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PREFACE 

Pacific Northwest Laboratory's (PNL) 1980 Annual Report to the Department of 
Energy (DOE) Assistant Secretary for Environment describes research in environment, 
health, and safety conducted during fiscal year 1980. 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 to 4 report on research performed for the DOE Office of Health and Environ­
mental Research. Part 5 reports progress on all other research performed for the 
Assistant Secretary for Environment, including the Office of Environmental Assess­
ment 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 to 4 are organized 
primarily by energy technology. 

The parts of the 1980 Annual Report are: 

Part 1: Biomedical Sciences 
Program Manager - H. Drucker 

Part 2: Ecological Sciences 
Program Manager - B. E. Vaughan 

Part 3: Atmospheric Sciences 
Program Manager - C. E. Elderkin 

Part 4: Physical Sciences 
Program Manager - J. M. Nielsen 

Part 5: Environmental Assessment, Control, 
Health and Safety 

Program Managers - D. l. Hessel 
S. Marks 
W. A .Glass 

iii 

D. l. Felton, Editor 

B. E. Vaughan, Report Coordinator 
C. M. Novich, Editor 

R. l. Drake, Report Coordinator 
M. F. Johnson, Editor 

J. M. Nielsen, Report Coordinator 
I. D. Hays, J. l. Baer, Editors 

W. J. Bair, Report Coordinator 
R. W. Baalman, I. D. Hays, Editors 



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 planning, 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 Ray Baalman and 
Irene D: Hays, editors in chief, who directed the total effort. 

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

The goals of atmospheric research at Pacific Northwest Laboratory (PNL) are to assess, des­
cribe 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 atmos­
pheric assessments are being made that will contribute to the development of environmentally 
acceptable 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 examined. 
Involved in making this examination are these factors: the type of pollutants emitted, their 
transport and diffusion in the air, their physical and chemical transformations during transport, 
their removal by wet and dry deposition processes, and their impacts on climate, bodies of 
water and living species. Since a result of the current and projected coal and oil utilization is 
the release of large quantities of particulate matter and sulfur and nitrogen compounds, cur­
rent research is being conducted primarily in the Atmospheric Studies in Complex Terrain 
(ASCOT), DOE's Carbon Dioxide Program, and a Long Range Transport Modeling Study. 

Fission and Fusion 

Concern about long-lived particulates (Le., 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 is 
evaluating the removal of particulates from the atmosphere by deposition (which limits 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. Therefore, especially 
stringent siting requirements 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 proper modeling 
activities and field measurement programs that will contribute to this important area of 
research, and to the development of solar and geothermal energy. 

The description of atmospheric research at PNL is organized in terms of energy technologies: 

• Coal, Gas and Oil 
• Fission and Fusion 
• Oil Shale 

This report describes the progress in FY 1980 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. 

R. L. Drake 
Program Coordinator 
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1 Coal, Gas 
and Oil 



COAL, GAS AND OIL 

• Atmospheric Diffusion in Complex Terrain 

• Atmospheric Boundary Layer Studies 

• Radiative Effects of Clouds and Aerosols 

• Pollutant Transformation in the Atmosphere 

• Atmospheric Carbon Dioxide - An Archival Study of 
Spectroscopic Data 

• Meteorological Effects of Thermal Energy Releases (METER) 

• Long Range Transport Modeling 

• Theoretical Studies and Applications 

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 four interlaboratory programs: 
the ASCOT, METER, Carbon Dioxide, and Long Range Transport Modeling Programs. 
The ASCOT Program is currently concerned with the Gey~ers Geothermal Site in 
California, but future studies will be centered at other complex terrain sites in the 
west. The METER Program is studying the effects of cooling towers on local climate, 
while the Carbon Dioxide Program concentrates on the effects of fossil fuel burning 
on global climate. The Long Range Transport Modeling Program is concerned with 
the assessment of the air quality impacts of different energy scenarios on the regional 
and national scales. 

The field activities in the ASCOT Program include the micrometeorological 
description of drainage winds, radiation measurements, and tracer experiments. Field 
activities in the METER Program include air chemistry, meteorological and scavenging 
measurements in and around cooling tower and pollutant plumes from a very large 
coal-fired power plant. 





• Atmospheric Diffusion in Complex Terrain 

Objectives of this study are: 

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

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

• Assisting a .multilaboratory program studying diffusion in complex terrain by providing methodologies 
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 Multi-Laboratory Complex Terrain 
Field Program, September 1980 

M. M. Orgill, T. W. Horst, R. 1. Schreck, 
N. S. Laulainen, P. W. Nickola, 
D. W. Glover, O. B. Abbey, J. S. Wetzel, 
and C. D. Whiteman 

This report gives a general overview of 
Pacific Northwest Laboratory's (PNL) con­
tribution to DOE's Atmospheric Studies in 
Complex Terrain (ASCOT) field project from 
September 7 to 27, 1980. This was the 
second relatively intensive multi­
laboratory effort to collect field data on 
drainage winds and tracer experiments in 
the Anderson Creek area of The Geysers­
Calistoga Geothermal Resource Area (GCGRA). 
The GCGRA is being investigated for future 
expansion of electrical generation opera­
tions now existing west of the Anderson 
Creek area near Middletown, California 
(Orgill et al. 1980). 

PNL's field effort in September con­
sisted of the following tasks: 

• Instrumenting a 61-m tower at eight 
levels at Unit 19. This site is 
823 m Mean Sea Level (MSL) in eleva­
tion on the slope of Anderson Creek 
Valley. 

• Collecting wind, turbulence, tempera­
ture, and radiation data from the 
tower; soil temperatures and near­
surface solar and net radiation meas­
urements curve also obtained at this 
site. 

1 

• Collecting temperature, humidity, 
pressure, and wind data up to about 
600 m with two Tethersonde ® systems, 
one located at Unit 19, and the other 
at a ridge site at about 1128 m MSL. 

• Collecting data on the height and 
structure of temperature inversions 
and thermals by a monostatic acoustic 
sounder at Unit 19. 

• Collecting solar and net radiation 
data at five locations in the 
Anderson Creek Valley area in con­
junction with NCAR's Portable Auto­
mated Mesonet (PAM). 

• Assisting with the establishment and 
documentation of a multiple tracer 
sampling network in the Putah and 
Anderson Creek drainages. 

• Taking rawinsonde ascents in the 
Healdsburg area in order to obtain 
upper-level data on temperature, hu­
midity, and winds. 

The location of these various field op­
erations is shown in Figure 1.1. It is not 
feasible to indicate and discuss all field 
operations from the various laboratories. 
PNL's two Tethersonde locations were part 
of a seven-Tethersonde network in the Putah 
and Anderson Creek Valleys. PNL's rawin­
sonde was part of an upper-level sounding 
network providing data on the sub-synoptic 

® Tethersonde--Registered Trademark of 
Atmospheric Instrumentation Research, 
Inc., Boulder, Colorado. 



~ 
N 

~ 
• ,,. 

• ~an4 no 

• '28 

• /' 

• 
J/' 

;~ 

I 

I 

) 
i 
'-L 
lOti 

• Oll • 
"" 

• '" llll]. 

$ R.WINSONO[ 

• PM. OPt:RATlOOS 

• SOLAR AND Nfl RAOIATIOO 
~o SOil TlMPlRATUR£S 

• MOUNTAIN PEAKS IHeI(Jhlln meier; m.s.U 

fff~ll 
~JU 

J=~-=-= 

Figure 1.1. Topography Surrounding Geysers-Calistoga Geothermal Resource Area and Rawinsonde Locations. Inset 
1 (lower right-hand corner of figure): Topography of Anderson Creek Area and Location of PNL Operations. Inset 2 
(upper right-hand corner): Equipment used at Unit 19, left to right, 61-m Tower, Tethersonde, Radiation Sensors and 
Acoustic Sounder 

scale surrounding the GCGRA. PNL's radia­
tion and soil temperature sensors were in­
tegrated with the NCAR's PAM system that 
collects and displays mesoscale meteorolo­
gical data from a surface (height -4 m) ar­
ray of remote sampling stations. 

Some of the main objectives of the field 
effort in September were to define the noc­
turnal drainage windcycle--including initi­
ation, perpetuation, and dissipation; the 
temporal and spatial characteristics of the 
drainage flow; the pooling of drainage 
flows; evaluation of the exchange of mass 
between the nocturnal drainage flows and 
the overlying transition layer; and the ef­
fect of drainage flows on transport and 
dispersion of tracers injected in these 
flows. 

2 

All the experimental periods were con­
ducted during the nighttime and early morn­
ing hours between 1700 PDT and 0800 PDT. 
Table 1.1 lists the dates of the experimen­
tal periods. Generally, five fairly clear 
nights with little synoptic wind interfer­
ence were good for tracer releases. Ex­
periments one night were cancelled because 
of inclement weather, and during two other 
nights the tracer experiments were can­
celled because of marginal wind conditions. 

PNL's preliminary evaluation of its data 
set from the tower measurements, solar and 
net radiation, Tethersondes, acoustic 
sounder, and tracer experiments are pre­
sented in following articles in this Annual 
Report. All data will be processed, 
edited, and put on magnetic tapes to be 



Table 1.1. Experimental Periods for Ascot During Sep-
tember 1980 at Anderson Creek Valley 

Experiment Date Remarks 

Sept. 11 - 12 Some tethersonde prob-
lems; two tracer releases 
in the valley. 

2 Sept. 15 - 16 Easterly winds on ridge; 
two tracer releases in the 
valley. 

Sept. 17 - 18 Experiment cancelled 
due to cloudiness and 
light rain showers 

3 Sept. 18 - 19 Experiment terminated 
around 5:00 a.m. Gusty 
winds and cloudiness; 
one tracer release. 

4 Sept. 19 - 20 Two tracer releases. 

Sept. 21 - 22 Strong NE winds at ridge 
level; tracer experiment 
cancelled. 

Sept. 22 - 23 NE winds increasing in 
speed on ridge; tracer 
experiment cancelled 

5 Sept. 24 - 25 Tethersonde problems; 
one tracer release. 

sent to the ASCOT data bank at Lawrence 
Livermore Laboratory. 

Reference 

Orgill, M. M., T. W. Horst, R. I. Schreck, 
D. W. Glover, P. W. Nickola, O. B. Abbey, 
and J. C. Doran. 1980. Project ASCOT-­
Pacific Northwest Laboratory's Contribution 
to the Department of Energy's Multi­
Laboratory Complex Terrain Field Program, 
July 1979. PNL-3300 Pacific Northwest Lab­
oratory Annual Report from 1979, Part 3, 
Atmospheric Sciences, pp. 1-8. 

Tethersonde Data at the Geysers Geothermal 
Site Project ASCOT, September 1980 

R. I. Schreck 

Seven portable tethered-balloon meteoro­
logical data acquisition systems (Tether­
sonde) ® were operated in the Anderson 
Creek area near Middletown, California, 
during the September 1980 ASCOT field ex­
periment. Two of the Tethersondes were 

® Tethersonde--Registered Trademark of 
Atmospheric Instrumentation Research, 
Inc., Boulder, Colorado. 
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from the Pacific Northwest Laboratory (PNL) 
and one each from the Lawrence Livermore 
Laboratory (LLL), Wave Propagation Labora­
tory (WPL), Los Alamos Scientific Labora­
tories (LASL), Savannah River Laboratory 
(SRL), and the Oak Ridge National Labora­
tory (ORNL). 

On the afternoon of September 9, the 
seven Tethersonde units were run simultane­
ously in the same proximity to test for in­
terference of telemetry signals and inter­
comparison of indicated wet and dry bulb 
temperatures and wind direction. The tele­
metry frequency of each sonde was at least 
100 kHz, different from any other sonde, 
and there were no significant interference 
problems. Dry bulb temperatures agreed 
within l·C and wet bulb depressions agreed 
within 0.5·C except for the WPL system, 
which indicated a depression 2· to 3·C 
higher than the other units. The WPL data 
will be corrected for this offset. 

The wind directions were all found to 
be satisfactory. In addition to these pa­
rameters the Tethersonde airborne package 
also measures the wind speed and pressure, 
but no intercomparison was done on these 
parameters since no facilities were avail­
able to compare wind speeds (e.g., wind 
tunnel or constant RPM calibration motors). 
The indicated pressures depend upon the po­
tentiometer setting. 

Beginning on the evening of Septem-
ber 11, the Tethersonde systems were oper­
ated at the sites shown in Figure 1.2. 
Profile criteria were to start the ballon 
ascent at the beginning of each hour, as­
cend and descend through the first 100 m 
at a very slow rate (about 0.5 m/sec), and 
ascend only to 600 m with the rate of as­
cent and descent in the upper 500 m being 
about 1 m/sec. Experimental nights were 
September 11, 15, 18, 19, 21, 22 and 24. 
The intent was to make one profile per hour 
between 7:00 p.m. and 7:00 a.m. (PDT). 
High winds on the nights of the 21st and 
22nd resulted in those two experiments be­
ing aborted around midnight. 

Telemetry data from the Tethersonde air­
borne packages were received by the seven 
respective Tethersonde ground stations and 
recorded on a printing calculator and on 
an audio cassette recorder. The calculator 
was an HP-97, modified to receive the raw 
Tethersonde data from the ground station 
and programmed to calculate and print the 
clock time, barometric pressure, height, 
dry bulb temperature, relative humidity, 
mlxlng ratio, true wind direction, wind 
speed, and potential temperature. The 



PNL -PACIFIC NW LABORATORIES 

Figure 1.2. Tethersonde® Sites in the Geysers Area During the September, 1980, ASCOT Field Experiment 

audio cassette recorder received the raw 
data and recorded it as a frequency-shifted 
keyed tone. The data frame rates of each 
of the airborne packages were set a ap­
proximately one frame per ten seconds. 
Every data frame was recorded on the audio 
cassette whereas every third frame was sent 
to the printing calculator. 

The HP-97 data is useful in making real­
time profiling decisions and provides a 
backup for the cassette data. At a later 
time the audio data is replayed into the 
Tethersonde ground station, which decodes 
it and puts out digital data to a digital 
cassette, nine track tape, or computer disc 
file. Each laboratory is responsible for 
digitizing its own cassette data and edit­
ing out any strange characters and shifted 
scans. The digital data will then be sent 
to PNL where it will be computer-edited, 
converted to engineering units, and plotted 
utilizing computer graphics. These plots 

4 

and digital tapes of the engineering units 
will then be sent to the LLL data bank. 

Acoustic Sounder Data--Project ASCOT, Sep­
tember 1980 

P. W. Nickola and M. M. Orgill 

An array of 1U acoustic sounders was 
operated on a near-continuous basis during 
the Atmospheric Studies in Complex Terrain 
(ASCOT) 1980 program. These sounders, lo­
cated in the Anderson and Putah Creek Val­
leys were intended primarily as an aid in 
defining the spatial and temporal charac­
teristics of the drainage flow. The 
easternmost sounder was operated in 
Middletown, California, about 5 km down­
stream from the point where the Anderson 
and Putah Creek Valleys merge and open into 
the much broader Collayomi Valley. The 
westernmost sounder (farthest up-valley) 
was deployed about 5 km up the Anderson/ 



Gunning Creek val ley from the head of 
Col l ayomi Vall ey. a ) This wester nmost 
sounder was operated by PNL . 

The analog str i p charts generated by 
this PNL monostatic ac ous ti c sounder have 
not been reduced. They have , however, been 
examined and fo und to be of good qual ity 
for the bul k of t he 14 days of contin uous 
operation duri ng ASCOT 1980 . 

There were fi ve I-hour per iods of multi­
tracer re leases duri ng the September ASCOT 
experiments. Four of these periods were 
associated wi th relat i vely strong drainage 
flows . The other tracer release period 
(Release No. 3) occurred during a 

(a ) Uni ver sal Transverse Mercator (UTM) co­
ord inates 524.10, 4293.33. 

TETHERSONDE 
HE I GHT vs TI ME 

340 

300 
i 

I' 

I 

", I, ,ll i 'I I! 
! 

! ' 'I 
, 

I 

"il 
, , 

; ; ' i 
V'l 200 I " I a::: , . 
L.LJ " 'j ! ~ )1 

i.,' ,,' L.LJ ' ' r 
~ 

" f f i ~ ! ! ::J: - I (,!) ,I 
L.LJ 

i ( ::J: , '~ 

q' 
f 

100 

o 

0100 

I 

I 
1 

margi nal drainage f low--at l east at the PNL 
acoustic sounder s i te. Figure s 1. 3a 
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Elevation of the Te t hersonde sensor 
pack age as a functi on of ti me i s 
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Figure 1.3a. Acoustic Sounder Record During Tracer Release No. 5 
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Figure 1.3b. Acoust ic Sounder Record During Tracer Release No.3 

superimposed on the acoustic sounder 
graphics for Release No.5 (Figure 1.3a). 
Note that at 0016 PST, the time the Te t her­
sonde sensor was at 40 m, the aco ustic 
sounder confirmed the ex istence of a sur­
face inversion of about 40 m i n de pth . 

The sounder record for the les s dr amatic 
drainage flow of Release No. 3 shows a more 
complex vertical atmospheric structu re 
(Figure 1.3b). There is a suggestion of a 
very shallow surface inversion flu ctuating 
from 15 to 40 m, although there may we ll 
be some mixture of near-su r face background 
noise in this trace. There is al so a l ayer 
of strong temperature gradient fl uctuat ing 
between roughly 75 and 175 m, and the 
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suggestion of a weaker the rmal disconti­
nuity fluctuating at about the 300-m eleva­
tion. The Tethersonde ascen t shown in 
Figure 1.4b presents a temperat ure struc­
ture with inversions compat ible with the 
layering depicted by the acoustic sounder. 
As with Release No.5 , the Tet hersonde 
package height as a fu nction of time is 
superimposed on the Release No . 3 sounder 
record of Figure 1.3b. 

The agreement between acous t i c and 
tethered balloon sou nd i ngs bodes we ll for 
the prospect of better quant ifying the ver­
tical atmospheric structure in the experi­
mental regions from the con tinuous acousti­
ca l sounder records. 
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Selection and Documentation of Tracer Re­
lease and Sampling Locations--Project 
ASCOT, September 1980 

P. W. Nickola 

A general goal of the ASCOT program is 
the study of the effect of nocturnal drain­
age flow on the transport and dispersion 
of pollutants injected into these flows. 
Thus, the release and sampling of atmos­
pheric tracers in and near the Anderson 
Creek and Putah Creek Valleys in California 
during drainage conditions was an important 
facet of the September 1980 field program. 
Although Pacific Northwest Laboratory (PNL) 
was not directly involved in the tracer re­
lease and sampling operations during their 
implementation, PNL personnel were heavily 
involved in the selection and documentation 
of tracer sampling sites. 

In May 1980, Dr. Paul Gudikson, director 
of the 1980 ASCOT field program, requested 
that PNL generate proposed tracer sampling 
arrays for a specified number of samplers 
for each of the three types of non-visible 
tracers to be employed. These arrays, com-
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bined with Dr. Gudikson's similar planned 
arrays, forme a the basis for the field 
marking of sampling locations in late 
August 1980. The precise physical location 
of samplin9 sites (a labeled stake driven 
in the 9round) was made at each site by a 
team composed of personnel from the 
Lawrence Livermore Laboratory, PNL, and En­
vironmental Systems and Services. Modest 
departures from the paper-planned sampling 
arrays were dictated by such uncontrollable 
local factors as terrain, vegetation, and 
accessibility (legal or logistical). The 
final array of sampling and release sites 
is illustrated by Figure 1.5. 

During the three-week September 1980 ex­
perimental period, terrain and vegetation 
were documented by motion pictures taken 
facing north, east, south, and west from 
each of the 70 tracer sampling and release 
sites. During the site visits, locations 
also were carefully documented on a 
1/12,500 topographic map. Elevations and 
Universal Transverse Mercator (UTM) coordi­
nates were derived from the marked map and 
were incorporated into the ASCOT '80 data 
bank. 



• INTEGRATING SAMPLER SITES 

• SEQUENTIAL SAMPLER SITES 

+ VERTICAL SAMPLING SITES 

Figure 1.5. Project ASCOT 1980 Tracer Re lease and Sampling Locations. Tri ang les indica te release sites; circles indicate integrating sampler sites; squares in dicate sequential 
sampler sites ; and crosses indicate balloon supporte d vertical sampling sites. 



Time Variation of Wind and Temperature from 
Tethersonde Data--ASCOT July 1979 

M. M. Orgill 

This report briefly describes a prelimi­
nary analysis on the time variation of 
winds and temperatures from Tethersonde 
data taken during the Atmospheric Studies 
in Complex Terrain (ASCOT) July 1979 field 
project. This material was abstracted from 
a report given at the ASCOT meeting in 
Gettysburg, Pennsylvania, April 15-18, 1980 
(Orgi 11 et a1. 1980). 

Two mobile Tethersonde units were uti­
lized in the Anderson Creek area near 
Middletown, California, during the 
July 1979 ASCOT field effort. One unit was 
from Pacific Northwest Laboratory (PNL) and 
the other from the Wave Propa9ation Labora­
tory (WPL) in Boulder, Colorado. On the 
evening of July 16, a cooperative effort 
between the two groups obtained Tethersonde 
data at the Diamond D Ranch site for 
1B hours. After that period, the PNL 
Tethersonde was located at the PDC-l well 
site in the northwestern part of the 
Anderson Creek drainage (B40 m) for the 
duration of the project. WPL's Tethersonde 
was located near the Thorne 7 well site 
(height, 600 m) around 1.1 km southeast of 
the PDC-1 well site. 
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Data were obtained from both Tethersonde 
sites for six nighttime and early morning 
periods. Vertical profiles of wind, tem­
perature and humidity were taken about 
every hour except when strong winds, equip­
ment malfunction or inclement weather pre­
vented it. Ground stations received the 
data remotely, where it was printed on a 
paper tape. 

The PNL and WPL Tethersonde data volume 
was edited and computer-plotted as well as 
being placed on punch cards and a magnetic 
data tape. The edited, nonaveraged data 
were processed by a computer plotting rou­
tine for incorporation into the ASCOT Data 
Summary (1980) and for preliminary assess­
ment and analysis. 

A number of operational problems were 
encountered in using the Tethersonde sys­
tem, yet the data volume as a whole made 
an important contribution to the field pro­
ject by showing the time and height varia­
tion of the winds, temperature and humidity 
structure over the Anderson Creek area. 
Generalized temperature and wind speed ver­
tical profiles for afternoon and nighttime 
hours, as deduced from the Tethersonde data 
volume, is depicted in Figure 1.6. Fig­
ures 1.7 and 1.B are a preliminary presen­
tation of the time variation of temperature 
structure and winds for experiments 

o 8 16280 310 15 35 
WS(M/S) 9 TEMP (OC) 

NIGHTTIME 

Figure 1.6. Generalized Temperature and Wind Speed Vertical Profiles for Afternoon and Nighttime Hours as 
Deduced from the Tethersonde Data Volume. llSM -low level Speed Maxima (ms-1). 
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Figure 1.7. Time Variatio n of Temperature Structure and Wind Profiles PDC #1, July 22-23, 1979. 1707 to 0925 PST. See 
right-hand si de of Fig. 1.6 for stability key. 
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Figure 1.8. Time Variation of Tem perature Structure and Wind Profiles Thorne 7, Ju ly 22-23, 1979. 1739 to 0947 PST. 
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conducted during the night of July 22-23. 
Similar analysis is available for 
July 16-17 (Diamond D), 18-19, 24-25, 
and 26-27. In Figures 1.7 and 1.8 wind 
data are only marked by west (W) and east 
(E) components. Temperature structure was 
divided into six different stability 
classes, as depicted in Figure 1.6. 

Generally, during the experimental pe­
riods, late morning easterly upslope winds 
were replaced by westerly downslope winds 
early in the afternoon (-1200 to 1500 PDT). 
These afternoon westerly winds were appar­
ently related to the combined monsoonal-sea 
breeze and west-side valley-slope wind that 
is apparently common in this area in the 
summertime (Schroeder 1961). The afternoon 
westerly winds exhibited peaked vertical 
wind speed profiles with low-level (50 to 
400 m above ground) wind maxima Low Level 
Speed Maximum (LLSM) varying from 3 to 
11 m s-l. These wind speed maximas usually 
decrease in magnitud~ by midnight for most 
experimental nights.t a) The atmospheric 
stability in the lower 500 to 600 m was 
usually neutral or unstable during these 
afternoon westerly downslope winds. 

Time variation of vertical profiles of 
wind and temperature was strongly influ­
enced by the diurnal net radiation cycle. 
With sunset and the onset of negative net 
radiation the lower atmosphere in the 
Anderson Creek area quickly cooled, forming 
as many as four distinct, stable layers 
(Figure 1.6). Generally, these were: 
1) a shallow (50 to 100 m), very stable 
layer near the ground (+0.1 to 0.2·C/m); 
2) a primary stable layer (-+0.02 to 
+O.03·C/m); 3) an isothermal layer (bottom 
and top of temperature inversion); and 
4) a slightly stable layer. Quite fre­
quently a near neutral (adiabatic) layer 
was found above the temperature inversion 
or the slightly stable layer. 

On first examination of Tethersonde data 
the nocturnal drainage winds were shallow 
and poorly defined. Possibly one reason 
for this was the superposition of the de­
caying, afternoon westerly wind. Best 
evenings for apparent drainage wind phenom­
ena appeared to be July 16-17, 18-19, 
24-25, and 26-27. Depth of the drainage 
layer on the slope varied with time, rarely 
exceeding 100 m. Drainage wind speed 
maxima were 2 to 4 m s-l. Periods of east­
erly winds above the low-level nocturnal 
westerly downslope winds were frequent on 
most nights. The night and early morning 

(a) July 22-23, 1979, was an exception. 
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of July 26-27 was exceptional in this re­
gard. Some of these easterly winds may be 
anti-mountain winds as defined by Buettner 
and Thyer (1966) and some may be related 
to upper-level gradient flow. 

On those experimental mornings when ob­
servations were taken 3 to 4 hours beyond 
sunrise, the nocturnal stable conditions 
and the westerly drainage layer were ob­
served to quickly (1 to 2 hours) dissipate 
with the onset of positive net radiation 
(daytime). Stability conditions on the 
slopes were unstable and neutral during 
daytime hours, and easterly upslope winds 
were observed. 

Any conclusions made now are tentative 
since detail analysis of all the data vol­
ume should present a more coherent picture 
of the meteorological and dispersion phe­
nomena of this period. However, this pre­
liminary analysis has indicated that 
Tethersonde soundings showed that the winds 
and temperatures over the Anderson Creek 
area were strongly influenced by the net 
radiation cycle. Although nocturnal drain­
age winds were apparently observed on the 
slopes and in the valley, they were shallow 
and, at times, apparently influenced by the 
synoptic monsoonal-sea breeze airflow pat­
tern present in this area during summer­
time. Fluorescent Particle Tracer experi­
ments also revealed the presence of 
nocturnal drainage winds although the ex­
perimental test of July 22-23 appeared to 
be influenced by the prevailing westerly 
synoptic winds. 
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A Planning Guide for Future Studies--ASCOT 

M. M. Orgill 

This report briefly summarizes the con­
tents of an ASCOT planning document that 
will be published in FY 1981. This docu­
ment will provide a preliminary basis for 
future planning and selecting both the 
technical aspects and the location of field 
experiments for relevant DOE research re­
lated to airflow and dispersion in complex 
landforms. 

In 1978, the DOE Assistant Secretary for 
the Environment developed a program aimed 
specifically at Atmospheric Studies in Com­
plex Terrain (ASCOT). The ASCOT program 
is designed to develop the technology 
needed to assess atmospheric properties and 
the imact of new energy sources on air 
quality in areas of complex landforms. 

The initial research focus of ASCOT was 
nocturnal drainage winds within the 
Geysers-Calistoga Geothermal Resource Area 
of Northern California. However, the ASCOT 
participants recognized the need for pro­
gram planning beyond the drainage wind 
study in the Geysers area. The Atmospheric 
Sciences Department of Pacific Northwest 
Laboratory was asked to prepare a document 
summarizing past research, surveying poten­
tial study sites and recommending future 
research sites and topics for the ASCOT 
program. 

The planning guide is divided into three 
parts: 1) a review and discussion of 
terrain-induced airflow phenomena and their 
importance in transport and dispersion in 
complex landforms; 2) an assessment of fu­
ture candidate research sites; and 3) dis­
cussion and recommendations on various re­
search options for ASCOT. The review 
content of the report surveys the past ob­
servational, theoretical, laboratory, and 
numerical work relative to complex land­
forms. It defines and reviews as many air­
flow and dispersion phenomena as possible 
that are important to questions and prob­
lems regarding air quality in complex ter­
rain. Some of these phenomena are: 

• channeling of plumes 

• impaction of elevated plumes on ter­
rain surfaces 

• stagnation of air pollutants in basins 
and valleys 
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• effects of local terrain-induced winds 
on plumes, such as drainage, anabatic, 
valley-mountain, and lake breezes 

• trapping and fumigation of elevated 
plumes or pollutant layers 

• effects of streamline deformation, 
terrain-induced eddies, turbulence and 
gravity waves on plumes. 

Many or all of these terrain-related air­
flow problems influence decisions on siting 
of plant locations, establishing stack 
height requirements and emission controls 
and evaluating air quality in complex ter­
rain area. 

Assessing candidate sites for future re­
serch was limited to the alternative energy 
resource areas of oil shale, geothermal, 
and coal gasification/liquefaction. In the 
oil shale area, approximately 13 sites in 
the Green River oil shale region (Colorado­
Utah- Wyoming) were examined on the basis 
of complexity of terrain, meteorology, air 
quality, and expansion of operations. A 
number of research options are available 
from Federal Oil Shale Lease Sites and 
other sites in Utah and Colorado. Com­
plexity of terrain varies from the stream­
eroded plateau of eastern Utah to the large 
valley-basin of the Piceance Basin 
(Colorado) to the rugged canyons of the 
Roan Plateau (Colorado). The variety of 
terrain-induced airflow phenomena in such 
terrain could require the efforts of one 
or more research projects in order to un­
derstand and assess the air quality. 

In relation to the geothermal areas, 
about ten or more geothermal areas are con­
sidered as potential sites for ASCOT. Of 
these sites, the more promising areas of 
interest are The Geysers (California), Lake 
City-Surprise Valley (California), Raft 
River (Idaho), Valles Caldera (New Mexico), 
and Roosevelt Hot Springs (Utah). With re­
spect to complexity of terrain, the more 
interesting sites would probably be The 
Geysers, Mono-Long Valley, and the Valles 
Caldera. 

In the near future (5 to 10 years) coal 
gasification and liquefaction projects 
could offer a selection of complex terrain 
sites. Presently, future development in 
the west appears directed toward the San 
Juan River Region (New Mexico), Powder 
River Region (Wyoming and Montana), and 
Fort Union Region (North Dakota). In the 



east, some development is occurring in the 
Appalachian Region. In general, the cur­
rent potential sites for development are 
not located in very complex terrain except 
for the Appalachian Region. 

The major recommendations to ASCOT as a 
result of this study are: 

• The airflow and diffusion characteris­
tics of a particular landform are a 
result of the topographic details and 
terrain-induced airflow patterns. 
Taking terrain uniqueness into consid­
eration, it is recommended that the 
ASCOT program study a range of differ­
ent landform types. 

