capability in short-term regional model
predictions over the Northeast and in model
validation. Listed below are individual
tasks and studies that have been accom-
plished during the fiscal year.

Short-Term Episode Predictions

e Investigation of Terrain-Involved Wind
Shears Qver the Northeast. Wind shear
resulting from terrain variations or
synoptic-scale meteorological systems
can have significant impact on pollutant
transport. This task was designed to
study the impact of terrain-induced shear
inregional model predictions that cur-
rently assume a 100- to 1000-m-layer-
average interpolated wind field in pre-
dicting the fate of pollutant emissions.
Initial model wind fields over the North-
east MAP3S grid were analyzed using a
mass conservative initialization model,
actual wind profiles and smoothed terrain
fields. Results indicated significant
shear in the Tayer of winds currently
used by the MAP3S model, but additional
studies will be necessary to determine
the degree of interaction of the wind
shears, model results and observed air
quality data.

*See Foreword
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e A Synoptic Case Study of Elevated Layers
of High Airborne Sulfate Concentration.(a)
A synoptic analysis was performed to iden-
tify the source and characteristics of an
elevated Tayer of high airborne sulfate
concentrations observed over southeast
Wisconsin August 23 to 24, 1976. The set-
ting of the episode was the interaction
of a weak, dry cold front with a stagnat-
ing anticyclone over the eastern United
States. Although several explanations of
the Tayer formation were possible, it ap-
pears likely that the layers were formed
as the top of a deep, mixed layer was
lifted in a frontal zone and later became
part of a subsidence inversion.

The analysis made use of synoptic meteor-
ological data, aircraft samples from the
MAP3S urban plume studies, and predic-
tions of air parcel trajectories using an
eight-Tayer trajectory model.

Model Validation and Sensitivity Testing

e Initial Comparisons of SURE/MAP3S Sulfur
Oxide Observations with Long-Term Re-
gional Model Predictions. Monthly sulfur
dioxide and sulfate observations from the
SURE intensive study periods and concur-
rent data from the MAP3S Precipitation
Chemistry Network were compared to PNL
regional pollutant transport model predic-
tions, and sensitivity tests of subgrid-
scale parameterizations were performed.
Results are summarized in this Annual
Report.

(a) McNaughton, D. J. and M. M, Orgill, "A
Synoptic Case Study of Elevated Layers
of High Airborne Suifate Concentration."

To be published in Monthly Weather
Review, 1980,



e Emission Source Specification in a Re-
gional Pollutant Transport Model. Re-
gional air pollutant modeling either us-
ing grid or trajectory models requires
simulation of large numbers of emission
sources and involves high computational
expense. Sensitivity studies of emission
source specifications, summarized in this
Annual Report, indicate that approxima-
tions can be useful in minimizing the re-
quired resolution of emissions data in
the model.

e Time Series Validation of the Long-Term
PNL Regional Model. Work is in progress
to perform a time series comparison of
observed 24-hr average concentrations of
airborne SO0, and SOF to values predicted
over a month by the long-term PNL re-
gional model. The objective of the analy-
sis is to determine the ability of the
model to predict the correct position of
trajectories using layer-average, inter-
polated wind fields. Results will hope-
fully show the impact of current wind
field simplifications in the model and
the synoptic situations under which im-
provement is required.

o Modeling Evidence of Included Transforma-
tion of Sulfur Dioxide to Sulfate. Con-
current anaiysis of airborne SO, and
sulfate concentrations and sulfate con-
centrations in precipitation between ob-
served data and model predictions indi-
cated adequate predictions of airborne
concentrations but under-predictions of
sulfate in precipitation. Results sum-
marized in this Annual Report show that
increased sulfate formation in clouds may
provide needed sulfate mass without dis-
turbing air concentrations of sulfur
oxides.

Initial Comparisons of SURE/MAP3S Sulfur
Oxides Observation with Long-Term Regional

(Dana 1979; MacCracken 1978). Presented
here in tables and figures are monthly model
predictions of ambient concentrations of
sulfur dioxide and sulfate and total sulfur
removed by precipitation scavenging, which
are compared to observed data collected from
the measurement networks in the northeast
United States for August and October 1977.

Results of two study cases are presented
where Case 1 is a base case for making pre-
dictions and Case 2 is a modification of the
base case without near-source Gaussian dis-
persion and urban S0, to SO; transformation
rates which are subgrid-scale parameteriza-
tions. Model evaluation statistics for air-
borne sulfur oxide concentrations are pre-
sented in Table 13A. Base case predictions
of SOF deposition by precipitation are given
in Table 13B. Predictive capabilities of
the regional model and the sensitivities of
the model to subgrid-scale parameterizations
are best shown in Figures 48 and 49 which
are plots of air concentrations of sulfur
oxides to location on two cross sections.

Monthly Pacific Northwest Laboratory
(PNL) model results show promising predic-
tive capabilities for a long-term regional
model based on initial comparisons with a
new data base. Modeling of regional-scale
sulfur oxide transport and removal can be
made more efficient by eliminating some
subgrid-scale influences. Evaluation of the
model with concurrent analysis of three par-
ameters, SO, and SO concentrations and to-
tal sulfur removed by wet processes, sug-
gests that a study of two transformation and
precipitation scavenging regimes, incloud
and subcloud, may be necessary to predict
scavenging and precipitation acidity.

References
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The MAP3S Precip-

Model Predictions

D. J. McNaughton
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(MAP3S) Precipitation Chemistry Network
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TABLE 13A.

Ambient SO4 Concentration

Summary of Model Evaluation Statistics

Ambient SO, Concentration

August 1977

October 1977

August 1977

October 1977

Comparison Statistics Case 1 Case 2  Case 1 Case 2 Casel Case 2 Case 1 Case 2
Mean Observed Concentration
(ug m-3) 10.25 10.25 6.24 6.24 14.97 14.97 21.70 21.70
Mean Predicted Concentration
(ug m-2) 7.93 5.73 6.17 4.46 12.82 13.29 13.68 12.92
Correlation of Observed to
Predicted Concentration 0.61 0.65 0.51 0.59 0.59 0.56 0.72 0.76
Variance in Observed Data 341 3.41 1.82 182 5475 5475  155.411%) 15541
Variance in Predicted Data 9.04 20.29 1.96 1.66 45.54 44.66 54.48 39.96
Maximum Observed
Concentration (ug/m3) 14.6 14.6 8.92 8.92 30.13 30.13 69.17 69.17
Maximum Predicted
Concentration at Monitoring
Sites (ug/m?3) 21.31 14.9 12.60 7.31 28.27 25.20 36.94 45.69
Frequency of Concentrations
Within a Factor of (%):
2 78 97 97 89 82 78 65 62
3 91 77 99 99 95 86 89 89
>3 100 100 100 100 100 100 100 100

(a)Apparent bias by a local source influence at Johnstown, PA
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TABLE 13B. Monthly Wet Deposition of Sulfur (as SO«)

August 1977

Monthly Deposition (gm-2)

Data Sites Precipitation, cm Observed  Predicted Ratio
Whiteface Mountain, NY 16.32 0.50 0.40 0.81
State College, PA 9.10 0.42 0.28 0.68
Charlottesville, VA 2.68 0.13 0.04 0.31
Ithaca, NY 8.97 0.44 0.31 0.69

October 1977

Monthly Deposition {gm-2)

Data Sites Precipitation, cm  Observed  Predicted Ratio
Whiteface Mountain, NY 19.94 0.28 0.11 0.38
State College, PA 15.63 0.35 0.12 0.34
Charlottesville, VA 5.33 0.06 0.03 0.45
Ithaca, NY —_ — — —
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Emission Source Specification in a Regional
PoTTutant Transport Model

D. J. McNaughton
Introduction

Modeling of regional air pollutant trans-
port, transformation, and removal presents
the problem of analysis of inputs, processes
and desired results over a range of spatial
and temporal scales. Model sensitivity
tests are presented to investigate bounding
model complexity and computational expense
while assuring prediction of main parameter
effects and interactions. The analysis com-
pares model results for source specification
alternatives to base case results and an
observed data set including sulfur dioxide
and sulfur sulfate air concentrations and
the concentration of sulfur oxides in
precipitation.

Study Cases

Three types of emission source specifica-
tions were tested in the Pacific Northwest
Laboratory (PNL) regional transport model
(Powell et al. 1979) and simulations were
compared to observations and results of base
case simulations (McNaughton 1980):

e Base Case--Emissions and source locations
were derived from data of the U.S. Envi-
ronmental Protection Agency (EPA 1976),
the U.S. Federal Power Commission (FPC
1976), and the Ontario Ministry of the
Environment. Sixty-three individual
sources used as input are a collection of
local groups of power plants and urban
sources, The point inventory represents
approximately 65% of actual SO, emissions
on the computational grid. The base case
was tested to determine how many sources
are required to identify major patterns
in pollutant concentration fields.

e Emission Rate Sensitivity Cases--Forty of
the 63 base case sources were selected at
random and emission rates were changed
+15% or £30% to study the impact of emis-
sion rate variability.

® Source Location Sensitivity Cases--A sin-
gTe source group with total emissions of
approximately 7 x 105 t yr-! was studied
to investigate the sensitivity of the
model to combining point sources and to
errors in source locations.

e Emissions Averaging Case--Total actual
emissions on the calculational grid were
distributed over land areas using a
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point-source grid to study spatial aver-
aging of emissions.

Results
Results of the analysis were:

Initial comparisons of predictions to ob-
servations are given by McNaughton (1980)
for the base case (summary statistics are
found in Table 14A,B). The base case sim-
ulations were further analyzed to deter-
mine, in light of the limited emissions
inventory used, whether results included
the dominant sulfur oxide patterns in Fig-
ure 50. The main concentration patterns
appear to be determined by major source
groups or areas as indicated by the level
and location of concentration peaks and
the correlation coefficients. Overall
levels of S0,, SOF and aqueous sulfur sul-
fate (ASO;) increase uniformly with the
increased SO, levels increasing more rap-
idly possibly because the monitors are
sited near sources of S0,, the primary
emission.

Results of the emission rate sensitivity
test (Table 14A,B) indicated a slight sen-
sitivity in the SO, maximum and a change
range of SO; concentrations with little
impact on other statistics. Sulfur diox-
ide air concentration maxima are gener-
ally associated with single sources or
local source complexes and will generally
show an immediate response to increases
in SO, emissions. Sulfate concentration
patterns appear to be set by mean distri-
butions emissions.

Results from the source location tests in-
dicate that source location errors or
source combinations within one grid ra-
dius have very little impact on mean
monthly concentrations Tevels and pat-
terns but do have an impact on maximum
local concentrations in the prevailing
wind direction (Table 15). The single
source specification appears to move the
S0, maximum values closer to the source
without significantly changing SO;
concentrations.

Gridding emissions improves prediction of
aqueous SO7 and mean levels of airborne

SO; over the base case as a result of the
increase in emissions over the grid from
65 to 100% (Table 14A,B, Case 3a). Maxi-
mum airborne SO concentrations are over-
predicted by a greater extent in the vi-

cinity of large sources. Sulfur dioxide
concentrations are overpredicted both in
the mean and extremes. Patterns of SO,



TABLE 14A. Summary of Model Evaluation Statistics

SO. SO7
Case(a) Case(a)

Comparison Statistics 1 2 3a 3b 1 2 3a 3b
Mean Observed(b)
Concentration {ug m-3) 1494 1494 1494 1494 10.25 10.25 10.25 10.25
Mean Predicted
Concentration (ug m-3) 13.29 13,57 1915 17.78 573 5.86 7.99 7.95
Correlation of Observed to
Predicted Concentration 0.56 056 0.47 0.47 0.65 0.64 0.64 0.64
Variance in Observed Data 54.75 5475 5475 5475 3.41 3.41 341 3.41
Variance in Predicted Data 4466 49.79 7507 5120 2029 1479 1558 11.03
Maximum Observed
Concentration {ug m-3) 30.1  30.1 30.1 30.1 14.6 14.6 14.6 14.6
Maximum Predicted
Concentration {ug m-3} 25.2 22.2 34.4 33.0 14.9 14.8 15.6 15.5
Frequency of Concentrations
Within a Factor of (%):

2 78 78 82 86 59 59 81 81

3 86 86 90 86 77 83 96 97

TABLE 14B. Ratios of Predicted to Observed(C)
Concentration of Sulfate in Rainwater (%)

Case(@)
Station 12 3 3b
Whiteface Mt., NY 81 84 85 85
Ithaca, NY 69 67 78 78
State College, PA 72 71 78 78
Charlottesville, VA 31 32 44 44
Mean 63 63 71 71

(a)Case 1 - Base Case

2 - Emission Rate Sensitivity Test

3 a,b, - 70 Point-Gridded Emissions Tests
{(b)sulfate Regional Experiment {SURE) Data
(9pana 1979
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concentrations show agreement with the
base case and observations, but results
are deformed by local maximum concentra-
tions near the grid-points. Further
tests (Case 3b) modified calculations to
try to eliminate the deformation of SO,
patterns near gridpoints and to predict
only regional concentrations by not al-
lowing diffusion from the sources during
the first hour of transport to contrib-
ute to concentrations. Results indicated
an additional improvement in predictions.
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Implications

Successful long-term predictions of SO,
SO;, and aqueous SO; can be made with a less
refined emissions inventory provided it is
recognized that peak concentrations of SO,
are in general a smaller-scale phenomenon.
Spatial averaging of emissions in grid or
trajectory models does not appear to signi-
ficantly disturb predicted monthly concen-
trations. The sensitivity of the model to
Tocal concentration peaks, especially in the



TABLE 15.
Northeast Chio

Total Observed

Maximum Air Concentrations (ug m-3) of SO, and 50O; near

Predicted Contribution
by Northeast Ohio

Pollutant Station Air Concentrations  Sources Modeled As:
1 Point 3 Points
SO, Erie, PA(a) 30.13 7.22 7.53
Warren, PA(D) 22.27 4.88 4.41
SOF Erie, PA 10.22 0.96 0.99
Warren, PA 12.64 0.80 0.82

(a)Approximately 175 km from the source (downwind)
Approximately 275 km from the source (downwind)

primary pollutant, SO,, suggests that short-
term modeling would be more sensitive to
spatial emissions averaging.
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A Study of HTO Plume Washdown in an Eight-
Layer Computer Model

W. E. Davis

Past work by Dana and Davis (1979) poin-
ted out that a plume of tritiated water va-
por, HTO, released in the Tower troposphere
and encountering a front could be washed
down. A theoretical presentation was made
linked with a number of vertical velocities
showing the net vertical velocity of HTO ex-
pected in a typical warm or cold front.

Dana and Davis's work was based on earlier
results by Hales (1972a, 1972b) who pre-
sented theoretical work on the redistribu-
tion of a plume by a reversible gas process.

The model used for the case study here
was a modified version of an eight-layer
diabatic transport model developed by Davis
and Wendell (1976). The modification in
their model was in the calculation of net
removal. A net vertical velocity, Wpet, was
calculated based on the vertical motion en-
countered in the frontal system, W front,
and the vertical motion caused by plume
washdown, W washdown:

W =W

net W

front * washdown
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The conclusion of this study is that sig-
nificant differences are predicted by the
model for air concentrations. Further work
should be done on the model to determine
why there were no significant differences
near the source.
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A Method of Initialization of Wind Fields
Over A Region for the Primitive Forecast

Equations
C. H. Huang and R. L. Drake

Introduction

In numerical prediction, errors may grow
rapidly in the initial stages of integra-
tion. This error growth can arise from im-
perfect initial conditions as a result of
observational errors or improper data analy-
sis, and from deficiencies in the forecast-
ing model. Thus, one of the essential
requirements for producing accurate predic-
tions is to obtain high-quality initial
conditions.

There are two basic approaches for gener-
ating initial conditions for forecasting
models: static and dynamic initialization
(Bengtsson 1975). Static initialization
methods are based on the balance equation
and the w-equation (Haltiner 1971) or on
variational techniques (Haltiner, Sasaki
and Baker 1976); dynamic initialization
methods are based on the prognostic dynamic
equations. Dynamic initialization consists
of the following steps (Miyakoda, Strickler
and Cheludzinaki 1978): 1) static initiali-
zation is used to obtain balanced wind
fields, and 2) these balanced wind fields
are used to generate dynamic initialization
through the use of an iterative Euler-
backward scheme applied to the dynamic equa-
tions. Using the dynamically determined ini-
tial fields allows the dynamic equations to
be used in a predictive mode. However, when
new data are inserted into the predictive
equations, a numerical "shock" may occur in
the dynamic model. Thus, the procedure of
dynamic initialization must be reapplied to
the system.

As we have noted, there are two major
techniques used to generate balanced winds:
the balance equation approach and the use of
variational techniques. In order to avoid
the creation of fictitious data, Nitta (1969)
and Nitta and Hovermale (1969) used ideal-
ized atmospheric data obtained from an ex-
tended forecast based on the National Me-
teorological Center (NMC) model. They then

used geopotential heights to obtain the ro-
tational components of the wind field from
the balance equation. However, we feel that
this indirect method of arriving at rota-
tional wind fields is ineffective because
the accuracy of the fields is strongly de-
pendent on proper specification of geopoten-
tial heights and boundary conditions. This
proper specification is often difficult to
realize,

Haltiner, Sasaki and Baker (1976) used a
variation approach to obtain balanced wind
fields. However, Liu and Goodin (1976)
have observed that the wind fields computed
by this method often differ significantly
from data recorded by observational stations.
These differences are the result of the
strong dependence of the computed fields on
the Lagrangian multipliers (X), which tend
to smooth the wind fields too severely in
data-poor areas. Variational methods may
also be too time-consuming since one has to
solve a Poisson equation for the multi-
pliers, A.

In the current study, a direct method de-
veloped by Huang and Drake (1979) is used to
obtain a three-dimensional, mass-consistent
wind field over the northeastern United
States and southeastern Canada. We feel
this model is more flexible and efficient
than the other balanced wind field models be-
cause of the use of a terrain-following co-
ordinate system and the rapidity of conver-
gence of the numerical scheme. This model
can also be used to update prediction models
(the insertion of new data into the dynamic
equations) with greater ease and with the
creation of fewer instabilities than the
other wind field schemes. The relationships
and differences between the present method
and the indirect methods are illustrated in
Figure 53.

Wind Field Interpolation Scheme

A wind field interpolation scheme devel-
oped by Barnes (1964) is used to transfer
wind data from observations stations to grid
points of the domain of interest. This in-
terpolation scheme uses the techniques of
surface-fitting and weighted averages. For
wind fields the Barnes scheme is expressed
in the following manner:

n
Z] v; (x,y)exp[-y%/4k]
1:

n
2, expl-y3/4k]

i=]

» (1)
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FIGURE 53. Methods of Initialization for Primitive Forecast Equations

where n is the number of observing stations,
vi the wind at station i, y; the distance
between the station i and a grid point, and
k a weighting factor. The value of k de-
pends on the density of the data and can be
estimated from

K= -Ineg = E, (2)
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where R is the radius of influence of the
weighting factor. In general, R should be
chosen greater than d, the average distance
between data points at the observing sites.
Once the radius of influence and E (the de-
gree of influence of data points within the
radius R) are specified, the parameter k can
be evaluated from Equation (2). The wind
speed at each grid point can then be inter-



polated from the surrounding observed data
by Equation (1). The choice of E and R may
be somewhat arbitrary, but they are depen-
dent upon the terrain in the domain of comp-
utation, the location of the observation
stations, and the representativeness and
quality of data collected at the stations.
The wind field generated by this objective
analysis scheme serves as initial data for
use in the wind field model.

The Wind Field Model

A generalized, direct method for the ad-
justment of wind fields was developed by
Huang and Drake (1979). This technique com-
putes mass-consistent wind fields over com-
plex terrain in a terrain-following coordi-
nate system using a "modified"” Newton's
method (Huang and Nickerson 1974). Because
the technique is a direct method, computa-
tional time is shorter than for the indirect
variational techniques of Sasaki (1958) and
Sherman (1978). Software requirements of
the present model are also less than the in-
direct methods.

The choice of a particular conformal co-
-ordinate system may be immaterial. However,
for the solution of the continuity equation
for a divergence wind field we used the
well-known sigma coordinate system. For
this system, the defining difference equa-
tion for the "modified" Newton method is
given by

n+l
o

n
u™1,3,6) = u(4,5,K) - waF—‘;n—, (3)

Bua i,j,.k
where o = 1,2,3 represent the velocity com-
ponents at the i,j,k grid point and n repre-

sents the nth jiterate. The vertical coordi-
nate is given in terms of

z-2,(x,y)
7 T HGGY) - 2 (%) (4)

where H(x,y) is the height of the upper
boundary of the computational domain above
the terrain and zg(x,y) is the terrain ele-
vation above some reference level. The de-
pendent variables in Equation (3) are de-
fined by

ou ou ou
f = 5;4 + syz + 3 3,
u; = (H'Z ) a1 3

us = (H-z_) o ,

where (uy, u;, &) are the velocity compo-
nents in the (x,y,0) system, f the divergent
wind field, wy a relaxation factor, and
3f/du, the Fréchét derivative of f. The
boundary conditions corresponding to Equa-
tions (3) and (5) are

o =1, and ¢ = 0 at the upper boundary,

6=0=0 at the Tower boundary.

The use of a o-coordinate in place of a
z-coordinate permits an easier specification
of wind fields over complex terrain. The
iterative solution of Equation (3) over the
domain of integration produces the adjusted
wind field that can be used in the initiali-
zation of primitive forecast models.

Case Study: Northeastern United States
and Southeastern Canada

The wind field model described in the
previous section was applied to a specific
flow field over the portion of northeastern
United States and southeastern Canada shown
within the heavy-faced boundary in Fig-
ure 54. This boundary outlines the MAP3S
(Multistate Atmospheric Power Production
Pollution Study of the Department of Energy/
Environmental Protection Agency) computa-
tional domain that extends approximately
2400 km along the abscissa and 1360 km along
the ordinate. The horizontal grid consists
of 12 x 8 squares with an average length and
width of 170 km; the actual size varies
with latitude. This particular grid length
(or width) is equal to half the length of
the NMC northern hemisphere grid, shown by
dotted lines outside the MAP3S domain in
Figure 54. The upper-air National Weather
Service stations and the smoothed terrain
elevation contours are also shown in Fig-
rue 54. The vertical grid used in the wind
field computations consists of five,
equally spaced levels in the o-coordinate
system, with the top boundary defined by
H(x,y) = 3 km.

The example wind field calculations were
carried out for August 1, 1977 at 0000Z time.
The wind data at each station shown in Fig-
ure 54 were linearly interpolated to each
o-surface in the vertical and were horizon-
tally (constant o-surfaces) interpolated us-
ing Equations (1) and (2). Figure 55 shows
a plot of the vertically-interpolated data
corresponding to the upper-air stations at
level 2 (o = 0.25), while Figure 56 gives
the horizontally interpolated initial wind
field on the same level.

The adjusted wind field at level 2 after
the 50th jteration of Equation (3) is shown
in Figure 57. Although the general flow









characteristics are similar in Figures 56
and 57, the field in Figure 57 conserves
mass and is much smoother. The smoothness
of the wind field in Figure 57 compared to
Figure 56 can be seen in the neighborhood of
grid point (8,7) and along a trajectory
starting from grid point (9,1). Similar
smoothing of wind fields off the southeast-
ern United States was obtained by Endlich
(1967). For the present example we demon-
strated that our direct method removed the
spurious divergence contained in the origi-
nal wind field; our calculations reduced the
maximum divergence by a factor of 10-13,

Conclusions

In the present study we use a direct
method of obtaining mass-consistent wind
fields that can be used to initialize primi-
tive forecast equations. This method is
simpler and more effective than indirect
methods based on the balance equation and
the w-equation, or certain variational meth-
ods. Using the direct method for initiali-
zation and reinitialization of dynamic equa-
tions also reduces induced instabilities as
compared with the current indirect methods.
The direct method is especially suited for
use in mesoscale and regional modeling over
data-sparse regions.
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Back Trajectories Using an Eight-Layer
Diabatic Model

W. E. Davis

Davis and Wendell {1976) performed a
study of vertical transport with an eight-
layer diabatic model that operated on the
calculation of forward trajectories based on
isentropic considerations. With increasing
interest in explaining acid rain, back tra-
jectories in the model could identify prob-
able source regions for pollutants in rain
water. Davis and Wendell's technique for
calculating forward trajectories was re-
versed to calculate back trajectories in an
attempt to identify source regions in a
case study. However, when the trajectory
technique was modified to run back












1980). Simulations used an emissions inven-
tory consisting of 65% of expected SO, emis-
sions on the grid, which is thought to repre-
sent major features of sulfur oxide patterns
(McNaughton 1979).

Initial Results. Case 2 simulations indi-
cated satisfactory predictions of air concen-
trations of sulfur oxides but deficiencies
in sulfur removed by precipitation. A weak
inverse relationship between precipitation
amount and airborne SOj concentration was
also predicted to exist although such a re-
lationship was not evident in the observed
air concentration data. Thus, concentration
results were obtained in which SO, removal
by precipitation as indicated by SO; concen-
tration in the precipitation was underpre-
dicted but the net removal of SOf aerosols
seemed to be overpredicted. Simultaneously,
airborne SOy concentrations were satisfac-
torily predicted. One way to increase sul-
fur in the precipitation without further
overpredicting subcloud scavenging and with-
out simultaneous disturbance to the air con-
centration fields was to introduce more mass
incloud by advection or incloud transforma-
tion. The results of the test of incloud
transformation follow.

Incloud Transformation. Scott and
LauTainen (1979) reviewed characterizations

of sulfur oxides in cloud environments to
study incloud conversion and precipitation
scavenging. They propose that incloud oxi-
dation rates of S0, must be on the order of
10% h~1 in order for the sulfur produced by
aqueous-phase conversion to exceed the sul-
fur input from subcloud sulfate aerosols.
This incloud conversion rate of 10% of h-!
for S0, was tested to supplement the sulfate
mass available for scavenging.

Results

Monthly average air concentrations and
deposition for SO, and SO} were simulated
for August and October 1977.

The desired effect of increasing precipi-
tation sulfur is shown by increases of ap-
proximately a factor of 2 in SOF removed by
precipitation. Table 16 compares observed
and predicted values of sulfur deposition
with base case underprediction and the
changes produced by considering incloud
transformation of SO, (Case 1). Case 1 pre-
dictions are slightly too large if the limi-
ted emissions inventory is considered indica-
ting that a slightly smaller transformation
rate is required.

Table 17 depicts the impact of incloud
transformation modifications through the use

TABLE 16. Monthly Wet Deposition of Sulfur (as SOF in gm-2 hr-)

August 1977

October 1977

Station Observed(d) Case1 Case2 Observed Case 1 Case 2
Whiteface, NY 5.96 6.90 4.83 3.45 2.03 1.30
State College, PA 5.35 6.71 3.67 4.28 4.34 1.47
Charlottesville, VA 5.02 6.92 3.41 0.69 0.66 0.31
Ithaca, NY 1.56 0.59 0.49 — — —
1.04 0.62 0.85 0.39

Mean [Predicted
Observed

(a)Multistate Atmospheric Power Production Pollution Study (MAP3S) Precipitation Chemistry Network

data
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TABLE 17. Summary of Mode! Evaluation Statistics

Ambient SOf Concentration Ambient SO, Concentration

August 1977 October 1977 August 1977 October 1977

Comparison Statistics Case 1 Case2 Casel Case 2 Case 1 Case 2 Case 1 Case 2
Mean Observed(@)
Concentration {ug m-3) 10.25 10.25 6.24 6.24 14.97 14.97 21.70 21.70
Mean Predicted
Concentration (ug m-3) 8.09 5.73 5.74 4.46 11.56 13.29 11.85 12.92
Correlation of Observed to
Predicted Concentration 0.65 0.65 0.39 0.59 0.57 0.56 0.75 0.76
Variance in Observed Data 3.41 3.41 1.82 1.82 54.75 54.75 155.41 155.41
Variance in Predicted Data 20.52 20.29 2.58 1.66 38.92 44.66 39.54 39.96
Maximum Observed
Concentration (ug/m3) 14.6 14.6 8.92 8.92 30.13 30.13 69.17 69.17
Maximum Predicted
Concentration at Monitoring
Sites (ug/m3) 21.83 14.9 8.74 7.31 23.35 25.20 23.99 45.69
Frequency of Concentrations
Within a Factor of (%):

2 70 59 100 89 73 78 62 62

3 88 77 100 99 90 86 79 89

(@)Electric Power Research Institute (EPRI) Sulfate Regional Experiment (SURE) Data

of model evaluation statistics. Results
show the most significant changes between
cases are the increase in the maximum SOF
concentration in August and the change in
the correlation between observed and predic-
ted SO; values in October. Each effect is
caused by an overprediction of SOf in the
area of maximum SO, emissions.

Data in the tables illustrate differences
between August and October results indicat-
ing the need for different responses to con-
vective storms or large-scale synoptic
storms.

Conclusions

Simulating enhanced incloud transforma-
tion of SO, to SO; appears to be a means
for reducing the discrepancy between model
predictions and observations; that is, signi-
ficant increases in sulfur oxide concentra-
tions in precipitation can be produced with-
out drastically changing ground-level air
concentrations of SOy. Initial tests sug-
gest that an incloud conversion rate of
10% h=! may be close to the proper magnitude,
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but in general, slightly overpredicts water
and air concentrations of SOy.
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FISSION AND FUSION

Air Pollution Dry Deposition: Radioisotopes as Particles and Volatiles
Particle Resuspension and Translocation

Fallout Rates and Mechanisms

ALE Climatology

The major pollutants of concern from the nuclear energy industry are long-lived
particles (i.e., plutonium and other radionuclides) and waste heat and water vapor from
power-plant cooling systems. Since these pollutants may affect living species and local
and regional climate in an adverse manner, field, laboratory and theoretical investiga-
tions of their fate are very important to human welfare.

Research activities at PNL include studies of atmospheric diffusion and deposi-
tion of material on the earth’s surface, resuspension of particulate matter, and the
regional and global transport of material. Transport studies include the modeling of
vertical diffusion and deposition, the determination of the effect of wind speed on
resuspension rates and the study of the vertical temperature structure.



e Air Pollution Dry Deposition:

Radioisotopes as

Particles and Volatiles

Objectives of this study are:

® Developing an experimental basis for models predicting removal of airborne particles and gases by

dry deposition onto outdoor surfaces.

® Developing predictive models accounting for the influence of particle size, gas characteristics, wind
velocity, deposition surface, and other variables on deposition rates.

e Determining deposition rates using dual tracer techniques in the field and in a wind tunnel in the

laboratory.

Literature Ranges of Particle Dry
Deposition Velocities

G. A. Sehmel
Introduction

The dry deposition velocity is used to
describe mass transfer across the air-
‘surface interface in atmospheric diffusion
and transport models. This deposition velo-
city is defined as the ratio of the deposi-
tion flux per unit area divided by the air-
borne pollutant concentration per unit
volume at some height above the deposition
surface.

Independent measurements of particle dry
deposition velocities have been reported in
the literature for many field experiments.
However, there have been limited cross-
comparisons between results. Consequently,
a comparison between field results is made
here for experimental results in which the
particle diameter range is indicated.