• The study recommends more emphasis be 
placed on the quantification of the 
basic components of terrain to help 
understand the various interactions 
between landforms and meteorology. 
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• On the basis of the first recommenda­
tion, we suggest that ASCOT seriously 
consider the option of conducting fu­
ture studies at other energy develop­
ment areas. Some possible current op­
tions for candidate sites are: 1) Oil 
shale resource areas of Utah and 
Colorado; 2) Mono-Long Valley Geother­
mal Resource Area (California); and 
3) the Valles Caldera .Geothermal Re­
source Area (New Mexico). Other op­
tions could develop in the next five 
years because of new energy develop­
ments and political, economic, and 
energy policy decisions. 

• A long-term (5 to 10 years) but flex­
ible research plan should be adopted 
by the ASCOT program. A principal ob­
jective of this plan would be to use 
field programs and model development 
toward constructing a validated opera­
tional model that can be utilized for 
different landforms and meteorology. 



• Atmospheric Boundary Layer Studies 

Objectives of these studies are: 

• I nvestigating the meteorological characteristics of the planetary boundary layer that pertain to pollut­
ant transport and dry removal. 

• Analyzing the transport and diffusion of pollutants in complex terrain, particularly in the Geysers 
Geothermal Area of California. 

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

Wind and Temperature Oscillation in Drain­
age Winds 

J. C. Doran and T. W. Horst 

As part of the ASCOT measurements pro­
gram in 1979, wind speeds and temperatures 
were recorded on a 30-m tower located in 
the Geysers area of California. Located 
near the end of a valley, the tower was 
subject to the outflow from several major 
drainage regions as well as a number of 
smaller ones. 

In 1968, Tyson reported observations of 
velocity fluctuations in the mountain winds 
in valleys in South Africa. Similar fluc­
tuations were believed likely at the 
Geysers and the tower data were therefore 
examined for evidence of this effect. For 
this analysis, winds and temperatures from 
the 22.9-m level on the tower were averaged 
in 20-second blocks and 2048 such blocks 
were then analyzed with a fast Fourier 
transform routine. Each period analyzed 
lasted approximately 11.5 hours, nominally 
extending from sunset to sunrise for night­
time runs and from sunrise to sunset for 
daytime runs. 

Wind data from 30 nights were examined. 
In 26 of these, a peak in the logarithmic 
spectral energy density was found in the 
frequency range 10-4 to 3.3 x 10-3 Hz, cor­
responding to periods of approximately 
1 to 3 hours. The spectra were normalized 
to the peak average value. The results are 
shown in Figure 1.9. There is a well­
defined peak at a period of about 
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1.5 hours. For comparison purposes, 
14 days were chosen from the time periods 
during which the nighttime spectra were de­
termined and a similar analysis was made. 
Again, a well-defined peak in the spectrum 
was observed, but at a frequency almost 
20 times higher than that of the nighttime 
peak. The location of the daytime peak 
agrees well with values reported in the 
literature (e.g., Kaimal et al. 1972) while 
the nighttime peak occurs within the fre­
quency range often associated with the 
"spectral gap" (Lumley and Panofsky 1964). 

Temperature spectra also were obtained 
in a manner similar to that described 
above. For 14 nights selected from the 
26 used for the wind spectra, the spectrum 
of temperature fluctuations showed a low 
frequency peak at a frequency close to 
where the wind spectrum exhibited its peak. 

Discussion 

Simple mOdels cannot be expected to pre­
dict the details of wind fields in topo­
graphy and conditions as complex as those 
found in the Geysers area. However, they 
may account for some of the observed quali­
tative features. Fleagle (1950) proposed 
a model wherein the forces acting on a 
cooled layer of air adjacent to the slope 
produce oscillations in the velocity of 
this layer. He showed that as the air ac­
celerates down the slope, adiabatic heating 
results in a reverse pressure gradient 
which retards the flow. As the air decel­
erates, radiational cooling increases the 
pressure gradient and the cycle is 
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Figure 1.9. Averaged Normalized logarithmic Velocity Spectra for 26 Nights 

repeated. Frictional drag will eventually 
damp out the oscillation. 

Following the approach of Petkovsek and 
Hocevar (1971), and Manins and Sawford 
(1979), we may write, for a layer-averaged 
model 

r,V -9D sino - Fr ( 1 ) -;sr= 9 0 

60 Vy sino =~ (2) 6[-

where V and 0 are the bulk velocity and 
temperature deficit for the cooled layer, 
respectively, a is the slope angle, y is 
the ambient potential lapse rate, H is the 
depth of the layer, 90 is the potential 
temperature and Q is the net vertical tem­
perature flux into the cooled layer. The 
term Fr refers to a general frictional 
force which may include surface drag and 
entrainment effects. 

Numerical solutions of (1) and (2) lead 
to damped oscillatory solutions for both V 
ana D. For reasonable estimates of the in­
put parameters the period of oscillation 
is found to be -1.5 to 2 hours. While this 
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agrees with the observations at the 
Geysers, additional measurements, particu­
larly in regions with simpler topography, 
are necessary before this simple model can 
be adequately tested. 
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A Comparison of Observed and Predicted 
Slope Winds 

T. W. Horst and J. C. Doran 

Introduction 

Nocturnal drainage winds begin when air 
adjacent to an inclined surface flows down 
the slope because it is cooler than the 
free air at some distance horizontally from 
the surface. The topography channels and 
merges these slope winds to form larger­
scale drainage or mountain winds. This 
paper discusses the slope flow phase of the 
drainage wind. The predictions of a simple 
model for flow down a two-dimensional slope 
are compared to observations of the drain­
age wind obtained during the July 1979 At­
mospheric Studies in Complex Terrain 
(ASCOT) field study near Middletown, 
California. 

A Simple Model of Slope Winds 

Manins and Sawford (1979) following 
Elison and Turner (1959) have developed a 
simple model for katabatic flow down a 
plane surface inclined at an angle a above 
the horizontal. Coriolis effects are ne­
glected and the ambient air is assumed to 
be at rest, so the cross-slope wind is zero 
and the katabatic flow equations are func­
tions only of time, the down-slope coordi­
nate s and the coordinate n normal to the 
slope. The dynamic equations are further 
simplified by integration over the normal 
coordinate n, from the surface to a height 
unaffected by the katabatic flow. The clo­
sure problem for the Reynolds fluxes of 
heat and momentum reduces to specifying the 
fluxes at the surface. Entrainment at the 
top of the mixed layer is assumed propor­
tional to the average velocity of the 
layer, multiplied by an empirical func­
tion E of the layer Richardson number Ri. 
The resulting equations predict the layer­
averaged wind V, the depth of the cooled 
layer h, and the temperature deficit D. 

An analytical prediction of the slope 
flow follows from assuming a steady-state 
and zero ambient stratification, 

h = 0.75 Es 

V3 = R ~ [~ Q] cos a 

D = Qs/Vh 

where pCpQ is the net heat flux out of the 
drainage layer. The layer Richardson num­
ber is found to be independent of sand 
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a function only of the slope angle, a sur­
face drag coefficient Cd, ana the func­
tional relationship between E and Ri. 

The authors have extended the analytical 
solution to account for a change of slope 
angle by assuming that Ri immediately ad­
justs to the new slope angle and by con­
serving either the mass or momentum flux 
through the slope change. For a decrease 
in the slope angle this produces an immedi­
ate deceleration, thickening and cooling 
of the drainage layer. Numerical calcula­
tions within the complete equations show 
that this solution is only qualitatively 
correct near the slope change, but improves 
rapidly with distance downslope from the 
change. 

Observations of Slope Winds 

Pacific Northwest Laboratory measured 
profiles of wind speed, wind direction and 
temperature with a Tethersonde located at 
the PDC-1 site, at an elevation of 850 m 
Mean Sea Level (MSL) on the south-southeast 
slope of Cobb Mountain. The summit of Cobb 
Mountain is 1440 m, and the slope angle is 
roughly 22 0 down to an elevation of 900 m 
and 6.5 0 thereafter. 

The best drainage wind observations were 
made on the night of July 24-25, 1979, par­
ticularly after midnight PST. Values of 
h, V, 0, and Ri were aetermined from the 
data for seven profiles made from 8:00 p.m. 
July 24 to 5:00 a.m. July 25. The down­
slope direction was defined for each pro­
file by the wind direction at the height 
of the maximum wind speed, and the wind 
data were resolveo into downslope and 
cross-slope components. For most of the 
profiles this direction was south­
southeast, the direction of a line between 
the top of Cobb Mountain and POC-1. 

Table 1.2 shows the observed values for 
three of the seven profiles. These pro­
files were selected because they have down­
slope winds with maxima of 3 to 4 mIs, 
which decrease above the drainage layer to 
1 mls or less, and cross-slope winds below 
1 m/s. Profiles of wind and temperature 
for the 0309 sounding are shown in Fig­
ures 1.10 and 1.11. Table 1.2 also lists 
the predictions of the simple slope flow 
model. Since Cd and Q were not directly 
measured, reasonable values have been 
chosen for these parameters. 

Considering that the model assumptions 
of cross-slope homogeneity and a neutral 
ambient atmosphere are not satisfied by the 
observations, this initial comparison is 



Table 1.2. Slope Wind Observations at PDC-l, July 25, 
1979. Model Predictions Assume Cd = .047 and pCpQ = 
40 watts/m2 

t h V D Ri 

~ ~ (m/s) ~ 

0011 60 1.92 1.19 0.62 
0309 72 2.35 1.40 0.55 
0500 67 2.14 1.01 0.47 

Average 66 2.14 1.20 0.55 
Model 36 1.51 1.10 0.55 
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Figure 1.10. Drainage Wind Profiles at PDC-l, 0309 to 
0316 PST, July 25, 1979 

encouraging. Two approaches are being 
taken for improvement. First, a numerical 
solution is being developed to include the 
effects of slope change, ambient stratifi­
cation, and ambient winds. Second, more 
detailed slope flow measurements have been 
made, both at Richland, ~ashington, at a 
site which more nearly approximates the 
two-dimensional assumptions of the model, 
and again at Cobb Mt. using both instru­
mented towers and a Tethersonde to better 
define the structure of the drainage flow 
(Horst et al. 1980). 
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Figure 1.11. Potential Temperature Profile at PDC-l, 
0309 to 0316 PST, July 25, 1979 
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Observations of Nocturnal Slope Winds 

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

Introduction 

Preliminary measurements of nocturnal 
drainage winds were made during the 

310 

July 1979 Atmospheric Studies in Complex 
Terrain (ASCOT) field study near Cobb Moun­
tain in northern California. Analysis of 
these data (Horst and Doran 1980, and Doran 
and Horst 1980) showed the need for 



additional observations to better define 
the structure of drainage winds. These ad­
ditional data were collected locally on 
Rattlesnake Mountain and again near Cobb 
Mountain during the September 1980 ASCOT 
field study. 

Rattlesnake Mountain 

The northeast slope of Rattlesnake Moun­
tain on the Hanford reservation was se­
lected for measurements of slope flow in 
the simplest possible geometry, a tilted 
plane. Rattlesnake Mountain is a ridge ex­
tending for 15 km from northwest to south­
east. The measurement site, on the south­
east end of the ridge, is uniform in the 
cross-slope direction for about 2.5 km and 
has an elevation drop from 595 m MSL to 
365 m MSL. There is a distinct change in 
slope at 430 m from 20° to 8°. 

To determine the growth of the drainage 
layer with distance down the slope, wind 
and temperature profile towers were erected 
near the top and bottom of the steep slope 
(520 m and 445 m) and at 365 m on the shal­
low slope. The towers were designed to ex­
tend through the drainage layer, increasing 
from 6 m at 520 m, to 10 m at 445 m, and 
18 m at 365 m. Temperature was measured 
at four heights on the top tower; wind and 
temperature were both measured at five 
heights on the lower towers. In addition, 
net radiation and a soil temperature pro­
file were measured at the lowest tower to 
determine the surface ener9Y budget, and 
regular soundings were made with a Tether­
sonde to an altitude of 700 m to 900 m MSL 
to define the ambient wind and temperature 
profiles. During June and July 1980, data 
were collected on three nights that met the 
experimental requirements of clear skies 
and low wind speeds above the drainage 
1 ayer. 

Cobb Mountain 

As part of the September 1980 ASCOT 
field study (Orgill, et a1. 1980), a site 
called Unit 19 was selected for detailed 
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measurements of slope flow in a more com­
plex topography than the Rattlesnake site. 
Unit 19 is at an elevation of 770 m on 
1440-m cobb Mountain and is near the PDC-1 
site used for Tethersonde ascents during 
July 1979 (Horst and Doran 1980). 

A 60-m tower was erected amidst 10-m to 
15-m trees to provide a more complete 
record of the development of the drainage 
layer and a better definition of its struc­
ture than can be had with Tethersonde 
soundings. Wind and temperature were meas­
ured at eight levels from 5 m to bO m, net 
radiation was measured at 1 m and 60 m, and 
soil temperatures were measured at four 
depths from 1 cm to 20 cm. Tower data were 
recorded continuously on digital magnetic 
tape from 1700 PST on September 11 to 
0800 PST on September 25, with each parame­
ter sampled at a rate of 0.5 Hz. In addi­
tion, hourly Tethersonde ascents were made 
to altitudes of 1100 m to 1400 m NSL from 
1800 PST to 0600 PST on five nights se­
lected for favorable drainage conditions. 

Data Analysis 

These two data sets are being analyzed 
simultaneously. The Rattlesnake Mountain 
data will be used to test and further de­
velop simple models of nocturnal slope 
flow. The application of these models to 
more complex topography wil then be tested 
with the Cobb Mountain data. 

References 

Doran, J. C. and T. W. Horst. 1980. "Wind 
and Temperature Oscillations in Drainage 
Winds." (This Annual Report.) 

Horst, T. W. and J. C. Doran. 1980. "A 
Comparison of Observed and Predicted Slope 
Winds." (This Annual Report.) 

Orgill, M. M., et al. 1980. "Project 
ASCOT--Pacific Northwest Laboratories' Con­
tribution to the Department of Energy's 
Mu1ti1aboratory Complex Terrain Field Pro­
gram, September 1980." (This Annual 
Report. ) 





• Radiative Effects of Clouds and Aerosols 

Objectives 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 influenced by energy­

related pollutants. 

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

properties and fluxes. 

Insolatiun, ~et Radiation and Soil Tempera­
ture Measurements During the ASCOT-1980 
Field Study 

N. S. Laulainen 

Introduction 

Net radiation measurements were made at 
the Geysers Geothermal Site during the 
ASCOT-1979 field study to quantify the rate 
of surface cooling--an important factor in 
establishing valley drainage flow. These 
measurements provided an interesting but 
incomplete record of the radiation balance 
at the earth's surface for the 1979 study. 

With inclusion of the National Center 
for Atmospheric Research (NCAR) PAM System 
(Brock and Govind 1977) into the ASCOT-19BO 
field study, special sensors were ddded to 
the eXisting meteorological sensors. This 
was oone at a limited number of individual 
PAM (Portable Automated Mesonet) stations 
to provide more complete spatial and tempo­
ral coverage of radiation balance over the 
study ared. This report describes the ex­
perimental design and a few preliminary 
results illustrating the relationships be­
tween air and soil temperature, net radia­
tion and insolation. 
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Experimental Design 

Pacific NortQw~st Laboratory Qeployed net 
rauiometers,(a) pyr~nQmeters,(b) and soil 
temperature sensors\C) at four soil depths 
at five PAM stations and at the PNL 60-m 
tower site within the Geysers Geothermal 
Site ~tudy area. A reference pyranome­
ter(d) was included at one of the PAM sites 
to verify calibrations. 

The radiation sensors were mounted on 
1-m booms approximately 1 m above the sur­
face. The soil temperature sensors were 

(a) Temperature-compensated miniature net 
radiometer (Model MNR) manufactured by 
Micromet Instruments, Bothell, 
Washington. 

(b) Cosine-corrected silicon cell pyranome­
ter (Model LI-200S) manufactured by 
Lambda Instruments Corp., Lincoln, 
Nebraska. 

(c) YSI-I0K thermisters manufactured by 
Yellowsprings Instruments Inc., 
Yellowsprings, Ohio. 

(d) Temperature-compensated Precision Spec­
tral Pyranometer (Model PSP) manufac­
tured by Eppley Laboratory, Inc., 
Newport, Rhode Island. 



installed at soil depths of 1,3,7, and 
20 cm, respectively. At the PNL tower an 
additional net radiometer was mounteu at 
the top of the 60-m tower and an upward and 
downward-looking pyranometer pair was 
mounted at about the g-m level on the 
tower. The latter pyranometer pair can be 
used to estimate surface albedo. A measure 
of incident-diffuse short wave radiation 
also was provided by this pair by means of 
a motorized shadow band which occluded the 
direct beam periodically (about every 
5 min). 

Sensor output signals were processed 
differently for the NCAR and PNL systems. 
Sp~cial interface cards were provided by 
NCAR to amplify and digitize the added 
sensor outputs. These data, along with the 
other meteorological parameters monitored 
at each PAM site, were telemetered to the 
PAM base station where they were recorded 
on 9-track magnetic tape. The PAM 
computer/data acquisition system was able 
to store up to 18 hours of previous data, 
which could be examined tabularly or 
graphically from a video terminal console. 
With preliminary sensor calibration values, 
the raw data were coverted to engineering 
units before displaying. Hard copies of 
the video display were producea by a copy 
unit. 

Sensor outputs at the PNL tower also 
were amplified, digitized and recorded on 
9-track magnetic tape. In aduition, two 
2-channel chart recorders were used to re­
cord the amplified output signals of the 
I-m and 9-m radiometers. 

After completing calibration checks of 
the sensors, the calibration values for 
each sensor were sent to NCAR for incorpo­
ration into the data archiving process. 
Reduction of the PNL data is in progress. 

Preliminary Results 

Examples of graphical results obtained 
during the course of the field study from 
the video terminal are shown in Fig-
ures 1.12 through 1.16. In Figure 1.12, 
soil temperatures at the four depths, 1, 
3, 7, and 20 m, respectively, are shown. 
The l-cm depth is most sensitive (as ex­
pected) to changes in the surface heating 
(or cooling) rate. Cloudiness, both during 
daylight hours and during the night, af­
fects the net radiation transfer. At the 
3-cm depth the temperature response is 
smaller than and lags behind the response 
at l-cm, while at the 20-cm depth only a 
slow aiurnal variation occurs. 
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Figure 1.12. Soil Temperature at 1.3.7 and 20 em 
Depths, Respectively, at PAM Site 5 on 9/15/80, 
0000 to 1600 
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Figure 1.13 compares soil temperature 
variations auring daylight hours at the 
l-cm level on 9/19/80 tor 3 PAM sites. PAM 
Site 5 (UTM ~23.40, 4293.58, elev. 914 m) 
haa a southeasterly exposure and was at the 
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highest elevation, while PAM Site 16 
(UTM 524.88, 4292.00, elev. 658 m) had an 
easterly exposure. PAM site 8 (UTM 525.02, 
4292.51, elev. 774 m) was located within a 
forest canopy. PAM Site 5 and 16 show 
variations as a result of cloudiness while 
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Figure 1.14. Soil Temperature at 1-cm Depth at the 
5 PAM Sites on 9120 (1800) through 9/21 (1200) 
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PAM Site 8 shows variations as a result of 
shading by trees. The soil at PAM Site 8 
was cooler than the other sites for all 
hours. 

A similar comparison of soil temperature 
variations at the 1-cm level during the 
nighttime hours on 9/20 and 9/21 for all 
PAM sites is shown in Figure 1.14. Again, 
PAM Site 8 was cooler than the other sites 
for all hours. Differences between the 
other sites can be partially accounted for 
by differences in topography and sunrise/ 
sunset relationships, e.g. ridge shadows 
or vegetat ion. 

The response of the 1-cm soil tempera­
ture to insolation and net radiation on a 
clear day is shown in Figure 1.15 for PAM 
site 4 on 9/21/80. Peak insolation and 
peak net radiation occurred shortly after 
1300 PDT and at 1320 PDT, respectively, 
while the peak soil temperature occurred 
at -1410 PDT. Although the insolation 
curve is symmetric about solar noon, the 
curves for net radiation and soil tempera­
ture are shown (in addition to lagging be­
hind solar noon); A similar response of 
1-cm soil temperature and the dry bulb air 
temperature to net radiation is shown in 
Figure 1.16 for PAM Site 5 on 9/17/80. 
Correlation between these quantities is 
quite strik ing. 
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Figure 1.16. Dry Bulb Air Temperature, Soil Temperature at 1-cm Depth 
and Net Radiation at PAM Site 5 on 9/17/80, Midnight to 1700 PDT 

Conclusions 

The addition of special soil, insolation 
and net radiation sensors to the PAM system 
during the Geysers-ASCOT-1980 field study 
provided a valuable contribution to the 
data set for the analysis of conditions 
necessary for establishing valley drainage 
flow. Sensor calibrations, which have been 
redetermined after the study program, have 
been provided to NCAR for the conversion 
of the raw data to engineering units. 
Further analysis of the data will proceed 
upon completion of the archival process. 

Analysis of the data acquired at the PNL 
is also in progress. 
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Optical Properties of Mt. St. Helens Ash 
Over Eastern Washington 

N. S. Laulainen and A. J. Alkezweeny 

Introduction 

Considerable volcanic ash was deposited 
on the ground in Eastern Washington as a 
result of the May 18, 1980, eruption of 
Mt. St. Helens. Much of this ash is very 
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fine and, when dry, is easily resuspended 
in the atmosphere. During late May and 
early June, numerous dust devils were ob­
served. These dust devils appeared to be 
one of the primary mechanisms for vertical 
transport and mixing of St. Helens ash from 
the surface. 

It has been conjectured that volcanic 
ash or other aerosol particles originating 
from volcanic eruptions may cause a shift 
in the heat balance at the earth's surface 
through redistribution of solar radiation 
in the atmosphere, and, perhaps thereby, 
lead to a cooling. The actual effects of 
volcanic aerosol depend upon the optical 
properties of the aerosol particles. Dur­
ing June 1980, several flights were made 
with the Pacific Northwest Laboratory (PNL) 
Cessna-411 research aircraft equipped with 
aerosol and solar radiation instrumenta­
tion. A summary of the experiments is de­
scribed in this report. 

Experiments 

Instrumentation used during the experi­
ments is shown in Table 1.3, and summary 
of the flights is given in Table 1.4. One 
of the goals of the flights was to charac­
terize the optical, chemical and physical 
properties of the aerosol over Eastern 
Washington after the May 18 eruption. A 
second goal was to examine the effect of 
the aerosol particles on shortwave 



Table 1.3. Cessna·411 Instrumentation Used During the June 1980 Eastern Washington Measurements of 
Aerosol Optical Properties and Solar Radiation 

Measurement 
Type 

Particles 

Total particle 
concentration 

Aerosol light 
scattering 

Particle Size 
Distribution 

Aerosol light 
absorption 

Particle 
composition 

Radiation 

Total Shortwave 

Spectral Shortwave 

Ultraviolet 

I nfrared/temperature 

State 

Altitude 

Temperature 

Dew Point 

Coordinates 

Instrument 

Aitken 
Nuclei Counter 

Interating 
Nephelometer 

Forward Scatter-
ing Spectrometer 

Filter sampler 

High Volume 
Filter Sampler 

Silicon cell 
pyranometer 

Modified Silicon-
cell pyranometer 

uv radiometer 

ir radiometer 

pressure trans­
ducer 

dew cell 

VlF System 

Manufacturer 
Model 

General Electricl 
CNC-II 

MRIlModel 1560 

PMS/Model FSSP-100 

Staplex 

Licor/Ll-200S 

Licor ILI-200S 

Eppley/TUVR 

Barnes/PRT-5 

Metrodata/M8 

Metrodata/M8 

EG&G/Cambridge 

GNS 

Comment 

0- 1 X 10-4 m- l scale 

1 - 7.5 11m range 

0.4 and 0.8 11m pore size nuclepore 
filters 

IPC or Teflon coated fiber glass filter 

Interference filters at 429, 550,648, 
853, and 990 nm, respectively. 

radiative transfer in the planetary bound­
ary layer (up to about 5000 to 6000 ft). 
Finally, the interaction/redistribution of 
shortwave radiation by isolated cumulus 
clouds (or in some cases cloud streets) was 
examined through flights above, through, 
and below clouds. The in-cloud penetra­
tions were made primarily to obtain cloud 
droplet size distributions. Incident solar 
radiation was also measured in-cloud. 

Data collected from these flights are 
being analyzed. Aerosol concentrations and 
size distributions are compared to aerosol 
light scattering and light absorption meas­
urements. Vertical profiles of aerosol 
light scattering and shortwave radiation 
are derived to evaluate the redistribution 
of insolation. Radiation transfer through 
isolated cumulus ClOUdS is studied. These 
results will be described in a subsequent 
report. 
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Table 1.4. Cessna-411 Flights During the June 1980 Eastern Washington Aerosol/Radiation 
Experiments 

Date Time (PDT) Location 

6-2 1435-1531 Tri-Cities, WA 

6-4 1246-1459 Tri-Cities, WA 

6-6 1257-1525 Tri-Cities, WA 
Pasco-Okanogan-Pasco 

6-10 1111-1455 Tri-Cities, WA 
Royal Slope-Moses Lake-

Ephrata 

6-11 0901-1157 Yakima-Wenatchee 
Royal Slope-Moses Lake-

Ephrata 

6-17 1134-1531 Tri-Cities, WA 
Hanford/Rattlesnake Mt. 

Hanford - Mt. Adams 

6-24 1058-1336 Tri-Cities, WA 
Hanford/Rattlesnake Mt. 

6-27 0839-1205 Hanford 

Ash Loading and Insolation at Hanford, 
Washington, During and After the Eruption 
of Mt. St. Helens 

N. S. Laulainen 

Abstract 

The effects of volcanic ash suspended 
in the atmosphere on the incident solar ra­
diation was monitored at the Hanford Mete­
orological Station (HMS) subsequent to the 
major eruption of Mt. St. Helens on 
May 18, 1980. Passage of the ash plume 
over Hanford caused a very dramatic de­
crease of solar radiation intensity to 
zero. Visibility was reduced to less than 
1 km, as great quantities of ash fell out 
of the plume onto the ground. Ash loading 
in the atmosphere remained quite high for 
several days following the eruption, pri­
marily as a result of resuspension from the 
surface. Visibilities remained low (2 to 
8 km) during this period. Estimates of at­
mospheric turbidity were made from the ra­
tio of diffuse-to-direct solar radiation; 
these turbidities were further used to es­
timate extinction along a horizontal path, 
a quantity that can be related to visi­
bility. Comparison of observed and esti­
mated visibilities was quite good, in spite 
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Comments 

Vertical profile to 11,000 ft; cloud 
base 7800 ft. 

Vertical profile to 10,000 ft; scattered 
Cu/haze/radiation 

Vertical profile to 10,500 ft. 
Transects across ash deposition track at 
4500 ft and 5500 ft, respectively, 

Vertical profile to 12,500 ft. 
Box pattern at 2500 ft. 

Transect across ash deposition track. 
Box pattern at 2500 ft. 

Vertical profile to 10,500 ft. 
Cloud/haze/radiation at different levels. 
Along ash deposition track (south edge). 

Vertical profile to 10,000 ft. 
Cloud/haze/radiation at different levels. 

Vertical profile to 12,000 ft. 
Cloud/haze/radiation. 

of the rather coarse approximations used in 
the estimates. AtmospheriC clarity and 
visibility improved to near pre-eruption 
conditions following a period of rain 
showers. The aiffuse-to-direct ratio of 
solar radiation provided a useful index for 
estimating volcanic ash loading of the 
atmosphere. 

Introduction 

Major volcanic eruptions, although in­
frequent, have injectea considerable 
quantities of dust and ash into the atmos­
phere. Volcanic ash penetrating into the 
stratosphere may remain suspended for sev­
eral years. Such dust layers have the po­
tential to alter climate by redistribution 
of solar radiation reaching the earth's 
surface. The eruption of Mt. St. Helens 
on May 18, 1980, with its associated mas­
sive ash plume spread across the United 
States, was of sufficient magnitude to be 
seriously studied for possible climate and 
weather modification. The eruption has 
been documented better than any other in 
historical times by means of satellite 
images, atmospheric and surface dust col­
lections for analysis of chemical and opti­
cal properties, and, in certain locations, 
solar radiation measurements. 



Pacific Northwest Laboratory (PNL) has 
a continuing program of monitoring insola­
tion and atmospheric turbidity in addition 
to other meteorological parameters at the 
Hanford Meteorological Station (HMS). In­
solation and turbidity measurements are 
carried out routinely at the Rattlesnake 
Mountain Observatory (RMO). These measure­
ment programs have been used for insolation 
assessment for solar energy applications 
and for research into the optical prop­
erties of atmospheric hazes and clouds and 
their effects on the redistribution of so­
lar radiation received at the earth's 
surface. 

This paper describes observations of in­
solation before and after the May 18, 1980, 
eruption of Mt. St. Helens. The results 
inferred from the insolation records during 
the time period May 16-31, 1980, are based 
on an empirical relationship between the 
ratio of diffuse-to-direct solar radiation 
and atmospheric turbidity (aerosol optical 
depth) at 550 nm wavelength. This rela­
tionship was derived from insolation and 
turbidity measurements obtained from an in­
tensive experiment conducted during Sep­
tember and October 1979 (Michalsky et al. 
1979). Turbidities derived from the 
diffuse-to-direct ratio are used to esti­
mate visibilities, which are then compared 
to observed visibilities. 

Observational 

King (1979) and King and Herman (1979) 
have defined the ratio of diffuse-to-direct 
solar radiation flux as 

(1) 

where G = measured global solar radiation 
flux, 

F- = measured downward component of 
diffuse solar radiation flux 

~o = cos Z 
Z = solar zenith angle 

They have further shown that ~ is sensitive 
to turbidity (aerosol optical depth), 
ground albedo and the light absorption in­
dex of atmospheric particles. 

An empirical relationship between the 
diffuse-to-direct ratio, ~, as defined by 
Equation 1 and atmospheric turbidity (aero­
sol op~ica1 depth), T, at a wavelength of 
550 nm, was derived from insolation and 
turbidity measurements made during 
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September/October 1979 at HMS and RMO 
(Michalsky et a1. 1979). Instrumentation 
consisted of Eppley precision spectral py­
ranometers (used for calibration) and 
Lambda silicon cell pyranometers, each 
equipped with a motorized shadow band that 
occluded the airect solar beam every 5 min­
utes (Wesley 1975). Operating in this man­
ner, the silicon cell pyranometers provided 
direct values for the global solar radia­
tion, G, and the downward component of dif­
fuse solar radiation, F-. Since both G and 
F- were measured with the same instrument 
and since G and P- also occur only in a ra­
tio, no absolute values of solar radiation 
were required. Multi-wavelengths sunphoto­
meters were used to determine atmospheric 
turbidities. The results of the 1979 study 
are shown in Figure 1.17 for a variety of 
solar zenith angles and turbidities. 

Two curves are shown in Figure 1.17. 
The dashed curve represents a least squares 
fit to a limited set of data points 
(T < 0.22) while the solid curve is a least 
squares fit to all data, including a dust 
storm event on October 8, 1979 (not shown). 
The correlation coefficients of the fits 
are better than 0.97, indicating an excel­
lent correlation between ~ and T. For the 
purposes of this study, the relationship 
derived from all the data is used: 

~ = 0.52 T + 0.014 (2) 

From measurements of ~ during cloud-free 
sky conditions, estimates of T may be ob­
tained from Equation 2. 

Use of Equation 2 as a turbidity estima­
tor implicitly assumes that the aerosol 
size distributions during the present study 
period were similar to those from which 
Equation 2 was derived (King 1979). Fol­
lowing turbidity conditions (e.g., 
r < 0.1), turbidity measurements at HMS 
since 1974 indicate that size distributions 
of atmospheric haze are indeed quite simi­
lar. High turbidity conditions (e.g., 
T > 0.4) have occurred usually during dust 
storm events, where aerosol-size distribu­
tions are dominated by coarse particles 
typically larger than 1 ~m. Comparison of 
particle size distributions measured at 
Hanford during dust storms and suspended 
volcanic ash after the May 18 eruption in­
dicated that the latter distributions had 
a larger fraction of mass in the 0.5 to 
1 ~m size range. The influence of this 
size difference on the relationship between 
~ and r given by Equation 2 is not known 
at this time, but other evidence ind,cates 
that the slope would not change by more 
than 20 to 30%. 
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Figure 1.17. Leas t Squares Fit of the Diffuse-to- Direct Ra ti o . <1>. Against Measured Aerosol 
Optical Depth, T , at A = 550 nm. Solid curve re prese nts the fit for all data, while the dashed 
curve excludes data points (T > 0. 6) from a dust storm event. 

Exampl es of the insol ation records dur­
ing the t ime peri od of May 16-31, 1980 , are 
shown in Figures 1.18-1.22 for May 16, 18, 
19 , 20, and 31, respecti vely . Excepting 
May 16 and 31 , which were clear , cloud in­
terference (e.g., cirrus, altocumulus or 

fa i r weather cumulus) presented a severe 
probl em in evaluating the diffuse-to-d irect 
r atios. Only those portions of the ch art s 
where ClOUd effects were thought to be 
mi nimized were used in obtaining~. In 
some cases, the National Oceanographi c and 
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Figure 1.18. Global and Diff use Solar Radiati o n Reco rds for Fr iday, May 16, 1980, for Clear, Cloud Free Skies 
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Decrease of I nso lat ion to Zero after 0930 PST 
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Figure 1.20. Insolation Record for Monday, May 19, 1980, Showing Not O nly Cloud iness But Also Highly Turbid Air 
Resulting in a Large Diffuse Component 
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Figure 1.21 . Insolation Record fo r Tuesday, May 20, 1980, Showing a Continued large Di ifuse Component 
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Figure 1.22. Insolation Record for Satu rday, May 31, 1980, Showing Diffuse Compo nent at Near ly Normal Values 
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Atmospheri c Administrat ion (NOAA ) weather 
sate llite images were usef ul in se lec ti ng 
appropr i ate portions . Cl oud eff ects woul d 
t end t o i nc rease ~ , and hence to overest i­
mate t he t urbidity. 

The record f or May 16 (Figur e 1. 18 ), 
t wo days prior to the eruption, is typ ical 
of clear, low haze condi ti on s . Figure 1.19 
shows the progress ion of sol ar r adia t ion 
on May 18 . Scattered to broken c irrus 
cl ouds were reported over HMS pr ior to the 
arriv al of t he ash pl ume . A dramati c i n­
crease in di f fu se rad iation is seen after 
-0830 PST, approx imat ely 1 hour af t er the 
er up tion . Shortly after 0900 PST, tot al 
i nsol ati on began to decrease and then 
shar ply decreased ar ound 0930 PST . By 
1000 PST i nso l at ion was essenti ally zero 
an d remained zero f or t he rest of the day . 
Ash f all began around 1100 PST. Pr ior t o 
ash fallou t , visibi l ities were in excess 

1· 74'= 1 ':' t" I .. ' ':''-, 7 '= H'" ,- , I 0_' '_I I ,_I _ '_' 0_' -.::. 

of 24 km but r api dly deteriorated to -2 km 
after 1100 PST. A surface accumulati on of 
2.5 mm of ash was recorded at HMS. Satel­
lite (GOE S-West) images of the volcanic 
plume approximat ely 2 hou rs and 7.5 hours 
af t er eruption are shown in Figures 1.23 
and 1.24, respectively. In these images, 
the eastward motion and lateral spread of 
t he plume is clearly evident. 

On May 19, vis ibili ty continued to be 
very low (-2 km) for most of the day be­
cause of the fine volc anic ash st i l l sus­
pended in the atmosphere. Although sur­
face obser vations of cloud cover were 
di ff icu l t to make during this period, a 
satellite image 24 hours after eruption 
c learly showed cirrus bands over most of 
Easter n Washington (Figure 1.25). Diffuse­
to-d i rect r at ios were quite large (F ig-
ure 1. 20) , very probably as a result of the 
ci r rus. Mass load in gs of suspended ash on 

Figure 1.23. GOES-West Satell ite Image Showing that the Volcanic Plu me, Approximately 2 Hou rs after the Eruption 
of Mt. St. Helens, has Spread out ove r Central and Eastern Washi ngton 
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Figure 1.24. GOES-West Satellite Image Showing the Volcanic Plume Spreading into Western Montana 
Approximately 7.5 Hours after Eruption 

the southern boundary of the Hanford Site 
r anged between 150 to 600 ~g/m3. 

Visibilities improved only very slowly 
during the next 4 or 5 days. After May 27, 
conditions dramatically improved as a re­
sul t of a substantial precipitation 
(- 2 cm). Mass loading decreased by a fac­
tor of 100 to near normal values of 1 to 
6 ~g/m3. By May 31, visibilitiej and 
diffuse-to-direct insolation values also 
had returned to near normal values 
(Fi gu re 1.22). 

Resu lts 

The results of the diffuse-to-direct ra­
tio determinations and turbidities at 
550 nm estimated from these r atios (ass um­
ing that Equation 2 is valid for suspended 
volcanic ash) are shown in Tab le 1.5. In 
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many cases, as pointed out earlier, the 
values are probably overestimated because 
of ci r rus or other cloud contamination. 
Table 1.5 also shows a comparison of visi­
bilities derived f r om the diffuse-to-direct 
ratio th rough the turbidity. 

The ch ain of reasoning leading to an es­
timate of vi s ibility from ~ proceeds in the 
following man ner . Visibility depends upon 
extinction al ong a horizontal path while 
turb idity depends upon extinction inte­
grated al ong a vert i cal path. If it is as­
sumed t hat the aerosol particles are well 
mixed up to some he ight, H, with a negli­
gib le amount above H, then the mean extinc­
tion coefficien t in the mixed layer is 

(3) 



Figure 1.25. GOES-West Satellite Image Showing the Volcan ic Plume Approximately 24 Hours after Eruption over 
M ontana, Wyoming and Eastern Colorado 

where ~ is deri ved f rom Equation 1. The 
Koschme ider formula (Mi dd let on 1963) re­
lates the visual range t o t he effect ive 
atmospheric exti ncti on coefficient along 
the line of sight by 

K 
V = -b-

ext 
(4 ) 

The constant K, whi ch is r elat ed to the 
t hreshold contr as t, ha s been frequently set 
at a va lue of 3. 9 although other va lues be­
tween 1.7 and 4 have been sugges ted (see 
Gr iffi ng 1980 fo r a di scuss i on ). For th is 
st udy, a val ue of 3 is arbitrari ly used. 
Comb ining Equations 3 an d 4, the expressi on 

3H 
V = T (5 ) 

33 

i s easi ly found . From aircraf t soundings 
conduct ed dur ing June 1980, a val ue of H 
between 1 and 2 km was frequently observed 
i n this work, and H = 1 km was adopted to 
a first approximation. 

Table 1. 5 shows that the comparison be­
tween the visual range (visibi l ity ) derived 
from Equation 5 i s general ly much better 
th an might be expected consideri ng the num­
ber of approximations used in proceeding , 
f r om the measurement of ~ to the estimate 
of V. Only on May 18 and 19 were the esti­
mated visibil i ties poor in comparison to 
t he observations. On May 18 the plume was 
overhead with very little ash be tween it 
and the surface. Therefore , ver tical ex­
t inct ion cou ld not ' be easily related to 
hor izontal exti nction. When the ash was 
f al l ing, the insolation was zero and conse-



Table 1.5. Measured Diffuse-to-Direct Solar Radiation Ratio, Turbidity 
at 550 nm and Estimated/Observed Visibilities at Hanford Meteorological 
Station for Various Days Before and After the Mt. St. Helens Eruption of 
18 May 1980 

Date <P r' (550) 

16 May 80 a 0.063 0.10 

p 0.071 0.11 

17 May 80 a 0.11 0.19 

P .095 .16 

18 May 808 0.24 0.44 

9 0.59 1.11 
10 3.2 6.1 

19 May 80 a 3.2 6.2 

20 May 80 a 0.49 0.92 

21 May 80 a 0.28 0.51 

22 May 80 9 0.46 0.88 
10 0.29 0.53 

11/12 0.23 0.42 

23 May 80 a 0.14 0.24 

28 May 80 a 0.185 0.33 

30 May 80 p 0.15 0.26 

31 May 80 a 0.067 0.10 

p 0.082 0.13 

r' = 1.92 <P - 0.027 
V* = 3 HIT, H = 1 km 

quently no estimate for ~ could be made. 
On both May. 18 and 19, cirrus clouds were 
probably present in sufficient quantity to 
invalidate the use of Equation 2. 

A number of problems with the ash fall­
out continue to occur. Ash from subsequent 
eruptions (e.g., the July 22 eruption) and 
ash resuspended from the surface will con­
tinue to produce significant atmospheric 
ash loadings, especially in those areas 
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V*(km) Vo(km) Comment 

30 24+ Clear sky, 
light haze 

27 24+ 

16 24+ CS (1.0) 
19 24+ Scattered 

Ci (0.1) 

6.9 Scattered 
Ci (0.3) 

2.7 Broken Ci (0.6) 
0.5 CS, 

Volcanic 
plume (1.0) 

05 2.7 Ci p.O?), very 
dusty, hazy 

3.3 3.6 Ci, (0.8) 
Continued 
hazy 

5.9 7.5 Scattered 
AC (0.4) 

3.4 2.7 Broken Cu (0.6) 
5.6 6.4 Scattered 

Cu (0.2) 
7.2 16 Scattered 

Cu (0.4) 

12.4 24+ Ci, AC (0.8) 

9.1 24+ Scattered 
Ci, AC, Cu (0.4) 

11.5 24+ Scattered 
Ci, AC, Cu (0.5) 

29 24+ Clear sky, 
light haze 

23 24+ Scattered 
Ci (0.5) 

where ash fall was the greatest. Continued 
observations of insolation and turbidity 
will be required to document any signifi­
cant changes in atmospheric transparency 
as a result of the Mount St. Helens 
eruption. 

Conclusions 

The insolation and turbidity monitoring 
program at HMS has provided a method of 



estimating ash loading in the atmosphere 
after the May 18 eruption of Mt. St. Helens. 
Comparisons of visibilities derived from 
the diffuse-to-direct insolation ratio with 
those observed at HMS were generally good, 
in spite of the rather coarse approxima­
tions and assumptions made. 

Additional work relating insolation and 
turbidity at Hanford over more varied con­
ditions than those encountered during the 
1979 study, from which Equation 2 was de­
rived, are required. Documentation of sub­
sequent eruptions of Mount St. Helens re­
sulting in ash fallout over Hanford and/or 
resuspension of ash already present will 
continue. Hopefully, these studies may 
provide insights into understanding radia­
tive effects of volcanic aerosol and there­
fore the effects of volcanic aerosol on 
climate modification. 
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• Pollutant Transformation in the Atmosphere 

Objectives of this study are: 

• Measuring chemical transformation rates of polycyclic aromatic hydrocarbons and other organic 

compounds emitted by fossil-fueled power plants. 

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

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

processes. 

Transformation of Energy-Related Pollutants 

D. R. Kalkwarf and K. B. Olsen 

Chemical transformations of polycyclic 
aromatic hydrocarbons (PAHs) in power plant 
plumes were evaluated under both simulated 
and field conditions. Laboratory experi­
ments showed that several PAHs, adsorbed 
on fly ash or pure-silica surfaces, reacted 
with sunlight-irradiated S02 gas to form a 
variety of products, and methods for their 
characterization were developed. Prelimi­
nary tests did not indicate significant 
differences between the mutagenicities of 
these products and those of the parent 
PAHs. Continued evaluation of PAH trans­
formation in stack plumes from the power 
plants at Colstrip, Montana, showed that 
PAH concentrations under plant start-up 
conditions were substantially higher than 
those found under steady-state conditions, 
and were poorly correlated with distance 
from the stacks. 

The purpose of this study is to measure 
the chemical transformation rates of poly­
cyclic aromatic hydrocarbons (PAHs) and 
other undesirable organic compounds emitted 
by fuel-fired power plants as these com­
pounds are transported through the atmos­
phere. This information is needed to more 
accurately assess the potential environmen­
tal impact of such plants. There is less 
concern for compounds shown to degrade rap­
idly into relatively innocuous products. 
Conversely, however, any compounds that are 
transformed into more toxic and/or carcino-
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genic products should be identified so that 
procedures for limiting their emissions can 
be instituted. 

Laboratory experiments performeo this 
year showed that fluoranthene, pyrene, 
chrysene, and benzo[a]pyrene adsorbed on 
fly ash or pure-silica surfaces reacted 
with sunlight-irradiated SU2 gas to form 
a variety of products. The mutagenicities 
of the product mixtures tested so far, how­
ever, did not differ significantly from 
those of the parent compounds. Air sam­
pling by helicopter in the stack plume from 
the power plants at Colstrip, Montana, was 
continued this year to test for anticipated 
changes in the plume composition following 
plant start-up. Under these conditions PAH 
concentrations were substantially higher 
than those found under steady-state condi­
tions and were poorly correlated with dis­
tance from the stacks. 

Laboratory experiments were directed to­
ward developing methods for the chemical 
analysis of stack-plume samples and identi­
fying possible mechanisms for chemical 
transformations in a plume. Since only 
small amounts of PAH-transformation pro­
ducts can be expected in the Colstrip 
plumes, the larger amounts required for 
methoas development were generated by 
chemically transforming PAHs. This was 
done in the laboratory under conditions 
that are qualitatively similar to, but more 
intensive than, those that occur in a 
plume. 



As an example, several PAHs aosorbed on 
pure-silica surfaces were found to be 
transformed in sunlight-irraoiated S02 
gas; the extent of these transformations 
are shown in Figure 1.26. Irradiation of 
PAH-coated fly ash in atmospheres of pure 
S02 produced almost identical results. 
The products were separable by high­
performance, thin-layer chromatography 
(HPTLC) on silica gel using 2:1 n-propanol: 
concentrated NH40H solution as the mobile 
phase. The variety of products that can 
be visualized by fluorescent light is il­
lustrated in Figure 1.27. Blackened zones 
indicate products found to contain substan­
tial amounts of sulfur by X-ray fluores­
cence measurements. The average degree of 
sulfurization was calculated to be four 
moles of sulfur per mole of PAH­
transformation product. Preliminary tests 
of these product mixtures on the 
Ames TA-IOO strain of Salmonella typhimu­
rium indicated that their mutagenicities 
were not significantly different from those 
of the parent PAHs. We found that fluoran­
thene, pyrene, ana their photosulfurization 
products were nonmutagenic, whereas chry­
sene and its photosulfurization products 
were equally mutagenic. Similar tests on 
benzo[aJpyrene and its prooucts have not 
been completed. Although the chemical 
structures of the products are currently 
unknown, their presence in plume samples 
can now be identifieo by their Rf values 
and their characteristic fluorescence emis­
sion spectra on HPTLC plates. 

Experimental evidence indicates that the 
mechanism of these photosulfurization reac­
tions involves formation of triplet state 
502, which then abstracts a hydrogen atom 
from the PAH. No reaction was observed 
either between the PAHs and 502 in the dark 
or between then PAHs and pre-illuminated 
S02. Illumination of only the 502 compo­
nent in a reaction vessel loaded with 502 
and PAH produced the same yield as did il­
lumination of both the S02 and PAH compo­
nents simultaneously. In addition, the hypo­
thesized hydrogen-abstraction product, a 
PAH-free radical, was observed by electron 
spin resonance spectrometry of the reaction 
products in atmospheres of pure 502 gas. A 
spectrum, typical of that for any of the 
four PAHs cited above, is shown in Fig-
ure 1.28. Unfortunately, any hyperfine 
structure indicative of the radical's 
structure was lost, presumably because of 
exchange narrowing. Immediately upon con­
tracting the radical with oxygen, the spec­
trum disappeared. 

In view of the probable mechanism out­
lined above and the large rate constants 
report eo for quenching of 3502 by 02 and N2 
(k = 9 x 107 t mol-1 s-1, Sidebottom et al. 
1972), it is likely that the rate of PAH 
photosulfurization will decrease rapidly 
with distance from the stacks. An excep­
tion might arise, however, if S02 was ad­
sorbed tenaciously on the PAH-coated fly 
ash and then illuminated. That possibility 
is currently being explored at PNL. 
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Figure 1.26. Chemical Degradation of Polycyclic Aromatic Hydrocarbons on Quartz 
Surfaces Exposed to a Solar-Irradiated Atmosphere of Pure S02 Gas 
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Figure 1.27. Thin-layer Chromatographic Separations on Silica Gel of Products 
from Reactions of Various Polycyclic Aromatic Hydrocarbons with Solar­
Irradiated 502 Gas. Chromatograms were developed with 2:1 n-Propanol: NH40H, 
and sulfur-containing products are indicated by blackened zones. 

Figure 1.28. ESR Spectrum of Pyrene-Coated Quartz after Photolysis in 502 with B.O x 104 Jm- 2 of 254-mm Light 
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Stack-plume sampling focused on testing 
for anticipated differences in composition 
of the Colstrip power-plant plume between 
start-up and steady-state conditions. Re­
cent examinations of fly ash from a bench­
scale coal burner have indicated that more 
mutagenic combustion products were formed 
during start-ups or at other times when 
combustion was incomplete (Kubitschek and 
Williams 1980). Concentrations of PAHs 
found at various distances from the 
Colstrip stacks during a plant start-up 
this year are listed in Table 1.6. The 

sampling methods, analytical techniques and 
comparative data obtained under steady­
state conditions have been describea previ­
ously (Kalkwarf and Garcia 1979 and 1980). 
Concentrations of tluoranthene, benzo[aJan­
tnrdcene, perylene and benzo[a]pyrene were 
found to be lU- to 20-folo greater than 
those observed under steady-state condi­
tions, although these concentrations were 
poorly correlated with distance from the 
stacks. Identification of the polar PAH­
derivatives in the sample is being pursued 
to test their mutagenicities. 

Table 1.6. Concentrations of Fly Ash-i3ound 'Polycyclic Aromatic Hydrocarbons in the Atmosphere at Various Distances 
Downwind from the Colstrip Stacks During'Start-up Operations 

Distanc:e 
Date km Fluoranthene ...!}'rene Triphenylene 

June 8 -3(a) <1 <1 ,,1 
1 334 <1 <1 
3 278 <1 <1 
5 <1 <1 <1 

June 9 1 348 <1 <1 
5 32 <1 <1 

June 10 24 <1 <1 
2 526 <1 <1 
3 2817 <1 <1 
5 :.- 949 <1 <1 

(a)Sample taken upwind from stacks. 
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• 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. 

• Providing independent corroboration of the C02 increase that has been observed by other in-situ 
techniques. 

• Extending the knowledge of the total atmospheric C02 burden back to a time for which no 
information now exists. 

Atmospheric C02 Abundance--An Archival 
Study of Spectroscopic Data 

G. M. Stokes 

This article describes progress in a 
program to determine the atmospheric abun­
dance of carbon dioxide (C02)' Efforts are 
directed toward measuring the abundance of 
C02 dating back to the 1890s, using absorp­
tion spectra of the sun as the source of 
data. 

Discussion 

The relationship between the atmospheric 
abundance of C02 and various anthropogenic 
factors, most notably fossil fuel burning, 
has become a matter of great concern. C02 
has a significant effect on the average 
temperature of the earth's surface and 
lower atmospheric layers, largely a result 
of the gas's large infrared opacity produc­
ing a "greenhouse effect." Because of the 
importance of C02 to the energy budget of 
the atmosphere, it is possible that changes 
in its abundance could have a major effect 
on the earth's climate. 

In order to understand how man's con­
sumption of fossil fuels could affect cli­
mate through changes in the atmospheric 
C02 abundance, it is necessary to under­
stand all the factors that control its 
atmospheric abundance. Unfortunately, the 
atmosphere represents a relatively small 
reservoir of carbon when compared to other 
reservoirs such as the deep oceans or sedi-
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mentary deposits. Therefore, relatively 
mooest changes in these much larger reser­
voirs can have an overwhelming effect on 
the atmospheric C02 abundance. It is thus 
not surprising that intense debates con­
tinue as to which processes affecting which 
sources ana sinks of carbon control the 
atmospheric C02 abundances. 

This interest in changes in atmospheric 
carbon dioxide (C02) abundance has led to a 
critical evaluation of the existing data 
that may relate to the history of that 
abundance. As a result, an attempt is be­
ing made to extract the abundance of C02 
from spectra of the sun that have been ac­
cumulated since the 1890s. 

As sunlight passes through the earth's 
atmosphere, the molecules in the atmosphere 
absorb and scatter the radiation. A sub­
stantial fraction of this absorption is 
caused by the excitation of various energy 
levels in atmospheric molecules. Absorp­
tion of this kind occurs at specific wave­
lengths and results in what are calleD ab­
sorption lines. The strength of these 
lines is primarily a function of the prop­
erties of the molecule and the amount of 
the molecule between the observer and the 
sun. It should therefore be possible to 
determine the amount of C02 in the atmos­
phere from solar spectra. Such spectro­
scopic data exist for a period extending 
back to at least the mia-1890s when 
Samuel P. Langley began observing and re­
cording the spectrum of the sun with a 
prism spectrobolograph. 



There are several important phases to a 
project of this kind. First, the existence 
of old spectral data needs to be estab­
lished and the actual data then must be re­
covered from its storage location. This 
process may be as simple as a review of 
published literature or may entail search­
ing the archives of major observatories. 
One collection of data that will be anal­
yzed in the current program was recovered 
from a cellar at a remote observing site 
where it had been stored and forgotten for 
more than 50 years. Once a data set has 
been located, its potential value to the 
program needs to be assessed. While the 
utility of a particular data set may not 
actually be known until a final carbon di­
oxide abundance is determined from the 
oata, there are preliminary analyses which 
can be used to determine if further anal­
ysis is warranted. 

In the current program our approach has 
been to develop a plausible reduction tech­
nique for each collection of spectral data 
as a basis for assessing utility of the 
data. The development of this preliminary 
reduction plan has the important advantage 
of forcing an evaluation of the complete 
process of data reduction of a particular 
data set as early as possible in the pro­
gram. For example, much of the data cannot 
be analyzed without other supplementary 
data such as molecular constants or special 
information relating to the circumstances 
of the observations. The preliminary anal­
ysis plan identifies the needs for supple­
mentary data and either the existence of 
the required data or the possibility of ob­
taining new data suitable for program 
requirements. 

The final phase of the program is the 
actual analysis of the individual data sets 
and their intercomparison to determine the 
changes in atmospheric carbon dioxide. We 
will now describe the current status of the 
program in terms of these three phases: 
archival investigation, preliminary reduc­
tion plan, and analysis. 

The emphasis of the archive studies of 
the past year has been to locate data in 
the critical 1895-1920 period. 
Dr. Robert Stokes of Pacific Northwest 
Laboratory has been trying to locate spec­
trobolograms that were taken during expedi­
tions to Mt. Wilson by staff members of the 
Smithsonian Astrophysical Observatory. It 
now appears that if any of these plates 
still exist they are most likeiy to be 
found in the plate archives of the 
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Mt. Wilson Observatory. This possibility 
will be pursued in the coming year. 

In the course of this search, reports 
were received of the existence of copies 
of the plates taken at Mt. Montezuma, 
Chile, during the Smithsonian Solar Con­
stant program. The originals of these 
plates were destroyed at the end of the 
Smithsonian Program, but if copies do exist 
they may well double the existing data base 
for the 1920-1950 period. Next year our 
searches for the 1895-1920 data will con­
tinue. We will also attempt to locate fur­
ther corroborative data for the period 
1920-1957. Of particular interest in this 
regard is Arthur Adel's data, accumulated 
in Flagstaff, Arizona, in the 1930s. His 
data represent observations of the sun in 
a different wavelength region than was 
covered by the Smithsonian spectrobolograms 
and thus offer an independent test of the 
results that will be based on the 
Smithsonian data set. 

The development of reduction methods for 
the individual data sets has occupied most 
of the program resources, with particular 
emphasis being placed on the Smithsonian 
spectrobolograms. This data set consists 
of approximately 2000 8- x 24-in. glass 
plates on which spectra have been recorded 
in a fashion similar to a chart recorder. 
Each plate contains two to six solar spec­
tra covering the 0.3 to 2.5 ~m wavelength 
region. Figure 1.29 shows an example of 
plates. Each of the spectra on the plates 
was taken through a aifferent amount of the 
atmosphere. This amount generally varies 
between two and five times the amount of 
atmosphere that would be encountered if the 
sun were observed while directly overhead. 

The reduction plan for this data, devel­
oped in conjunction with Drs. R. Roosen and 
R. Angione of San Diego State University, 
is shown schematically in Figure 1.30. The 
plan addresses four problems: 1) extrac­
tion of the data in a computer-readable 
form from the plates; 2) characterization 
of each day's observations on the basis of 
the spectral and other data; 3) identifica­
tion of the source of absorption at each 
wavelength in the spectra; and 4) determi­
nation of abundances from the spectra that 
can be compared with other data. The en­
tire process of turning the Smithsonian 
spectrobolograms into useful data has in­
volved or will involve the efforts and co­
operation of innumerable institutions and 
government agenCies, including NASA's 
Goddard Space Flight Center, the 



Figure 1.29. Solar Spectra Recorded on Glass Plates, Similar to a Chart Recorder, Containing 
Two to Six Solar Spectra Covering the 0.3 to 2.5 m Wavelength Region. The original plates 
measured 8 x 24 inches. 

PLATES (20001 
IN SMITHSONIAN 

ARCHIVES 

SMITHSONIAN 
OBSERVING 

RECORDS 

HIGH DISPERSION 
MODERN SPECTRA 

PLATE SELECTION 
AND CUANING 

PHOTOGRAPHIC 
COPYING AND 

REDUCTION 

DIGITIZATION 

ANALYSIS OF 
SPECTRA 

THIS WILL RESULT IN APPROXIMATELY 
1000 PLATES THAT ARE LI KEL Y TO BE 
SUITABLE FOR ANALYSIS. 

THIS PROCESS REDUCES THE SIZE OF 
THE PLATES TO 25% OF THEIR ORIGINAL 
SIZE FOR EASE OF DIGITIZATION AND 
REDUCED COST. 

THE COPIES OF THE PLATES WILL BE 
SCANNED ON A MICRODENSITOMETER 
TO TURN THE PLATES INTO A COMPUTER­
READABLE FORM. 

THE DIGITIZED PLATE IMAGES WILL BE 
CONVERTED INTO A STANDARD SPECTRAL 
REPRESENTATION - INTENSITY AS A 
FUNCTION OF WAVELENGTH. 

AS THI S PHASE, THE DATA WILL BE 
CONVERTED INTO ATMOSPHERIC ABSORP­
TION AS A FUNCTION OF WAVEUNGTH, 
AND THE HIGH DISPERSION DATA WILL 
BE USED TO DETERMINE WHICH REGIONS 
ARE MOST SENSITIVE TO C02 ABUNDANCE 
AND FREE OF CONTAMINATION FROM 
OTHER SOURCES OF ABSORPTI ON SUCH 
AS H20. 

Figure 1.30. Reduction Plan for the Smithsonian Spectrobolograms 
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Smithsonian Archives, the United States 
Naval Observatory, and the National Oceanic 
and Atmospheric Administration. 

Severdl precautions are being taken to 
guarantee the quality of the analysis of 
all data sets, including the Smithsonian 
spectrobolograms. The abundance of molecu­
lar oxygen, 02, is being determined from 
the same spectral data that are used to an­
alyze the C02 abundance. Since the atmos­
pheric abundance of 02 is not expected to 
have changed over the period of the study, 
its abundance can be considered a control. 
Because most of the data being analyzed 
have been taken at low spectral resolution, 
weak lines of other gases such as water may 
contaminate the lines of C02 and 02 by an 
unknown amount. Using very high spectral 
resolution, new data have been accumulated 
at Kitt Peak National Observatory (KNPO) 
for the identification of these weak inter­
fering lines. 

The data being taken at Kitt Peak 
National Observatory are central to the fi­
nal phase of the program, the actual analy­
sis of the data to extract carbon dioxide 
abundances. At present the Kitt Peak fa­
cilities are being used in three important 
ways. 

First, high dispersion solar spectra of 
the 1.0 to 2.5 micron region are being ac-
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cumulated on a monthly basis with the 
Fourier Transform Spectrometer (FTS) at the 
McMath Solar Telescope. These data are be­
ing used to search for seasonal or other 
systematic effects that might affect a car­
bon dioxide abundance determination based 
on an isolated observation such as might 
be found in many of the various solar 
atlases. Next, the data are being anal­
yzed to identify sources of atmospheric ab­
sorption that may contaminate regions of 
C02 and 02 absorption. This line identifi­
cation procedure is based on a nonlinear, 
least-squares analysis procedure developed 
by Dr. J. Brault at KPNO. The procedure 
is being applied to individual lines in the 
atmospheric (telluric) spectra from which 
the solar lines have been removed. An ex­
ample of the success of the procedure is 
illustrated in Figure 1.31 where the resi­
duals are the difference between the tellu­
ric spectrum and the results of the decon­
volution. The result of this procedure is 
a line list which can then be used to iden­
tify the extent of contamination of 02 and 
C02 absorption. Finally, the KPNO FTS can 
and will be used in conjunction with a long 
path absorption cell to obtain spectra of 
C02 and 02 lines under controlled labora­
tory conditions. This data will allow us 
to tie the data to a reference scale and 
provide some absolute calibration for any 
observed changes in atmospheric C02 
abundance. 
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Figure 1.31. The Deconvolution of Lines in the Telluric Spectrum. This figure illustrates the use of a non-linear least squares line fitting procedure in the analysis of the 
Telluric Spectrum. 



Mt. St. Helens Related Aerosol Properties 
from Solar Extinction Measurements 

J. J. Michalsky, E. W. Kleckner, and 
G. M. Stokes 

The long range goal of this research is 
to quantify, as a function of time, the op­
tical extinction due to introduction of 
aerosols and aerosol-precursors into the 
troposphere and stratosphere during the ma­
jor eruptive phase of Mount St. Helens, 
Washington. In this report we concentrate 
on the 2-week period centered on the major 
eruption of July 22, 1980. 

Investigation Technigue 

Direct solar radiation was measured with 
the Mobile Automatic Scanning Photometer. 
Two 45· altazimuth-mounted mirrors trans­
ferred radiation from any direction in a 
hemisphere to a 6-inch refracting tele­
scope. Interference filters defined 
12 passbands through which direct and cir­
cumsolar radiation are measured within a 
1.5· field of view. Sampling was done from 
sunrise to sunset every 5 minutes in 7 fil­
ters and every 15 minutes in 5 additional 
fi lters. 

By plotting the natural. logarithm of the 
measured flux versus airmass (approximately 
the secant of the zenith angle), one ob­
tains a straight line whose slope is equal 
to the total optical depth. This follows 
from the equation in Figure 1.32, namely 

DIRECT BEAM MEASUREMENTS 

• BOUGUER-LANGLEY METHOD 

FIIJ = Fa(A) exp -"[(X)m 

F(A) NARROWBAND TERRESTRIAL SOLAR FLUX 

The total optical depth is due to Rayleigh 
scattering, ozone absorption, and aerosol 
extinction (absorption and scattering). 
Molecular absorption bands are avoided be­
cause of their nonlinear dependence on air­
mass. Subtracting Rayleigh and ozone at­
tenuation and plotting the optical depth 
due to aerosols versus wavelength for each 
filter yields a plot similar to that in 
Figure 1.33. 