Experimental Field Results

During FY 1979 experimental dry deposi-
tion velocities for many materials and vari-
ous deposition surfaces were summarized by
sehmel(2) who Tisted reported deposition
velocities for different materials as a
function of particle diameter. The range of
experimental deposition velocities for each
field experiment was presented rather than

(a) "Deposition and Resuspension Processes."
PNL-SA-6746, accepted for publication as
Chapter 12 in Atmospheric Sciences and
Power Production, Darryl Randerson, ed.
(in press 1979).
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an "average" deposition velocity. This

range is critical in emphasizing the experi-
mental uncertainties in many field dry depo-
sition experiments and in our ability to pre-
dict dry deposition mass transfer rates.

The deposition velocities reported range
over five orders of magnitude from a minimum
of 103 cm/sec to 180 cm/sec.

Since few measurements for deposition to
water surfaces have been made, Sehmel Tisted
the literature results of deposition to land
surfaces as a function of particle diameter.
These particle deposition velocity data are
organized graphically in Figure 1. The ref-
erence numbers refer to references given in
Sehmel (1979). The ranges of deposition ve-
locities for each set of experimental condi-
tions are shown as a function of particle
diameter range. The dashed Tines are for
field experiments determined with polydis-
persed aerosols. In contrast, the solid
lines are data obtained with much narrower
size distributions. In general, the data
show the following:

e the deposition velocities in any indivi-
dual experiment range over several orders
of magnitude,

e a minimum deposition velocity exists and
is approximately 10-2 cm/sec for particle
diameters in the range of 0.1 to 1 um dia.

Generalizing from these early field ex-
periments has been limited in that experi-
mental variables have not been adequately
controlled, i.e., often the particle size
distribution has either not been known or
reported. Since deposition velocities are
a function of particle diameter, most field-
determined mass transfer data should be in-
terpreted with qualification when generali-
zation is attempted.
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FIGURE 1. Particle Dry Deposition Velocities Measured in the Field

Predictive Model

Dry deposition velocities determined in
these reported early field experiments encom-
pass the range also predicted by Sehmel and
Hodgson's empirical model (1980) based upon
wind tunnel measurements of dry deposition
velocities for monodispersed particles. 1In
addition, Sehmel and Hodgson's model predic-
tions indicate a minimum of about 102 cm/
sec for particle diameters in the range of
0.1 to 1 um. Thus, for predictive generali-
zations, Sehmel and Hodgson's deposition
velocity predictions are recommended for use.
These predictions are a function of particle
diameter, friction velocity, aerodynamic sur-
face roughness and particle density.
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Literature Ranges of Dry Deposition
Velocities for Gases

G. A. Sehmel
Introduction

Independent measurements of dry deposi-
tion velocities for gases have been reported
in the literature for many experiments.
These measurements have not been generalized
but have been summarized by Sehmel.ld) The
reported ranges of deposition velocities for
16 different gases are shown in Table 1.

The range of deposition velocities is at
least one order of magnitude for each gas.
For nitrogen oxides (NO and NOy), the range
is actually from minus to positive numbers.
For all gases other than krypton, the range
of deposition velocities is from 10-% to
7.5 cm/sec. For Kr the maximum deposition
rate is seven orders of magnitude Tower,
2.3 x 10-11 cm/sec.

Jodine and Sulfur Dioxide

Deposition velocities for jodine and sul-
fur dioxide have been studied extensively

(a) "Deposition and Resuspension Processes.”
PNL-SA-6746, accepted for publication as
Chapter 12 in Atmospheric Sciences and
Power Production, Darryl Randerson, ed.
(in press 1979).

TABLE 1. Summary of Deposition Velocity
Ranges for Gases

Depositing Deposition Velocity
Gas Range, cm/sec
SO 0.04t0 7.5
I 0.02 to 26
HF 1.6 to 3.7
ThB 0.08 to 2.6
Flourides 0.3to 2.4
Cl; 1.8 to 2.1
O3 0.002 to 2.0
NO, 1.9
NO Minus to 0.9
PAN 0.8
NOy Minus to 0.5
H2S 0.015 to 0.38
CO; 0.3
(CH;),S 0.064 t0 0.28
CHsl 10-4 to 10-2
Kr 2.3 x 107" max.
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since those gases could be effluents from
nuclear and nonnuclear industries, respec-
tively. Even though I, and SO, have been
studied extensively, their deposition velo-
cities are so widely scattered that they
cannot be confidently predicted. The depo-
sition velocity of I, ranges three orders of
magnitude, from 0.02 to 26 cm/sec; the depo-
sition velocity of SO, ranges two orders of
magnitude, from 0.04 to 7.5 cm/sec.

The deposition velocity data for I, and
S0, are further organized in Figures 2 and
3. Reference numbers in these figures refer
to references given in Sehmel (1979). 1In
each figure, data have been organized or
ranked according to the maximum deposition
velocity reported in each experiment. Com-
monly, deposition velocities are a function
of experimental conditions and show a wide
range even for the same types of deposition
surfaces. This wide range is most evident
for grass and water surfaces. Although a
1 cm/sec deposition velocity is often as-
sumed for gases, Figures 2 and 3 show that
1 cm/sec for I, and SO, may have an uncer-
tainty range from about 10-1 to 10 cm/sec.
In addition, maximum SO, deposition veloci-
ties determined for laboratory conditions
are less than for some experimental condi-
tions measured in the field. As an example,
the deposition velocities reported over St.
Louis (Figure 3) are greater than any of the
maximum rates shown within the figure. Ob-
viously, there is much yet to be learned to
adequately interpret these data and to de-
velop more precise and accurate predictive
deposition velocity models for gases.

Atmospheric Stability

There is some indication that the deposi-
tion velocities for gases may depend on at-
mospheric stability (Bunch 1968). Whelpdale
and Shaw (1974) have also shown a dependency
on atmospheric stability. They report that
the deposition velocities to grass and snow
for neutral conditions are greater than for
stable conditions. In contrast, the deposi-
tion velocity to a water surface for a neu-
tral atmosphere is greater than for a stable
atmosphere.

Conclusions

Generalization of these summarized results
is confounded by the wide deposition velocity
ranges that have been measured. Possibly
ordering the data with respect to more recent
versus older data might decrease the data
ranges. Nevertheless, at present we must
conclude that dry deposition velocities for
gases cannot be accurately predicted. Even
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FIGURE 2.

for I, and S0,, which have been investigated
most extensively, the deposition velocity
range is two to three orders of magnitude.
Thus, the often quoted deposition velocity
of 1 cm/sec must currently bear the caveat
that the uncertainty is probably at least
plus or minus one order of magnitude. O0b-
viously, considerable research is yet needed
to accurately predict or to generalize dry
deposition removal rates for gases.
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Equipment for Dual Tracer Dry Deposition
Measurements

G. A. Sehmel and W. H. Hodgson

Experiment

An experimental technique is being devel-
oped to measure the dry deposition of parti-
cles and gases over complex terrain. During
initial developments, a dual tracer of
Tithium-traced particles and sulfur hexa-
fluoride gas was used. Airborne Tithium in
the form of a lithium stearate tracer is
sensed in real time by a flame jonization
detector. Airborne concentrations of depo~
siting lithium particles are then referenced
to measured concentrations of nondepositing
SFG gas.

Initially, the SFg gas was to be measured
in real time using a Lovelock (1975) detec-
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tor. However, after er'tensive development
of the SFg tracer conc:pt using the Lovelock
literature reference, .he conclusion was
that the Lovelock de’, ctor as published/im-
proved does not wort  Consequently, the
Lovelock detector c.icept was discarded and
commercial SFg det:.tors were purchased.
Although SFg meas:. ements are not real-time
with our detector. measurements can be made
every 2 min. It s now anticipated that a
2-min SFg samplirg period will be satisfac-
tory when compar'd to sampling times re-
quired to accums.ate statistically signifi-
cant Tithium tricer particle measurements
for field conc :ions.

Lithium Par:icie Detector Calibration.
Six Tithium pirtic’e detectors were cali-
brated after ccasiderable sensitivity adjust-
ments were mace. Tevse Tithium particle
detectors were calibrcted with both monodis-

persed as well as polycispersed particles.




Instrument response as a function of parti-
cle diameter was measured using monodisper-
sed aerosols. Each instrument has its own
calibration curve, but all instruments show
the same general maximum response as a func-
tion of particle diameter. Results of in-
strument response are shown in Figure 4.

Instrument response for each particle
diameter is illustrated as a ratio of in-
strument response to response calculated
from an isokinetic filter sample of the air
stream. The maximum instrument response is
about 20% of the isokinetic airborne concen-
tration. This maximum occurs for a particle

diameter of about 1 um. For particle dia-
meters below about 0.3 um and above about

2 um, the Tithium detector response de-
creases over one order of magnitude. For
particle diameters less than 0.2 um, detec-
tor response decreases two orders of magni-
tude from the maximum response. Thus, these
calibration curves show these Tithium detec-
tors are most responsive to particle dia-
meters in the range of about 0.3 to 2 um in
dia.

Particle Generation. In field experi-
ments large numbers of Tithium-traced parti-
cles will be required to measure particle
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concentrations at significant downwind dis-
tances. For other than laboratory condi-
tions, monodispersed particles cannot be gen-
erated in sufficient quantities for use.

The proposed field particle-generation tech-
nique is to use pressurized spray nozzles
(model 1711 Astrospray) to generate polydis-
persed aerosols with particie diameters in
the range for which the 1ithium detectors
are most responsive.

Detector responses were determined for
lithium stearate particles generated with
the spray nozzle. Results are shown in Fig-
ure 5. Shown are airborne concentrations
measured by the lithium particle detectors
normalized to an average airborne concentra-
tion of 2000 particles/cm3. These normal-
ized airborne concentrations are shown as a
function of the lithium stearate concentra-
tion in solution as well as spray nozzle air
pressure. Instrument responses are nearly
independent of both the 1ithium stearate con-

centration in solution as well as nozzle air
pressure between 45 and 75 psi.

Conclusions

The maximum response of the airborne lith-
ium particle detector for a particle dia-
meter of about 1 um is very encouraging and
essential for proposed dual tracer deposi-
tion velocity field measurements. the con-
cept behind these experiments is that we
will measure only the minimum particle dry
deposition velocity over various complex ter-
rains. This predicted minimum deposition
velocity occurs for particle diameters in
the range of about 0.1 to 1 um, which ap-
proximates the response range of the 1ithium
particle detectors.

Satisfactory operating ranges for lithium-
traced particle generation have now been de-
termined. We are currently preparing to gen-
erate particles under field conditions and
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to measure particles downwind from the gen-
eration site. After sufficient testing has
been done to determine airborne concentra-
tions of ambient background 1ithium particles
as well as required tracer particle genera-
tion rates, dry deposition experimentation
will begin using depositing l1ithium-traced
particles and nondepositing SFg gas.
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® Particle Resuspension and Translocation

Objectives of this study are:

® Investigating particle resuspension rates and air concentrations as functions of atmospheric stresses,
local soil-working stresses, particle variables and surface variables.

e Developing an experimental resuspension data base to aid in establishing surface contamination
limits to assure adequate public protection from hazardous materials.

e Factoringtime-varying resuspension rates into models describing delivery of surface contaminants to -

man.

Literature Ranges of Wind and Mechanically
Caused Resuspension Factors

G. A. Sehmel
Introduction

One method of estimating the potential
airborne concentration of particles to which
a person is subjected while in a contami-
nated area is to use a resuspension factor.
The resuspension factor is defined as the
airborne pollutant concentration per unit
air volume at or near breathing height divi-
ded by the pollutant surface contamination
per unit area in which the person is 1iving
or working. The resuspension factor has
units of m-1.

Resuspension factors have been reported
in the literature for various experiments.
These d ts were tabulated in a review by
Sehmel.12) However, there have been limited
cross-comparisons between these tabulated

(a) "Deposition and Resuspension Processes."
PNL-SA-6746, accepted for publication as
Chapter 12 in Atmospheric Sciences and
Power Production, Darryl Randerson, ed.
(in press 1979).
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results. Usually the main comment regarding
these results is that there is variation of
several orders of magnitude between results.
The purpose here is to show in graphical
form all these resuspension factor data.

Resuspension factors are
ure 6 for both mechanically and wind-caused
resuspension. Resuspension factors for
mechanically caused resuspension are shown
in the upper portion of the figure, and re-
suspension factors for wind stresses are
shown in the lower portion. In both cases
the data have been ranked in terms of de-
scending order of the maximum resuspension
factor reported for each experiment. In ad-
dition, the resuspension factor range for
each experiment is shown by a horizontal
line with vertical end marks. If only a
single resuspension factor is reported, this
datum is shown as an open circle.

shown in Fig-

Several conclusions can be drawn from
this figure. These include:

e The figure does not correlate, rather
only shows a graphical representation
from maximum to minimum reported resus-
pension factors.
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The range of resuspension factors within
some individual experiments can be over
several orders of magnitude.

Mechanically caused resuspension factors
ran?e over nine orders of magnitude from

10-10 to over 10-2 m-1,

Wind-caused resuspension factors range
over seven orders of magnitude from
10-10 to 103 m7!.

The maximum resuspension factors were
caused by mechanical stresses.

e The minimum reported resuspension factor
is 10710 m~! for both wind and mechani-
cally caused resuspension stresses.

Conclusions

In utilizing this figure for predictive
purposes, I recommend, if possible, locating
a similar stress and situation comparable to
the one being studied. If this is not pos-
sibTe, I recommend, at Teast, using a resus-
pension factor range for sensitivity studies
rather than using only a single "average"
resuspension factor. Obviously, inspection

103



of this figure shows that our ability to ac-
curately predict airborne concentrations
from either mechanically or wind-caused re-
suspension stresses is extremely poor. Much
research is yet needed to adequately under-
stand resuspension processes and to accu-
rately predict airborne concentrations aris-
ing from surface contamination.

Wind-Caused Particle Resuspension Rates
at Two Sites

G. A. Sehmel
Introduction

Wind stresses can resuspend pollutant
particles from contaminated surfaces and
transport these particles downwind., How-
ever, one of the conclusions of a recent
Titerature review by Sehme1(a) is that par-
ticle resuspension rates cannot be accur-
ately predicted. In addition, literature
results are inconsistent in quantifying the
so-called weathering half-time. The weath-
ering half-time describes the rate at which
airborne pollutant concentrations decrease
with time over a surface-contaminated area.
Early 1literature suggested that the half-
time might be as low as 35 to 40 days.
Also, the literature review indicated un-
knowns including the effects of pollutant
particle diameter and vegetation cover upon
resuspension characteristics.

Experimental resuspension rates presented
here are expanding our knowledge about wind-
caused resuspension rates as a function of
wind speed, contaminated site, poilutant par-
ticle size and the validity of weathering
half-time measured over several years.

Experimental

Wind-caused resuspension rates are being
investigated at two Hanford area sites using
inert calcium molybdate tracer particles as
pollutant simulants. At both study sites
the calcium molybdate tracers were origin-
ally sprayed uniformly as suspensions around
centrally located air sampling towers. On
each tower are three sets of wind-vane-
oriented air sampling systems, including a
particle cascade impactor (Sehmel 1973), for

(a) "Deposition and Resuspension Processes."
PNL-SA-6746, accepted for publication as
Chapter 12 in Atmospheric Sciences and
Power Production, Darryl Randerson, ed.
(in press 1979).
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sampling resuspended tracer as a function

of sampling height. Each set of air sam-
plers are turned on automatically for dif-
ferent wind speed increments in order to de-
termine the effects of increasing wind speed
on particle resuspension rates. Collected
samples are analyzed for molybdenum by X-ray
fluorescence.