Junge noted that optically important 
(>O.l~m) aerosols often have a size distri­
bution of the form 

dN ( r ) C -v-1 
~= r 

where N(r) is the number of particles with 
radii between rand r + dr and C and v are 
constants. Further, he showed that under 
certain assumptions about the upper and 
lower limits of the size distribution, 
namely that these limits can be neglected, 
that the attenuation due to Mie aerosols 
depended on wavelength A according to 

B characterizes the total loading and a is 
a function of the mean particle size. If 
the particles are very small then a ~ 4, 
i.e., Rayleigh scattering occurs. If the 
particles are large compared with the wave­
length, then a ~ 0, i.e., netural attenua­
tion occurs. For hazes that normally occur 
over land masses, a = 1.3. Taking the na­
tural logarithm of both sides of the above 
equation yields 

LN F(A) 

NARROWBAND EXTRATERRESTRIAL SOLAR FLUX 

OPTI CAL DEPTH 1234567 

m AIR MASS 

T(A) = 1:R(A) RAYLEIGH 

+TA(A) AEROSOL 

+ t03 (A) OZONE 

+TMOL(;\) MOLECULAR 

Figure 1.32. The Boguer-Langley Method of Extracting Aerosol Optical Depth 
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Figure 1.33. Typical Plot of Aerosol Optical Depth Versus Wavelength 

In T = In a - a In A 

By plotting In T versus In A, the numerical 
value of Q can be obtained from the slope 
of the resulting straight line. Tradition­
ally, the optical depth is evaluated at 
some standard wavelength (0.5 ~m) and in 
terms of the decadic turbidity, i.e., 

B = 10910 eT (0.5~m) 

Observations/Conclusions 

The event around July 22, 1980, was 
chosen because of the preponderance of 
clear and partially clear days before and 
after this event. Figure 1.34a is a plot 
of the decadic turbidity coefficient, B, 
versus the day number. Figure 1.34b is a 
plot of the wavelength exponent, a, versus 
the day number (day 204 is 22 July). Re­
ferring to Figure 1.33, we have derived for 
each such plot the correlation coeffi­
cient, R. This coefficient is a measure 
of the linearity of the relationship, in 
other words, an evaluation of the appropri­
ateness of the Junge distribution. We have 
included in Figure 1.34 only turbidity and 
wavelength coefficients from Junge­
distributed aerosols. Because of diurnal 
variations associated with various uses of 
the land surrounding the Battelle 
Observatory site, the data plotted are from 
the same time period each day. 
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Figure 1.34a indicates rather low, but 
not unreasonable, turbidity before the 
eruption, followed by a sharp increase im­
mediately following the eruption. The tur­
bidity rose even higher 2 and 3 days after 
the eruption before dropping to more normal 
background values. In Figure 1.34b the ex­
ponent a was slightly below normal, indi­
cating rather large particles on the low 
turbidity days preceding the eruption. 
This is, perhaps, indicative of large, re­
sident stratospheric aerosols from the 
three previous stratospheric injections due 
to eruptions. On the day following the 
eruption, Q assumed a very low value indi­
cating a preponderance of large particles. 
Then on days 2, 3 and 4 following the erup­
tion a climbed to values larger than normal 
for hazes over land masses, i.e., the par­
ticles were quite small. The tentative in­
terpretation of this change is that the 
dust from the volcano clearly dominated on 
the day following the eruption, but after 
that, small sulfate aerosols formed from 
the precursor gases S02 and H2S assumed a 
dominant role in the extinction. This lat­
ter interpretation is consistent with the 
large release of these gases by Mount St. 
Helens, but may not be consistent with 
their conversion to optically important 
aerosols in the time it takes the winds to 
carry these gases over the observatory 
site. 
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Summary 

We have reported on the optical extinc­
tion due to aerosols above Battelle 
Observatory around the time of the July 22 
eruption of Mt. St. Helens. We have also 
identified, albeit somewhat crudely, the 
mean size of these aerosols. 

While the present results are of consid­
erable interest in their own right, we 
would most like to address the more signi-
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ficant question of climatological conse­
quences of extinction resulting from aero­
sols introduced into the stratosphere. 

Figure 1.35 is a map of the Mobile Auto­
matic Scanning Photometer (MASP) sites on 
the North American continent. On the aver­
age, two years of data preceding the erup­
tion of Mt. St. Helens were obtained at 
each site giving us some notion of seasonal 
changes in turbidity. We would now like 
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Figure 1.35. Nine Photometer Site Locations Throughout the United States and Canada 

to assess the differences in the mean tur­
bidityon a continental scale following the 
eruptive phase of this volcano and, per­
haps, track it until the stratosphere re­
turns to pre-18 May 1980, conditions. 
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• 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 and ecosystems. 

• 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 plume scavenging, and increased 

incidence of fogging and icing from plumes. 

PNL Participation in Winter Study of Power 
Pl ant Effects 

P. W. Nickola, N. S. Laulainen, and 
M. T. Dana 

In December 1979 a joint field project 
was carried out under the Meteorological 
Effects of Thermal Energy Resources (METER) 
program by personnel from The Pennsyl vani a 
State University (PSU), Oak Ridge National 
Laboratory (ORNL), and Pacific Northwest 
Laboratory (PNL). This two-week field 
study, sited near the Bowen coal-fired 
power plant in northwest Georgia, was en­
titled Winter Study of Power Plant Effects 
(WISPE). 

The 3200-megawatt Bowen plant, one of 
the largest coal-fired plants in the world, 
has four 120-m natural draft cooling towers 
and two 300-m stacks for combustion pro­
ducts. The objective of the study was to 
investigate the effects of the addition of 
chemical, thermal and humidity plumes to 
the atmosphere relatively near the plant. 

The Oak Ridge laboratory was charged 
with project direction and precipitation 
chemistry studies. PSU was charged with 
air chemistry measurements--primarily col­
lected via air sampling. PNL made local 
meteorological measurements; assembled, re­
duced and analyzed local and regional me­
teorological data; provided supplemental 
air chemistry measurements to PSu; investi­
gated plume condensate scavenging by rain-
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fall; and investigated the near source ef­
fect of the cooling tower temperature/ 
humidity plumes. 

At a site about 4 km west-southwest of 
the Bowen plant, PNL continuously recorded 
temperature and wind speed and direction 
during daylight hours. Four (sometimes 
five) pilot balloon ascents also were made 
daily from this site. These measurements 
(as well as wind measurements made by ORNL 
at three Sites, and temperature, wind, hu­
midity, and solar radiation data collected 
on a 35-m Georgia Power Company tower) were 
assembled, reduced and analyzed for periods 
of interest to any of the experimental 
groups. 

Additional meteorological data, col­
lected at six regional National Weather 
Service stations also were obtained and 
summarized. These regional summaries, as 
well as the local meteorological summaries, 
are included in tabular and narrative form 
in the final WISPE report (Patrinos 1980). 

PNL provided samplers to monitor total 
ammonia and S02 at selected ground loca­
tions during WISPE. The samplers were de­
ployed by PNL and ORNL personnel. Quanti­
tative analysis of the resulting 57 S02 and 
14 NH4/NH3 samples was carried out at PNL, 
and results were forwarded to PSU. 

A network of 140 rain gauges was de­
ployed within 1.2 km to the east of the 
Bowen plant. The purpose of this network 



was to investigate the possible enhancement 
of rainfall in the zone embraced by the 
cooling tower condensate plumes. During 
the WISPE experimental period, only one 
significant rainfall occurred. During this 
rainfall the plumes layover one edge of 
the rain gauge network. Although the depth 
pattern suggested rainfall enhancement un­
der the tower plumes, the modest rate of 
rainfall (4 mm in roughly 45 minutes) and 
uncertainty as to the duration of the plume 
traversal over the edge of the network led 
to statistically inconclusive results. 

The cooling tower temperature/humidity 
plumes were investigated by means of a sen­
sor package suspended from a tethered bal­
loon. Figures 1.36 and 1.37 plot vertical 
profiles of potential temperature from 
flights presumably in and out, respec­
tively, of the cooling tower plumes. Dur­
ing in-plume Flight 10 (Figure 1.36), the 
ground tether position was approximately 
1 km downwind of the nearest cooling tower. 
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Figure 1.36. Vertical Profiles of Potential Temperature 
During Tethered Balloon Flight 10 Show Great Variation 
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Flight 11 (Figure 1.17) WilS made as soon 
as practical after Flight 10, and in a lo­
cation well outside the cooling tower 
plume. The in-plume temperature orofiles 
showed markedly more variation than the am­
bient profiles. However, note that the po­
tential temperature has warmed durinq the 
interval between flights. Thus, attempts 
to quantify the effects of the cooling 
tower plume are on shaky ground. Although 
no humidity data are presented here, simi­
lar uncertainties associated with temporal 
changes existed in the humidity profiles. 

The conclusion concerning the tempera­
ture/humidity plume measurements was t~at 
more than one tethered-balloon package 
should have been flown so that simultaneous 
in-plume and ambient conrlitions could have 
been monitored. Without these simultaneous 
measurements, temporal changes in atmos­
pheric conditions precluded meaninqful 
quantitative assessment of the effects of 
the temperature/humidity plume. 
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Variations in Precipitation .~tatistics 
Caused by Raingage Type 

J. M. Thorp 

I ntroducti on 

Hourly precipitation data for many sites 
in the United States is currently made 
available on magnetic tapes. The data tape 
for January 1978 indicates that information 
is available for 883 stations in the 
19 northeastern states. The information 
is from two kinds of precipitation re­
corders. The most common type seems to be 
the one which records precipitation to 
1/10 in. At about 80 sites, which are 
mostly or all National Weather Service sta­
tions, precipitation is recorded to 
1/100 in. Precipitation statistics such 
as average precipitation rates, precipita­
tion event length, and storm length, can 
be quite unrealistic if hourly data from 
the 1/IO-in. gages are used. (The metric 
system notwithstanding, precipitation is 
recorded in inches in this nation.) 

Discussi on 

Regional or local studies and research 
in climatology may require the calculation 
of average precipitation rates, average 
precipitation event duration and other 
similar statistics. Because some precipi­
tation recording stations use a gage that 
records in increments of 1/10 in. of water, 
the data from these stations produce quite 
different statistics from those calculated 
from data supplied by National Weather Ser-

vice stations which record hourly preClpl­
tation in 1/100-in. increments. A monthly 
total precipitation amount as recorded by 
the two gages will agree within 0.1 in. 
In a very wet climate this discrepancy may 
not be significant but in arid regions even 
this difference will need to be considered 
when compiling precipitation statistics. 

The 1/IOO-in. increment gage is .a tip­
ping bucket-type gage that marks a chart 
or activates a counter each time one of the 
chambers of the tipping bucket fills with 
an amount of water equivalent to 1/100 in. 
of precipitation. The filled chamber 
causes the pivoted "bucket" to tip. This 
action causes 1) the filled chamber to 
empty, 2) the previously emptied chamber 
to come into position beneath the collect­
ing funnel, and 3) sends a simultaneous 
electrical impulse to the recorder. The 
tipping of the bucket takes about 0.2 sec., 
thus in regions with heavy rainfall (on the 
order of 2 in. h-1 or more) an error cor­
rection may be required (Middleton 1947). 

The 1/IO-in. increment gage makes a de­
termination every 15 minutes. It is a 
weighing type gage and only registers an 
amount when 1/10 in. of precipitation has 
fallen. The disadvantage of this gage in 
regions of light to medium rainfall is that 
a number of hours of precipitation may 
elapse before an accumulation of 1/10 in. 
is reached. When 1/10 in. has accumulated, 
the recorder will show that amount has fal­
len during the past hour. 

Table 1.7 illustrates the problem in 
calculating average precipitation event 
duration and average precipitation event 
rate when using data from a l/lO-in. sensi­
ti vity gage. Data for January 1978 at 
Wallops Island, Virginia, (U.S. Dept. of 
Commerce 1978) were chosen to illustrate 
the variation in statistical results 

Table 1.7. Precipitation Statistics at Wallops Island, VA - January 1978 
Comparison of Results from 1/100-in. and 1/10-in. Recording Gages 

Statistic 

Total Monthly Precipitation, inches 
Number of Days with Precipitation 
Total Hours with Precipitation 
Total Number of Precipitation Events 
Average Precipitation Event Duration, hours 
Average Monthly Precipitation Event Rate,(a) 

hr-] 

(a) ~ Event Rates/No. of Events 
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1/100-in. Gage 

6.14 
10 
85 
17 

5.0 

.04 

1/10-in. Gage 

6.10 
9 

45 
21 

2.14 

.14 



depending on which type gage was employed. 
In reality, Wallops Island uses a l/lOO-in. 
recording gage; the statistics for the 
1/10-in. gage are calculated to illustrate 
what would have been recorded had a 
1/10-in. gage been in use. 

Table 1.7 shows that the total monthly 
precipitation as recorded by the two gages 
agrees within about 1%. However, the 
1/10-in. gage greatly under-measures the 
monthly number of hours with precipitation 
and the average precipitation event dura­
tion, but overestimates the average event 
rate. Only with the unlikely situation of 
storms occurring that produce O.lO-in. h- l , 
or multiples thereof, can the statistics 
from the two types of gages be the same. 
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Unfortunately most of the hourly preci­
pitation recording stations in the U.S. 
seem to use the 1/10-in. gage. Research 
in regional precipitation studies or models 
which incorporate the above or similar sta­
tistics must take account of the conse­
quences of using precipitation data from 
1/10-in. gages. 
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• Long Range Transport Modeling 

Objectives of this study are: 

• Developing national interregional transport matrices for sulfur dioxide 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. 

The Use of Time-Averaged Precipitation for 
wet Removal in a Regional Air pollutlon As­
sessment Model: an Update 

W. E. Davis and W. J. Eadie 

Introduction 

One of the problems that confronts re­
gional scale computer modelers is how to 
incorporate precipitation into a model with 
precipitation removal. In particular, one 
problem is what kind of average precipita­
tion data should be used. A number of dif­
ferent approaches to this problem in the 
regional scale assessments have been used 
in the past. In Johnson et al. (1978), 
six-hour precipitation was used for an as­
sessment. In Eliassen (1978) six-and 
twelve-hour precipitation was used in an 
assessment for 1974. In 51inn (1978), a 
recommendation was made that researchers 
use a constant wet deposition velocity 
based on the average annual precipitation. 
At Pacific Northwest Laboratory, hourly 
precipitation is used for most assessments 
(Powell et al. 1979; McNaughton 1980). 
However, the proQuction of hourly precipi­
tation tapes is long and costly; and an al­
ternative approach is desired. 

A study by Wendell, Powell, and 
McNaughton (1977) demonstrated that the use 
of average precipitation would cause an 
overestimate of the amount of 504 deposited 
in a regional study when compared to re­
sults using hourly precipitation. This 
prompted two papers, one by Davis (1979), 
and a second by Davis and Eadie (1979). 
These papers showed that increasing the 
averaging times increased the amount of de­
position generally. It was also shown in 
the first paper that when the average pre-
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cipitation, corrected to the average inten­
sity during wet periods, was turned on and 
off with the average frequency and for the 
average duration of naturally occurring 
precipitation, that the mass balance was 
approximately the same as when hourly pre­
cipitation was used. The second paper ex­
tended the test to S02 and 504 but only for 
a monthly assessment. Comparison of re­
sults obtained with the different precipi­
tation modes showed that problems exist in 
the S04 air concentration and deposition 
patterns. It is the purpose of this paper 
to test whether extending the assessment 
to a four-month period will result in com­
parable patterns of S04 air concentration 
and deposition using average precipitation 
turned on and off with its average natural 
frequency to those obtained using the 
hourly precipitation. 

The model used in this study is de­
scribed in Eadie and Davis (1979). 

Precipitation Frequency 

Two techniques were used to treat pre­
cipitation frequency. One method was to 
examine hourly preCipitation data and com­
pute a mean dry period and a mean duration 
of precipitation. The other method was 
based on a paper by Henmi and Reiter 
(1978). These authors produced an analysis 
of United States precipitation frequency 
east of 105°W longitude based on records 
for 61 stations for 1974. 

Case Studies 

Two sites were selected for analysis for 
January. April, July and October, 1974. 
They were Anaconda, Montana, and central 
Arkansas. 



For the site in the west, a 3-hour dura­
tion of precipitation was selected for 
every 120 hours. These values were chosen 
based on a rough average of values pre­
sented by Henmi and Reiter (1978). A dif­
ferent set of averages was used for central 
Arkansas based on the observed frequencies. 

The PNL model was run in two precipita­
tion modes for each of these sites for 
hourly and average precipitation turned 
"on" and "off" (on/off). The coefficients 
used in this study for S02 and S04 are 
shown in Table 1.8. These were obtained 
from Sandusky, Eadie and Drewer (1979). 

Results 

The results of the mass balance compari­
son for the four months are shown in 
Table 1.9. These demonstrate that good 
agreement occurs between the hourly and 
average (on/off) precipitation. 

Comparison of the S02 air concentra­
tions, S02 deposition, and S04 air con­
centration patterns predicted for the four 
months for both the Anaconda source and the 
Eastern source using average precipitation 
(on/off) and hourly precipitation show ex­
cellent agreement. 

The crnnparison of the S04 deposit~on 
patterns gave mixed results. It was found 
that in the S04 deposition pattern for 

Anaconda using the average (on/off) preci­
pitation differences of factors of 2 and 3 
were found near the source when compared 
to patterns produced using the hourly pre­
cipitation. The S04 deposition pattern for 
the Eastern source using average (on/off) 
precipitation (Figure 1.38) shows a good 
comparison to the pattern obtained using 
the hourly precipitation (Figure 1.39). 
The reason for the improved comparison in 
the east is that the precipitation fre­
quency was computed for the Eastern source 
for each month. For Anaconda a constant 
frequency of 3 hours of precipitation every 
120 hours was used for each of four months. 
This points out the importance of using 
computed monthly precipitation frequencies 
in running the assessment. 

BaSically, the results confirm the re­
sults earlier found by Davis and Eadie. 
That is, when the average precipitation is 
turned on and off at approximately the same 
frequency that occurs and for the same in­
tensity in the area of interest, the mass 
balance is approximately the same as that 
obtained using hourly precipitation. Also, 
the same result was found that the monthly 
S04 deposition patterns calculated using 
average precipitation (on/off) were quite 
different from the S04 deposition calcu­
lated using hourly precipitation. This 
points out the importance of using hourly 
precipitation when considering episodal 
cases. The reason for the difference is 

Table 1.8. Model Input Data 

Time period for meteorological data 

Advection grid spacing (35°N latitude) 

Grid spaci ng for precipitation data and 
sampling of results (35°N latitude) 

Effective stack height 

Mixing height 

Stability 

Dry deposition velocities: 

• SO, 
• Sulfates 

Wet removal coefficients(a): 

• S02 
• Sulfates 

Transformation rate of SO, to sulfates 

Percentage of emissions as primary sulfates 

(a)p = rainfall rates mm/hr 
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January, April, July and October 

321 km 

32 km 

200 m 

Variable 

Variable 

1.4 cm/sec 
0.23 cm/sec 

0.058 P/hr 
0.38 P.lJ/hr 

0.005/hr 

0.02 (2% of emission) 



Table 1.9. Total Mass Balance for January, April, July and October 1974 
Mass Balance (% of Release) 

TYP 
Precipi- SO, SO, SO, 

Station tat ion Air Air Deposit 

Anaconda 
Montana 

Central 
Arkansas 
(fast) 

10 mg/m2 

5 mg/m2 

I mg/m2 

Hourly 

Average 
(On/Off) 

Hourly 

Average 
(On/Off) 

3.09 1.58 84.24 
(3.50) 

3.20 1.93 84.10 
(3.20) 

2.82 0.86 84.73 
(8.86) 

2.91 104 84.86 
(10.42) 

Figure 1.38. Average Monthly Deposition of SO, Using 
Average (On/Off) Precipitation 

that precipitation events are relatively 
infrequent and using the time averaged pre­
cipitation, turning it off and on from 
7 to 12 times a month will cause the depo­
sition pattern to be heavily influenced as 
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SO, 
Deposit 

8.55 
(5.12) 

8.66 
(5.30) 

9.03 
(6.66) 

8.77 
(6.87) 

SO, 
Off 

0.20 

0.21 

1.15 

1.17 

10 mg/m2 

511KJ/m2 

I mg/m2 

SO, 50, SO, 
Off Drop Drop 

0.96 0.14 1.25 

0.92 0.13 0.86 

1.17 0.04 0.22 

1.17 0.03 0.06 

Figure 1.39. Average Monthly Deposition of SO, Using 
Hourly Precipitation 

to when the precipitation is turned off and 
on. However, for the four-month long-term 
assessments, these differences averaged out 
and the patterns became more similar. 



Conclusions and Recommendations 

PNL regional scale model results for 
S02 and S04, using average precipitation 
turned off and on at approximately the same 
frequency of naturally occurring rain in 
the region, has yielded mass balances and 
S04 deposition patterns that compare favor­
ably with model results using hourly preci­
pitation for two sites in the United States 
for four months in 1974. This confirms 
earlier results by Davis and Eadie. It was 
found that average frequencies of wet and 
dry periods computed on a monthly basis 
yielded better results than a simple aver­
age for all four months. 

The technique of turning on and off the 
precipitation is recommended for use in 
annual assessments. For shorter term 
studies, i.e. a month or less, hourly 
precipitation should be used. 
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Another Look at the Use of Average Precipi­
tation for Use in Wet Deposition 

W. E. Davis 

The problem with using different aver­
aged precipitation in regional assessment 
models is not new. Papers by Wendell et 
al. (1977), Davis (1979), and Davis and 
Eadie (1980), all have addressed the dif­
ferences in depOSition that can occur using 
different average precipitation in regional 
assessment models. 

8ecause of the complexities in the flow, 
as well as the sporadic nature of preclpl­
tat ion events, calculation of average rates 
of deposition becomes rather complex (see 
Roche and Grandell 1972). Arguments are 
still raised to reduce these complexities 
by incorporating the use of annual average 
precipitation (Slinn 1978). Slinn suggests 
that wet deposition velocity calculated 
through use of the annual average precipi­
tation can be used to calculate wet re­
moval. This would avoid the problem of in­
corporating the duration and frequency of 
precipitation. 

This paper presents a very simplistic 
mocel that demonstrates the difficulties 
inherent in any approach that fails to take 
into account the natural frequency and 
duration of rain. 



Model 

Assume that we have a transport model 
with constant wind (1 box/1 time step), 
with constant release rate (100/time 
step), with a constant removal coefficient 
when rain falls A (sec-I), with rain 
occurring 6 hours at the end of a 72-hour 
period. 

dO It is assumed that dt is given by 

dO dt = 0 no rain 

where t is the constant time step. 

Starting with an initial Qo which is 
released undisturbed for 66 hours; at 
67 hours, a uniform rain turns on for 
6 hours and promptly turns off at 72 hours. 

With such a simple model the resulting 
deposition in each box is given by: 

Box 1 01 6 00 (l_e-At ) 

Box 2 02 00 (l_e-At) (1 + 5e-At) 

Box 3 03 Qo (l_e-At ) (1 + e- At + 4e-2At ) 

Box 6 06 00 (~ 

Box 72 072 = 06 

If, however, an average rain is used the 
deposition takes the form of: 

GAl 72 00 (l_e-Adt ) 
OA2 00 (l_e-Adt) (1 + 71e-Adt ) 

OA3 00 (l_e-Adt) (1 + e- Adt + 70e-2Adt) 

OA72 = Qo (l_e-Adt) (1 +.~e-iAdt) 
1=1 

where Ad is the average rain rew.oval 
coefficient (sec-I). 
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Obviously the two forms are not equal 
and should give considerably different 
results depending on the value given to Ad 
and A. 

To compare values, the depositions in 
the first box are set equal. A comparison 
of the deposition further from the source 
then can be made. 

) -3-1 a For A = 10 sec ,00 = 1, 
t = 3600 seconds at 72 days the deposition 
will be 01 = 5.8. Then setting 
OAl = 01 results in 

Ad = 2.4 x 10-5 sec-I. 

For the 6th box after 72 hours the 
amount deposited will be 

06 = 1.0 

and using the average precipitation 

OA6 = 3.9 

or the average precipitation yield 
-4X larger deposition. 

) -4-1 b For A = 10 sec ,00 = 1, 
t = 3600 seconds at 72 days the 
deposition will be 01 = 1.8. Then 
settin9 OAI = 01 results in 

Ad = 7 x 10-6 sec 1 . 

For the sixth box after 72 hours the 
amount deposited will be 06 = 0.89 and 
using Ad, OA6 = 1.6 or approximately 
2X larger deposition. 

c) for A = 10-5 sec-I, 00 = 1, 
t = 3600 seconds at 72 days the deposition 
will be 01 = 0.212. Then setting OAI = 01 
and solving the Ad results in 

-7 -1 Ad = 8.2 x 10 sec • 

For the sixth box after 72 hours the 
amount deposited will be 06 = 0.193 
and using Ad OA6 = 0.21 or approximately 
the same results. 

Conclusion 

Using a very simple model, two tech­
niques are compared where the amount de­
posited in the first box is used to control 
the removal coefficient for the average 
rain case. The use of average precipita­
tion removal coefficient calculated in 
this way can lead to serious errors for 
A > 10-5 sec-I. However for A < 10-5 sec-] 



essentially the same deposition result was 
found using the two techniques. 
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• Theoretical Studies and Applications 

Objectives of this study are: 

• Developing theoretical models for describing the fate of energy-related air pollutants. 

• Translation of theory and data into forms useful for evaluating the consequences of airborne pollutant 
releases. 

Precipitation Efficiency and Scavenging 

W. G. N. Sl inn 

The tropospheric residence (or turnover) 
time for atmospheric particles can be writ­
ten as 

where separate contributions, which add 
like resistances in parallel, are from 

(1) 

wet (w) and dry (d) removal, and from other 
processes such as coagulation. Elsewhere, 
(Slinn 1980), it is suggested that wet re­
moval dominates for "accumulation mode" 
aerosol particles (i.e., for particles of 
radii, a, in the range 0.1 ~ a ~ 1 ~m). 
In this report, some data useful for esti­
mating TW are examined. 

There are a number of ways to estimate 
IW for particles. 

1. If an average scavenging rate, ~, is 
known, then TW = ~-1. For example, 
using ~ = Ep/Dm (Slinn 1977) with an 
average collection efficiency 
E = 0.1, an average rainfall rate 
p = 100 cm yr-1, and a mean drop dia­
meter Dm = 1 mm, then for particles 
with this E, TW = 4 d; if P = 35 cm 
yr-1, TW :: 10 d. In this method, 
huwever, E is uncertain at least by a 
factor of 3. 

2. Using a wet deposition velocity, 
vw = pSo (Slinn 1978), where So is 
the surface-level scavenging ratio, 
then the wet flux W = vwXo where Xo 
is the surface-level air concentra­
tion. Therefore, following Junge's 
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development that the mean residence 
time is the average amount of pollu­
tant present divided by its rate of 
removal (Junge 1963), 

fXdz fXdz hw hw 
T - - - - - - - - (2) w - W - vwXo - vw - pSo 

which defines the scale height 
hw. For exampJe, if ~w = 1 km, 
p = 100 cm yr-1, and So = 105, then 
Tw = 4d; if P = 35 cm yr-1, Tw = 10 o. 
When using this method to estimate 
Tw, there are substantial uncer­
tainties in both hw and so. 

3. Using the average efficiency with 
which storms remove particles, E, and 
the average frequency with which 
storms are encountered, v, then 
TW = (Ev)-l (Slinn et al. 1978). For 
example, if £ = 1/2 and v-I = 2 d, 
then TW = 4 d; if v-I = 5 d, then 
TW = 10 d. In this report, the focus 
is on examining available data from 
which £ can be estimated. 

It is assumed that the efficiency with 
which a storm removes particles, £, is com­
parable to the storm's efficiency for re­
moving its condensed cloud water, £cw. 
This assumption is consistent with Junge's 
suggestion that, in clouds, a large frac­
tion of atmospheric particulate mass be­
comes associated with the condensed cloud 
water. It is conceivable (e.g., for espe­
cially large and soluble particles) that 
£ > £cw, and it is conceivable (e.g., if 
there are many particles--say above an ur­
ban area--active as cloud condensation nu­
clei) that £ < £cw. However, as a first 
estimate, we take £ = £cw' and now examine 
available data for £cw. 



Unfortunately, there is a proliferation 
of different "precipitation efficiencies" 
reported in the scientific literature. We 
define ECW as the outflow of precipitation 
from the storm, divided by the flow of ~­
cipitable water through the storm. Thus, 
for an orographic cloud or storm, 

OR _ Precipitation Out (e.g., in kg/s) (3) 
ECW - Inflow Moisture-Vapor Flow Above 

Barrier Crest 

in which "precipitation out" could be re­
placed by the difference in moisture flows: 
upwind minus downwind of the topographical 
barrier. Comparable to what other authors 
call a "precipitation efficiency" is 

OR Precipitation Out 
Ep Moisture Inflow (4) 

From a comparison of (3) and (4), note that 
EOgR<E2~, because usually some of the inflow 
In isture does not condense. 

Elliott and Hovind (1964) reported in­
creases in precipitation, from frontal-­
storms, caused by airflow over two mountain 
barriers in California. Thus, they re­
ported what we will call "reduced," oro­
graphic, c1oud-water-removal efficiencies: 

Outflow of Orographic­
(OR)~ Induced Precipitation 

ECW Moisture Inflow - Vapor 
Flow Above Crest 

(5) 

Their results for (E2~)~ are shown in 
Table 1.10. They found that, generally, 
the higher the barrier and the more un­
stable the air, then the greater was (E~~)-. 

Dirks (1972) improved on Elliott and 
Hovind's technique by deducing the precipi­
tation from differences in moisture, sam­
pled by aircraft, upwind and downwind of the 
Medicine Bow Mountains in Wyoming. Dirks 
reported £2~, not reduced values: 

Table 1.10. Topographic Enhancement of Cloud Water 
Removal Efficiency as Deduced by Elliott and Hovind 
(1964) 

Mountain Approximate Storm No. of 
(fOR )' 

Range Height • Stability Cases cw 

San Gabriel 8000' Stable 31 0.26 
San Gabriel 800G' Unstable 8 0.27 
Santa Ynez 4000' Stable 21 0.17 
Santa Ynez 4000' Unstable 22 0.26 
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the orographic storms he sampled were not 
imbedded in larger, precipitating storms. 
As shown in Table 1.11, Dirks found the 
lowest E2~ for the case with lowest c10ud­
top temperature. Also included in 
Table 1.11 is the case studied by Marwitz 
(1974) who made still another improvement 
to the measurement technique: he measured 
the vapor flow above the crest, via air­
craft soundings, whereas early researchers 
had deduced this vapor flow from numerical 
models of flows over barriers. From the 
results shown in Tables 1.10 and 1.11, it 
appears reasonable to expect that somewhere 
between 1/5 and 2/3 of the condensed cloud 
water, and therefore of the ingested par­
ticles, are scavenged by precipitating oro­
graphic storms. 