At a site near U-pond in the 200 West
area, submicrometer calcium molybdate tracer
particles were sprayed in a circular area
23 m in radius. At a site near the Horn
Rapids dam area, an average 6-um-dia calcium
molybdate tracer was sprayed in a circular
area 30 m in radius. The average molybdenum
surface contamination level initially depos-
ited was 0.62 g/m? for the submicron site
and 3.4 g/m? at the 6-um site.

Resuspension rates were calculated from
the integrated flux per unit width passing
through each centrally Tocated sampling
tower, the sampling duration and the total
radial tracer source per unit width. For
the calculations, the total vertical resus-
pension flux per unit width from the edge to
center of the tracer source was assumed
equal to the vertically integrated horizon-
tal flux per unit width passing through each
centrally located air sampling tower. Hori-
zontal fluxes through the towers were calcu-
lated using air sampling data collected at
five sampling heights (0.3, 0.9, 1.8, 3 and
6.1 m) at the submicrometer tracer source
and seven sampling heights (0.3, 1, 2, 3, 6,
9, and 12 m) at the 6-um tracer source.

Results

Calculated resuspension rates for the two
sites are shown in Figures 7 and 8. The hor-
izontal Tine with 1imit marks through each
data point corresponds to either the time
duration over which each experiment was con-
ducted or the wind speed limits for each
increment sampled. Resuspension rates
ranged from 10-13 to over 10-7 fraction
resuspended/sec.

Submicrometer Tracer Source. For the sub-
micrometer tracer site, resuspension rates
are shown in Figure 7 for wind speed incre-
ments after March 1974 of 4.5 to 5.4, 5.4 to
6.7, and 6.9 to 9.4 m/sec. In general, re-
suspension rates at each wind speed remained
constant over the total time period. How-
ever, there is an apparent seasonal change
in resuspension in rates. The seasonal vari-
ation is not explicit since each experimen-
tal time period was determined in part by
the occurrence of sufficient desired winds
during that particular season. Nevertheless,
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resuspension rates appear to be higher dur-
ing the autumn than in the spring and summer.

Most resuspension rates were calculated
from the entire sample collected in each
cascade particle impactor. " In some cases,
each stage of the cascade particle impactor
was analyzed separately for tracer content.
For both cases, resuspension rates were cal-
culated assuming the tracer source strength
was independent of particle diameter. Re-
suspension rates indicate tracer was resus-
pended or was attached to all host particle
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sizes characterized by sampling with cascade
particle impactors. In addition, tracer
continued to be resuspended attached to all
particle sizes throughout the duration of
the experimental results.

A resuspension rate wind speed dependency
was calculated from the data obtained from
the entire impactor collection. For this
calculation, each resuspension rate was nor-
malized to the respective resuspension rate
measured for the 4.5 to 5.4 m/sec wind speed
increment. Using this procedure, a least



squares fit of the data indicates resuspen-
sion rates increased with wind speed raised
to the 3.4 power.

Six-Micrometer Tracer Source. For the
6-um tracer source, resuspension rates are
shown in Figure 8 for wind speed increments
of 3to5, 5to7, and 7 to 11 m/sec. Re-
suspension rates were calculated from the
entire particle cascade impactor collection
and also as a function of the collection
site within the cascade particle impactor.

Resuspension rates increased with wind
speed raised to the 3.5 to 13.8 power. For
the time period shown, resuspension rates
were decreasing with time.

Conclusions

Wind-caused resuspension rates are shown
for two study sites. For one site, resus-
pension rates tended to remain constant with
time. At the second site, resuspension
rates were decreasing with increasing time.
Since these experiments are continuing, long-
term changes in these resuspension rates
will be determined. Long-term resuspension
effects are needed for environmental assess-
ments of surface-contaminated areas. Pre-
viously, some credit could have been given
for decreased resuspension with time. This
potential credit is now questionable in
1ight of the resuspension results shown here,
and thus, assessment studies must also con-
sider the data presented here.

Although nominal submicrometer and 6-um
tracer particles were sprayed as resuspen-
sion sources, each source would have a
tracer particle size distribution. This dis-
tribution is reflected in calculated resus-
pension rates for each stage of the cascade
impactor. Each resuspension rate was calcu-
lated based on the total source concentra-
tion rather than the source concentration
as a function of the tracer particle size
distribution after deposition and weathering.
Still to be determined is an initial experi-
mental relationship between the tracer size
distribution on the ground versus the tracer
size distribution as resuspended on host
particles. Once these relationships and
measurement techniques between airborne
versus ground contamination per gram of each
soil size are established, possibly an im-
proved basis rather than total contaminant
level will be available to help establish
permissible surface contamination levels.
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Airborne Plutonium Transported During South-
westerly Winds Near the Hanford Prosser Bar-
ricadel(a)

G. A. Sehmel
Introduction

Airborne plutonium could result from re-
suspension of nuclear-weapons-testing strat-
ospheric fallout deposition. To determine
this possible resuspension at the Hanford
site, two field experiments between April 12
to June 29, 1976 and August 12, 1976 to Jan-
uary 11, 1977 were conducted near the Pros-
ser Barricade in the Hanford area (see Fig-
ure 92 about 19 to 22 km southeast (140° to
160°)(b) of the fuel-processing areas. The
primary objective of these experiments was
to determine if stratospheric fallout resus-
pension was reflected by airborne plutonium
concentrations increasing with increasing
wind speed.

A secondary objective was to confirm the
source of the airborne plutonium by deter-
mining the plutonium-240 isotopic content or
the plutonium-240/plutonium-239 mass ratio.
Stratospheric fallout can be identified by
the ratio of 2%0Pu to other plutonium iso-
topes in surface soils. Worldwide fallout
(Krey et al. 1976) 240pu/239Py mass ratios
average 0.18 + 0.01. These results are
given with one standard deviation precision.
Some variation in the fallout 24CPu/239py
mass ratios is shown for data obtained in
Washington state. At Puyallup, Washington,
the 2%0pu/239py mass ratio in January 1971
was 0,182 + 0.004. The 2%%Pu and 23%Pu iso-
topic contents were 13.82 x 0.05 and 84.45 +
0.05, atom percent, respectively, for a for-
est fire smoke plume sampled near Mt. St.
Helens, Washington (Sehmel and Orgill 1978)

{a) PNL-SA-7839, presented at the American
Nuclear Society National Meeting, Novem-
ber 11 to 16, 1979, San Francisco, CA.

(b) North is 0°; angles are measured clock-
wise from 0°,






particle cascade impactor systems (Sehmel
1978) shown in Figure 10. The particle cas-
cade impactortid) for sampling respirable
particles was attached to a rotating cowl,
allowing simultaneous sampling of larger
nonrespirable particles. Particles entering
the 15-cm-dia cylindrical sampler inlet of
the cowl either settled on the cowl floor

or were drawn up into the impactor. In this
report, particles settling within the cowl
are called "large" cowl-collected particles.
The sum of all particles collected on the
cascade impactor collection surfaces plus
backup filter are called "small" particles.
"Small" particles entering the particle cas-
cade impactor were separated into nominal
aerodynamic diameter ranges of 7, 3.3, 2.0
and 1.1 ym, which are impactor stage 50% cut-
off diameters for unit-density spheres. Re-
maining airborne particles were collected on

(a) Model 65-100 High-Volume Sampler Head,
Anderson 2000, Inc., Atlanta, GA.

SYSTEM
SUPPORT
ARM

an impactor backup filter which was attached
to the high-volume samplers. Unless stated
separately, plutonium collected on the
backup filter is included in the cascade im-
pactor small particle sample. Some nonre-
spirable versus respirable particle size
classification occurs in this sampling sys-
tem since nonrespirable particles tend to be
removed by gravity settling within the cowl.
Particles that pass through the cowl and are
collected on the last three cascade impactor
fiberglass impaction stages and on the
backup filter are often called respirable.

The high-volume sampler was activated
only if the wind at a height of 1.5 m was
blowing from off-site towards the Hanford
area from 190° to 260°. Small particles
were sampled within particle cascade impac-
tors for wind speed increments from 3 to 5,
5to 7, and 7 to 11 m/sec measured at a
height of 1.5 m. In addition, since the
cowl inlet was always open, all southwest

HIGH VOLUME SAMPLER

S = - CASCADE IMPACTOR

. SPINDLE EXTENSION

WIND ORIENTATION

TAIL FIN
WIND
WIND DIRECTION
\ SENSITIVE
R ROTATING o
COWL i
[+
CYLINDRICAL )
SAMPLE INLET g \ :
CYLINDRICAL SPINDLE BEARING b
COWL BODY ASSEMBLY BOLT z

FIGURE 10. Sampling Systems: A Wind Direction-Oriented Cowl for Collecting
“Large”” Particles by Gravity Settling and a Particle Cascade Impactor for
Collecting the Remaining Particles Cailed “Small” in this Article
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winds were continuously sampled for large
particles within the particle inertial col-
lection sampling cowl. Small particles also
entered the inlet, but the collection was
minimal within the cowl because their grav-
ity settling velocity is low.

Airborne solids were collected during
April 12 to June 29, 1976 and August 12,
1976 to January 11, 1977 within cowl par-
ticle cascade impactor systems located at
heights of 0.3, 2.0 and 5.8 m above ground.

After collected samples were equilibrated
with Tow humidity air and weighed, selected
samples were combined for plutonium analysis
in order to increase the radiochemical sen-
sitivity. P]utoniuT 3na1yses were performed
by a commercial lab\@/ using total dissolu-
tion followed by electrodeposition onto a
platinum disc for alpha spectroscopy. After
the plutonium content was determined, the
platinum discs were returned to Pacific
Northwest Laboratory for analysis of the
plutonium isotopic content. Selected sam-
ples of both airborne small and large parti-
cles were analyzed for the plutonium iso-
topic content.

Subseguently to investigating transport
during southwesterly winds, further informa-
tion on the isotopic conposition of airborne
plutonium was obtained at a Horn Rapids sam-
pling site which is 1.4 km south (176°) of
the Prosser Barricade. During May 11 to
July 2, 1979, airborne solids were collected
continuously for all wind directions at the
Horn Rapids as well as the Rattlesnake Moun-
tain site. Massive (Mitchell, Henry and
Henderson 1978) volume air samplers were
operated at a flow rate of 11 m3/min. These
samplers have two cascade impactor stages
followed by an electrostatic precipitator.
The first impactor stage was coated with sil-
icone grease to minimize particle bounce-
through. The calculated 50% cut-off diame-
ter of the second impactor stage was 2.1 um.
Particles collected on the electrostatic pre-
cipitator plates were removed and analyzed
at the Pacific Northwest Laboratory (PNL)
for plutonium isotopic composition.

Results

Results from three experimental time per-
iods are discussed. Plutonium transport dur-
ing southwesterly winds was measured at the
Prosser Barricade site for two time periods
in 1976 to 1977. 1In 1979, plutonium trans-

(a) LFE Environmental Analysis Laboratory,
230 Wright Avenue, Richmond, CA.

110

port during all wind directions was measured
at the Horn Rapids site.

In the first experiment, airborne
233-240py concentrations were measured
(Sehmel 1978; Sehmel 1977) near the Prosser
Barricade during April 12 to June 29, 1976.
For this experiment, 23%-240py jsotopic anal-
yses were made for only large particle sam-
ples. The sampling experiment was repeated
(Sehmel 1979b) from August 12, 1976 to Jan-
uary 11, 1977 to confirm results from this
initial experiment. Results will be discus-
sed for both time periods; however, the
second experiment will be discussed in more
detail since 23°-240py jsotopic analyses
were made for both small and large particle
samples.

April 12 to June 29, 1976. Airborne
239=25Upy concentrations, pCi/cm3, on small
particles, and airborne 232-240py fluxes in
uCi/(m2 day), on large particles were deter-
mined (see Figure 11 and Table 2). Data are
shown in Figure 11 for plutonium collection
on the 3 plus 7 um 50% cut-off impactor
stages, 1 plus 2 um 50% cut-off impactor
stages, and the backup filter. The range of
each wind speed increment is shown by a hori-
zontal line through each data point. The
vertical lines show the one sigma limits,
corresponding to the radiochemical counting
statistics. Also shown are lines, calcu-
lated by least squares, through the data
points. The wind speed dependency is shown
as an exponent on the wind speed velocity,
(Ug, measured at the 1.5-m height. Airborne
233-240py concentrations ranged from about
10-18 to 10-16 uCi/m3. Airborne 23%7240py
concentrations increased as powers of wind
speed, (U):U0-8 to 7.8,

The concentration of 23%-240py per gram
of airborne solids was also determined. For
small particles, 239-2%0py concentrations
ranged from 6.0 x 10-8 to 1.7 x 10-® uCi/g
with an average of 4.0 x 10-7 uCi/g of air-
borne solids. For large particles, the
239-240py concentrations ranged from
1.3 x 1077 to 2.1 x 10-7 uCi/g.

In addition, the isotopic plutonium compo-
sitions on large cowl-collected particles
were determined. The 249Pu isotopic composi-
tion in atom percent was 6.10 = 0.02 at a
0.3-m sampling height; 6.31 = 0.02 at 2 m;
and 6.28 + 0.03 at 5.8 m while the 20pu/
239Py mass ratios were 0.065, 0,068 and
0.067, respectively.

August 12, 1976 to January 11, 1977. Air-
borne plutonium concentrations, uCi/cm3, and
concentrations of total airborne solid
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to June 29, 1976 when Sampling with 190° to 260° Winds Measured at the 1.5-m Height
particles, ug/m3, are shown in Figure 12. portion of the figure shows that the air-
Data are shown separately for each sampling borne dust loading increased with the
height of 0.3, 2.0 and 5.8 m. Airborne con- 2.1 power of wind speed.
centrations ranged from 4 x 10-18 up to a
maximum of 2 x 1016 yCi/cm3. This maximum In contrast to concentrations at the
concentration is 0.3% of the 168-hr maximum 0.3-m height, plutonium concentrations at
permissible concentration guidance Tlevel the 2-m and 5.8-m heights increased with in-
(ERDA 1977; Code of Federal Regulations) of creasing wind speed. Airborne concentra-
6 x 10-1% puCi/cm3, tions for the 2-m sampling height are shown
in the central section of the figure. Air-
At the Towest sampling height of 0.3 m, borne plutonium concentrations were
the airborne 239-240py concentrations were 4.6 x 10718 yCi/cm3® for the 3- to 5-m/sec
nearly constant at about 5 x 10-17 yCi/m3 wind speed increment. ‘At this lowest wind
for all wind speeds. Although the plutonium speed increment, the airborne plutonium con-
concentration remained constant, the bottom centration at the 2-m height was one order
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TABLE 2. Plutonium-239, -240 Transport on Large Particles
During Southwesterly Winds near the Prosser Barricade on the
Hanford Project from April 12, 1976 to June 29, 1976

Airborne Pu Large Particle
Flux, uCi/(m2 day)

Pu on Airborne  Only for 190°

Sampling Solids to 260° Winds For Total
Height, m  dpm/g uCi/g  3to 11 m/sec  Field Time
0.3 029 13x107 3.9x 10-¢ 6.0x 107
2 0.46 21x 107 4.0x 10-¢ 8.3 x 10-7
5.8 032  1.5x107 1.4x 106 2.8x 107

of magnitude less than the plutonium concen-
tration at the lTower height of 0.3 m for all
wind speeds. As a possible explanation of
the data, a decrease in airborne plutonium
concentration with height would be expected
for a Tocal resuspension source.

In contrast, for the highest wind speed
increment of 7 to 11 m/sec, the airborne
plutonium concentration at the 2-m sampling
height is about four times greater than that
at the 0.3-m height. This increased air-
borne plutonium concentration with height at
high winds resuspension results are domi-
nated by some upwind source(s).

At the 2-m sampling height, airborne plu-
tonium concentrations increased with the
4.8 power of wind speed, while the airborne
solids concentration increased with the
3.0 power of wind speed. For the highest
point sampled (5.8 m), both the airborne
plutonium and airborne solids concentrations
increased with the wind speed to the 2.7 to
2.8 power.

Airborne plutonium concentrations, uCi/g,
of airborne material and the isotopic 2%9Pu
concentration were also determined. In Fig-
ure 13, both the 239-2%0py yCi/g and the
atom percent of 24CPy are shown at each sam-
pling height as a function of wind speed.
For the Towest sampling elevation level of
0.3 m, the plutonium concentration, pCi/g,
on airborne soil decreased with speed to the
negative 2.3 power. The underlying cause of
this concentration decrease with increasing
wind speed is unknown. A possible explana-
tion for this concentration decrease could
include either locally uncontaminated soil
being resuspended at higher wind speeds or
uncontaminated soils being transported from
upwind. In contrast, at a sampling height
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of 2.0 m, the plutonium concentration on the
airborne soil increased with the 1.8 power
of wind speed. This relationship might be
explained by a resuspension process propor-
tional to U3 and a subsequent airborne plume
dilution proportional to U-l, Thus, the ex-
ponent 2 is nearly equal to the experimental
exponent of 1.8.

A third uCi/g concentration pattern is
shown by the data from the highest sampling
level of 5.8 m. For this height, the concen-
tration was nearly constant for the lowest
and highest wind speed increments with a max-
imum concentration occurring at the middle
wind speed increment. The reason for this
maximum is unknown. However, a maximum
might have also occurred for the intermedi-
ate wind speed at the 2.0-m height.

The 2%0Py isotopic content in atom per-
cent was determined for each of five samples
collected within cascade impactors including
the backup filter. As shown in the lower
portion of Figure 13, the 240Py atom percent
ranged from 5.6 to 8.1. The one sigma
limits for the atom percents are shown by
the vertical bars. However, for two samples,
the bars are within the drawn data symbol.
For these samples, the 249Pu/23%Py mass
ratio ranged from 0.060 to 0.089.

For large cowl-collected particles,
239-240py concentrations in uCi/g and fluxes
in uCi/(m? day) are shown in Table 3. The
plutonium concentration per gram associated
with these large particles was less than
that associated with small particles. The
24%0py atom percent ranged from 5.6 to
8.1 for small particles; for large particles
the percentage was similar, 6.6 to 6.8. The
240py atom percent at the 2-m height was
6.8 + 0.1 and at the 5.8-m height was
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FIGURE 12. Airborne Plutonium -239, -240 Concentrations and Soil Loadings

for Total Samples Collected Within Particle Cascade Impactors and Backup
Filters near the Prosser Barricade at Hanford from August 12, 1976 to
January 11, 1977 when Sampling with 190° to 260° Winds Measured at the

1.5-m Height

6.6 = 0.1. The 240py/239py mass ratios were
0.074 and 0.071, respectively.

The relative plutonium transport on large
cowl collected versus small particles was

not directly measured, since the cowl inlet

113

was open and large particles could be trap-
ped within the cowl at all winds between
190° to 260°. The direct measurement would
have required closure of the cowl inlet dur-
ing the nonsampling periods. Nevertheless,
an estimate was made for the relative
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Content for Total Samples Collected Within Particle Cascade Impactors and Backup Filters near
the Prosser Barricade at Hanford from August 12, 1976 to January 11, 1977 when Sampling with

190° to 260° Winds Measured at the 1.5-m Height

plutonium transport on small and large parti-
cles. The calculations assume that the air
velocity was uniform for all sampling
heights, that anisokinetic sampling correc-
tions for small particles be negligible and
that large particles be collected only be-
tween 3 to 11 m/sec winds for wind direc-
tions between 190° and 260°. A constant
wind speed with height was assumed only as
an approximation of changes with height
which occur at different atmospheric
stabilities.
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To make a relative comparison of the
fluxes on small and large particles, the
average small particle concentration was
multiplied by the average wind speed,

4.6 m/sec, to get the average flux of small
particles. The average flux of small parti-
cles and the flux of large particles were
then compared to determine the percentage of
plutonium transported on small particles.
These calculations suggest that from 96 to
99% of the plutonium was transported on
small particles.



TABLE 3.

Plutonium-239, -240 Transport on Large Particles

During Southwesterly Winds near the Prosser Barricade on the
Hanford Project from August 12, 1976 to June 11, 1977

Airborne Pu Large Particle

Flux, uCi/(m? day)

Pu on Airborne Only for 190°

Sampling Solids to 260° Winds For Total

Height, m dpm/g uCi/g  3to11m/sec  Field Time
0.1 0.22  1.0x 107 1.56 x 107 1.30 x 10-8
2 0.23 1.1x 1077 1.89 x 1077 1.57 x 10°8
5.8 039 1.8x107 3.38 x 107 2.82x 10°8

Airborne plutonium fluxes, pCi/(m? day),
for these large particles were calculated
for two time periods. Horizontal flux cal-
culations were made both for the total time
that winds were simultaneously between 3 and
11 m/sec and with wind direction between
190° and 260° and also for the total time
that cowl air samplers were in the field.
When the shorter period (3 to 11 m/sec and
190°to 260° winds) was used, horizontal plu-
tonium fluxes ranging from 1.6 x 1077 to
3.3 x 1077 to 10-7 uCi/(m? day) were
calculated.

Analysis

PTutonium-239, -240 was transported dur-
ing southwesterly winds on both small and
large particles, i.e., including transport
on both respirable and nonrespirable parti-
cles. Although maximum airborne concentra-
tions were far below the 168-hr maximum per-
missible concentration guidance (ERDA 1977;
Code of Federal Regulations) levels (0.3%),
possible sources of this airborne plutonium
are of interest. In considering possible
sources, both 2%%Py jsotopic ratios and me-
teorological airflow patterns will be
considered.

Plutonium-240. Plutonium-240 isotopic
content and 2%0Py/23%Py mass ratios can be
used to "fingerprint" the plutonium source
as being principally from nuclear weapons
testing stratospheric fallout or from
production-grade plutonium. The worldwide
fallout level for the 239Py/240Py mass ratio
is 0.18 + 0.01. An average production grade
(ERDA 1977) 2%0Py atom percent is 6.3. For
the Prosser Barricade samples, the maximum
observed 2%0Pu concentration is 8.1 atom
percent (see Table 4 for a summary of 249py
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atom percents and Table 5 for a summary of
240py/239py mass ratios). The 240pu/23°py
mass ratios from 0.060 to 0.089 are about
one-half that of 0.18 for worldwide fallout.

These percentages will be used to esti-
mate the fraction of fallout, FO, in the
Prosser Barricade sample. The maximum fall-
out fraction is calculated form the maximum
observed 240Ppy atom percent of 8.1 at the
Prosser Barricade and the fallout of 13.8 at
Mt. St. Helens, Washington:

(13.8) (FO) + (6.3) (1 - FO) = 8.1.
The estimated fraction of fallout in the
Prosser Barricade 8.1 atom percent plutonium-
240 sample is 0.24. Similarly, the esti-
mated fraction of fallout in this sample is
also 0.24 when using the 2%0py/23°py mass
ratio of 0,182 at Puyallup, Washington, an
assumed 239-240py jsotopic content of 90%,
and a calculated 24Pu isotopic composition
of 13.9 atom percent. For the other Prosser
Barricade samples with 2%0Py atom percentages
less than 8.1, the estimated fallout contri-
bution to the total observed plutonium is
even less than 0.24.

Entirely different results were obtained
from the Horn Rapids airborne sample. The
240py and 23%pu jsotopic composition were
17.3 £ 0.1 and 81.3 # 0.1 atom percent, re-
spectively. The 240py/23%py mass ratio was
0.213 + 0.002. These data are similar to
fallout. Fallout was simultaneously meas-
ured at Rattlesnake Mountain where the 240py
and 23%uy isotopic compositions were
14.43 + 0.08 and 83.35 = 0.09 atom percent,
respectively. The 240Pu/239Py mass ratio
was 0.173 + 0.001.



TABLE 4. Prosser Barricade Plutonium-240 Isotopic Content Summary
Atom Percent
Small Particles
Wind Speed Large Particles Collected in Cascade
Sampling Collected in Cowls Impactor
Sampling  Increment, 12 Aprilto 12 August 1976 to 12 August 1976 to
Height, m m/sec 29 June 1976 11 January 1977 11 January 1977
0.3 All 6.10 + 0.02 NA NA
Jto 5 NA() NA 6.410.2
7 to 11 NA NA 56+0.2
2.0 All 6.31 +0.02 6.85 + 0.09 NA
Jto5 NA NA 8.1+0.1
7to11 NA NA 6.0+0.2
5.8 All 6.28 + 0.03 6.6 +0.1 NA
Jto5 NA NA 7.0+ 0.01

(a)NA: Not analyzed

TABLE 5.

Prosser Barricade Plutonium-240/Plutonium-239 Mass Ratio Summary

Plutonium-240/Plutonium-239 Mass Ratio

Small Particles

Wind Speed Large Particles Collected in Cascade
Sampling Collected in Cowls Impactor
Sampling  Increment, 12 Aprilto 12 August 1976 to 12 August 1976 to
Height, m m/sec 29 june 1976 11 January 1977 11 January 1977
0.3 All 0.065 NA NA
3to5 NA(@) NA 0.069
7to 11 NA NA 0.060
2.0 All 0.068 0.074 NA
3to5 NA NA 0.089
7to 11 NA NA 0.063
5.8 All 0.067 0.071 NA
3to5 NA NA 0.076

@INA: Not analyzed
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Wind Direction. The significant differ-
ence in the isotopic composition at the Pros-
ser Barricade and Horn Rapids sites may be a
function of the wind field patterns. Al-
though southwesterly winds were sampled at
the Prosser Barricade, synoptic-scale south-
west winds can entrain air flowing southeast-
erly along the side of Rattlesnake Mountain.
Often, this southeasterly flowing air tends
to mix with and to follow the motion of the
southwesterly wind approaching the Hanford
Area from offsite. Although the location of
this entrainment is a function of the meteor-
ology occurring, mixing can occur within the
region near the Prosser Barricade. Since
the Horn Rapids site is 1.4 km south of the
Prosser Barricade, the possibility exists
that 1) most entrained air is transported at
locations near or north of the Prosser Bar-
ricade, 2) Tittle entrained air flows near
ground Tevel across the Horn Rapids sampling
site, and 3) the entrained ajr carried
Hanford-produced plutonium from onsite. Al-
though these possibilities exist and might
explain the differences between the Prosser
Barricade and Horn Rapids isotopic composi-
tions, the source of the production-type plu-
tonium collected at the Prosser Barricade is
yet to be identified.

Conclusions

Plutonium was transported during south-
westerly winds during the two study periods
at the Prosser Barricade. Airborne 239-240py
concentrations varied as powers of wind
speed (U):U"0-2 to U7-8, The airborne
solids content ranged from 6 x 108 to
1.7 x 107 uCi/g. The 2%0py jsotopic con-
tent ranged from 5.6 to 8.1 atom percent and
the 249py/239Py mass ratio ranged from
0.065 to 0.089. The estimated fraction of
stratospheric fallout plutonium in these
samples was less than 0.24. The remaining
airborne plutonium was probably of Hanford
origin., Airborne plutonium probably repre-
sents resuspension of plutonium from unde-
termined sites by mechanisms and events not
clear at present.

An increasing airborne plutonium concen-
tration with increasing wind speed might be
expected for an upwind resuspension
source(s). However, the geographical
source(s) location was not investigated in
this study. More research is planned to de-
termine relationships between airborne and
any surface concentrations. Although air-
borne plutonium was measurable after filter-
ing larger air volumes, the maximum calcu-
lated airborne 239-2%0py concentration of
2 x 10716 yCi/cm® is 0.3% of the
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6 x 10-1% pCi/em® 168-hr maximum permissible
concentration guidance level (Code of Fed-
eral Regulations).
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e Fallout Rates and Mechanisms
Objectives of this study are:

e Measuring radionuclide concentrations at Barrow, Alaska, and Richland, Washington, for the
assessment of the hazard to the environment presented by future radionuclide releases.

e Determining the physical and chemical forms of airborne radionuclides, their deposition rates, and
iodine-131 concentrations in grass and milk.

e Calculating the rates of atmospheric mixing of radionuclides.

Atmospheric Radionuclide Concentrations at -
RichTand, Washington and Barrow, Alaska K~a

J. A. Young and C. W. Thomas P A

Long-Term Concentration Variations -

Nuclear Weapons-Produced Radionuclides. L
Concentrations of a wide spectrum of radio- WE" A A
nuclides have been measured bimonthly at H \5 sl / \\
Richland, Washington (46°N, 119°W) since ‘ \x/‘$
1961 and monthly at Barrow, Alaska (71°, \C\D 0"
157°W) since 1964. Since the end of atmos- wE— a7 \ A\ P
pheric nuclear testing by the United States - L
and Russia in 1962, radionuclides have been
released into the atmosphere primarily as a
result of atmospheric tests by France
(which discontinued testing in 1971) and by A, Byp
the People's Republic of China. The
Chinese have conducted about 25 atmospheric e ha
nuclear tests at a rate of one or two a wlE- 77 N,
year since 1964. Primarily because of Foooaal, e, . \\ AL
Chinese nuclear tests, the decrease in at- L Py \ ‘/ %</ Pu
mospheric concentrations of nuclear weapons r Ve s N
radionuclides has been slow since about 02— . o\

1966. The yearly average concentrations of E %7 \ /8—'\(/B%u

DPMY/ 103 S.C.M.

A

zirconium-95, cesium-137, plutonium-238,
plutonium-239 and americium-241 at Richland
in disintegrations per minute per 103 stand- 1973 i I \ J L1 s
ard cubic meters (SCM) since 1962 are shown 62 64 66 68 0 72 74 76 78 &
in Figure 14 (before 1968 only the sum of YEAR

the 25Zr and niobium-95 concentrations was

measured). The peak in the 238Py concentra- FIGURE 14. Average Yearly Radionuclide Con-
tion that occurred around 1966 resulted from centrations at Richland, Washington

the burnup of a SNAP-9A nuclear power
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generator in the upper atmosphere following
the failure of a navigational satellite to
achieve a stable orbit. The concentrations
of other medium-to-long-Tived (weeks to
years) radionuclides have shown about the
same change with time as 95Zr, 137Cs, 239py
and 2%1Am.

two small
in 1978 and
1979. As a

The Chinese conducted only
(Tess than 20 kilotons) tests
have not yet conducted any in
result, the concentrations of nuclear weap-
ons radionuclides, especially those with
short half-lives, have decreased in 1978
and 1979. However, the concentrations are
still considerably higher than those that
have resulted or would be expected to result

from releases by nuclear power reactors. It
has been estimated that in 1978 the radia-
tion dose to the population from nuclear
weapons radionuclides was 20 or 30 times
that from reactor releases (Marx 1979). If

the Chinese continue their past schedule of
testing, they would be expected to conduct
a test in the near future that would cause
concentrations to rise.

Beryllium-7 and Sodium-22. The radionu-
clides berylTium-7 (53d) and sodium-22
(2.6y) are produced by spallation reactions
of cosmic rays with atmospheric gases.