For cumulonimbus clouds (Cb's), the data 
illustrated in Figure 1.40 can be used to 
illustrate different efficiencies: 

Precipitation Out 
Net Vapor in Cloud Base 

4.0 =< 0.9, 
(8.8-4.3) (6) 

ECB = Precipitation Out 
cw Preclpltable Water Flow = 

4.0 0 4 
(8.8+0.7-0.6) = . , (7) 

Cb Precipitation Out _ 4.0 =< 0 () 
Ep Vapor Into Cloud Base - 8.8 .5. 8 

That is, efficiencies for Cb's are compli­
cated both by the moisture entrained espe­
cially with mid-level air feeding the down­
draft, and by evaporation in the downdraft. 
In general, though, since moisture inflow 
in the updraft is dominant in a mature Cb, 
it can be expected that E~~ = E~b. 

Marwitz (1972) has brought some order to 
available data for E£b by plotting the data 
as a function of wind speed (see Fig-
ure 1.41). This shear is the wind speed 
at cloud top (say 25 m s-I), less the wind 
speed at cloud base (say 5 m s-I), divided 
by the cloud height (say 10 km, and then 
for this case the wind-speed shear would be 
2 x 10-3 s-l). Presumably, ECb would re­
turn to a value near zero forPno wind 
shear, since without shear a Cb's downdraft 
will suppress its updraft. On the other 
hand, for large wind shear Marwitz suggests 
the strong winds aloft will blow the ice 
off the Cb's anvil (leading to "orphaned 
anvils "J, and/or cause the precipitation 
to fall outside the saturated cloud 



Table 1.11. Cloud Water Removal Efficiencies for Isolated Orographic Storms 

Cloud Top 
location Height, ft. 

Medicine Bow 13,400 
Mts. Wy(a) 13,400 

Ht. ~ 3500' 13,400 
Wd. ~ 40-50 km 

(Dirks 1972) 
San Juan MIS., ~18,000 

Colo. 
Ht. ~ 4-5000' 
Wd. Contino Divide 

(Marwitz 1974) 

(a)Heavily Rimed Ice; unstable 

A· AIR FLUX 

V: WATER VAPOR FLUX 

W: WATER SUBSTANCE FLUX 

UNITS: Ictonlsec PER 
STORM (20-km LENGTH 
OF SQUALL LINE) 

~---.. 150-400 
__ ~ 300-550+ 700 + A 

( 0.6V) 

430 A 
(O.7V) 

•••• (7.6W) 

'~" 
370A (3.6W- V) '. 700A 
(4.3V) .. )-\ (B.BV) 

0.6W _/ 

1/ 71111111l/IIA.)1I 7 ,oJ 77/117711777 / / II/ 
RESIDUAL (4.0W) 
OBSERVED RAIN 4.7 

Figure 1.40. Principal Branches of the Circulation with 
Fluxes of Air (A), Water Vapor (V), and Water (W), 
Corresponding to a Single Thunderstorm in a Squall line 
Studied by Newton (1966). Figure from Palmen and 
Newton (1969). 

environment. For convective storms, there­
fore, £Sb appears to be in the range from 
20% (as suggested by Braham (1952) to be 
typical for thunderstorms), to 50% (as de­
duced by Newton (1966) for a squall line), 
to even greater than 100% if the wind shear 
is optimum (-2 x 10-3 s-l). The possi­
bility that, at any instant, £Cb > 100% is 
not unrealistic, because accouRt for actual 
time lags between precipitation outflow and 
vapor inflow ;s not normally included in 
the data reduction. 
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Cloud Top Mean Wind fOR 
Temp.,oC Speed, ms-1 cw 

-23 12 65% 
-19 22 55% 
-35 20 25% 

-28 30 62% 
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Figure 1.41. Precipitation Efficiencies, f9 for 
Cumulonimbus Storms as a Function of Wind Shear. 
Figure after Foote and Fankhauser (1973); in turn adapted 
from Marwitz (1972); original data (referenced in Foote 
and Fankhauser) are as follows: - - Newton (1966); 
0- Auer and Marwitz (1968); X - Chisholm (1970); 
+ -Hartsell (1970),. - Fankhauser (1971), 0 - Marwitz 
(1972), -' - Foote and Fankhauser (1973). 

Data for precipitation or cloud-water­
removal efficiencies for entire frontal 
storms have not yet been found in our lit­
erature search. However, University of 
Washington researchers recently conducted 
an impressive series of field studies of 
£cw for individual rainbands within frontal 
storms. These rainband efficiencies are 
defined by 



RB _ Ground-Level Precipitation Rate (9) 
ECW - Total Condensatlon Rate 

Table 1.12 shows deductions by Hobbs, et 
al. (1980) of these ECWS for rainbands as­
sociated with a western Washington cold 
front. For a particular band associated 
with a warm front, it it is assumed that 
none of the 400 gs-l of water entering the 
convective column leaves the column as 
vapor (see Houze et al. 1980), then for 
this case (£~~}wf ~ 80~;. Presumably, these 
rainband efficiencies are near their maxi­
mum value in western Washington and would 
decrease substantially as the storm moves 
inland. 

In conclusion, the following points are 
made: 

for different storm types can be es­
timated with confidence. 

• In the meantime, it appears reason­
able to use rcw = 1/2 ± 1/4. 

• Data for average times between 
storms, v-I, as encountered by pollu­
tion (i.e., in a Lagrangian sense) 
are needed. 

• If for the winter months (October 
through March), v-I = (3 ± 1.5) d, 
and for the summer v-I (6 ± 3) d, 
then the average tropospheric resi­
dence time of accumulation mode aero­
sol particles would be 

T '" T 
W 

)(6 ± 3) d, winter 

1(12 ± 6) d, summer 
(10) 

• Estimates for TW based on TW = (£~)-1 
are as reliable as other methods. 

• As a first approximation, it is rea­
sonable to take E = ECW' 

These estimates are consistent with sugges­
tions made by Junge (1963), but they are 
inconsistent with essentially all long­
range transport models in current use. The 
latter are expected to be wrong, as will 

• Some data for £cw are available, but 
more are needed before average value 

be described in detail in a forthcoming 
publication (Slinn 1981). 

Table 1.12. Cloud-Water-Removal Efficiencies for Rainbands Associated with a Cold Front 
Striking Western Washington (Hobbs et al. 1980) 

Rainband 

Warm-sector rainband(b) 
Wide cold-frontal band #1 
Wide cold-frontal band 113 
Narrow cold band #5 

Total Precipitation 
Rate, kg s-,(a) 

100 - 123 
40 - 50 

6 
11 - 18 

Total Condensation 
Rate, kg s-l(a) 

244 
52 
27 
33(c) 

40 - 50 
80 - 100 

20 
30 - 50 

PrecipitationWeighted Average: 55 

(a)ln a strip 1 m wide, perpendicular to the rainband. 
(b)lncludes leading; developing sub-band; and light. trailing precipitation associated with the 

warm-sector rain band. 
(c)Updraft assumed to extend to 3.5 km. 
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Preliminary Identification of Some Natural 
Sources and Sinks for Gaseous Sulfur 
Compounds 

E. H. Haas(a) and W. G. N. Slinn(b) 

The atmospheric sulfur cycle continues 
to contain many uncertainties, especially 
about natural sources and sinks. In turn, 
these uncertainties arise from measurement 
difficulties when concentrations are in the 
parts per billion (ppb) range, and from the 
many potential causes of natural variations 
in these concentrations. In addition, sub­
stantial complications result from the 
great variety of interacting forms of sul­
fur in the atmosphere: "particulate" sulfur 
in the form of (NH4)2S04, NH4HS04, and 

(a) Present address: lnstitut fUr 
Mechanishe Verfahrenstechnik, Univ. 
Stuttgart, Boblingerst. 
72, 7000 Stuttgart-I, W. Germany. 

(b) The authors wish to thank P. C. Katen, 
Oregon State University, for his 
substantial contribution to these 
studies. 

A IRSAMPLING TUBE 

~ HYDROGEN-BOmE r--' 
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I 
I 

BURNER BLOC 

SULFUR-ANALYZER SA 260 

ZERO-A I R LI NE 

STR I PCHART­
RECORDER 

H2S04, for example, and gaseous sulfur in 
oxidation states from -2 (CS2, COS, H2S) 
to +4 (S02)' A decade ago, it was thought 
that natural sources of gaseous sulfur pri­
marily released H2S, but subsequently it 
has been suggested that the primary natural 
forms are organic sulfides such as dimethyl 
sulfide (OMS 6r (CH3)2S), carbon disulfide 
(CS2), and carbonyl sulfide (COS). In the 
brief study reported here, we performed a 
number of measurements of gaseous 'sulfur 
concentrations, generally remote from an­
thropogenic sources, to gain familiarity 
both with the measurement system and with 
the expected range of concentration 
variability. 

Measurements were made with a commer­
cially-avgilable, flame-photometric sulfur 
detector.l a) Figure 1.42 schematically il­
lustrates the measurement system onboard a 
light aircraft; ground-level measurements 
were taken with the instruments mounted in 

(a) Melloy Industries SA 260, SS 60 
and FSC 195; trade names are mentioned 
only to convey additional information. 

AIRFLOW­
METERS 

SAMPLE -LINE 

SAMPLE -COND I TI ONER 
FSC 195 

figure 1.42. Airborne Measurement System 
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a light van. Frequent overhauls of the 
particle filter and scrubber systems (see 
Figure 1.42) were required to maintain in­
strument stability; a major source of in­
strument unreliability was moisture accumu­
lation in the zero-air-line charcoal filter 
and in the scrubbers. Reliability was im­
proved by using the sample-conditioner per­
manently, and by regenerating the zero-air 
filter and scrubbers by drawing dried air 
slowly through these parts over a period 
of severa 1 days before each measu-rement 
period. Without such precautions, the 
zero-air mode requires 4 to 12 hours to 
stabilize after system inactivity. Also, 
flame-intensity variations with altitude 
required the re-establishment of the zero 
baseline at every level for the airborne 
measurements. 

Although the system was expected to pro­
vide concentrations of total gaseous sul­
fur, SOx, and H2S, the actual species meas­
ured is not clear. Presumably, some aero­
sol particles could pass the 5 ~m-membrane 
filter, and sulfur could be vaporized from 
these particles in the heater. Also, as 
the results demonstrate, there was rela­
tively little difference in the behavior of 
the H2S and SOx scrubbers, though gener-

0 "TS" 

0 "SO ,', 
x 

4 
/:::, "H S\I 

2 
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o.. . 

V> 3 :z 
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f-
<: 
0::: 
f-
:z 
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u 
:z 
0 
u 2 

14:00 16:00 
HIGHWATER 

ally the H2S-mode scrubbed most sulfur. 
However, it appears the H2S-mode does not 
pass just H2S--it may also pass some or­
ganic sulfur--otherwise, our measurements 
would suggest the presence of much more 
H2S than has been found by other re­
searchers. Therefore, although we report 
the measurements of total sulfur, "TS," and 
of "SOx" and "H2S," we put these i dent if i­
cations in quotation marks to remind the 
reader that these are the instrument's 
measurement modes, and not necessarily the 
concentrations of these species. Clearly, 
additional work is required defining the 
instrument's response. 

Results are shown in the accompanying 
figures. Figure 1.43 shows increases in 
airborne sulfur at the estuary at Newport, 
Oregon, as the ocean tide fell. The meas­
urements were taken near the tidal flats, 
at the Newport Marine Science Center on 
5 October, 1979; the wind was from the 
west at 4 knots (=7.4 km hr-1). A crude 
estimate of the gaseous sulfur production 
rate from these tidal flats, corresponding 
to the observed increase in S, is 
-10 gS m-2 yr-1. Figure 1.44 shows rapid 
decrease of airborne sulfur near sunset, 
measured at Oregon State University; winds 

18:00 20:00 
LOW WATER 

LOCAL TIME 

Figure 1.43. I ncrease in Airborne Gaseous Sulfur as Tide Fell at the Estuary at Newport, Oregon. See text for 
comments about uncertainties in the species identifications. 
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Figure 1.44. March of Concentrations of Gaseous Sulfur Compounds Measured at Corvallis, Oregon. Decreases after 
sunset can be attributed to either dry deposition or decreased emission, or both. 

were almost calm during the 2-day period; 
the sky was clear; daytime humidity was 35% 
to 40%; temperatures ranged between 73°F 
at night to about 85°F during the day. The 
possibility of anthropogenic contributions 
to the observed variability cannot be dis­
missed. Figure 1.45 shows that at the al­
titude of scattered clouds (cumulus frac­
tus) there is a sink of both condensation 
nuclei and total gaseous sulfur. Fig-
ure 1.46 also suggests a sulfur sink in 
clouds. At the start of these measurements 
at the top of the highest mountain in 
Oregon's coast range (Mary's Peak; measure­
ments at 4097 ft ASL), the site was above 
an inversion layer with dense haze and 
mixed stratocumulus clouds. At this time, 
the site temperature was 61°F and the hu­
midity was 64%. At the end of the l-hr 
measurement period, the "undercast" had 
risen above the measurement site, the 
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temperature had fallen to 49%, and the 
humidity was 100%. 

From these measurements, the following 
conclusions were drawn: 

• Increases in airborne sulfur during 
low tides at coastal estuaries are 
readily detectable. 

• Clouds are a sink for gaseous sulfur. 

• Background gaseous sulfur concentra­
tions in Western Oregon are in the 
range of 1 to 10 ppb. 

• Substantially greater effort will be 
needed, both in instrument develop­
ment and in sampling, before natural 
sources and sinks of sulfur are 
quantified. 
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Figure 1.45. Vertical Profiles of Condensation Nuclei (CN) and Total Gaseous Sulfur (TS), Suggesting that 
Clouds are a Sink for both CN and TS 
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Predictions fO} Particle Deposition on Na­
tural waters(a 

S. A. Slinn and W. G. N. Slinn 

A simple two-layer model, shown schema­
tically in Figure 1.47, has been used to 
develop predictions for aerosol particle 
deposition to lakes and oceans. The es­
sence of the model is to account for pos­
sible particle-growth by water-vapor con­
densation in the humid region next to the 
water's surface. 

The dry flux (positive, down) at the 
reference height z = h is taken to be 

Dz=h = kC~ (Xh - XeS) + vg(ad)Xh (1) 

where vg(ad) is the gravitational settling 
speed of a particle of (dry) radius ad, and 
where the turbulent transfer velocity 
through the constant flux layer is taken 
to be 

(2 ) 

in which K is von Karman's constant, 
CD = u2/u 2 is the drag coefficient based on 
refere~ce height h, u* is the friction 
velocity, and u is the mean wind speed. 
The factor (l-K)-l in (2) was chosen to 
force the "deposition velocity for momen­
tum" to have its correct value of Co O. 
For open waters, steady wind, near-neutral 
stability, and a 10-m reference height, 
Krauss (1972) gives Co = (1.3 ± 0.3) x 10-3; 
corrections for other than neutral sta­
bility are available. 

For transport across the lower layer 
(approximately, the viscous sublayer), we 
used 

CONSTANT FLUX 
~AYER, C 

[Turbulent tranafer 
and IIravltatlonal 
.ettllnll at vII (ad I ) 

(3) 

where vg(aw) is the gravitational settling 
speed for a particle of (wet) radius aw, 
and [based on earlier studies (Slinn 
1977)J, the "deposition layer's transfer 
velocity" was taken to be 

where the first term represents the contri­
bution from diffusiophoresis em" is the 
rate of water evaporation and a = 103 cm 
s-l/(1 g cm-2 s-l) is a constant]; 5c = v/D 
is the particle's Schmidt number (in which 
v is air's kinematic viscosity and O(aw) is 
the particle's diffusivity); and St = TU~/V 
is the Stokes number or impaction parameter 
based on the height of the viscous sublayer 
v/u* (in which T = vg(a~)/g is the par­
ticle's relaxation tlme). The change from 
a 5c-2/ 3 to a 5c-1/2 dependence of kD was 
suggested by attempts to account for slip 
of the water surface; typically, this slip 
is in the direction of the mean wind and 
with a speed equal to a few percent of the 
10-m wind speed (i.e., comparable to u*). 

To obtain an expression for the deposi­
tion velocity, vd, defined via 

(5) 

the following steps were taken: First, let 
Xi = 0 (i.e., ignore resuspension); sec­
ondly, assume steady-state conditions 
(i.e., take Dh = 06 ); thirdly, use (1) and 

(a) Atmos)heric Environment, 14:1013-1016 
(1980 . 

MEAN WIND, uh 

POLWTANT 
CONCENTRATION, " 

FRICTION 
VELOCITY, u* 

h 

I ,.......------................ " ...... ------....... ~ ----/ ___ ...... -...1_ b 

C:POSITION SLIP t 
LAYER, 0 VELOCITY ,;)< u* 

[ Impaction, .Up, and 
.ettllnll at VII (aw I ) 

Figure 1.47. Schematic of the Two-Layer Model and Definition of Symbols 
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(3) to eliminate Xd in (1) and then set the 
resulting expression for Dh equal to (5). 
The resu It is 

where 

and 

k = k ~ + v (a ) D D g w 

Three features of this result are: 

• Equation (6) is similar to the fa­
miliar result that the "overall 
transfer resistance," Vd-1, is like 
a sum of transfer resistances in 
series, but the overall resistance 
is reduced by gravitational settling. 

(6 ) 

(7) 

(8) 

• If the only transfer process is gra­
vitational settling, then kC = Vg(ad), 
kD = vg(aw), and therefore 
vd = Vg(ad), as desired. 

• For momentum transfer, with Vg = 0 
and D = v, the vd = CD Dh, as 
desired. 

Figure 1.48 shows plots of (6) for three 
wind speeds, mil = 0, and for three cases 
of particle growth: a) hydrophobic par­
ticles (i.e., aw = ad); b) particles that 
grow to the equilibrium size of ammonium 
sulfate particles for a relative humidity 
of 99% in the deposition layer; and c) the 
expected behavior of (NH4)2S04 particles 
depositing on lakes (i.e., using the equi­
librium particle size as given by 
Fitzgerald (1975), for a relative humidity 
in the deposition layer of 100%). The as­
sumption of equilibrium size for particles 
smaller than about 10 ~m is consistent with 
the analysis by Toba (1965) • 

These results suggest to the authors 
that for most aged, atmospheric particles 
with mass-mean radii near 1 ~m, it would 
be an acceptable approximation to assume 
their deposition on natural water is rate 
limited by turbulent transfer through the 
constant flux layer, and to use 

'1/) DEPOSITION OF MONODISPERSE PARTICLES ON NATURAL WATER SURFACES 

].102 
"0 
> 

(NH 4 )2 S04 
RH = 100% 

RATE LIMITED BY 
TURBULENT TRANSFER 

'0 

IMPACTION 

161 10° 
DRY PARTICLE RADIUS, ad ()..lm) 

Figure 1.48. Plots of Equation (6) for Three Wind Speeds (1.5 and 15 m S-1). and for Three Types of Particles. 
as Described in the Text 
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This suggestion is consistent with recently 
reported data, although there are a number 
of factors that complicate interpretation 
of the data (see the published report). 
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B. W. Reynolds(b) and W. G. N. Slinn(C) 

Some of the many complexities of the re­
suspension of particles are indicated by 
Figure 1.49 (Slinn 1976). Most previous 
resuspension field studies have been of 
particle resuspension from sandy soils, and 
caused by natural wind (e.g., Anspaugh et 
al. 1975; Proch and Gillette 1977; Sehmel 
1979). In this study, we seeded mown fes­
cue grass, barren silt-loam soil, and 
medium-coarse gravel with known quantities 
of respirable-size, zinc-cadium sulfide 
particles (Leighton et al. 1965), and used 
a portable "wind-stress" generator to re­
suspend the particles. Details of the 
seeding method, the generator, and the sam­
pling methods can be found in the full re­
port (Reynolds and Slinn 1979). Here, re­
sults are emphasized, and can be summarized 
as follows: 

(a) Presented at the 73rd Annual Meeting 
of the Air Pollution Control Associa­
tion, June 22-27, 1980, Montreal, 
Quebec. Reprint No. 80-68.4. 

(b) Present address: Missouri Department 
of Natural Resources, Jefferson City, 
Missouri. 

(c) The authors thank J. C. Correy, 
Savannah River Laboratory, for his in­
itial guidance, and P. C. Katen and 
M. A. Wolf, Oregon State University, 
for their helpful suggestions. 
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• Resuspension rates are highest for 
gravel followed by soil and mown 
grass. Average rates during the 
period of observations were 
1.3 x 10-8, 2.3 x 10-8, and 
5.6 x 10-8 sec-1 for grass, soil, and 
gravel, respectively. 

• The rates exhibited a strong depen­
dence on the friction velocity ex­
erted over these surfaces, with de­
pendencies ranging from u* raised to 
the 0.86 to 3.08 power, 0.49 to 
3.18 power and 0.35 to 3.08 power for 
grass, soil, and gravel, respec­
tively. Regression correlation coef­
ficients varied from about 0.7 to 
nearly 1.0 for these data. Fig-
ure 1.50 illustrates the case of silt 
loam soil and is a representaLive set 
of results for this experiment. 

• The different power-dependencies of 
the resuspension rates, A, on u* are 
attributed mostly to varying surface 
moisture content of each surface dur­
ing the measurement period. Gravel 
exhibited the most variability, very 
closely followed by soil and then 
mown grass. During the driest conoi­
tions, each surface's A showed a 
power dependence on u* closely ap­
proximating u~, agreeing with pub­
lished results of other authors who 
conducted experiments in dry 
conditions. 

• Consecutive, short bursts of wind 
stress were applied to the surfaces 
to determine how the resuspension 
rate changed in short periods of time 
during the moist, early part of the 
study. For grass and soil, A's were 
seen to decrease with increasing time 
steps, possibly indicating a deple­
tion of readily available tracer with 
time. The trend was reversed in the 
case of gravel, for which it is pos­
tulated the drying effect of the pas­
sing airstream liberated orginally 
moisture-bonded particles on this 
less moisture-retentive surface. 

• Some of each of the surfaces were ex­
posed to selected wind and precipita­
tion events and their impacts were 
measured by matching a sample from a 
weathered surface with a protected 
surface of the same type. With the 
exception of one nonrepresentative 
wind speed, soil followed by mown 
grass and then gravel appeared least­
affected to most-affected by the 
defined weathering events (see 
Figure 1.50). 
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Figure 1.49. This Diagram Indicates Some of the Many Complicating Features of Resuspension 

• Resuspension rates were plotted as 
functions of time since deposition 
in each friction velocity class for 
each surface to investigate the con­
cept of a weathering rate. For soil 
and gravel, A's actually increased 
with increasing time. The decrease 
with time of resuspension from mown 
grass may be artificial in the sense 
that new growth and increased height 
of the grass blades increased filter­
ing efficiency within the confines 
of the wind tunnel. The data suggest 
that the variation with time is more 
a seasonal characteristic than a 
depletion-by-fixation-to-
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nonresuspendibles as the weathering 
rate is normally defined. See Fig­
ure 1.51 for the case of silt-loam 
soi 1. 

• In Figure 1.52, the characteristic 
roughness height, zo, of each surface 
was matched with the corresponding 
average A obtained from the surface, 
and the results correlated with other 
authors' data. The results showed 
the average A « zo-1.4 with a regres­
sion correlation of about 0.8 for zos 
up to 0.10 m. It is postulated that 
for Zo > 0.1 m, competitive processes 
arise such as enhancement caused by 
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Figure 1.50. Resuspension Rates from Silt Loam Soil as a 
Function of Friction Velocity. 

• = Days 1, 2 and 3; subjected to 1.5 hours intense 
drying. 

/:, = Day 7; samples subjected to 4 hours intense 
drying 

X = Days 8 and 9; no surface drying and most moisture 
observed 

a = Day 16; no surface drying but drier than all earlier 
samples 

<>. '" Days 82 and 83; no drying but driest samples to 
date for weathered and nonweathered samples, 
respectively 

0= Days 172 and 173; driest of all samples obtained 
4> i = Arithmetic means within a range of 4 data points 
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Figure 1.51. Resuspension Rates from Silt Loam Soil 
Displayed as a Function of Time Since Depositon for 
Weathered Samples (dashed lines) and Nonweathered 
Samples (solid lines) for Each of the Indicated Friction 
Velocities. :I Indicates the range for 4 data points; curves 
"re drawn through the arithmetic mean of the range in 
each instance. 
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Figure 1.52. Average Resuspension Rates from Various Surfaces as a Function of Surface 
Roughness Height. The least-squares-fit model of the present data with the data of others 
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correlation coefficient, r2. <1>, represents the average resuspension rate and the range of 
values obtained in each instance. 

swaying motions of individual roughness el­
ements or inhibitions caused by increased 
filtration when the roughness elements are 
densely packed. 
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Analytical Investigations of Inertial 
Deposition of Small Aerosol Particles from 
Laminar Flows onto Large Obstacles. 
Part E--Particle ~I)tion Along tne Upstream 
Axis ot Symmetry(a 

S. C. Yoon(b) and W. G. N. Sl inn(C) 

Introduction 

One of the fundamental problems in aero­
sol mechanics is to describe particle col­
lection by various obstacles, such as rain­
drops, filter fibers, and elements of 
vegetation. A number of numerical calcula­
tions of particle trajectories are avail­
able.(a) In contrast, in the present 
series of reports, analytical solutions to 

(a) Earlier reports in this series, by 
W. G. N. Slinn, are Parts A and S, con­
tained in the 1973 Annual Report, and 
Parts C and 0, contained in the 1974 
Annua 1 Report. 

(b) Department of Atmospheric Sciences, 
Oregon State University, Corvallis, OR. 

(c) The authors thank Professor 
Milton Van Dyke, Stanford University, 
for his valuable advice. 
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the governing equations have been sought. 
These solutions have been in the form of 
perturbation series, and have been found 
by the method of matched asymptotic expan­
sions and other llIethods developed for sin­
gular perturbation problems. In this re­
port, perturbation solutions are compared 
with a new, exact solution we have found 
that is valid only for particle motion in 
potential flow about a sphere, along the 
upstream axis of symmetry near the stagna­
tion point. In spite of these limitations, 
the exact solution will be extremely useful 
as the search continues for perturbation 
solutions valid for all values of the rele­
vant perturbation parameter, for example, 
the Stokes number. 

Along the upstream axis of symmetry, for 
potential flow about a spherical obstacle, 
the equation for a point particle's velo­
city, u, simplifies to 

su du + U = 1 + ~ 
dx x3 

(1) 

where s is the particle's Stokes number and 
x is the distance from the center of the 
obstacle (x < -1, upstream). Near the 
stagnation point (x = -1), we use 
x~ = 1 + x. A perturbation solution of (1) 
in the neighborhood of the stagnation point 
can be easily found: 

u(x~; s) = -x~ (AI + A2 s + --- (2) 

+ A sn-l + ---) 
n 

where Al 3, and 

n-1 
A L Ak An_k, n > 2 n k=1 

(3) 

A Oomb-Sykes plot (Van Dyke 1974; 1975) for 
An+l/An (see Figure 1.53) shows that the 
radius of convergence of (2) (i.e., the 
critical Stokes number s*) is 
s = s* = 1/12. This result is in agreement 
with Taylor's critical Stokes number, found 
in a different manner (see Fuchs 1964 or 
Parts C ana 0 of the 1974 Annual Report). 

In Parts C and 0, some of limitations 
of these perturbation solutions were de­
scribed. In particular, it was suggested 
that for s > s* the solution in the (u,x) 
plane could be a multi-valued spiral around 
x = -1. A significant advance in this re­
porting period was to find an exact 
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Figure 1.53. Domb-Sykes Plot Showing that the Radius of Convergence of Equation (2) is s = S4 = 1/12 

solution for this spiral form. To obtain 
the result, variables were transformed ac­
cording to 

u = r cos~ 

x~ = - ~ r sin~ ( 4) 

Near the stagnation point, (1) then becomes 

dr cos2~ d~ 
r I3S - cos¢ sin¢ 

whose solution for s < 1/12 is 

r j II2S - sin 2¢ /1/2 = r 
o 

III2S tan6 - 1 - 11 - 12s I 1/2;r:I2$ 
II2s tan6 - 1 + 11 - 12s 

and, for s > 1/12, 

r IIlli - sin 2¢ 11/2 = ro exp 

[ 1 tan-1 
112s - 1 

! II2s tan¢ - It] 
I 1I2s - 1 ~ 

where ro is a constant determined by 
boundary conditions. 

(5) 

(6 ) 

(7) 
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As an example of this new, exact solu­
tion given by (6) and (7), consider the 
case with the boundary condition u = 3 at 
x~ = -1 (i.e., x = -2). Exact solutions 
are plotted in Figure 1.54 for several 
Stokes numbers and compared with the per­
turbation solutions. For large s, the per­
turbation solution is obtained as in 
Part A by solving 

du u dx~ + o(u + 3x~) = 0, 0 = l/s « 1 

The solution with u = 3 at x~ -1 is 

u (x~; 0) 3 - i (x~ + 1)2 0 
(x~ + 1)3 
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(8) 

[3 (x~ + 1) - 4J 2 (x~+1)4 
o - 2160 

[15 (x~ + 1)2 - 26 (x~ + 1) + 10J 

03 + 0 (04 ) (9) 

The exact solution clearly shows that all 
particles with s < 1/12 stop at the 
sphere's surface, and those with s > 1/12 
impinge on the sphere's surface with in­
creasing spead as s increases. Obviously, 
the perturbation solutions are quite ac­
curate compared with the exact solution. 
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The main significance in having an ex­
act solution available, even if it is valid 
only near the stagnation point and along 
the axis of symmetry, is that we can now 
study the nature of the critical-Stokes­
number singularity. From (6) and (7), it 
is clear that the singularity is compli­
cated. Additional investigations are 
planned. 
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FISSION AND FUSION 

• Air Pollution Dry Deposition: Radioisotopes as Particles 
and Volatiles 

• Fallout Rates and Mechanisms 

• Particle Resuspension and Translocation 

• ALE Climatology 

• Reactor Safety Study 

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 
investigations of their fate are important to human welfare. 

Research activities at PNL include studies of atmospheric diffusion and deposition 
of material on the earth's surface, resuspension of particulate matter, and 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. 





• 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. 

• Determining deposition rates using dual tracer techniques in the field and in a wind tunnel in the 
laboratory. 

Volcanic Ash and Ambient Airborne Solids 
Concentrations at Hanford, Washington, Sam­
pling Sites Subsequent to the 
Mt. St. Helens' Eruption 

G. A. Sehmel 

Introduction 

A major eruption of Mt. St. Helens, 
Washington, occurred on May 18, 1980, re­
sulting in an airborne plume of volcanic 
ash (pulverized rock) transported by east­
erly winds. Particle dry deposition from 
this plume resulted in downwind ash fallout 
of varying depths. The Hanford area, 
northwest of Richland, Washington, was 
within the edge of the fallout plume. Lo­
cated within this area are airborne parti­
culate sampling sites used in prior wind 
resuspension experiments. These sampling 
sites were reactivated to collect airborne 
volcanic ash. The Horn Rapids sampling 
site is near the southwestern boundary of 
the Hanford area, and the meteorological 
station sampling site is 24 km northwest 
of the Horn Rapids Dam site. Both sites 
received relatively low ash deposits which 
were about 1- to 2-mm and 3- to 4-mm in 
depth, respectively. 

This investigation set out to determine 
a time history of airborne volcanic ash 
concentrations (Sehmel 1980) immediately 
after the eruption (starting the following 
day, May 19). In addition to recording 
airborne solid concentrations, any changes 
in airborne volcanic ash concentrations 
with time were of potential use to wind-
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resuspension investigations of surface­
contaminated areas. Volcanic fallout ash 
was a tracer of opportunity for investigat­
ing wind resuspension from a near "infi­
nite" surface source area of freshly de­
posited solids. 

Sampling Equipment 

Airborne solids concentration was meas­
ured using filters for solids collection 
on an average daily basis (or several days) 
by 1) sampling continuously for all wind 
directions and speeds at the Horn Rapids 
and meteorological station sampling sites, 
and 2) sampling only during 220 0 to 290 0 

wind directions at the meteorological sta­
tion samplin~ site. Winds from the south 
are from 180 while winds from the west are 
from 270 0

• 

Airborne particulates were classified 
(while airborne) into two or more size 
fractions with three different types of 
sampling equipment: 

• A cyclone preseparator(a) with a 
5.5-~m 50i cut-off diameter, followed 
by a 20- x 25-cm2 glass-fiber filter. 
During sampling, the cyclone­
preseparator cylindrical sampler in­
let was continuously oriented into 

(a) Model 230CP cyclone preseparator, 
Sierra Instrument Co., Carmel Valley, 
CA 93924. 



the wind with a tail fin. Except 
during rain, sampling was continuous 
for 24 hours. 

• A 20- x 25-cm2 filter sam ler. In 
this sampler Sehmel 1978 , airborne 
particles either settled in the sam­
pler inlet (1.9- x 25-cm2 cross sec­
tion) or were collected on the backup 
filter. Airborne solids concentra­
tion was calculated from only the 
filter collection. 

• A laser optical particle counter.{a) 
This optical counter sizes airborne 
particles electronically and accumu­
lates number counts in diameter in­
crements as small as 0.07 ~m. Meas­
urements were taken during 30-min in­
crements at a site near the Hanford 
meteorological station. Results are 
reported as the volume distribution: 

bV '1104 bN 
6TriO = -6- bO 

which has units of ~m3/cm3. The par­
ticle volume is V, the diameter is 
0, and the number of particles per 
unit volume is N. 

(a) Active Scattering Aerosol Spectrometer, 
Particle Measuring Systems, Inc., 
Boulder, CO 80301. 
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Airborne Solids Concentration 

Airborne solids concentration, ~g/m3, 
is shown in Figure 2.1 along with selected 
meteorological oat a (shown below the fig­
ure) recorded at the Hanford meteorological 
station. 

Horn Rapids Site Results 

Two cyclone filter samplers were used 
at the Horn Rapids sampling site to inves­
tigate airborne solids concentration and 
sampling reproducibility. The two samplers 
were 2 m apart. Average concentrations for 
these two samplers are shown by both open­
and solid-data symbols in Figure 2.1. Each 
datum point is plotted at the average con­
centration calculated from these two sam­
plers. The limits of the vertical bar 
through each datum point are solid concen­
trations determined from each sampler. If 
limits are not shown, the limits are within 
the datum symbol. 

During the day after the eruption, the 
daily average concentration for respirable 
particles (i.e., <5.5-~m dia. was 
1430 ~g/m3), the total, including the 
cyclone-preseparator collection, was 
2610 ~g/m3. The respirable content of the 
airborne solids was 55%. Subsequently, the 
daily average airborne solids concentration 
decreased. From May 20 to 27, concentra­
tions of 150 to 600 ~g/m3 were measured and 

HI 1~ 20 ~1 22 23 24 21 21 27 211 :n 30.)1 1 10 I' 12 13 , .. 1& I, 17 " " 20 21 22 23 2<1 as :u 27 ... lit 30 1 2 J " • • 7 • it 
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Figure 2.1. Airborne Solid Concentrations Measured at Two Hanford Area Sampling Sites after the Mt. St. Helens 
Eruption on May 18, 1980. 
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were still high compared to normal (prior 
to eruption) concentrations. 

There were three rain periods, including 
four successive days from May 25 to 28, 
which could have affected the wind resus­
pendability of volcanic ash, 0.11 in., 
0.79 in., 0.01 in. From a comparison of 
rain accumulated each day and airborne 
solids concentration, an estimate can be 
made of the rain accumulation that can re­
move airborne particulates and prevent wind 
resuspension of surface solids by wetting 
ground surfaces. Decreased airborne solids 
concentration was evident on May 27 to 28 
when the concentrations decreased two or­
ders of magnitude at both sampling sites, 
and on June 12 to 13 when the concentra­
tions decreased one order of magnitude at 
the meteorological station sampling site. 
Subsequently, airborne solids concentration 
increased as ground surfaces dried and re­
suspension occurred. 

Although resuspension and, hence, air­
borne solids concentration are a function 
of both surface and meteorological parame­
ters, an estimate is made for the amount 
of rain required to significantly reduce 
resuspension. There were only three signi­
ficant rain periods recorded: 

• 0.79 in. on May 26 

• 0.22 and 0.35 in. (0.57 in. total) on 
June 12 and 13 

• 0.19 in. on June 20. 

Significant (i.e., an order of magnitude) 
reductions in airborne solids concentration 
occurred only during the first two rain 
periods (0.79 and 0.57 in.) and not during 
the last period (0.19 in.). Thus, a tenta­
tive conclusion is that from 0.2 to 0.6 in. 
of rain may be required to significantly 
reduce airborne solids concentration aris­
ing from wide-area resuspension sources. 
However, the duration of reductions may be 
as short as a day. 

Airborne-Volume Distribution Ranges 

Airborne-volume distributions calculated 
from the optical counter operated near the 
Hanford Meteorolgical Station are shown in 
Figure 2.2 as a function of particle diame­
ter. The ranges of optical counter results 
from May 22 to 30, 1980, are shown by the 
cross-hatched area. Also shown are ranges 
determined at Hanford in 1975 (Sehmel 1976) 
during dust storms and on clear days. The 
ranges for the volcanic ash overlay the 
1975 data, showing that during measurement 
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times the maximum airborne volcanic ash 
concentrations for the particle diameters 
investigated were similar to dust concen­
trations during the most severe dust storms 
measured in 1975 by Sehmel (1976). How­
ever, a significant difference between vol­
canic ash and dust storm data occurs for 
particle diameters between 0.3 and 0.5 I'm. 
For this diameter range, the maximum ash 
concentration was about four times greater 
than reported for dust storms. 

Conclusions 

Airborne solids concentrations of vol­
canic ash increased from a sampling site 
in the Hanford area to another site 24 km 
northwest. This second site was closer to 
the maximum ash fallout area. At both sam­
pling sites, a rain of 0.79 in. on May 26 
decreased airborne solids concentration by 
two orders of magnitude. Subsequently, 
airborne solids concentration increased as 
surfaces dried and resuspension occurred. 
Changes in airborne solids concentration 
after subsequent rains were interpreted to 
indicate that 0.2 to 0.6 in. of rain may 
be required to significantly reduce, at 
least for a day, airborne solids concentra­
tion from area-wide resuspension sources. 
Even after the initial rain, airborne 
solids concentration remained relatively 



high at the meteorological station sampling 
site. Airborne solids concentration data 
are still being obtained at both sampling 
sites so the longer-term airborne effects 
of this surface resuspension source can be 
investigated. 
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Plutonium Dry Deposition Experiments Using 
Ambient Airborne Plutonium Near Horn 
Rapids, Washington 

G. A. Sehmel 

Airborne concentrations of solids and 
plutonium were measured (Sehmel 1979a) at 
two sampling sites separated by a distance 
of 305 m near the Horn Rapids Dam, Washing­
ton. The purpose of these measurements was 
to determine the deposition or resuspension 
of ambient soil and plutonium between two 
sampling towers. In the experimental 
design, a uniform, crosswind airborne plume 
of resuspended soil was anticipated to be 
approaching the upwind tower. Subse­
quently, plume depletion between towers 
would occur as a result of dry deposition. 
The decreased concentration near the sur­
face would be measured at the downwind 
tower. The deposition rate would be esti­
mated from the differences between towers 
in the integrated concentrations as a func­
tion of height. 

Air samplers were located on each tower 
at six sampling heights from 0.3 m to 20 m 
above ground. Three sets of isokinetic air 
samplers (Sehmel 1978 and 1979b) were at­
tached on each tower. When the wind speed 
and wind direction were identical at each 
tower (i.e., a wind direction of 233 0 * 45 0 
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and wind speed increments of 3 to 5, 
5 to 7, and 7 to 11 m/sec measured at an 
elevation of 30 m), the three sets of iso­
kinetic air samplers were automatically 
turned on at both upwind and downwind 
towers. 

An inlet closure on the isokinetic air 
samplers was opened when the wind direction 
and speed criteria were satisfied. 
"Larger" particles collected by gravity 
settling in the isokinetic sampler inlet, 
whereas "small" particles remaining air­
borne within the sampler were collected on 
a 20- x 25-cm filter. The sampling rate 
was 1.1 m3/ min (40 cfm). 

All collected samples were weighed for 
total collected solids and, in some cases, 
analyzed for plutonium content. Calculated 
results are shown here for the airborne 
solids concentration, ~g/m3, and for mate­
rial collected on the filter as well as for 
the total including the sampler inlet col­
lection. For plutonium analysis, only fil­
ter samples for the 5- to 7-m/sec wind 
speed increment were analyzed. 

Airborne Solids 

Airborne solids concentration for both 
upwind and downwind sampling towers are 
shown as a function of height in Fig-
ure 2.3. Upwind and downwind concentra­
tions are shown by solid and dashed lines, 
respectively. Airborne solid concentra­
tions determined from only filter collec­
tion are shown in three sections on the 
left side of the figure. On the right side 
of the figure, total airborne solids col­
lected on both the filter and the isokine­
tic sampler inlet are shown. For the 3- to 
5-m/sec wind speed increment, airborne con­
centrations determined from filter collec­
tion were less at the downwind tower for 
sampling heights below about 5 m. This de­
crease indicated deposition between towers. 
Unexpectedly, however, for heights above 
about 5 m, airborne solids concentrations 
were greater downwind. 

For the 5- to 7-m/sec wind speed incre­
ment, airborne concentrations decreased 
with downwind distance for both solids col­
lected on the filter as well as total solids 
collected on the filter plus sampler inlet. 
Similarly, for the 7- to I1-m/sec wind speed 
increment, airborne solid con- centrations 
decreased with downwind distance. 

Changes in the total airborne solids be­
tween towers were calculated. For the cal­
culations, concentrations at each tower 
were integrated with respect to height. A 
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November 20, 1978, 

constant air speed with height was assumed. 
Then, the ratio of the downwind to upwind 
integrated concentrations were calculated. 
These ratios are shown in Table 2.1. Al­
though ratios do change as a function of 
sampling height, the ratios do decrease 
with downwind distance. At a sampling 
height of 20 m, the ratio ranges from 0.60 
up to 0.84 with one exception at a ratio 
of 1.05. One interpretation of these data 
is that approximately 16% to 40% of the to­
tal solids was lost either by dry deposi­
tion or was transported above the downwind 
sampling sampler. 
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Airborne Plutonium 

Airborne plutonium concentrations are 
compared for the 5- to 7-m/sec wind speed 
increment in Figure 2.4. Shown in this 
figure are plutonium solids concentrations, 
~Ci/g, airborne plutonium concentrations, 
~Ci/cm3, and airborne solids concentra­
tions, ~g/m3, for comparison purposes. It 
is surprising that at the 2- and 3-m 
heights of the upwind sampling tower the 
~Ci/g are approximately three times greater 
than for any other sample at the upwind 
tower. 



Table 2.1. Downwind to Upwind Ratio of Airborne Solids: Integrated Total From Ground Level to Indicated 
Heights 

Wind Speed 
3 to 5 m/sec 

Sampling Filter Filter + 
Height, m Collection Inlet 

20 0.60 0.73 
9 0.72 0.87 
5 0.73 0.88 
3 0.75 0.87 
2 0.83 0.88 

0.93 0.90 
0.3 1.23 1.11 
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Ratio: Downwind/Upwind 

Wind Speed 
5 to 7 m/sec 
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Figure 2.4. Average Ai! borne Solids and 239-Z<OPU Concentrations as a Function of Height Near Horn Rapids at 
Hanford from July 21 to November 20, 1978, When Sampling an Identical Wind Speed Increment of 5 to 7 m/sec 
and Direction 233 0 ± 450 (Measured at a Height of 30 m) at Both an Upwind Site and a Sampling Site 305 m Downwind 
Along 2330 
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Airborne plutonium concentrations, 
~Ci/cm3, are shown on the right side of 
Figure 2.4. Again, airborne concentrations 
at the upwind tower sampling heights of 
2 and 3 m are approximately three times 
greater than for any other sample at the 
upwind tower. 

An estimate of the total airborne pluto­
nium changes between upwind and downwind 
sampling towers was made after integrating 
the airborne plutonium concentrations with 
respect to height. We assumed the air 
speed to be 5 to 7 m/sec at all sampling 
heights. The ratios of upwind to downwind 
integrated airborne plutonium concentra­
tio'ns are shown in Table 2.2. Although the 
total airborne plutonium below 20 m is 
nearly constant between sampling towers, 

Table 2.2. Downwind to Upwind Ratio of Airborne 
Plutonium: Integrated Total From Ground Level to 
Indicated Height for a 5 to 7 m/sec Wind Speed 
Increment 

Ratio: Upwind/Down 
Sampling Height, m. for Filter-Collected Plutonium 

20 1.02 
9 0.67 
5 0.48 
3 0.36 
2 0.38 

0.64 
0.3 1.46 
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there are unresolved questions concerning 
these airborne plutonium concentrations. 

Plutonium-240/239 Atom Ratios 

Plutonium isotopic analyses were made on 
filter samples because further explana­
tions about the measured atom ratios might 
be found. The results are shown in Fig­
ure 2.5. The 240/239Pu atom ratios reflect 
the presence of both fallout and locally­
produced plutonium. 

Fallout is indicated by the ratios above 
about 0.15; at the 2- and 3-m height of the 
upwind tower the lower ratios from 0.0829 
to 0.1142 reflect the presence of locally­
produced plutonium. These results are a 
further confirmation that Hanford process­
grade plutonium is transported from off­
site near the Hanford southwestern 
boundary. 

Conclusions 

At the upwind sampling tower the air­
borne plutonium concentrations are greatest 
for sampling heights of 2 and 3 m. For all 
other sampling heights at both the upwind 
as well as all sampling heights at the 
downwind tower, the airborne plutonium con­
centrations appear to be reasonably uniform 
as a function of height. Surprisingly, the 
total airborne plutonium appears to be con­
stant with downwind distance. Additional 
data are needed to interpret these plume 
depletion differences between airborne 
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Figure 2.5. 240PU/2J9PU Atom Ratios for Airborne Solids 
Collected on Filters as a Function of Height Near Horn 
Rapids at Hanford from July 21 to November 20, 1978, 
When Sampling an Identical Wind Speed Increment of 
5 to 7 m/sec and Direction 233° ± 45° (Measured at a 
Height of 30 m) at Both an Upwind Site and a Sampling 
Site 305 m Downwind Along 233° 
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solidS concentrations and airborne pluto­
nium concentrations with downwind distance. 
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• Fallout Rates and Mechanisms 

Objectives of this study are: 

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

• Determining the physical and chemical forms of airborne radionuclides and their deposition rates. 

• Calculating the rates of atmospheric mixing of radionuclides. 

Fallout Rates And Mechanisms 

J. A. Young and C. W. Thomas 

Atmospheric concentrations of a wide 
spectrum of radionuclides produced by nu­
clear weapons, nuclear reactors, cosmic 
rays and radium and thorium decay have been 
measured bimonthly at Richland, Washington, 
(46°N, 119°W) since 1961 and monthly at 
Barrow, Alaska, (71°N, 159°W) since 1964. 
These measurements provide the continuous 
record of radionuclide concentrations ne­
cessary for assessment of the environmental 
hazard presented by future radionuclide re­
leases. The average yearly atmospheric ra­
dionuclide concentrations at Richland from 
1961 through 1980 and at Barrow from 1964 
through 1980 (extrapolated to the end of 
1980 using past seasonal variations and ig­
noring possible contributions from the Oc­
tober 16, 1980, Chinese test) are reported 
in Tables 2.3 and 2.4. Concentrations of 
a few of the radionuclides at Richland are 
plotted versus time in Figure 2.6. 

Radionuclides Produced By Nuclear Weapons 

For the past several years virtually all 
atmospheric radionuclides produced by nu­
clear weapons have come from nuclear tests 
by the People's Republic of China. On Oc­
tober 16, 1980, the Chinese conducted an 
atmospheric test that reportedly had a 
yield between 0.2 and 1 megatons. Because 
of the relatively large yield of this test, 
much of the debris should have risen into 
the stratosphere. As a result, only very 
small concentrations of short-lived radio­
nuclides have been observed through Octo­
ber 27, 1980, in surface air at Richland, 
Washington. Molybdenum-99, 103Ru, 131 1, 
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141Ce, and 237U concentrations of 0.75, 
0.56, 0.46, 1.2, and 4.6 dpm/103m3, respec­
tively, were measured on October 25-26. It 
is expected that debris from the October 16 
test would first be seen in large quanti­
ties in the spring of 1980, when the rate 
of transfer from the lower stratosphere 
into the lower atmosphere reaches a 
maximum. 

The last Chinese nuclear test prior to 
the October 16 test was the <20 kiloton 
test conducted on December 14, 1978. As a 
result, in 1980 the atmospheric concentra­
tions of nuclear weapons radionuclides (ig­
noring possible contributions from the Oc­
tober 16 test) fell to the lowest levels 
observed since the 1961-62 test series by 
the USA and the USSR. The 137Cs concentra­
tions at Richland in 1980, for example, 
averaged only 0.5% of the maximum average 
annual concentrations observed in 1963. 
Prior to the October 16 test the concentra­
tions of all radionuclides having half­
lives shorter than 144Ce (285d) had fallen 
below detection limits. The October 16, 
1980, test should cause the nuclear weapons 
radionuclide concentrations to rise sharply 
again in 1981. 

Radionuclides Produced By Cosmic Rays 

Spallation reactions of cosmic rays with 
atmospheric gases produce 7Be (53d) and 
many other radionuclides. The production 
rates of these radionuclides vary with the 
cosmic ray flux in the earth's atmosphere, 
and therefore should vary inversely with 
the sunspot number since the magnetic 
fields associated with sunspots inhibit the 
penetration of cosmic rays into the solar 
system. The 7Be concentrations at Barrow 



Table 2.3. Average Annual Radionuclide Concentrations in Surface Air at Richland, Washington (46°21'N, 119°17'W) 

Disintegrations Per Minute Per 103 M3 

Year 7Be 22Na 46SC 54Mn "Fe "Co 'SCo 60CO 65Zn My 90Sr 9sZrNb 9SZr 95Nb 103Ru l06Ru 
-- --

1961 10,900 6,820 
1962 .388 64.9 1.19 .96 4,380 2,300 766 
1963 .642 238 1.82 16.2 1.35 95.7 3,970 899 
1964 170 .329 .201 49.9 107 .741 26.0 .608 35.5 81.1 284 
1965 158 .118 .289 9.70 75.0 .945 6.66 .041 16.7 38.0 60.9 
1966 170 .051 .263 2.13 25.6 1.21 7.97 .005 9.50 9.50 20.2 30.2 
1967 179 .034 .489 .770 19.5 .048 .146 .750 5.81 .064 4.25 42.4 19.4 14.5 
1968 202 .042 1.14 1.01 13.6 .106 .300 .968 2.87 .006 5.41 24.1 47.5 11.3 47.3 
1969 199 .032 1.35 .767 4.65 .166 .105 .200 1.11 .013 6.22 60.1 117 40.1 54.8 
1970 210 .024 .544 .940 3.46 .280 .129 .182 .309 .154 6.93 55.5 120 21.4 128 
1971 208 .036 ND 1.34 .211 .105 .058 .102 .442 84.4 159 28.6 75.3 
1972 237 .029 ND .220 .073 .038 .056 .084 .030 27.4 37.2 19.5 14.9 
1973 242 .030 ND .067 .022 .009 .077 .019 ND 2.05 2.81 3.46 2.65 
1974 234 .025 ND .489 .024 .018 .034 .035 .054 25.8 50.8 6.37 25.6 
1975 241 .024 ND .293 .016 .013 .054 .035 .148 10.4 21.2 2.62 11.4 
1976 238 .022 ND .092 .027 .293 .119 .015 ND 9.53 8.41 10.1 1.60 
1977 253 .030 ND .499 3.29 .054 .155 .029 .06 .251 4.99 45.2 83.1 23.1 26.3 
1978 212 .021 .011 .349 6.28 .026 .026 .203 .08 .049 4.96 3.15 5.87 6.88 18.7 
1979 208 .017 .013 .084 1.55 .005 .048 .052 .016 .014 10.1 .034 .053 .085 3.10 
1980 160 .013 < __ 013 .029 < •• 005 <.007 .021 <.016 ,:.014 <.019 <.017 <.012 .653 

Disintegrations Per Minute Per 103 M' 

Year ll0mAg 124Sb 125Sb 134CS l37CS 14°Ba 141Ce 144Ce 155Eu 2l0Pb 238PU 239PU 241Am 

1961 7,720 9,820 
1962 87.5 .38 98,1 3,420 1,850 1,480 ,023 .858 
1963 .174 4.89 149 .511 152 1,800 84.8 .603 .253 
1964 1,70 71.1 .425 78.2 471 64,1 .007 .470 ,120 
1965 ,060 .099 27.8 ,185 34.4 14.5 88.4 14.1 .006 ,395 .153 
1966 .050 .059 18.7 .182 18.9 11.2 43.4 27.9 6.19 .009 .143 .078 
1967 .055 .142 6.60 .050 11.7 9,72 17.7 19.7 .820 .032 .123 ,045 
1968 .084 .034 6.54 .162 11.9 6.79 10.1 118 1.60 .028 .114 .035 
1969 .040 .017 7.77 .178 14.0 2.36 35.4 139 1.71 ,041 .116 ,0046 
1970 ,029 ND 7.19 .188 18.4 1.38 16.7 156 2.34 ,019 .131 .0037 
1971 .026 ND 6.06 .092 16.3 1.50 17.2 151 1.17 .007 .121 ,0059 
1972 ND ND 1.60 .243 14.5 5.85 20.2 30.0 .42 ,007 .076 .0025 
1973 ND ND .595 .021 3,02 1,89 1.94 4.64 .152 .0025 .0232 
1974 ND ND 2.55 .012 6.19 .789 3.97 59.2 .608 .0019 .0533 
1975 .032 .029 1.34 .010 3.68 ,088 1.30 26.6 3,03 18.1 .0019 .0366 
1976 ND ,028 .269.007 1.75 10.7 11.6 4.16 .085 23.9 .0006 .0168 
1977 ND .045 2.57 .011 5.23 5.44 15.2 56.8 ,558 23.4 .0024 .0397 .0010 
1978 .062 .19 2.73 .020 5.68 10.9 4.07 37,3 ,569 19.8 .0018 .0581 .0027 
1979 .058 .027 .681 .017 1.98 .306 .174 4.97 .166 25,4 .0008 .0220 ,0034 
1980 <.030 <.030 .225<,009 .814 .160 <.016 .887 .058 16.9 
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Table 2.4. Average Annual Radionuclide Concentrations in Surface Air at Barrow, Alaska (71°10'N, 
156°30'W) 

Disintegrations Per Minute Per 10) M) 

Year 'Be 22Na S'Mn sSFe s'Co SI'CO ·"Co .sZn BBy 9sZrNb 9SZr 9sNb 
-- --

1965 .066 5.35 11.6 .078 .035 .026 3.96 
1966 117 .028 1.21 6.63 .032 .155 .003 7.95 
1967 85.0 .014 .175 3.22 .025 .022 .013 .062 .026 13.9 
1968 81.0 .014 .334 2.44 .036 .108 .026 .267 .002 9.12 17.2 
1969 95.9 .011 .210 .821 .054 .082 .016 .105 .003 9.19 19.2 
1970 68.7 .012 .183 .874 .054 .066 .006 .12 .021 7.34 16.2 
1971 84.7 .014 .296 .063 .060 .008 .012 .075 12.6 25.8 
1972-3 101 ND .066 .023 ND ND ND ND 6.78 10.3 
1974 115 .011 .138 ND ND ND ND .013 8.47 16.9 
1975 120 .011 .156 .009 .012 .008 .023 .091 9.11 16.5 
1976 123 .010 .026 .009 .081 .002 .007 ND 2.56 3.75 
1977 129 .011 .133 .015 .078 .006 .015 .049 9.45 17.8 
1978 108 .011 .190 .013 .018 .008 .009 .036 1.98 4.37 
1979 91.0 .008 .022 .002 .003 .001 .001 .002 .017 .032 
1980 123 .009 .005 <.002 <.003 <.002 <.004 <.004 <.006 <.004 

Disintegrations Per Minute Per 10) M) 

Year lOJRu l06Ru 11O"'Ag 124Sb mSb 134C5 

1965 27.3 11.5 .020 
1966 3.77 6.45 .008 .014 3.73 .006 
1967 6.66 2.26 .003 ND .90 ND 
1968 4.01 12.8 .013 .045 1.76 ND 
1969 6.42 11.8 .009 .007 1.71 ND 
1970 2.74 14.4 .004 .009 1.60 .008 
1971 4.58 15.2 .003 .005 1.42 .011 
1972-3 2.75 3.55 ND .012 .456 ND 
1974 1.98 7.81 ND ND .751 ND 
1975 2.66 7.25 ND ND .719 .006 
1976 3.51 .764 ND ND .105 .003 
1977 5.40 6.99 .013 .016 .728 .005 
1978 1.72 11.4 .012 .055 1.47 .004 
1979 .056 1.45 .007 .011 .303 .002 
1980 <.008 .388<.007 <.013 .127 <.002 

and Richland (Figure 2.7) have shown the 
expected correlation with cosmic ray (neu­
tron) flux and anticorrelation with sunspot 
number (except at Richland prior to 1968, 
when the measured concentrations were prob­
ably less reliable because they were meas­
ured with NaI(Tl) detectors in the presence 
of large amounts of 103Ru). From lY68 
through 1980 the minimum annual average 7Be 
concentration at Richland was 35% lower 
than the maximum concentration, while the 
minimum concentration at Barrow was 47% 
lower than the maximum concentration. The 
larger variation at Barrow might be ex­
pected, because magnetic fields associated 
with solar activity have the greatest ef­
fect on low rigidity cosmic rays, which are 
deflected toward high latitudes by the 
earth's magnetic field. 
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137CS "oBa "'Ce l44Ce lssEu 210Pb 

14.8 2.84 49.2 
7.87 8.38 8.83 
2.76 7.57 3.08 3.93 
3.64 2.74 4.25 26.2 
2.58 .761 5.30 30.8 
2.34 .48 2.07 26.9 
2.84 .42 2.93 32.3 
1.08 .68 3.80 7.54 .146 
1.92 .19 .98 19.6 .211 15.9 
1.80 ND 1.23 16.6 .191 19.7 
.391 1.50 3.15 1.61 .029 20.1 

1.33 3.74 4.13 13.4 .142 15.5 
2.68 .93 .725 17.4 .293 13.5 
.688 .08 .081 2.14 .067 12.2 
.390 <.43 <.024 .475 .033 15.1 

Radionuclides Produced By Nuclear Reactors 

Concentration ratios of the various nu­
clear weapons radionuclides have been about 
the same at Richland and at Barrow. How­
ever, the concentrations of 46Sc , 55Fe, 
60Co, 65Zn and 134Cs at Richland in the 
past have been considerably higher than 
would be predicted from their concentra­
tions at Barrow if they were produced en­
tirely by nuclear weapons, especially prior 
to 1971. The elevated concentrations of 
these radionuclides at Richland resulted 
from the operation of eight plutonium­
producing reactors on the Hanford Reserva­
tion 20 to 30 miles north of the Richland 
air sampling site. During the passage of 
Columbia River cooling water through the 
reactors, the neutron activation of 
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Figure 2.6. Average Yearly Radionuclide Concentrations 
at Richland, Washington. 
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Figure 2.7. 7BE Concentrations, Sunspot Number, and 
Neutron Flux (Green River, Canada) as Functions of Time 
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impurities in the water, the leaching of 
corrosion products and occasional fuel ele­
ment failure added radionuclides to the 
cooling water. These radionuclides became 
deposited in Columbia River sediments, 
where they could later be resuspended into 
the atmosphere. The Hanford plutonium­
producing reactors began to be shut down 
in the late 1960s, and since 1971 the only 
reactor in operation has been N-reactor, 
which produces both electricity and pluto­
nium. Therefore, the atmospheric concen­
trations of 46Sc, 55Fe, 60Co, 65Zn and 
134Cs at Richland decreased in the late 
1960s and 1970s, with the radionuclides 
having the shortest half-lives showing the 
fastest decrease (Figure 2.8). The half­
times for the decreases of 65Zn and 134Cs 
were about equal to their half-lives. By 
1980, atmosQheric concentrations of 46Sc, 
65Zn and 134Cs had fallen below detection 
limits, and only 60Co showed measurable 
concentrations. The ratios of 60Co to the 
nuclear weapons radionuclides at Richland 
and Barrow indicated that the 60Co was 
still of nuclear reactor origin. Iron-55 
has not been measured in 1980 so it is not 
possible to determine whether nuclear reac­
tor 55Fe is still present in the atmosphere 
at Richland. Measurements from previous 
years, however, indicate that it probably 
still is. 
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Figure 2.8. Average Yearly Concentrations at Richland, 
Washington of Radionuclides Released by Hanford 
Nuclear Reactors 



• 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. 

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

• Factoring time-varying resuspension rates into models describing delivery of surface contaminants 
to man. 

Airborne Plutonium-240 Isotopic Composition 
Near Hanford 

G. A. Sehmel 

Introduction 

Airborne plutonium was sampled during 
southwesterly winds in both resuspension 
and dry deposition investigations near the 
southwestern Hanford area boundary from 
1976 to 1979. For these samples, the maxi­
mum calculated airborne plutonium-239, -240 
concentration was 2 x 10-16 ~Ci/cm3, which 
is only 0.3% of the 6 x 10-14 ~Ci/cm3 
168-hr maximum permissible concentration 
guide (ERDA 1977a). 

In these samples, stratospheric fallout 
plutonium can be identified by the ratio 
of 240pu to other plutonium isotopes. For 
samples collected in 1970-71 with atom ra­
tios corrected to January 1971, worldwide 
fallout 240pu/ 239Pu atom ratios in surface 
soils average 0.18 : 0.01 (Krey et al. 
1976). These results are given with one 
standard deviation precision. In compari­
son to fallout, Hanford process-grade plu­
tonium (ERDA 1977a) as reflected in high­
level waste decayed to 1990 (from reactor 
production--1944 to 1971) has an average 
240pu composition of 6.3 atom percent and 
an average 240Pu/ 239 pu atom ratio of 
0.067. 

In the resuspension studies, airborne 
solids were sampled as a function of wind 
speed, anticipating that airborne plutonium 
concentrations would reflect the wind speed 
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dependency of resuspension from a uniform 
area source consisting of stratospheric 
fallout plutonium. Similarly, for the par­
ticle dry deposition studies, airborne 
fallout plutonium was expected to be evenly 
distributed in the atmosphere. In this 
case, particle dry deposition was to be 
measured during airborne plutonium trans­
port from an upwind to a downwind air sam­
pling tower. 

Unexpectedly, however, plutonium isoto­
pic results from selected filter resuspen­
sion samples were different than expected 
since these samples were mainly process­
grade plutonium rather than fallout pluto­
nium. Now, the source locations of the 
process-grade plutonium source are unknown. 

For samples collected during the dry de­
position experiment, additional quality as­
surance measures were taken to confirm 
sample integrity throughout the analytical 
procedure. These deposition sample re­
sults, as well as results from earlier re­
suspension and deposition experiments, are 
summarized in this report. 