Their production rates increase by about
three orders of magnitude between ground
level and the lower stratosphere. However,
22Na is also produced by nuclear weapons
tests. Large-scale atmospheric testing by
the United States and Russia in 1961 and
1962 caused the 22Na concentrations at Rich-
land to rise to a maximum in 1963 (Fig-

ure 15). The concentrations at Richland and
Barrow decreased rapidly until 1966, but
have decreased only slowly since that time,
presumably because of atmospheric testing by
the Chinese. The continued slow decrease in
the 22Na concentrations indicates that an
appreciable fraction of the 22Na in the at-
mosphere is still of nuclear weapons origin.

Berryllium-7 was not produced in signifi-
cant quantities by nuclear weapons tests,
but its yearly average concentrations have
still changed with time (Figure 16). The
production rates of cosmogenic radionu-
clides would be expected to vary inversely
with sunspot number since the high magnetic
fields associated with sunspots tend to
shield the earth from intergalactic cosmic
rays. Beryllium-7 concentrations at Rich-
land and Barrow appear to show the expected
inverse correlation with sunspot number,
except at Richland before about 1968. One
would have expected, based on sunspot num-
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ber, that the 7Be concentration would have
increased at Richland in going back in time
from 1968 to 1964. The reason for the con-
tinuing decrease of 7Be is not clear and
needs further investigation. Before 1968,
7Be was measured with a NaI(T1) detector,
whereas a Ge(Li) detector has been used
since. Thus, there was a greater uncer-
tainty in the earlier data, but we do not
feel that this could have produced a bias in
the results.

Seasonal Variatijons

Nuclear Weapons Radionuclides. The con-
centrations of nuclear weapons radionuclides
and natural radionuclides have shown pro-
nounced seasonal variations, but the sea-
sonal variations have shown considerable dif-
ferences between Richland and Barrow and be-
tween radionuclides of different sources.

In addition to the seasonal variations,
there have been fairly large short-term
fluctuations that have presumably resulted
from variations in meteorological processes
such as precipitation scavenging. There-
fore, the radionuclide concentrations were
averaged over several years to provide a
clearer picture of the average seasonal vari-
ations. The average concentrations of 137Cs
for each month at Richland and Barrow during
the period from 1967 through 1978 are shown
in Figure 17. The seasonal variations of
other medium to long-lived nuclear weapons
radionuclides were very similar to those of
137¢s, although the concentrations of 2°Zr
(65d) and ruthenium-103 (40d) peaked
slightly earlier in the year than did the
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137¢s concentrations, presumably because of
the radioactive decay of °°Zr and 193Ru.

The 137Cs concentrations increased to a
maximum in March and then decreased to a
minimum in August at Barrow. However, the
concentrations did not reach a maximum until
June and a minimum until December at Rich-
land. The spring maximums were presumably
the result of the spring maximum in the rate
of transport of radionuclides from the strat-
osphere into the troposphere through the tro-
popause gap region. The prominence of the
spring peak indicates that the majority of
the medium to long-lived radionuclides meas-
ured at Richland and Barrow during this per-
iod had been injected into the stratosphere
and later transported into the troposphere,
even though the Chinese conducted several
tests that injected debris primarily into
the troposphere.

At all times of the year the concentra-
tions of the nuclear weapons radionuclides
were appreciably higher at Richland than at
Barrow. The decrease in the concentrations
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at Barrow between March and August could be
the result of a decrease in the rate of
transport of radionuclides from middle to
high latitudes resulting from the decrease
in the rate of meridional mixing that oc-
curs at this time. Radionuclides attached
to aerosols have a relatively short resi-
dence time in the troposphere {3 to 4 wk);
therefore, the concentrations would begin to
decrease rapidly when the source strength
was decreased. In the fall, the rate of
meridional mixing increases again, which
would tend to increase the concentrations at
high latitudes and accelerate the decrease
at middle latitudes.

Beryllium-7 and Sodium-22. The seasonal
variations of the cosmogenic radionuclides
7Be and 22Na were very similar to those of
the nuclear weapons radionuclides (Fig-
ures 18 and 19). The large spring maximums
indicate that the majority »f the 7Be and
22Na measured at Richland and Barrow was
produced in the stratosphere. However, the
differences between the 7Be and 22Na concen-
trations at Richland and those at Barrow
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were considerably smaller than was the case
for nuclear weapons radionuclides. The av-
erage ratio of the Richland to the Barrow
concentration was 2.1 for “Be, 2.4 for 22Na,
and about 4 for the nuclear weapons radionu-
clides. Tropospheric production of 7Be and
22Na may have decreased the difference in
the concentrations between Richland and
Barrow.

There were some differences between the
seasonal variations of 7Be, 22Na, and the
nuclear weapons radionuclides. At Richland
the concentrations of the nuclear weapons
radionuclides increased somewhat earlier in
the spring than did the 7Be concentrations,
but the opposite was true at Barrow. The
net result was that the 7Be variations were
appreciably farther out of phase between
Richland and Barrow than were the nuclear
weapons radionuclides. The 22Na seasonal
variations seemed to be between those of
7Be and the nuclear weapons radionuclides,



presumably because 22Na is produced both by
nuclear weapons and cosmic rays.

Lead-210. Radon (222Rn) is a radioactive
gas produced in crustal material by the
uranium decay chain with a 3.8 day half-
life. After the formation of radon, the gas
diffuses into the atmosphere where it decays
through a series of daughter radionuclides
until stable lead-210 is produced. The only
daughter radionuclide with a long half-life
in this series is 210pb (22y). 1Its concen-
trations have shown large seasonal varia-
tions at Richland and Barrow, but these var-
jations have been considerably out of phase
with those of 7Be, 22Na and the nuclear
weapons radionuclides (especially at Rich-
land). The 210pb concentrations increased
to a maximum in January and decreased to a
minimum in May at Richland, but did not
reach a maximum until February and a mini-
mum until June at Barrow (Figure 20). The
concentrations averaged only 20% higher at
Richland than at Barrow.

Short-lived Radionuclides from Chinese
Nuclear Tests. The People's Republic of
China conducted a small (less than 20 kilo-
ton) atmospheric nuclear test on December
14, 1978. Debris from this test was first
detected at Richland in a sample collected
from 1105 to 1412 on December 22, 1978.

The radionuclide concentrations measured at
Richland following this test were consider-
ably lower than those that were measured fol-
lowing some of the previous Chinese tests
(Table 6).

A fairly large fraction of the radionu-
clides from the December 1978 test were as-
sociated with relatively large particles,
but the size distribution was somewhat smal-
ler than that measured following several
previous tests. The percentages of several
radionuclides associated with particles
larger than 1.3 microns in diameter are re-
ported in Table 7 for the tests for which
size distributions were measured. These
were all tests that injected debris primar-
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ily into the troposphere. The size distri-
bution of debris that has been injected into
the stratosphere and later transported into
the troposphere is typically much smaller,
more like that of cosmogenic 7Be (Table 7).

The physical and chemical forms of
iodine-131 produced by the December 1978
test were measured using a special !31I sam-
pler. We found that 52% of the 1311 was as-
sociated with particulates, 43% was in gase-
ous organic forms, and only 5% was in inor-
ganic gaseous forms. The relative concen-
trations of 1311 in the different forms have
varied considerably between different nu-
clear tests (see Table 8).

Reference

"l ow-Level Radiation:
Science. 204:160-164.

Marx, J. L. 1979.
Just How Bad is It?"



TABLE 6.

Maximum Radionuclide Concentrations Measured at Richland, Washington Following
Chinese Nuclear Tests

Concentration in dpm/103 m3

Date of Test 957r wpMo @) weTe 140Ba iCe w7y 29Np
December 14, 26 120 179 573 343 88 106 1,840
1978
March 15, 113 2470 2750 7980 2230 557 NM 10,100
1978
September 17, 162 359 317 182 383 195 65.6 1100
1977
September 26, Nnmib) 8200 1460 3300 3500 600 170 80,000
1976
June 26, 8.5 173 56 156 80.5 18.0 328 2040
1973
March 18, 430 3680 303 NM 87 213 4140 74,100
1972
January 7, 47 421 102 NM 123 58 45 406
1972

(@) particulate 111
INM= Not measured

TABLE 7.

Radionuclide Size Distributions Measured at Richland, Washington Following Chinese
Nuclear Tests

Percent Associated with Particles Greater
Than 1.3 Microns in Diameter

Date of Test 9SZr ¥Mo 131] 32Te 140Ba 1Ce 237U 29Np ’Be
December 14, NMm(a) NM 11 43 19 37 NM NM 6
1978
March 15, 51 64 50 60 52 59 NM 63 15
1978
September 17, 62 84 66 81 73 79 NM 91 20
1977
September 26, 77 74 62 63 58 66 74 76 20
1976
fune 26, 71 88 51 75 84 79 80 77 NM
1973

{a)Not measured
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TABLE 8.

Relative Concentrations of ' in Different

Chemical and Physical Forms Measured at Richland,
Washington Following Chinese Nuclear Tests

Percentage in Each Form

Gaseous Gaseous

Date of Test Particulate  (Organic) (Inorganic)
December 18, 52 43 5
1978

March 15, 80 8 12
1978

September 17, 76 1 13
1977

September 26, 76 10 14
1975

June 26, 17 38 45
1973

e Arid Lands Ecology (ALE) Climatology

Objectives of this study are:

® Operating the temperature and precipitation network on the Arid Lands Ecclogy (ALE) reserve at

Hanford.

e issuing daily and monthly summaries of data from the network.

e Analyzing climatological data from the network, such as cross-correlations between daily and

monthly temperature stations.

Correlations of Extreme Air Temperatures at
30 c¢cm and 120 cm on the ALE Reserve, Hanford

J. M. Thorp

Monthly maximum and minimum temperatures
at 30 cm above ground have been measured at
26 sites on the “rid Lands Ecology (ALE)
Reserve of the Hanford Project since 1971.
These measurements are made from mercury-
in-glass maximum/minimum thermometers. At
six of these sites, recording thermograp"s
provide continuous temperature data at
120 cm above ground.
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Rain, snow, deep dust or washout have oc-
casionally prevented scientists from reach-
ing one or more of the remote sites on the
scheduled monthly basis. To make estimates
of such missing data or to provide tempera-
ture estimates at 30 cm for times other than
those when the monthly extremes occur, the
30-cm and 120-cm, monthly extreme tempera-
tures from the Rattlesnake Springs station
(Thave ot Hiads 1977) (about 10 km south-

) n

woow o tho a7 sy Meteorology Station) for

CSens

: soer 1971 to May 1979 have
. .ahen2d e correlation.






e Atmospheric Boundary Layer Studies

Objectives of these studies are:

e Investigating the meteorological characteristics of the planetary boundary layer that pertain to

poilutant transport and dry removal.

e Analyzing the transport and diffusion of pollutants in complex terrain, particularly in the Geysers

Geothermal Area of California.

e Constructing simple models for the prediction of the depth, speed and direction of gravity- controlled
drainage flows and pollutant dispersion within these flows.

Comparative Study of the Hanford Dispersion
Model

J. G. Droppo

Documented here is a comparison of the
Hanford atmospheric dispersion model with
recently compiled dispersion data bases.

The Hanford Model for computing atmos-
pheric dispersion as documented in Heteoro-
logy and Atomic Energy (MAE) (1968, p. 141)
has been historically used for dispersion
estimates at Hanford. Since this model was
based on dispersion tests at Hanford, the
model has been promulgated as the best rela-
tionship for predicting dispersion at
Hanford.

Only the Model formulations for stable
atmospheric conditions were based on onsite
Hanford studies; the equations for neutral
and unstable conditions noted in MAE were
Sutton's original dispersion relationships,
which were in use at Hanford at the time
MAE was compiled. However, many of the en-
vironmental and accident analyses at Hanford
in recent years have used the Pasquill-
Gifford formulaticns for neutral and unstable
conditions in place of the older Sutton
equations.

The original formulations of the Hanford
Model parameters for lateral and vertical
dispersion under stable conditions were made
separately. Comparisons of these components
are considered separately here. The lateral
comparisons are between observed and measured
values of sigma-y for a number of data sets.
The vertical comparisons are between predic-
ted and measured normalized crosswind inte-
grated concentrations (CWIC). CWICs contain
only vertical dispersion parameters.

The data base for the comparisons in-
cludes the original data used in the model
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formulation, and additionally, Hanford Green
Glow, Prairie Grass, and NRTS data. Refer-

ences to sources of these data are in Horst,
Doran and Nickola (1979).

Figure 22 shows a comparison of measured
and computed sigma-y (oy) values. The com-
puted value for oy is determined from

A2 2(% u)2t
2: - - ——e
oy At 5155677-{1 exp [ )

where t is travel time, u the wind velocity,
Og the standard deviation of wind direction,
and A a constant evaluated from the empiri-
cally determined relationship

A =13.0 + 232 OSU

Figure 23 is a comparison of predicted
and normalized crosswind concentrations
(CWIC). Since CWICs are a function of oy
values alone, they provide a basis for eval-
uating the vertical dispersion predictions
by the Hanford Model. 1In the Hanford Model,
o, 1s computed from

o% = a[l - exp (-k?t2)] + bt

The values of a, k, and b depend on sta-
bility. In evaluating these plots, note

that factors such as different sampling

times and calibration methods will contri-
bute to the scatter between different data
sets. In addition, different sites may not
have the same dispersion characteristics.

The agreement between the predicted and meas-
ured lateral dispersion values shows that

the predicted Hanford Model lateral disper-
sion values are reasonable. Some variations
between data sets are the result of the fac-
tors noted above. For sigma-y values on

the order of 1 m, the Prairie Grass data sug-
gest a tendency for the Hanford Model to
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OIL SHALE

e Qil Shale Fugitive Air Emissions
¢ DOE/RL Special Studies

The primary oil shale regions of the country are in the Rocky Mountain West

where any airborne pollutants will be emitted, transported, transformed and deposited
over very complex terrain under meteorological conditions that are, at best, extremely
complicated. This complexity dictates the development of a set of complex models and
innovative field techniques.

PNL has assessed the future research needs in this area and has formulated an

experimental design for atmospheric transport studies over the oil shale region. Other
activities include:

the development of wind field models for complex terrain

the development of a tracer technique to measure dry deposition of pollutants over
complex areas

insolation and turbidity measurements over rough topography
aerosol and visibility measurements

deposition measurements of ambient airborne soil.






o Oil Shale Fugitive Air Emissions

Obijectives of this study are:

® Evaluating fugitive airborne particulate and gaseous emissions from the present and future oil shale

activities,

® |nvestigating emissions from mining, transportation, material handling, crushing, retorting, and spent

shale disposal sites.

e Identifying and classifying pollutants such as carbon monoxide, hydrogen sulfide, oxides of nitrogen,
ozone, sulfur dioxide, hydrocarbons, and suspended particles.

Assessment of Research Needs in the 0il
Shale Industry

G. B. Parker

Introduction

Interest in commercial extraction of oil
from shale has varied over the years. Pres-
ently, increasing demand for liquid fuels,
decreasing petroleum supplies and increased
fuel costs have again focused attention on
the development of 0il shale resources.
Large-scale commercial development of the
0il shale regions in the three-state area of
Colorado, Wyoming, and Utah will result in a
decline of the general air quality of the
region. There are approximately 10 active
commercial development sites in the region.
These sites include federal lease tracts in
Colorado (C-a and C-b) and Utah (U-a and
U~b), and in addition, private and state-
leased developments scattered throughout
the region.

Recognizing that o0il shale development
will cause air degradation, the industry
and developers have over the past several
years conducted air quality monitoring op-
erations. Associated environmental impact
studies have been required by the federal
government on the federal lease tracts
and/or by the states in which the develop-
ments are taking place. These studies have
been evaluated and recommendations have been
made for further studies to better assess
the overall impact of a fully developed oil
shale industry in the three-state area.
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General

A number of processes have been proposed
by the developers for extracting (retorting)
0il from the shale. These processes are:

1) above-ground retorting, 2) modified in-
situ retorting, and 3) true in-situ retort-
ing. Field development of these processes
is in effect, yet no commercial-scale retor-
ting has been demonstrated.

Emissions will arise from several activi-
ties during oil shale processing and any
shale 0il upgrading operations. These emis-
sions include sulfur dioxide, hydrogen sul-
fide, oxides of nitrogen, carbon monoxide,
hydrocarbons, ozone, polycyclic organic mat-
ter, particulates and unspecified trace el-
ements.

Generally, above-ground retorting opera-
tions themselves do not involve significant
atmospheric emissions; gaseous, liquid, and
solid streams leaving the retort can be han-
dled by downstream systems before reaching
an atmosphere interface. However, features
inherent in above-ground retorting methods
influence the nature and magnitude of uncon-
trolled emissions such as those from the
spent shale pile.

A modified in-situ and a true in-situ
plant would be expected to produce uncontrol-
led emissions also since large quantities of
gas are produced and vented, untreated, to
the atmosphere. A certain amount of mining
is required for both modified and true in-
situ retorting, and the associated



uncontrolled mobile equipment and dust emis-
sions would be similar to those associated
with the mining for above-ground retorting.

Air Quality Assessment Programs

Complete environmental baseline reports
have been issued by the 0il shale developers
on federal lease tracts (C-a, C-b, U-a, U-b),
and environmental impact statements have
been completed for two other developments,
Colony Development Co. and Development Engi-
neering, Inc., both in Colorado. Environ-
mental monitoring studies by other develop-
ers are underway, but data was not readily
available.

In all studies completed, the reports is-
sued include descriptions of 1) the area me-
teorology and existing air quality, 2) sev-
eral months of baseline data for the Na-
tional Ambient Air Quality (NAAQ) criteria
pollutants, and 3) modeling efforts to deter-
mine the transport of pollutants to assess
the impact on air quality from commercial
operations.

The studies show that the three-state re-
gion has one of the highest frequencies of
inversions anywhere in the United States.
Prevailing winds in the region are south-
westerly with surface winds variable, being
strong, spatial, diurnal and seasonal. The
rugged terrain of the area causes turbulence
within the boundary layer. Topography in-
fluences the mountain-valley system, which
results in differential heating and cooling.

There are very few man-caused emissions
in the oil shale areas, mainly because of
the sparse population of the region. How-
ever, measurements during the studies indi-
cated levels of ozone, and nonmethane hydro-
carbons sometimes exceeded the primary NAAQ
standards. A significant amount of haze
has also been observed in valley regions.

The high levels of nonmethane hydrocar-
bons were later attributed to natural
sources such as sagebrush. The source of
ozone was attributed to the upper air mass
from western urban regions or from strato-
spheric injection of ozone associated with
the passage of storm fronts.

A variety of models were used in the en-
vironmental studies to determine ambient con-
centrations of pollutants from plant opera-
tions. These included Gaussian plume,
gradient wind (APSIM), up-valley (APAX),

EPA C7M3D, PTMTM and EPA COM3D terrain
models.
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Evaluation of Environmental Programs

The programs instituted on the federal
0il shale lease tracts did not answer the
question, "What will be the environmental
impact if the extensive 0il shale resources
of Colorado, Utah and Wyoming are developed?"
Lack of integration of the data made it dif-
ficult to assess the environmental effects
of an 0il shale industry over the entire
three-state region. There was little coor-
dination of efforts among the lease-holders
with a nonuniform data acquisition system.
In other words, the data acquired have no
realistic and practical use unless reworked.

Also, the meteorological data from the
federal lease tracts to be used in modeling
were not sufficient. HNo upper-air studies
were conducted; the only data acquired were
from two levels at a single site on each
tract. 1In fact, a study for the Colony De-
velopment Corporation demonstrated diffi-
culty in describing transport and diffusion
of pollutants over complex terrain even
when upper-air studies were conducted.

In all oil shale programs reviewed there
were limitations in modeling efforts to pre-
dict air quality and environmental impact.
These models used basic Gaussian equations
in one form or another. Modeling efforts
ranged from 1) simple applications estimat-
ing ground-level pollutant concentrations
using meteorological data collected at a
site not necessarily at the same geographic
location as the plant site, to 2) complex
studies simulating long- and short-term con-
centrations using data from tracer studies
to predict influences of area topography and
local meteorological data collected onsite.
There are, however, limitations in these
modeling studies, caused by using the follow-
ing:

e strictly a Gaussian approach
e nonsite-specific meteorology

e inaccurate representative plant emission
inventory data.

Research Needs and Requirements

The following research areas are required
to fill the gaps identified in the evalua-
tion of the developers' environmental pro-
grams. The studies below need to be inte-
grated into a program for the entire region.

e A systematic study is required to char-
acterize the particulates, gases and



vapors in the air and deposited in water
and on surfaces. Methods need to be de-
veloped to sample and analyze pollutants
using the most sensitive instrumentation.
This study should be done before site op-
erations begin and after processsing of
the shale is initiated.

e The physical transport and deposition of
particulates, gases, and vapors need to
be assessed. Such research should ad-
dress 1) the applicability of existing
information on transport phenomena to
the 0il shale development programs and
2) the need to provide additional infor-
mation and develop improved predictive
techniques for monitoring (especially) on
a regional basis. Close cooperation with
other research efforts, notably those ad-
dressing characterization of pollutants
and ecology effects, will be required.
This study will include field experiments
such as tracer studies to assess disper-
sion and resuspension of pollutants appli-
cable to complex terrain, and physical
and chemical transformation and interac-
tion of pollutants during transport.

o Also needed are 1) estimates of the air
quality expected in the different regions
1ikely to be developed, 2) evaluations of
the need for pollution control under dif-
ferent levels of development or different
combinations of technologies, and 3) de-
terminations of suitable monitoring
programs.

AT1 of the above research work should be
put together in an integrated program invol-
ving a coordinated effort between scientists
and engineers qualified to perform work on
the various tasks. The research should be
done over several years including the per-
jods preceding development of an area to es-
tablish baseline data, during site prepara-
tion and construction, and after shale oil
production is initiated. This research will
provide answers for regulatory agencies, the
public and the operators concerned with the
total environmental impact of an oil shale
industry.
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Basis and Design of Atmospheric Transport
Studies Proposed for the 0il Shale Region

G. A. Sehmel
Introduction

Development of the o0il shale industry
must be encouraged with validated fugitive
source and airborne plume depletion models
directed toward predicting possible conse-
quences of the developing industry. As an
example, consider possible future litigation
about the environmental impact of the oil
shale industry. Based on existing knowledge
and baseline measurements, the litigation
could possibly be biased depending on the
litigants' desires and locations at which
air samples were collected. Questions could
be raised such as:

e Were the baseline and subsequent air
concentrations measured at the same loca-
tions during similar meteorological
conditions?

e Are the monitoring sites truly represen-
tative of the area, or are the monitoring
sites biased, either high or low, includ-
ing dependency upon the proximity to
roads, sources and location of the sites
within the variable local airflow
patterns?

o Can downwind concentrations be predicted
from validated models?

@ What are the confidence 1imits for those
predictions?

Data are needed to answer such questions.

Modeling Needs

Presently, there is some information con-
cerning ambient air concentrations of pol-
lutants in the oil shale regions of Colorado
and Utah. These baseline data have been ac-
quired to fulfill lease requirements. Al-
though extensive documentation covers these
baseline studies, the prime results of the
studies are that airborne particulates, non-
methane hydrocarbons, and oxidants concen-
trations have exceeded national ambient air
quality standards (NAAQS).

Predictive transport models need to be
developed/validated to describe air pollu-
tant transport in the oil shale region. For






general predictive fugitive emissions trans-
port models from these data is optimistic.
However, needed for model development are
validation data (fugitive emissions, trans-
formation during transport and plume deple-
tion) for all phases of the oil shale indus-
try. These phases include baseline data,
construction of sites and their operation,
and data about long-term effects after pro-
cessing sites are deactivated.

Air monitoring stations for use in model
development must be located at oil shale
sites that adequately represent airborne pol-
lutant concentrations in an area rather than
at sites selected only because of current
electrical power availability. That is,
each selected sampling site should be selec-
ted based on proven relationships between
airborne concentrations measured at that
site compared to air concentrations through-
out the adjacent region.

In addition, air monitoring site selec-
tion for model development requires that
sites be responsive to and distinguish be-
tween emissions from the oil shale industry
and those from local vehicular activity, in-
cluding sportsman activity, vacation travel
and other causes. Predictive emission and
transport models must be developed from data
bases that consider natural occurrences ex-
ceeding the NAAQS, while accurately predic-
ting the air quality impact from an active
0il shale industry. Data are needed for
development of site-specific models, for
determination of site-specific model pre-
dictive sensitivity and for the confidence
intervals of predicted airborne concentra-
tions that might be allowable based on the
sensitivity analysis.

Predictive Model Accuracy Estimates

Approximately 6% of the United States'
0il shale reserves are in the relatively
rich Green River formation that lies within
the compliex terrain of Colorado, Utah and
Wyoming. Too few data. related to complex
terrain models exist to base even a scienti-
fic judgment of the tentative accuracy esti-
mates of predicted downwind airborne concen-
trations. In fact, the accuracy estimates
of complex terrain models should show greater
uncertainty than those for flat terrain
models.

Accuracy estimates (Crawford et al. 1978)
for flat terrain transport models are shown
in Table 1. As the table shows, for a con-
tinuous release of emissions using a highly
instrumented meteorological array, ground
centerline concentrations can be predicted
within only +20% for distances less than
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20 km. This is the case even using the best
existing predictive models to calculate the
field conditions for which the models were
developed. For other flat terrain condi-
tions predictive accuracies are even much
Tess. On a monthly or seasonal basis for
downwind distances from 10 to 100 km, the
tentative accuracy estimate is a factor of
4, By analogy to general predictive models
over flat terrain, the tentative accuracy
estimates of compiex terrain transport mod-
els that predict downwind airborne concen-
trations may be much greater than can be ac-
commodated by a viable oil shale industry.

Predictive model accuracy requirements
are also influenced by current/future regu-
lations. At present, the prevention of sig-
nificant deterioration (PSD) regulations
allow only a small increment of airborne
pollutants.

For particulates, the increment is as low
as 5 pg/m3. This value seems unrealistic
when model accuracies are considered. To
demonstrate this unrealism, consider simple
assumed conditions: a predictive model ac-
curacy of 20% (the best even for flat ter-
rain) and a "pristine" area particulate am-
bient concentration of 25 ug/m3 (a Tow
numerical value). Thus, the uncertainty in
predicting downwind transpcrt of ambient
"pristine" particulates is 5 pg/m3 (20% of
25 pg/m3). This uncertainty of 5 pg/m3 is
the allowable increment. However, for fugi-
tive emissions in complex terrain, the un-
certainty is even larger than 5 ug/m3. This
inability to accurately predict downwind
airborne concentrations might hinder the de-
velopment of the o0il shale industry, even if
it were in flat terrain.

Experimental

Currently, field experiments are being
designed by Pacific Northwest Laboratory
(PNL) to answer some of the unknowns pre-
viously discussed. Both ambient airborne
pollutants and tracers will be measured in
the 011 shale region of Colorado beginning
in the spring of 1980. For gaseous pollu-
tants, initially the distribution of ambient
S0, collected in 1iquid impingers will be
investigated. Subsequently, depending on
the availability of gas sampling and meteor-
ological instrumentation as well as data-
logging equipment, airborne gaseous pollu-
tants will also be measured at one or two
air sampling stations. The principal exper-
imental technique for development of site-
specific models will be with multiple tra-
cers with sulfur hexafluoride gas as the
prime tracer.



TABLE 1.

Field Conditions
® Flat Terrain

e Ideal case, highly
instrumented, ground

Accuracy of Model Predictions

Tentative Accuracy Estimates(a)

Downwind Airborne
Concentrations

Downwind Distance

centerline concentration,

continuous release

o Specific hour and receptor
point, steady meteorology

® Annual Average
¢ Monthly, seasonal

® Complex Terrain

(@)Too few data for validation

<10 km 10 to 100 km
+ 20%
Factor + 10
Factor + 2
Factor t+ 4

Too few data to base even a
“scientific judgement” of
accuracy

The experimental tracer technique being
developed releases multiple tracers from pro-
posed single or multiple emission sites. Af-
ter airborne transport, the tracer concentra-
tions will be measured downwind at multiple
sampling sites activated by radio control
signal. Each sampling site will consist of
a radio receiver, a stepping switch for acti-
vating and deactivating a series of selected
air sampling pumps, and air sampling bags
and impingers for coliecting or concentrat-
ing airborne pollutants. At present, equip-
ment for 32 radio-contrelled sampling sta-
tions are being assembled at PNL. Each
station is battery-operated for ease of sam-
pling station placement at any remote site,
that is, from valley floor level up to
mountain-top height. For ground- or tower-
based operations, these stations can be loca-
ted at any distance as long as there is a
1ine of sight between the radio signal trans-
mitter and signal receivers. During investi-
gations of plume mixing on a regional scale,
an airplane-mounted radio signal transmitter
will possibly be used to activate receivers
nlaced throughout the oil shale region.

When radio transmission from an airplane is
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used, downwind plume mixing of selected ele-
mental tracers for each source can be read-
ily investigated.

Downwind SFg samples will be collected in
Tedlar bags at each of the radio-controlled
air sampling stations. Air sampling will
be a function of sampling time depending on
the meteorology occurring, and sampling site
locations will be adjusted to determine down-
wind flow characteristics for the SFg gas
simulant of fugitive emissions.

Once apparent optimum sampling site loca-
tions are determined, simultaneous releases
of both nondepositing SF¢ gas and depositing
lithium stearate particles will be made.
Real-time measurements of downwind airborne
1ithium particle concentrations will be meas-
ured at six sampling sites. The relative
concentration decrease, lithium particle
compared to SFg gas, will be used as a basis
for determining site-specific plume deple-
tion transport models for particles. Trans-
port and plume depletion will be investi-
gated during all meteorological conditions
as limited by the duration of each field



experiment. Depending on experimental re-
sults, the experimental protocol in the
field will be adjusted as deemed advisable
based on the data collected.

Conclusions

It is anticipated that the investigations
at selected sites will depend on the level
of current or proposed oil shale activity.
Possibly, a radio-controlled station will be
located at each site at which baseline data
were obtained. Such a comparison might al-

low more profitable use of the baseline data.

Since great uncertainty is inherent in
current predictive techniques for airborne
pollutant transport and plume depletion,
predictive models need adaptation to or de-
velopment on a site-specific basis. Because
of the potentially rapid expansion of the
oil shale industry to meet national energy
requirements, we may have the time to de-
velop site-specific, predictive models for
complex terrain rather than accurate, gen-
eral, validated models.

Tracer field experiments using many air-
sampling stations will be required to ade-
quately describe and validate/adjust models

to predict fugitive emissions, transport,
and downwind plume depletion within the oil
shale region. In addition, on a regional
basis, models to predict the enhanced total
or joint concentrations caused by plume mix-
ing from several sources need to be devel-
oped and validated.
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e DOE/RL Special Studies

Objectives of these studies are:

® Collecting data from an airborne platform on scattering extinction coefficients, relative humidity,
sulfate and trace metals over mountainous terrain in the Northwest.

and the Hanford Meteorological Station.

Aerosol, Trace Elements and Visibility
Measurements in Mountainous Terrain

M. M. Orgill, N. S. Laulainen,
D. R. Drewes and R. N. Lee

This study was a continuation of an init-
ial effort to collect data on the relation-
ship between aerosols, trace elements, and
visibility in mountainous terrain (Orgiil,
Drewes and Garcia 1979a; Orgill et al.
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Analyzing seasonal, weekly and daily variations in spectral turbidity coefficients at Hanford.