Data Review 

In these resuspension and deposition in­
vestigations, 240pu and 239pu isotopic com­
positions were determined at five sites: 
1) near the Prosser Barricade; 2) near the 
top of Rattlesnake Mountain (Sehmel 1979a); 
3) at a site near the downwind tower used 
in a particle dry deposition experiment 
near Horn Rapids; 4) at both the upwind and 
downwind towers of a second particle dry 



deposition experiment conducted near Horn 
Rapids (Sehmel 1979b); and 5) west of the 
Hanford central stores. 

Airborne plutonium similar to process­
grade, i.e., 6% 240pu, was first identified 
in samples collected near the Prosser Bar­
ricade from April 12 to June 29, 1976, and 
also from August 12, 1976, to January 11, 
1977. In these two experiments airborne 
samples were collected in cowl particle 
cascade impactor systems (Sehmel 1978) at 
heights of 0.3, 2.0, and 5.8 m. Samples 
were collected only if tQe wind direction 
was from oft-site towaral a) the Hanford 
area, i.e., from 225" ± 35". "Small" par­
ticles were collected in particle cascade 
impactors, and "large" particles were col­
lected by gravity settling within the cowl 
inlet. 

For the first sampling period, plutonium 
isotopic ratios were determined for only 
the "large" particles: the 240pu atom per­
cent ranged from 6.1 to 6.3; the 240pu/ 
239pu atom ratios ranged from 0.065 
to 0.068. For the second collection pe­
riod, isotopic analyses were made for both 
"small" and "large" particles. For "small" 
particles, the 240pu atom percent ranged 
from 5.6 to 8.1, and the 240Pu/ 239Pu atom 
ratio ranged from 0.060 to 0.089. For 
"large" particles the 240pu atom percent 
ranged from 6.6 to 6.8, and the 240Pu/ 239Pu 
atom ratio ranged from 0.071 to 0.074. 

Expecting to measure only fallout pluto­
nium resuspension, airborne plutonium also 
was collected near the top of Rattlesnake 
Mountain from June 30 to November 17, 1978. 
Samples were collected to a height of 2.1 m 
during southwesterly winds, i.e., 240" ± 45" 
for seven wind speed increments within the 
range of 4.5 to 31 m/sec. For seven sam­
ples collected from June 30 to November 17, 
1978, 240pu/ 239pu atom ratios ranged from 
0.152 % 0.010 to 0.229 ± 0.024. For wind 
speeds below 15 m/sec, the 240pu/ 239pu atom 
ratio was between 0.20 and 0.23. For the 
highest wind speed increments from 15 to 
31 m/sec, the 240pu/ 239pu atom ratio de­
creased to 0.15. For the combined sample 
"large" particles collected in the seven 
cyclone preseparators, the 240pu/ 239pu 
atom ratio was 0.102 * 0.008. 

The consistent identification during 
southwesterly winds of airborne process­
grade plutonium near the Prosser Barricade 

(a) North is 0·; angles are measured 
clockwise from 0". 
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was confounded in a subsequent resuspension 
experiment from May 11 to July 2, 1979. 
This experiment was performed at an air 
sampling site near the Horn Rapids downwind 
deposition tower. At this downwind site, 
airborne solids were collected continuously 
for all wind directions 1.4 km south (176°) 
of the Prosser Barricade. The 240pu and 
239pu isotopic compositions were 
17.3 * 0.1 and 81.3 * 0.1 atom percent, re­
spectively. The 240pu/ 239pu atom ratio was 
0.213 % 0.002. Simultaneously, a continu­
ous air sample was collected near the top 
of Rattlesnake Mountain. At Rattlesnake 
Mountain, the 240pu and 239pu isotopic com­
positions were 14.43 * 0.08 and 
83.35 % 0.09 atom percent, respectively. 
The 240pu/ 239Pu atom ratio was 
0.173 * 0.001. These compositions reflect 
only fallout plutonium at both sites. 

An apparent inconsistency in the isoto­
pic composition was evident between this 
Horn Rapids sample and the earlier Prosser 
Barricaae samples: the isotopic composi­
tion in the Horn Rapids sample is similar 
to fallout rather than process-grade pluto­
nium as measured in the Prosser Barricade 
samples. This inconsistency was surprising 
since these two sites are separated by only 
1.4 km. 

Results from a dry deposition experiment 
at Horn Rapids shed further light on this 
inconsistency (Sehmel 1980). Indeed, now 
there may no longer be an inconsistency be­
tween the data sets. The particle dry de­
position experiment measured ambient air­
borne plutonium using two sampling towers 
305 m apart located near the Horn Rapids 
Dam. When wind speed and direction were 
identical at each tower (i.e., a wind di­
rection of 233" * 45° and a wind speed in­
crement of 5 to 7 m/sec measured at an ele­
vation of 30 m), isokinetic particulate 
samplers were automatically turned on at 
both upwind and downwind towers. "Large" 
particles were collected by gravity set­
tling in the inlets of isokinetic samplers, 
whereas "small" particles remained airborne 
within the samplers and collected on fil­
ters. The filter samples were analyzed for 
plutonium. 

At the upwind towers at 2- and 3-m 
heights, airborne plutonium concentrations 
were approximately three times greater than 
for any other sample collected from the up­
wind tower. See Figure 2.4 of "Plutonium 
Dry Deposition Experiment Using Ambient 
Airborne Plutonium Near Horn Rapids" in 
this Annual Report. These elevated 



concentrations were caused by process-grade 
plutonium rather than from stratospheric 
fallout. 

One would expect airborne fallout pluto­
nium concentrations to be reasonably uni­
form with respect to sampling height since 
the fallout atmospheric source is world­
wide. If airborne plutonium concentrations 
showed significant changes with height, the 
source of that change might be resuspension 
from a local, i.e., process-grade versus 
fallout plutonium, source. Non-uniform 
airborne plutonium concentrations were 
measured during the dry deposition 
experiment. 

Increased plutonium concentrations meas­
ured at the 2- and 3-m heights at the up­
wind tower site indicate process-grade plu­
tonium was transported across the upwind 
tower. Thus, at both the upwind Horn 
Rapids site and the Prosser Barricade site, 
airborne plutonium is partially the result 
of process-grade plutonium. Process-grade 
plutonium was absent at the downwind 0.3-m 
site, partly because of complex airflow 
paLterns in this region, but process-grade 
was present at sampling heights of 1 and 
20 m. 

Results: Plutonium Atom Ratios 

Data symbol identifications are shown 
in Table 2.5 for plutonium atom ratios 
shown in Figure 2.9, 240pu/ 239pu as a func­
tion of 241pu/ 239Pu. The 240pu/ 239Pu 
atom ratio range is from 0.0376 to 0.227, 
while the 241pu/ 239pu atom ratio range is 
from 0.00188 to 0.013. Although the rela­
tionship is not completely defined, the 
240pu/ 239 pu atom ratio tends to increase as 
the 241pu/ 239 pu atom ratio increases. A 
line, 

240pu/ 239Pu 15.00 (241Pu/ 239pu) + 0.0285 

(1) 

represents the general increase. 
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Conclusions 

Although airborne plutonium transgort 
occurs near th~ Hanford area U pond,la) the 
BC crib areal b) (Sehmel 1978) and even up 
to 125-m heights as measured from the Han­
ford Meteorological Station tower, the body 
of data summarized here for 240pu isotopic 
analysis is nearly the entire data base for 
isotopic analysis of airborne plutonium 
near the Hanford boundary. Isotopic anal­
ysis of airborne material in monitoring 
studies has probably not been deemed neces­
sary because airborne plutonium concentra­
tions were significantly below airborne 
maximum concentration guide levels, even 
though process-grade plutonium was trans­
ported by southwesterly winds near the 
Prosser Barricade and at the upwind tower 
near Horn Rapids. The maximum calculated 
airborne 239-240pu concentration of 
2 x 10-16 vCi/cm3 is 0.3% of the 
6 x 10-14 vCi/cm3 168-hr maximum permis­
sible concentration guide (ERDA 1977b). 

The possibility of some process-grade 
plutonium transport during southwesterly 
winds also may be concluded for the Rattle­
snake Mountain site experiment. Near the 
top of Rattlesnake Mountain there was a de­
crease in the airborne 240pu/ 239pu atom ra­
tio from the 0.20 to 0.23 range to 0.15 
during southwesterly winds above 15 m/sec. 
This decrease during high wind speeds might 
be interpreted as resuspension occurring 
from unknown sources. For "large" par­
ticles, an even lower 240Pu/ 239Pu atom 
ratio of 0.10 tends to further confirm some 
resuspension source(s) with lower atom ra­
tios than current fallout airborne atom ra­
tios. It is unknown now whether samples 
collected for wind speeds above 15 m/sec 
reflect only a change in isotopic composi­
tion as a result of airflow patterns intro­
ducing stratospheric fallout or whether at 
higher wind speeds there may be airflow 
patterns reflecting resuspension from 
sources previously released from Hanford. 

(a) Southwest of 200-West area. 
(b) South of 200-East area. 



Table 2.5. Data Symbol Identifications 

WIND SPEED u 
LOCATION SYMBOL INCREMENT, m/s8c HOST 

(WIND DIRECTION) DATE KEY OR CONDITtONS PARTICLE SIZE 

MT. ST. HELENS 6-6-75 X SMOKE SMALL 

PROSSER BARRICADE 4-12 TO 6-29-76 
• 1 

ALL u LARGE 
(225° ± 35°) 8-12-76 TO 1-11-77 

• 2 
ALL u LARGE 

03 3-5 SMALL 
07 7-11 SMALL 

HORN RAPIDS 7-21 TO 11-20-78 5-7 SMALL 
(233° ± 45°) UPWIND HEIGHT o UO.3 0.3m SMALL 

o U1 1m SMALL 
o U2 2m SMALL 
o U3 3m SMALL 
o U9 9m SMALL 
o U20 20m SMALL 

DOWNWIND HEIGHT 000.3 0.3m SMALL 
o 01 1m SMALL 
o 02 2m SMALL 
o 03 3m SMALL 
o 09 9m SMALL 
0020 20m SMALL 

RATTLESNAKE 6-30 TO 11-17-78 60.5 0.5-3 SMALL 
MOUNTAIN 63 3-5 SMALL 
(240° ± 35°) 65 5-7 SMALL 

67 7-11 SMALL 
611 11-15 SMALL 
6 15 15-17.5 SMALL 
617.5 17.5-31 SMALL 

• 0.5-31 LARGE 

RATTLESNAKE 5-11 TO 7-2-79 'V ALL u SMALL 
MOUNTAIN (ALL) 

HORN RAPIDS (ALL) 5-11 TO 7-2-79 0 ALL u SMALL 

RATTLESNAKE 7-5 TO 11-8-79 17 ALL u 1.7um STAGE 
MOUNTAIN (ALL) 'f;1 SMALLER 

STORES - 1100 e. ALL u 1.7um STAGE 
AREA (ALL) ~ SMALLER 

PROSSER BARRICADE 9-17 TO 11-8-79 t> ALL u 6!)m PRESEPAR.4TOR 
(240° ± 15°) ~ SMALLER 
(240° ± 30°) ~ 6!)m PRESEPARATOR 

e SMALLER 
(240° ± 45°) $ 6!)m PRESEPARATOR 

0 SMALLER 

HORN RAPIDS ~ ALL u 6!)m PRESEPARATOR 
(240° ± 15°) ~ SMALLER 

1 CT MASS SPECTROMETER LIMITS: + 
LESS THAN 241PU/ 239 PU LIMIT: -1 
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Airborne Plutonium Transported Durin 
outhwesterly Winds Near the Hanford 

Prosser Barricade 

G. A. Sehmel 

Introduction 

Stratospheric fallout from resuspension 
of deposited nuclear weapons testing could 
result in airborne plutonium. To determine 
this possible resuspension at the Hanford 
site, two field experiments were conducted 
near the Prosser Barricade in the Hanford 
area. The primary objective of these ex­
periments was to determine if stratospheric 
fallout resuspension was reflected by air­
borne plutonium concentrations increasing 
with increasing wind speed. A secondary 
objective was to "fingerprint" the source 
of the airborne plutonium by determining 
the plutonium-240 isotopic content. 

Experiment 

Airborne solids were collected as a 
function of wind speed increments within 
cowl particle cascade impactor systems 
(Sehmel 1978) located at heights of 0.3, 
2.0, and 5.8 m above ground. The air was 
sampled only if the wind was blowing from 
off-site towards(a) the Hanford area from 
190 0 to 260 0

• "Small" particles were sa~ 
ples within particle cascade impactors and 
"large" particles were collected within the 
particle inertial-collection sampling-cowl. 

Results 

In the first experiment, airborne pluto­
nium-239 concentrations were measured near 
the Prosser Barricade from April 12 to 
June 29, 1976. The sampling experiment was 
repeated from August 12, 1976, to Janu-
ary II, 1977, to confirm results from this 
initial experiment. For the second experi-

(a) North is OOi angles are measured clock­
wise from 0 . 
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ment 239-240pu isotopic analysis were made 
for both small and large particle samples. 

Airborne plutonium concentrations, 
~Ci/cm3, were calculated. From August 12, 
1976, to January 11, 1977, airborne concen­
trations ranged from 4 x 10-18 up to a 
maximum of 2 x 10-16 ~Ci/cm3. 

At the lowest sampling height of 0.3 m, 
the airborne 239-240pu concentration was 
nearly constant at about ~ x 10-17 ~Ci/cm3 
for all wind speeds. In contrast to con­
centrations at the O.3-m height, plutonium 
concentrations at the 2-m and 5.8-m heights 
increased with increasing winG speed. For 
the highest point sampled (5.8 m), both the 
airborne plutonium and airborne solids con­
centrations increased with the wind speed 
to the 2.7 to 2.8 power. The 240pu iso­
topic content in ~tom percent ranged from 
5.6 to il.1 for "s[lla11" particles; for 
"large" particles the percentage was simi­
lar, 6.6 to 6.8. 

Analysis 

Plutonium-239, -240 was transported dur­
ing southwesterly winds on both "small" and 
"large" particles. Although maximum air­
borne concentrations were far below the 
168-hr maximum permissible concentrations 
guidance levels (0.3%), possible sources 
of this airborne plutonium are of interest. 
In considering possible sources, 240pu iso­
topic ratios are investigated. 

Plutonium-240 isotopic content can be 
used to "fingerprint" the plutonium source 
as being similar to nuclear weapons-testing 
stratospheric fallout or Hanford process­
graae plutonium. An average Hanford­
process 240pu content of 6.3 atom percent 
(ERDA 1977a) is much less than 18.8 atom 
percent for an airborne (fallout) sample 
collected near Mt. St. Helens, Washington. 
For the Prosser Barricade sillnples, the 
maximum observea 240pu concentration is 
8.1 atom percent (see Table 2.6 tor a sum­
mary of 240pu atom percent). Thus, the 
maximum observed 240pu concentration at 
8.1 atom percent tor the Prosser Barricade 
samples is a fraction (0.59) of the atom 
percent for the Mt. St. Helens' sample. 

These percentages were used to estimate 
the fraction of fallout in the Prosser Bar­
ricade sample. The estimated fraction of 
fallout in the 8.1 atom percent 240pu sample 
is 0.24. For the other Prosser Barricade 
samples with 240pu atom percentage less 
than 8.1, the estimated fallout contribu­
tion is even less than 0.24. 



Table 2.6. Prosser Barricade Plutonium·240 Isotopic Content Summary 

Atom Percent 

Wind Speed 
Sampling 

Increment, m/sec 

Large Particles Collected in Cowls 
Small Particles Collected 

Cascade Impactor 

Sampling 
Heigh~ 

12 April to 12 August, 1976 to 12 August, 1976 to 
11 January, 1977 29 June, 1976 11 January, 1977 

0.3 All 6.10 ± 0.02 
3 to 5 NA 
7 to 11 NA 

2.0 All 6.31 ± 0.02 
3 to 5 NA 
7 to 11 NA 

5.8 All 6.28 ± 0.03 
3 to 5 NA 

(NA) Not Analyzed 

Conclusions 

Plutonium was transported onsite during 
southwesterly winds during the two study 
periods at the Prosser Barricade. Air­
borne 239-240pu concentrations varied as 
powers of wind speed (U): U-0.2 to U7.8. 
As wind speed increases, airborne concen­
trations increase, indicating a surface re­
suspension source. More research is 
planned to determine relationships between 
airborne and any surface concentrations. 
The airborne solids content ranged from 
6 x 10-8 to 1.7 x 10-6 ~Ci/g. The 240pu 
isotopic content ranged fom 5.6 to 8.1 atom 
percent. The estimated fraction of strato­
spheric fallout plutonium in these samples 
was 0.24 or less. The remaining airborne 
plutonium was probably of Hanford origin. 
This airborne plutonium probably represents 
resuspension of plutonium from undetermined 
sites by mechanisms and events not clear at 
this time. The maximum calculated airborne 
239-240pu concentration of 2 x 10-16 ~Cil 
cm3 is 0.3% of the 6 x 10-14 ~ci/cm3 168-hr 
maximum permissible concentration guide 
(ERDA 1977b; Code of Federal Regulations). 
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Airborne Plutonium and Americium Concentra­
tions and Plutonium Isotopic Ratios 
Measured Near the Top of Rattlesnake 
Mountain 

G. A. Sehmel 

Introduction 

Radionuclide fallout from stratospheric 
and tropospheric debris is deposited 
throughout the world. It is possible that 
this fallout could be used to determine the 
resuspension rate dependency upon wind 
speed for a large, uniform resuspension 
source. In order to investigate the poten­
tial resuspension rate of this deposited 
fallout, airborne concentrations of pluto­
nium and americium were measured at a re­
mote Hanford site near the top of Rattle­
snake Mountain. 

The exper'iment was conducted from 
June 30 to November 17, 1978. (A previous 



experiment took place from May 27 to 
June 2, 1978.) Airborne solids were sam­
pled with a modified cyclone preseparator 
followed by a cascade particle impactor.(a) 
The cyclone preseparator was modified by 
attaching an inlet closure on the presepa­
rator. The closure was opened with a sole­
noid when the cascade impactor was acti­
vated by a signal from a controller. When 
wind speed and direction criteria were sat­
isfied, the controller automatically acti­
vated a designated cascade particle impac­
tor. Airborne solids were sampled during 
southwesterly winds, i.e., 220 0 ± 45 0 for 
seven wind speed increments within the 
range of 0.5 to 31 m/sec. 

At the end of the experiment, collected 
soli ds were removed for radiochemical anal­
ysis. The non-respirable particles col­
lected in all seven cyclone preseparators 
were combined to form one sample. In con­
trast, the identity of the total sample 
collected within each cascade impactor was 
retained. After sampling and radionuclide 
analysis,(b) samples were analyzed at the 
Pacific Northwest Laboratory (PNL) for plu­
tonium isotopic ratios. 

Results 

The following results are shown in Fig­
ures 2.10 and 2.11: 1) airborne radionu­
clide concentration, ~Ci/cm3 of sampled 
air; 2) the activity density, ~Ci/g air­
borne solids; 3) airborne solid concentra­
tions, ~g/m3 of sampled air' 4) the 241Am/ 
239pu activity ratio, ~Ci 2~lAm/~Ci 239Pu; 
and 5) the 240Pu/ 239pu atom ratio. 

Airborne Concentrations 

Airborne 239pu and 241Am radionuclide 
concentrations are illustrated in Fig-
ure 2.10. Shown in the upper and lower 
portions of the figure are airborne concen­
trations in ~Ci/cm3 of sampled air and 
~Ci/g of airborne solids, respectively. 
The vertical line through each data point 
shows the radiochemical counting statistic 
limits, 1 a. The range of each wind speed 
increment is shown by a horizontal line 
through each data point. 

Airborne plutonium concentrations were 
a function of wind speed. For five wino 

(a) Model 230CP cyclone preseparator, 
Sierra Instrument Co., Carmel Valley, 
CA 93924. 

(b) LFE Environmental Analysis Laboratory, 
230 Wright Ave., Richmond, CA 94804. 
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speed sampling increments between 0.5 and 
15 m/sec, airborne plutonium concentrations 
decreased with increasing wind speed. 
Above a wind speed of 15 m/sec, airborne 
plutonium concentrations increased rapidly 
with increasing wind speed. In contrast, 
airborne americium concentrations tended 
to remain constant for all wind speeds ex­
cept for a rapid increase at the highest 
wind speed increment of 17.5 to 31 m/sec. 

Microcuries per Gram on Airborne Solids 

The radionuclide content on airborne 
solidS was calculated from the combined 
weights of solids collected on impactor 
stages and from the backup filter. The 
plutonium concentration on airborne solids 
ranged within one order of magnitude and 
were inconsistent as a function of wind 
speed. Americium concentrations on the 
airborne solids also varied. However, the 
absolute values are even less certain be­
cause of the large radiochemical counting 
limits around each data point. For the 
nonrespirable particles, the plutonium and 
americium concentrations were 
9.4 x 10-7 ± 1.9 x 10-9 ~Ci/g and 
0.0 ± 1.6 x 10-8 ~Ci/g, respectively. 

Airborne Solids Concentrations 

Airborne solidS concentration, ~g/m3, 
was also determined as a function of wind 
speed and is shown in the upper portion of 
Figure 2.11. Concentrations ranged from 
8 to 25 ~g/m3 for wind speeds below 17.5 m/ 
sec. This low concentration might reflect 
concentrations expected in a pristine re­
gion. However, for the highest wind speed 
increment investigated, airborne concentra­
tions dramatically increased to 200 ~g/m3. 
For nonrespirable particles the average 
concentration was 5.6 ~g/m3. 

Americium-241/Plutonium-239 Activity 
Ratio 

The 241Am/ 239 pu activity ratios are 
shown in the lower portion of Figure 2.11. 
Although the radiochemical counting limits 
are large for the activity ratio, that ra­
tio is about 10-1 for most conditions. 
Only for the highest wind speed increment is 
there a significant increase in the activity 
ratio. 

Plutonium-240/239 Atom Ratio 

Plutonium atom ratios, 240Pu/ 239pu, were 
determined for each sample. Ratios are 
shown in Table 2.7. For wind speeds below 
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Table 2.7. Plutonium Atom Ratios for Airborne Solids Collected at the Top of Rattlesnake 
Mountain From June 30 to November 17, 1978, When Sampling Winds Coming From Olfsite 

Particle Diameter 
Wind Speed Increment 

Sampled, m/sec 
24opu/2J9pu Atom Ratio, 

± Standard Error 

"Respirable," Total 
Impactor Collection 

"Non-Respirable," Total 
Collection in Cyclone 
Preseparator 

0.5 to 3 
3 to 5 
3to 7 
7 to 11 
7 to 15 

15to 17.5 
17.5 to 31 

0.5 to 31 
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0.21 ± 0.01 
0.22 ± 0.01 
0.20 ± 0.00 
0.20 ± 0.01 
0.23 ± 0.02 
0.15 ± 0.01 
0.15 ± 0.01 

0.10 ± 0.01 
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15 m/sec the atom ratio tended to remain 
constant between 0.20 and 0.23. For the 
two highest wind speed increments, from 
15 to 31 m/sec, the plutonium atom ratio 
decreased to 0.15. The reason for this de­
crease is unknown. Similarly, the reason 
for the low 0.10 atom ratio for the nonre­
spirable particles is unknown. 

Conclusions 

Plutonium and americium concentrations 
were measured from the top of Rattlesnake 
Mountain during two periods. Concentra­
tions were previously measured (Sehmel 
1979) from May 27 to June 2, 1978. In com­
paring data from these two experiments, the 
results are shown to be significantly dif­
ferent. In the first experiment, airborne 
plutonium concentrations pCi/m3, were inde­
pendent of wind speed. In contrast, during 
this second experiment, airborne plutonium 
concentrations were a function of wind 
speed. Similarly, airborne americium con­
centrations show significant differences 
in both experiments. During the first ex­
periment, airborne americium concentrations 
were lowest at a wind speed of about 7 m/ 
sec. However, during the second experi­
ment, these concentrations were nearly con­
stant and only increased at the highest 
wina speea increment, 17.5 to 31 m/sec. 

Possibly of more significance in the re­
sults for both experiments is the americium 
to plutonium activity ratio. For both time 
periods the ratio was a function of wind 
speed. During the first experiment, the 
ratio was near unity for only the lowest 
and highest wind speed increment. In con­
trast, during the second experiment the ra­
tio was not unity. The ratio tended to in­
crease with increasing wind speed. 
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Airborne Plutonium as a Function of South­
westerly Wlnd Dlrectlon Sectors Near the 
Southwestern Hanford Boundary 

G. A. Sehmel 

Introduction 

Airborne plutonium collected during south­
westerly winds near the Prosser Barricade had 
240pu/ 239pu atom ratios similar to Hanford 
process-grade plutonium (Sehmel 1979). The 
240pu/ 239Pu atom ratios ranged from 0.065 
to 0.089 and the 240pu isotopic contents 
range from 5.6 to 8.1 atom percent. In 
comparison, average Hanford process-grade 
240pu content as reflected in high-level 
waste decayed to 1990 (from reactor 
production--1944 to 1971) is 6.3 atom per­
cent (ERDA 1977a), which is much less than 
in stratospheric fallout plutonium. World­
wide fallout 240pu/ 239pu mass ratios in 
surface soils average 0.18 ± 0.01 (Krey et 
al. 1976). These results are given with 
one standard deviation precision. The es­
timated fraction of stratospheric fallout 
plutonium in these Prosser Barricade sam­
~les was less than 0.24. The remaining 
airborne plutonium was probably of Hanford 
process-grade origin. The maximum calcu­
lated airborne 239,240Pu concentration of 
2 x 10-16 pCi/cm3 was only 0.3 percent of 
the 6 x 10-14 pCi/cm3 168-hr maximum per­
missible concentration guide (ERDA 1977b; 
Code of Federal Regulations). 

The collection of airborne process-grade 
plutonium probably reflects resuspension 
of plutonium from undetermined sites by 
mechanisms and events that are not clear 
now. If identified, the source might be 
used as a site for investigating plutonium 
resuspension. The source direction, as re­
flected in increased airborne plutonium 
concentrations and in decreased 240pu/ 239Pu 
atom ratios, is known (Sehmel 1979) to be 
southwesterly, 205° to 275°, at the Prosser 
Barricade. However, how far the southwest 
winds transported the plutonium is unknown. 
The airborne areal extent is at least to a 
Horn Rapids sampling site 1.4 km south 
(176°) of the Prosser Barricade. 



Consequently, experiments were conduc ted 
to expand our information about the down­
wi nd airborne concentrat ions attributab le 
t o process-grade plutoni um sources. Sam­
p,l i ng si t e locations are shown on the map , 
Figure 2. 12. 

Airborne plutonium concent rat ions and 
240pu/ 239pu atom ratios were invest igat ed 
at the Prosser Barricade and Horn Rapi ds 
sampling sites by simultaneous ly collecti ng 
ai rborne solids only during sout hwester ly 
wi nds. The wind direction at each si te was 
used to automatical ly activat e the ai r sam­
pli ng pumps. The sampling ti me peri od was 
September 17 to November 8, 1979. To fur­
ther investigate the areal extent of air­
borne pl utoni um similar to Hanford process­
grade, airborne solid samples al so were 
collected by continuous sampl ing from 

July 25 to November 8, 1979, near Central 
Stores and from the top of Rattlesnake 
Mountain. 

Reported here are plutonium results from 
subsequent analyses of those airborne solid 
sampli ng experiment s: 1) 240pu/ 239Pu and 
241pu/ 239Pu atom ratios for col lected air­
borne pl utonium; 2) airborne concentra­
tions, \lCi lcm3 of sample9 ai r; and 3) plu­
t on ium act iv ity densiti es on airborne re­
spirab le and non respi r abl e solids. \l Ci/ g 
on co l lec t ed ai rborne soli ds. 

Exper iments 

Airborne so li ds were coll ec ted as a 
func t ion of wind di rection at the Prosser 
Barri cade and ·Horn Rapids sampling sites. 
At the Prosser Barricade site, se lected 

Filure 2.12. Map Showing Airborne Particulate Sampling Sites Located at the 
Prosser Barricade, the Horn Rapids Dam, the Top of Rattlesnake Mountam ana 
at the Hanford Central Stores 
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airborne solid samplers were automatically 
activated (an air flow sampling rate of 
1.1 m3/min at a sampling height of 1.4 m) 
for three wind directions centered around 
240°: 240° ± 15°, 240° ± 30°, and 
240° ± 45°. During these wind directions, 
airborne solids were continuously collected 
during all wind speeds. Only a wind direc­
tion of 240° ± 15° was investigated at the 
Horn Rapids sampling site. 

Plutonium transport on both respirable 
and nonrespirable airborne solids was in­
vestigated at both sampling sites. Air­
borne solids were collected in samplers 
consisting of a cyclone-preseparator and a 
backup' filter. Manufacturer's specifica­
tions(a) are S.5-~m 50 percent cutoff di­
ameter for the cyclone-preseparator. 

Sampling reproducibility was investi­
gated at the Prosser Barricade sampling 
site. For the 90 0 wind direction sector, 
19So to 28So, the solids collected in two 
cyclone-preseparator systems were analyzed 
for plutonium. Multiple cyclone­
preseparator systems also were used at the 
ISO and 60° wind direction increments in 
order to collect sufficient airborne pluto­
nium for radiochemical analysis. There 
were four systems used for the ISO wind di­
rection sector and two each for the 60° and 
90° wind direction sectors. Samples in 
each of the ISO and 60° wind direction sec­
tors were combined for plutonium analysis. 

In comparison to sampling as a function 
of wind direction, airborne solids were 
also collected for all wind directions us­
ing massive-volume air samplers located 
near Central Stores and the top of Rattle­
snake Mountain. This impactor (Mitchell 
et a1. 1978) consists of a two-stage par­
ticle cascade impactor followed by an elec­
trostatic precipitator for collection of 
smaller particles. The SO% cutoff diameter 
for the first impactor stage is 3.S ~m 
while the SO% cutoff diameter for the sec­
ond impactor stage is 1.7 ~m. 

After weighing, samples were analyzed 
for 239+240pu by a commercial 1abora­
tory.(b) For analysis, samples were dis­
solved and the plutonium electroplated on 
platinum discs. After analysis, the pluto­
nium on these platinum discs was analyzed 

(a) Model 230 CP Cyclone Preseparator, 
Sierra Instrument Co., Carmel Valley, 
CA 93924. 

(b) LFE Environmental Analysis Laboratory, 
230 Wright Avenue, Richmond, CA 94804. 
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at Pacific Northwest Laboratory (PNL) with 
a mass spectrometer for plutonium atom 
ratios. 

Results 

Calculated results are shown in Fig­
ures 2.13 through 2.1S. Each figure is 
composed of a left and a right subfigure. 
The left subfigure corresponds to samples 
collected as a function of wind direction 
with cyclone-preseparators at the Prosser 
Barricade and Horn Rapids. The right sub­
figure corresponds to samples collected for 
all wind directions, using massive-volume 
air samplers near Central Stores and the 
top of Rattlesnake Mountain. 

Airborne plutonium oata are shown as a 
function of size, the host airborne par­
ticle size as reflected in the solid col­
lectiun sites within each sample~. For the 
cyclone-preseparator systems, data are 
shown for solids collected in the cyclone 
(a S.S-~m 50% cutoff diameter), on the 
backup filter, and the total of cyclone 
plus backup filter collections. For the 
massive-volume air-samplers, data are shown 
for 1.7-~m diameter particles (the SO% cut­
off diameter for the second impactor 
stage), for solids collected on the backup 
electrostatic precipitator plates, and the 
total of the 1.7 ~m diameter stage plus 
backup electrostatic precipitator collec­
tions. In either system, the total­
collection data-symbol, when accurately 
plotted, often would be almost superimposed 
on the smallest particle symbols. Conse­
quently, data symbol offsets are used in 
Figures 2.14 and 2.1S to decrease the vis­
ual superposition of data symbols. In 
these cases, data symbols for total sampler 
collection are offset to the right with 
arrows pointing to locations where data 
points are located. 