Examining differential turbidity effects of measured insolation between the Rattlesnake Observatory

1979b). Data on scattering-extinction coef-
ficient, relative humidity, sulfate and
trace elements were collected in seven loca-
tions in or near mountainous terrain in the
states of Washington, Oregon, and Idaho dur-
ing the month of June 1978. During Septem-
ber 1978 similar data, including that
related to ozone, was obtained at five addi-
tional locations. These data were obtained
by an instrumented Cessna 411 flying be-
tween 300 m (1000 ft) to 610 m (2000 ft)



above the terrain east of the urban areas
of Seattle and Portland.

The sampling data were obtained by three
principal instruments: an integrating neph-
elometer, a high-volume filter sampler and
an ozone analyzer. Data from the integrat-
ing nephelometer, ozone analyzer and temper-
ature-dew-point probes were recorded auto-
matically on a DAS 32 Data Acquisition

System. The integrating nephelometer mea-
sures the scattering extinction coefficient
b = bsp + bsg (1)

where bsp represents the component caused by
Tight-scattering by aerosol and bsg repre-
sents the Rayleigh scattering as a result of
gaseous air. Koschmieder's formula relates
the total extinction coefficient, bt, and
meteorological range, Ly, by the simple
formula

(Vo]

L 3.

v

(2)

(o

The other two components of the total ex-
tinction coefficient bt are: 1) byp, ab-
sorption as a result of particles, and

2) bags absorption as a result of gases.

In most haze conditions these absorption
components are considered much smaller than
the scattering components. Therefore, Equa-
tion (2) is normally used as

_ 3.9
L, = &

(3)

This relationship has been generally veri-
fied by comparing simultaneous measurements
of both variables Ly and b at a site. How-
ever, the constant in the formula can vary
from 1 to 4.4 as a result of the ambient
relative humidity and other factors. Mete-
orological range is also appro§1mate1y equal
to the prevailing visibi]ity(a when an ob-
server is looking at prominent dark objects.

Sampling procedures and analysis for
trace elements, sulfate, and ozone are dis-
cussed in Orgill, Drewes and Garcia (1979)
and Orgill et al. (1979). The concentration
of anthropogenic trace elements such as lead,
titanium, calcium, vanadium, nickel, zinc,
chromium and arsenic were below 1 ug/m-3 for

(a) Prevailing visibility is defined as the
greatest visibility that is attained or
surpassed around at Teast half of the
horizon circle, but not necessarily in
continuous sections (Huschke 1959).
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all sampling flights. However, some concen-
trations of titanium, calcium and chromium
were on the same order of magnitude or larger
for similar trace elements in the San Fran-
cisco Bay area. Crustal trace elements such
as iron, aluminum, silicon, potassium and
calcium were often above 1 pg/m-3,

One of the chemical species suspected of
increasing optical haze in regions distant
from primary sources is sulfur, and partic-
ularly sulfate. Figure 2 shows the range
of total sulfur and sulfate for all sample
flights as determined from analysis of IPC
and quartz filters. Generally, the levels
of total sulfur and sulfate were below
1 ug/m-3 and 3 ug/m3 respectively, except
for sample Flights 2, 6 and 9.

Sample Flights 2 and 9 (and 8) were con-
ducted over the Cascade foothills and valleys
east of the Tacoma-Seattle-Everett-Bellingham
urban areas. Flights 8 and 9 were flown over
the same area on the same day, but Flight 9
was 152 m (500 ft) higher than Flight 8 at
approximately 610 m (~2000 ft) above the ter-
rain and was flown in the afternoon. The
weather and wind conditions for these days
were favorable for haze formation, but the
winds were light and variable and most of
the visual haze was located near the coastal
regions. Sample Flight 6 was taken in the
Columbia Gorge during westerly winds. Appar-
ently, the higher sulfur and sulfate concen-
trations were, in part, the result of pollu-
tants being transported down the Gorge from
the Portland metropolitan area.

Figure 3 represents the range of the to-
tal scattering extinction coefficient, rela-
tive humidity and ozone for all sample
flights. Also included is the minimum mete-
orological range estimated from Equation (3).
The bottom part of Figure 3 shows the ap-
proximate elevation range of each flight,
general weather conditions, and the average
prevailing visibility that existed at the
nearest MNational Weather Service (NWS) wea-
ther stations.

Generally, the minimum meteorological
range corresponded with visual observations
taken during the sample flights. Flight
visibility was generally good for all
flights but was degradated by degrees of
haze on sample Flights 2, 4, 6, 8 and 9.

A comparison of Figures 2 and 3 shows that
the sample flights with higher sulfate con-
centrations were also the same five flights
exhibiting the lower meteorological ranges.
In addition, some of the higher relative
humidities were observed on these flights.
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Hanford Turbidity During 1979

N. S. Laulainen

Emission scenarios have been developed
for the Federal Region 10 (Wilfert et al.
1979) that project, among other things, at-
mospheric sulfate and total suspended parti-
culate (TSP) burdens and visibility deter-
ioration in Class I areas in 1990 as a
result of added industrial and energy pro-
duction. In particular, the 500-MWe, coal-
fired power plant nearing completion at
Boardman, Oregon, may be expected to in-
crease sulfate and particulate burdens in
the Lower Columbia Basin and, hence, may al-
ter the visibility and turbidities of the
region.

A program to document turbidity varia-
tions at Hanford in Federal Region 10 has
been in place since July 1974 (Laulainen
1978) with the following objectives:

e to establish an atmospheric turbidity
data base from which trends, if any, may
be sought;

o to examine haze variability with respect
to particulate sources and synoptic me-
teorological events and conditions;

e to study the redistribution of solar
radiation caused by atmospheric aerosol,

Previous reports (Laulainen 1978;
Laulainen et al. 1979) have discussed the
observational procedures and various results
of experiments. In these studies turbidi-
ties showed definite seasonal variations,
with maxima and minima occurring at regular
times of the year. Attempts to fit the tur-
bidity data to annual and biannual harmonic
terms were only of limited usefulness
(Laulainen 1978). Haze and turbidity varia-
tions appear to be closely related to synop-
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tic meteorological patterns that govern the
rate at which atmospheric aerosols, fre-
gquently of Tlocal origin, accumulate in the
resident air mass. Stagnant air masses, for
example, allow the accumulation of smoke and
haze in the Lower Columbia Basin leading to
rather high turbidities until a frontal pas-
sage brings in a clean air mass with Tow
turbidities. Summarized here are turbidity
measurements at Hanford during FY 1979.

The 1979 turbidity data are shown in Fig-
ure 4 along with those from 1977, 1978 and
last quarter of 1976. It is remarkable
that the 1979 turbidities exhibit the same
kinds of seasonal variations as do those for
the previous years, except possibly for a
phase difference of 1 to 2 wk in the maxima.
Most of the maxima are associated with per-
jods of air mass stagnation. Sources of
smoke and dust are most pronounced in the
spring, mid-July to mid-August and September
to October and appear to be related primar-
ily to agricultural activity, such as til-
ling and planting, crop harvesting, and
field-burning in the Basin region. Occa-
sionally, windstorms will cause considerable
increases in turbidity through suspension of
dust. Turbidity measurements during these
periods are not always made because of
cloudiness that is often associated with
such events.

The magnitude of the turbidity excursions
plays an important role in reduction of the
intensity of the direct solar beam. At the
wavelength for the data shown in Figure 4
(547.7 nm), turbidity minima correspond to
aerosol optical depths of 0.03 to 0.04,
which results in a reduction of the direct
beam of 3 to 4% for a zenith sun, whereas
turbidity maxima rarely exceed optical
depths of 0.22, which corresponds to a 20%
reduction. For comparison, molecular or
Rayleigh scattering optical depth is 0.1 or
a 10% beam reduction. The minimum turbidity
values are also consistent with the best es-
timates of stratospheric aerosol depths of
0.0l? to 0.020 (Russell, Livingston and Uthe
1979).

The wavelength dependence of turbidity is
also an important factor in accounting for
the redistribution of solar radiation by at-
mospheric aerosols. Changes in the wave-
length dependence reflect changes in the
aerosol size distributions. Spectral turbi-
dities can be approximated by a simple power
law of the form 1 v A% where T is the opti-
cal depth of turbidity, A is the wavelength
and o is the power law exponent (Middleton
1968). Seasonal variability of the wave-
length exponent is shown in Figure 5. A






value of a = 0 corresponds to neutral ex-
tinction of the wavelength by large parti-
cles, such as dust and fog; a value of a = 2
corresponds to very fine particles. The
values of a are largely confined to the re-
gion 0.5 € o £ 1.8 with an average near

a = 1.3. Seasonal variations in a are not
as pronounced as in the turbidity data.

Since the turbidity observations extend
back to July 1974, it should be possible to
extract any time trends in the data, parti-
cularly any changes in the frequency of hazy
days and in the magnitude of the annual mean
turbidities. Several problems need to be
addressed before these time trends can be
sought. First of all, two different sun-
photometers were used to obtain the turbi-
dity data since 1974, each having a differ-
ent set of wavelength selection filters.

The first unit was used from July 1974
through October 1976, while the second unit
was used from October 1976 to the present.
The effective wavelengths are 557.8 nm and
547.8 nm, for the first and second sunphoto-
meters, respectively. Hence, the turbidi-
ties would have to be adjusted to a common
wavelength for proper registration of the
time sequence. Another important problem is
readily apparent from an inspection of Fig-
ure 4. The observations are clustered
around times of the year when clear skies
{or at least when the line-of-sight to the
sun is cloud-free) prevail. Conseguently,
simple averaging schemes will tend to give
undue weight to certain times of the year.
The magnitude of the bias towards clear
skies and high-pressure meteorological con-
ditions is at this point unknown, since
cloudy days can either be hazy or not, de-
pending upon a variety of factors. Appro-
priate statistical procedures need to be
evaluated to deal with these problems. Re-
sults of the examination for time trends in
atmospheric turbidity will be the subject of
a later report.
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Differential Turbidity at Hanford

N. S. Laulainen, E. W. Kleckner,
J. J. Michalsky and G. M. Stokes

Experiments continued in FY 1979 to exam-
ine differential turbidity effects on inso-
lation as measured at the earth's surface.
These experiments are primarily intended to
provide means for interpreting insolation-
data assessment studies. These data are
also valuable for inferring aerosol radia-
tive or optical effects, which is an impor-
tant consideration in evaluating inadvertent
climate modification and visibility degrada-
tion as a result of aerosols. The experi-
ments are characterized by frequent, nearly
simultaneous observations at the Rattlesnake
Mountain Observatory (RMO) and the Hanford
Meteorological Station (HMS) and take advan-
tage of the nearly 1-km altitude difference
between these two observing sites (Laulainen
et al. 1979).

The instrumentation is similar to that
used in the earlier experiments (Laulainen
et al. 1979). Because of calibration pro-
blems, the portable field pyranometers were
discontinued and replaced at the RMQ site
by an Eppley PSP pyranometer and a silicon-
cell pyranometer with a rotating shadow
band. Direct solar measurements were con-
tinued with 10-channel sunphotometers, the
MASP unit (RMO only) and an Eppley NIP
pyrheliometer (HMS only). A regular program
of washing the dome of the MASP unit at the
RMO site was initiated because of difficul-
ties in maintaining precise and reliable
calibration factors necessary for interpre-
ting the direct measurements. '



Considerable effort has gone into proce-
dures to rehabilitate direct solar data from
the MASP unit before the dome-washing pro-
gram. This rehabilitation is not yet com-
plete; hence, summarized here are only dif-
ferential turbidities obtained from the 1978
to 1979 sunphotometer data. In addition to
the two sites mentioned above, a third site,
located at the southeastern base of Rattle-
snake Mountain and near the gate to the Arid
Land Ecology (ALE) Reserve, was used on some
occasions. The difference between the aero-
sol optical depths measured at either the
ALE or the HMS sites and the RMO site is re-
lated to the average extinction coefficient
of the aerosol contained in the layer be-
tween these sites, respectively. Turbidity
and extinction data obtained during 4 days
in 1978 and 6 days in 1979 are shown in

Table 2 along with comment on sky conditions.

Visibilities, as reported at HMS, were all
greater than 25 km (the maximum value re-
ported) for the days listed.

Inspection of Table 2 shows that in all
but two cases, the turbidity difference be-

tween HMS and RMO is positive, although in
three cases the differences are quite small
(20.01). Since the uncertainty in the indi-
vidual turbidity values is about 0.005 to
0.010, turbidity differences that are less
than 0.010 may not be significantly differ-
ent from zero. In particular, for the days
August 7, 1978, October 30, 1978, and Sep-
tember 18, 1979, the average aerosol extinc-
tion coefficient is roughly one third to
one times that resulting from molecular or
Rayleigh scattering (0.12 x 10-* m-! at

X = 547.7 nm). Observations of atmospheric
transparency for these days indicated none
to very 1ittle haze in the Tayer between
the RMO and HMS sites. Consequently, the
contribution haze from aerosols above RMO
were of some significance, especially for
the September 18, 1979 day. Subvisual cir-
rus may have contributed to the measured
turbidities also.

For the other days, except July 31, 1979
and August 2, 1979, when negative differ-
ences were observed, turbidity differences
were large enough to produce average

TABLE 2.
Mountain (ALE)

Aerosol Optical Depth Turbidity at 547.7 nm Wavelength at RMO, HMS and the Base of Rattlesnake

Average Aerosol

Extinction
Aerosol Optical Depth Difference(@) Coefficient(b)
Date T(HMS)  7(ALE) T(RMO) AT (10-4 m-") Sky Conditions
July 13, 1978 0.097 0.098 0.074 0.024 0.281 Clear, Light Haze
August 7, 1978 0.042 0.042 0.034 0.008 0.09 Clear
October 30, 1978 0.040 0.033 0.033 0.003 0.03 Some Cirrus (0.2)
December 18, 1978 0.078 0.086 0.035 0.047 0.54 Clear, Light Haze,
Smoke
April 26, 1979 0.166 0.156 0.137 0.024 0.28 Clear, Haze, Smoke
July 26, 1979 0.126 0.103 0.103 0.020 0.23 Clear, Haze, Smoke
July 31, 1979 0.036 — 0.054 — — Clear
August 2, 1979 0.036 —_ 0.060 — — Clear
September 5, 1979 0.109 — 0.034 0.075 0.86 Cirrus, Altocumulus
(0.1), Light Haze
September 18, 1979 0.121 — 0.117 0.004 0.05 Clear, Haze, Smoke

@)Difference =V2[ 7 (HMS) + 1 (ALE)] - 7(RMO) when data from both sites available; otherwise difference =

T (HMS) - 7 (RMO).

)Average Extinction Coefficient = A7 /[h (RMO) - h(HMS)]
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aerosol extinction coefficients between

2 and 8 times Rayleigh scattering, Data for
the December 18, 1978 and September 5, 1979
dates indicate that most of the aerosol was
confined to the layer bhelow the RMO site,
while on the remaining dates, the aerosol
was distributed to altitudes higher than the
RMO site. An explanation for the anomalous
negative turbidity differences is not appar-
ent, although horizontal inhomogeneity of
the aerosol could account for the discrep-
ancy (RMO is 25 km south of HMS).

This study has shown that nearly simul-
taneous measurements of the direct solar
beam from stationary sites that are separ-
ated in altitude can be used to monitor the
incremental optical depth arising from aero-
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sols in the intervening layer. Once appro-
priate calibration procedures have been es-
tablished for the MASP unit, the direct
solar data can be used to document on a rou-
tine basis aerosol variations in the first
kilometer between HMS and RMO.
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