Plutonium-240/239 Atom Ratios 

The 240pu/ 239 pu atom ratios are shown in 
Figure 2.13, ranging from about 0.04 
to 0.21. This indicates that both fallout 
and process-grade plutonium were collected 
within these samples. The atom ratios are 
a function of both particle size and the 
type of sampler used. For particles col­
lected within cyclone-preseparator systems 
at the Prosser Barricade, the 240pu/ 239pu 
atom ratio range is about O.IS to 0.19 for 
"small" particles collected on the backup 
filter, a range expected for a fallout plu­
tonium source. 

In contrast, the 240pu/ 239pu atom ratio 
range, 0.04 to 0.07 for "large" particles 
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Figure 2.13. 240PU/2J9PU Atom Ratios for Airborne Solids Collected in 1979 near the Prosser 
Barricade, Horn Rapids, Central Stores, and from the Top of Rattlesnake Mountain 

"greater" than 5.5 pm diameter, is smaller 
for solids collected within the cyclone­
preseparator. This range on large par­
ticles reflects significant collections of 
Hanford process-grade plutonium in the 
cyclone-preseparator. Less source distinc­
tion as a function of particle size is 
indicated by the 240Pu/ 239Pu results at the 
Horn Rapids site. At the Horn Rapids site, 
the 240Pu/ 239Pu atom ratios are between 
about 0.09 to 0.11 for both particle size 
fractions. This range indicates a mixture 
of fallout and process-grade plutonium. 

Although the experiment was designed to 
investigate the wind direction and hence 
the source from which process-grade pluto­
nium was transported in the air, identify­
ing wind direction is complicated by the 
effects of particle size. As shown in Fig­
ure,2.13, the 240pu/ 239Pu atom ratios were 
not strongly affected by samplin9 direc-
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tion. The greatest effect on atom ratios 
is the separation within the samplers of 
airborne solids as a function of particle 
size. This separation effect occurs even 
for 240Pu/ 239 pu atom ratios which are typi­
cal of fallout, i.e., the data for Central 
Stores and Rattlesnake Mountain. At these 
two locations the 240pu/ 239Pu atom ratios 
for the larger particles (1.7-pm 50% stage 
cutoff diameter) had lower ratios than 
smaller size particles collected on the 
backup electrostatic precipitator collec­
tions. This is, however, not surprising. 
The larger particles include some plutonium 
resuspended from prior fallout deposition, 
while smaller particles mainly indicate 
fresh stratospheric fallout. 

Airborne Plutonium Concentrations 

Airborne 239+240pu concentrations, 
pCi/cm3, are shown in Figure 2.14. 
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Central Stores, and from the Top of Rattlesnake Mountain 

Airborne concentrations are low, the maxi­
mum is only 1 x 10-17 ~Ci/cm3. This maxi­
mum concentration is only 0.02% of the 
6 x 10-14 ~Ci/cm3 168-hr maximum permis­
sible concentration guide (ERDA 1977b). 
Since these concentrations reflect pluto­
nium collected on solids, the activity den­
sity per gram of airborne solidS is also 
of interest. 

Activity Density on Airborne Solids 

The 239+240pu activity denSity on air­
borne solids, ~Ci/g, is shown for collected 
solids in Figure 2.15. All the activity 
densities range from about 1 x 10-7 to 
3 x 10-7 ~Ci/g, except for two data points. 
The two exceptions are for the large par­
ticles collected near Central Stores and the 
top of Rattlesnake Mountain. For these ex­
ceptions, the activity densities range from 
about 2 x 10-8 to 6 x 10-8 ~Ci/g, which is 
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about a factor of three less than the aver­
age activity densities in the other 
samples. 

Conclusions 

Airborne plutonium similar to both fall­
out and process-grade plutonium was meas­
ured at the Prosser Barricade and Horn 
Rapids sampling sites. At the Prosser Bar­
ricade, the process-grade plutonium was as­
sociated with larger than 5.5-~m diameter 
particles. For smaller particles, passing 
through a cyclone-preseparator, the pluto­
nium source was principally stratospheric 
fallout. Even ~hough plutonium for both 
sources was airborne, the maximum airborne 
concentration was only 0.02% of the 
6 x 10-14 ~Ci/cm3, 168-hr maximum permis­
sible guide (ERDA 1977b). The directional 
source of process-grade material on the 
larger particles was at least from 195 0 to 
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285 0
, that is, the entire wind sector in­

vestigated for turning on the air sampling 
pumps. Process-grade plutonium, however, 
was not measurable in samples collected 
from the top of Rattlesnake Mountain. Al­
though process-grade plutonium was trans­
ported across the Prosser Barricade sam­
pling site, and some across the Horn Rapids 
sampling site, the source is yet to be 
identified. These results further confirm 
evidence that process-grade plutonium is 
airborne. Although airborne, the maximum 
concentration is a small percentage of per­
missible concentration guidance level. 
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• Arid Lands Ecology (ALE) Climatology 

Objectives of this study are: 

• Operating the temperature and precipitation network on the Arid Lands Ecology (ALE) reserve 

at Hanford. 

• Issuing daily and monthly summaries of data from the network. 

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

temperature stations. 

Ten-Year Precipitation Averages at the ALE 
Reserve Microclimatological Sites 

J. M. Thorp 

There are five microclimatological 
transects crossing the Arid Lands Ecology 
Reserve. The central three extend from 
Cold Creek Valley at 200 m and less to the 
crest of Rattlesnake Mountain at about 
1000 m. The western- and eastern-most 
transects end at 540 m and 750 m, respec­
tively (Thorp and Hinds 1977). Monthly 
precipitation measurements have been made 
for more than 10 years now at 26 sites 
placed along these five transects. 

The National Weather Service of the Na­
tional Oceanic and Atmospheric Administra­
tion defines "normal" precipitation as the 
30-year running average updated every 
10 years. However, instead of waiting 
20 more years to calculate normal precipi­
tation amounts for the ALE Reserve sta­
tions, it seemed appropriate that use be 
made of the data in hand to calculate the 
10-year annual average precipitation at 
each site. 

In Figure 2.16, average annual precipi­
tation (1969-1978) is plotted versus sta­
tion elevation. The average annual preci­
pitation increases with elevation to about 
700 m. Above that height precipitation 
amounts on each of the four transects that 
go to the crest of Rattlesnake Mountain re­
main about the same or decrease. The 
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Snively transect, which terminates at 
533 m, well below the crest of the Rattle­
snake Hills, would likely exhibit the same 
characteristics if extended to the top of 
the hills. 

The increase of precipitation with ele­
vation is nearly linear to about 700 m, 
with the Snively, Benson, Central, and 
Winterfat transects showing about the same 
slope. The Blacktop transect, which has 
its stations near or on the southeast edge 
of the mountain, shows less change with 
elevation. Wind effects across this edge 
of Rattlesnake Mountain probably are impor­
tant in explaining this difference. 

The majority of winter storms in the 
Columbia Basin have airflow from the south-
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west. This flow is perpendicular to the 
Rattlesnake Mountain crest, and because 
these southwest winds are frequently strong 
across the crest it is likely that signifi­
cant amounts of precipitation are blown 
across the mouth of a raingage rather than 
falling into it. This helps account for 
the large reduction in catch measurement 
at stations 16 and 17 compared to Sta-
tion 15 less than 1000 horizontal feet 
away, but which is on the northeast (lee) 
slope. 

Reference 

Thorp, J. M. and W. T. Hinds. 1977. Mi­
croclimates of the Arid Lands Ecology Re­
serve, 1968-1975, BNWL-SA-6231, Pacific 
Northwest Laboratory, Richland, Washington. 



• Reactor Safety Study 

Objectives of this study are: 

• Review the meteorological aspects of the Reactor Safety study, WASH-1400. 

• Identify areas requiring improved descriptions for more realistic assessments of reactor-accident 

consequences. 

Meteorological Aspects of the Reactor 
Safety Study Requiring Further Study(a) 

W. G. N. Sl inn (b) 

The goal of this short study was to re­
view meteorological aspects of the Reactor 
Safety Study, WASH-1400 (U.S. NRC 1975), 
to identify topics whose improved descrip­
tions might lead to more realistic assess­
ments of reactor-accident consequences. 
The method used was to perform a few, sim­
ple, «back-of-the-envelope« calculations 
to identify what can be called «stochastic 
dominating« features (Slinn 1975). In this 
extended abstract, results will be empha­
sized; developments leading to these re­
sults can be found in the report, with the 
same title, now being prepared for 
distribution. 

There are a number of inadequacies in 
this simple analysis. One is derived from 
assumptions, generally, of negligible cor­
relations among the relevant random vari­
ables. These assumptions fail in some 
cases, but even when they do, informative 
results are obtained. A second inadequacy 
is derived from the emphasis on radionu­
clide concentrations, rather than doses, 

(a) Proceedings Symposium on Intermediate 
Ran e Atmos heric Transport Processes 
and Technology Assessment, -3 October 
1980, Gatlinburg, TN, Oak Ridge Na­
tional Laboratory, 1980; work sponsored 
by the U.S. Nuclear Regulatory Commis­
sion via a sub contract with Sandia 
Laboratories and a Related Services 
Agreement under U.S. Department of 
Energy Contract No. DE-ACOfi-7fiRLO-1830. 

(b) Substantial help with this paper was 
given by D. C. Aldrich and 
L. T. Ritchie of Sandia Laboratories. 
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and therefore the important influence of 
threshold dose values (e.g., to differenti­
ate between acute fatalities and latent 
cancers) is not revealed. In spite of 
these inadequacies, however, the simple 
analysis does provide revealing results 
that, as a minimum, can guide future, more 
accurate studies. 

Features dominating the average of the 
consequences are considered first. Of 
these features, the influence of the source 
term can be seen by writing the exposure 
from radionuclide i released during acci­
dent j, Eij, as proportional to the amount 
of i released, Qij. Thus, 

( 1 ) 

where Aij symbolizes a host of atmospheric 
factors. If it were acceptable to ignore 
correlations between release type and at­
mospheric behavior of radionuclide i (see 
later comments about plume rise), then the 
average exposure from radionuclide i, where 
the average is over all accident types, is 

<Ei > j = Ai L:Pj Qij (2) 
j 

where Pj is the probability of occurrence 
of acciaent j. Through use of the proba­
bilities and source strengths listed in 
WASH-1400, the following conclusions were 
reached: 

• If credit cannot be taken for sub­
stantial additional plume rise, then 
to improve estimates of average con­
sequences of reactor accidents, it 
is most important to improve descrip­
tions for cases of overpressurization 
and failure of reactor-containment 
vessels (e.g., PWR-2 accidents). Put 



more forcefully, until the conse­
quences of a PWR-2 accident can be 
estimated to within about 10 percent 
accuracy, then for average estimates 
there is little point in considering 
the other 8 PWR accidents listed in 
WASH-l400. 

• Improvements needed in describing 
containment-failure accidents in­
clude: estimates for the proba­
bilities for failures to occur at 
different locations on the vessel, 
the size of the fracture, gas tem­
perature and pressure, amounts of 
ablated material, chemical speciation 
of the radionuclides, etc. 

• The actual plume rise of a (presum­
ably) near-sonic jet, exiting hori­
zontally and transferring heat to the 
earth's surface, is probably substan­
tially different from available de­
scriptions (Russo 1976). Field 
studies should be conducted, espe­
cially during stable atmospheric con­
ditions, to develop descriptions of 
sonic jets (e.g., from a jet-engine 
exhaust) out to distances of 1 to 
1u km. 

• It may be possible to reduce reactor­
accident risks by incorporating 
pressure-relief valves at the top of 
containment vessels (Russo 1976). 

The influence of transport and diffu­
sion on average consequences can be seen 
by writing the exposure averaged over 
all possible meteorological conditions 
k in the form 

where Pk is the probability of meteorologi­
cal condition k. From an examination of 
this average, the following conclusions 
were reached: 

• Radionuclide concentrations in air, 
and therefore prompt human fa­
talities, are substantially higher 
for cases of low mixed-layer height 
or stable atmospheric conditions 
(common during clear nights). There­
fore, it is most important that these 
cases be described accurately. If a 
modified Gaussian plume model is 
used, then modifications to describe 
plume lofting and fumigation should 
be incorporated. Also, Holzworth's 
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single-value, mixed-layer heights 
should be abandoned in favor of a 
model that describes time-dependent 
behavior of the mixed layer. 

• Improvements to the statistical sam­
pling protocol should be sought; with 
an emphasis on accurately identifying 
worst-case conditions, describing 
plume behavior for these conditions, 
and defining their frequency of oc­
currence. Single-tower meteorologi­
cal data as used in WASH-1400 should 
be supplemented with National Weather 
Service data. Progress toward these 
objectives will soon be reported by 
Sandia Laboratories. 

• Alternatives to Gaussian plume 
models, e.g., K-theory, should be 
vigorously pursued, if not for use 
in the consequence calculations then 
for readily-available knowledge to­
ward future applications. 

Wet removal's influence on average con­
centrations of radionuclides in air, X (and 
on associated consequences), can probably 
be ignored within about 100 km from a reac­
tor accident because with worst-case air 
concentrations (cases of poor ventilation), 
precipitation does not normally occur. 
However, even for cases of deep atmospheric 
mixing, preCipitation scavenging can result 
in significant surface deposition of radio­
nuclides, because precipitation "inte­
grates" over a plume's vertical distribu­
tion. In other words, average consequences 
can probably be adequately estimated using 
expressions that describe average wet re­
moval. Thus, for the average reduction in 
X by wet removal, use the following formula 
(and for average wet deposition"use its 
complement): 

x = Xo exp !- t/Tw) 

where Xo is the air concentration in the 
absence of wet removal, and where the 
annual-average, e-fold residence time, 
TW' is approximately 1 week for all re­
leased radionuclides, except TW ~ 00 for 
noble gases. Tw can be rationally varied 
by season in direct proportion to seasonal 
precipitation. 

On the other hand, dry deposition's in­
fluence on X can be significant because 
maximum deposition normally occurs for 
worst-case surface X values. A number of 
aspects of dry deposition treated in 
WASH-1400 should be improved. Some sug­
gestions follow: 



• Use of a single value for the dry de­
position velocity, vd, and the asso­
ciated exponential decrease in X, 
should be abandoned; there is as lit­
tle justification for using a single 
vd as there is, for example, for us­
ing a single wind speed or a single 
stability class. 

• Specifying realistic distributions 
of deposition velocities is extremely 
difficult and will require substan­
tial further study. Temporary im­
provements suggested for present 
methods include: 

(a)" Distribute to released particles a 
range of deposition velocities be­
tween 0.1 and 10 cm s-l. 

(b) Assign to inorganic iodine the fol­
lowing temporary values and ranges: 

(i) Assume 10 to 50 percent of the 
released iodine is associated 
with the released particles, 
and has their vd values. 

(ii) With increasing distance from 
the reactor, associate a con­
tinuously increasing fraction 
of the gaseous iodine with am­
bient aerosol particles, with 
their vd values, in the range 
from about 0.01 to 1 cm s-l. 

(iii) Estimate the number of I2 
molecules remaining in the 
gaseous state, e.g., via 

where No is the number of 
released 12 molecules, S is 
the total surface area of am­
bient aerosol particles per 
unit volume (S is in the range 
of about 107 vm2 m-3 for rural 
conditions to about 109 vm2 
m-3 for urban conditions), and 
cry and crz are diffusion param­
eters at downwind distance r. 

(iv) Assign to gaseous 12 the depo­
sition velocity vd = CD n, where 
CD is the drag coefficient for 
appropriate surfaces and all 
quantities are related to the 
same reference height. 

(v) Limit total deposition of the 
gaseous 12 to other than natu-
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ral water surfaces, to a value 
of about 100 Curies m-2• 

These estimates are not accurate and fur­
ther study is needed even to estimate their 
accuracy. However, they are expected to be 
substantially more realistic than the sin­
gle value for vd used in WASH-1400. 

Variance and Distributions 

Table 2.8 summarizes estimates for the 
coefficients of deviation (standard devia­
tions divided by mean values) resulting 
from variations in the indicated 
quantities. From this investigation, the 
following conclusions were reached: 

• Overwhelmingly, the dominant stochas­
tic process is the accident itself. 
Accident events can be modeled as 
Poisson processes; the variance is 
therefore approximately equal to the 
mean, and it is dominated by acci­
dents involving containment-vessel 
failure. 

• Conditional upon an accident occur­
ring, the dominant variance of conse­
quences appears to be caused by pre­
cipitation scavenging, which also can 
be approximately described as a 
Poisson process. Therefore, a first 
estimate for the probability distri­
bution of consequences is that they 
have a Poisson distribution with 
variance equal to the mean value, 
which can be calculated as suggested 
in the previous section. 

• At present, the major uncertainties 
in the consequence estimates probably 
arise from uncertainties in the de­
scription of major accidents, and in 
the stipulation of dry deposition 
velocities. 

Table 2.8. Coefficients of Deviation (Standard Deviations 
Divided by Mean Values) Resulting from Variations in 
the Indicated Quantities and Processes 

Variable 

Source Term 
Wind Direction 
Wind Speed 
Mixed-layer Height 
Dry Deposition 
Precipitation Scavenging 

Coefficient of Deviation 

(.\.t)-Y2 ~ 103 if t = 1 d 
<1 
~1f.! 

~1 

~ 1 
~3 
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3 Oil Shale 





OIL SHALE 

• Oil Shale Fugitive Air Emissions 

• DOEjRL 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: 

• 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. 





• Oil Shale Fugitive Air Emissions 

Objectives of this study are: 

• Evaluating fugitive airborne particulate and gaseous emissions from the present and future oil shale 
activities. 

• Investigating emissions from mining, transportation, material handling, crushing, retorting, and spent 
shale disposal sites. 

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

Lithium Detector Calibrations for Dual­
Tracer Dry Deposition Experiments 

G. A. Sehmel and W. H. Hodgson 

Techniques for measuring airborne plume 
transport and plume depletion are being de­
veloped based on tracer techniques. At 
present, dual tracers of non-depositing SF6 
gas and lithium-traced particles are being 
used. Previously, the particle detectors 
were calibrated (Sehmel and Hodgson 1980) 
as a function of particle diameter. The 
lithium compound for particle generation 
was lithium stearate, selected because of 
minimal health concerns from the lithium 
content. In subsequent usage, lithium 
stearate was dissolved in methyl alcohol 
to generate particles from evaporated drop­
lets from liquid sprays. However, because 
of the large volume of solutions required 
for field use, the resulting airborne con­
centrations of methyl alcohol gas presented 
a potential health concern. Consequently, 
further investigation of particle genera­
tion characteristics was required. 

Originally, an organic compound of 
lithium was selected for particle genera­
tion because inorganic lithium compounds 
can be a health concern. Then during dis­
cussions of airborne methyl alcohol health 
concerns, it was suggested that one inor­
ganic compound of lithium would be accep­
table. This is lithium carbonate. Lithium 
carbonate is used medicinally in large 
quantities for improving mental health. 
Thus, lithium carbonate was selected for 
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subsequent investigation of lithium tracer 
particles for several reasons: 

• Lithium carbonate is water soluble 
and so the solvent is convenient for 
field use. Also, lithium carbonate 
solubility is greater than for 
lithium stearate. 

• Airborne lithium tracer particle con­
centrations would be greater for 
lithium carbonate than for lithium 
stearate. Even though the particles 
are larger, there are no known health 
concerns using lithium carbonate. 

Since particles for field use will be 
generated by spraying a solution of lithium 
carbonate, lithium particle detector re­
sponses are needed as a function of par­
ticle size. That is, we need to know what 
size range of polydispersed aerosol gen­
erated under field conditions is sensed by 
lithium detectors. The range was deter­
mined by using monodispersed particles gen­
erated in laboratory-controlled conditions. 
Reported here are calibration results of 
the lithium particle detectors using mono­
dispersed lithium carbonate particles. 

Lithium Detector Particle Calibration 

Lithium particle detectors were cali­
brated with lithium carbonate particles 
generated with a vibrating-orifice 
particle-generator. During calibration the 
feed solution for particle generation con­
tained lithium carbonate and uranine, a 



tracer for determining the detector re­
sponse efficiency. In addition to par­
ticles generated, there were also some am­
bient particles to which the detectors 
responded. However, the number of ambient 
particles is low since all air was filtered 
through high efficiency filters before be­
ing introduced within the sampling 
container. 

The ratio of particles per unit volume 
sensed by the lithium detector divided by 
the true airborne concentration near the 
detector inlet is an efficiency ratio, 
i.e., instrument/true particle concentra­
tion. This ratio or efficiency is less 
than unity. Response efficiency is less 
than unity because of particle deposition 
losses within the detector sampling de­
livery system. Also there was possibly 
some inefficiency in particle detection 
during flame ionization depending on the 
location within the flame where each par­
ticle is burned. Sampled particles are de­
tected by flame ionization within the 
lithium detectors. The "true" airborne 
particle concentration was calculated from 
a filter sample of particulates obtained 
near the detector inlet. This filter sam­
ple was analyzed for uranine fluorometri­
cally to determine the number of tracer 
particles per unit volume of air. 

Results 

Lithium particle-detector calibrations 
are shown in Figure 3.1. In this figure 
are 3 subfigures: 1) the left subfigure 
corresponds to the true airborne particle 
concentrations as determined by the uranine 
tracers; 2) the mid-subfigure is the sam­
pling efficiency uncertainty caused by am­
bient particles which respond/are detected 
as lithium particles; and 3) the right sub­
figure is the sampling efficiency for each 
lithium detector. 

As shown in the left subfigure, airborne 
concentrations of monodispersed particles 
during calibration tended to decrease as 
particle diameter was increased. All con­
centrations are relatively low, from about 
1 to 10 particles cm3• During calibration 
these concentrations were sampled at an 
airflow rate of 50 cm3/min. 
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The mid-subfigure shows errors associated 
with detector response to sampling ambient 
airborne particles rather than monodispersed 
particle concentrations. For particle dia­
meters between about 0.5 to 1.5 ~m in diame­
ter, the uncertainty is less than 10%. The 
minimum uncertainty is for a particle diame­
ter of about 0.7 ~m. The uncertainties in­
crease as either particle sizes decrease or 
increase. For particle diameters above ap­
proxmately 1.5 ~m the uncertainty is greater 
than 50%, reflecting a low airborne true 
particle con:entration and the presence of 
ambient airborne particles. 

In the right subfigure lithium detector 
sampling efficiency responses for each mono­
dispersed particle diameter are shown. 
Lithium carbonate particles have a maximum 
instrument efficiency of about 40% at a par­
ticle diameter of about 0.7 ~m. For par­
ticle diameters below about 0.5 ~m and above 
approximately 1.5 ~m, lithium particle de­
tector efficiencies decrease over one order 
of magnitude. Further decreases are shown 
for both smaller and larger particle diame­
ters. Thus, these calibration curves show 
the greatest response for particle diameters 
in the range of about 0.5 to 1.5 ~m in dia­
meter. These efficiencies are somewhat 
similar to those previously reported for 
lithium stearate particles generated from 
methyl alcohol solutions. 

Conclusions 

Lithium-traced particles generated from 
lithium carbonate respond in a narrow size 
range, from about 0.5- to 1.5-~m diameter. 
In this size range, particle dry deposition 
velocities are nearly independent of par­
ticle diameter. 

In field conditions, polydispersed par­
ticles are generated from water solutions 
sprayed through nozzles. The nozzles are 
used to generate large quantities of drop­
lets, however, the droplets and resulting 
particles do extend beyond the size range 
sensed by the lithium particle detectors. 
Nevertheless, detector response efficiencies 
within a narrow range permit use of these 
lithium particle detectors for investiga­
tions of particle dry deposition under field 
conditions. 
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Figure 3.1. Lithium Detector Calibrations with Monodispersed lithium Carbonate-Uranine Particles 

Atmospheric Transport and Plume Depletion 
Investlgatlons USlng Dual Tracers ln the 
Colorado Oil Shale Region 

G. A. Sehmel 

Atmospheric transport and plume deple­
tion investigations were conducted in 
August 1980 with dual atmospheric tracers 
at the federal lease tract C-a, operated 
by Rio Blanco in Colorado. The tracers 
used were nondepositing SF6 gas and de­
positing lithium-traced particles. Tracer 
concentrations were measured using three 
types of sampling instrumentation: 
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1. real-time measurements of both 
lithium-traced particles and SF6 gas 

2. bag samples of SF6 gas collected by 
using radio transmissions to actuate 
sampling pumps 

3. syringe-collected samples of SF6 gas 
collected at the most remote sites 
investigated. 

Tracers were released at surface level 
near the bottom of Corral Gulch at a site 
near the Rio Blanco process stacks. Down­
wind, there were four main sampling lines 



for SF6 operated by radio control. Along 
each line, seven or eight sampler stations 
were placed across the valley; two sam­
plers were placed on each hillside, and 
either three or four stations were placed 
along the valley floor. The first sampling 
line was approximately 1.6 km downwind from 
the release point; the second line was 
2.5 km; the third line was 4.6 km; and the 
fourth line was 5.6 km. Further downwind, 
at approximately 6.8 km, syringe samples 
of SF6 were obtained along roads that 
crossed the valley. 

Samples of airborne SF6 were collected 
using air sampling pumps actuated by radio­
control signals. Each pump discharge was 
collected in a bag. At each sampling sta­
tion there were three sampling pumps. Al­
though these pumps were placed near ground 
level, air sampler tubing inlets were lo­
cated at several heights. Tubing inlets 
were located so either sequential or pro­
file samples could be obtained along the 
sampling lines: sequential along lines 1 
and 3, and profile along 2 and 4. The se­
quential inlets were located 1.7 m above 
ground, while the profile inlets were lo­
cated at 0.3 m, 1.3 m, and 5 m above 
ground. 

For a sequential sampling station, three 
tube inlets were located 1.7 m above ground. 
In this case, radio signals activated se­
quentially the three sampling pumps at that 
station. Thus, airborne SF6 concentrations 
were investigated as a function of selected 
times. For profile stations, the three 
pumps were turned on simultaneously. Thus, 
the airborne SF6 concentration profile was 
obtained during only one time interval. 

There were five tracer releases. The 
first four were nighttime releases during 
drainage flow, while the fifth was a day­
time release. Results will be reported at 
a later date. Included in the results will 
be meteorological data obtained by Pacific 
Northwest laboratory (PNl), los Alamos 
Scientific laboratory (lASl), and Rio 
Blanco. It is anticipated that model 
validity will be tested, improved models 
developed, and a new concept for atmos­
pheric transport in complex terrain devel­
oped. More importantly, however, results 
may indicate consideration should be given 
to relocating the present air quality sam­
pling site to better serve as an index site 
for airborne concentrations of emissions. 

124 

Potential Contamination of SF6~ 
Samples 

G. A. Sehme1 and W. H. Hodgson 

Sulfur hexafluoride gas is used as a 
tracer for atmospheric diffusion, trans­
port, and plume depletion investigations. 
Downwind tracer samples are often collected 
in sampling bags and then analyzed. Bag 
composition includes polyethylene 'and 
Tedlar.® In August 1980, polyethylene 
bags were used in plume depletion and 
transport studies in the oil shale region 
of Colorado, and some bag samples were 
analyzed for SF6 content the day after sam­
ples were collected. The samples were re­
analyzed two to three weeks later at 
Pacific Northwest Laboratory (PNL) to in­
vestigate 1) analysis reproducibility for 
field and laboratory conditions and 2) sam­
ple stability as a function of time. This 
article documents a potential contamination 
problem that arose. 

A cross-comparison of the field data 
with subsequent laboratory data sets indi­
cated significant differences. For field 
conditions, tracer gas concentrations 
differed significantly in each sampling 
bag. In contrast, when sample bags were 
analyzed in the laboratory, all sample bags 
tended to show nearly the same tracer gas 
concentrations. In aodition, many bag sam­
ples showed a notable increase in SF6 con­
centrations. Explanations for the SF6 con­
centration changes were sought. 

During the last tracer experiment in 
Colorado, a daytime release, the tracer re­
lease rate was markedly increased. Release 
rates were increased because little SF6 was 
detected at the near-real-time detection 
stations. Nevertheless, it was possible 
that released tracer was transported and 
then stagnated around a truck in which the 
bag samples were stored in cardboard boxes. 
The polyethylene bags were stored within 
cardboard boxes, preventing exposure of the 
bags to sunlight. Decreasing or preventing 
light exposure is important since there is 
some information that sunlight can cause 
apparent increases in SF6 concentrations in 
polyethylene containers caused by bag out­
gassing and reactions. 

® Tedlar (PVF Film) is a registered 
trademark of DuPont. 



There are several possibilities to ex­
plain the apparent SF6 concentration 
changes in the bags. Increased ambient 
airborne SF6 concentrations may have caused 
SF6 to diffuse into the bag samples stored 
from prior days. Contamination during 
shipment from Colorado to PNL was another 
possibility. This contamination might be 
attributed to bag outgassing from elevated 
temperatures within the shipping truck. 
However, the potential contamination during 
transport was not caused by leaking SF6 
bottles in the truck, because the SF6 bot­
tles were always transported to and from 
Colorado on separate trucks. A third pos­
sibility was bag contamination while stored 
in the PNL laboratory. During storage, the 
possibility existed that some freon, a 
similar SF6 detector response, was in am­
bient air and diffused in the bags. 

Experiments 

In an attempt to account for bag sample 
contamination, selected tests were carried 
out to determine mass transfer characteris­
tics across sampling bags. An outer and 
inner test bag was used for the mass trans­
fer tests. In the tests, oxygen-free ni­
trogen was inserted into the inner sampling 
bag. The sealed bag was then placed within 
a larger polyethylene bag. To investigate 
SF6 transfer through the polyethylene bag, 
pure SF6 was introduced into the volume be­
tween the inner and outer bags. In follow-
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ing tests, pure freon also was introduced 
into the outer bag. In still other tests, 
a Tedlar bag was used as the inner bag. 
After a day's diffusion time, a gas sample 
from the inner bag was analyzed with an SF6 
detector. In all cases, both SF6 and freon 
diffused through the inner bag into the 
oxygen-free nitrogen. 

Conclusions 

Although SF6 can diffuse through both 
polyethylene and Tedlar, mass transfer 
rates were not investigated. The outer bag 
was always filled with either pure SF6 or 
freon, rather than the maximum SF6 concen­
trations measured under field conditions. 
Concentrations in field conditions were ob­
viously less than pure tracer gas. Thus, 
SF6 mass transfer rates into sampling bags 
would be less than shown by current re­
sults. Although mass transfer occurs 
through the bag walls, the surprising re­
sults are that sampling bag SF6 concentra­
tions increased, rather than decreased as 
would be expected by diffusion out-of-the­
bag. The decrease is expected since bags 
are always under a slight pressure, being 
partially full, and ambient SF6 concentra­
tions are less than the concentrations 
within the sampling bags. The causes for 
apparent increases in SF6 concentrations 
within the stored sampling bags are still 
being investigated. 





• 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. 

• Analyzing seasonal and monthly variations in spectral turbidity coefficients at Hanford. 

Pollution Budgets Within a Regional Airshed 

R. N. Lee and M. M. Orgill 

This study was undertaken to explore the 
feasibility of using inventories of trace 
materials and gases within atmospheric air­
sheds to assess the transport, metamorpho­
sis, and removal of airborne pollutants. 
If practical, the technique would make an 
important contribution to the understanding 
and prediction of long-range transport, 
chemical and physical transformation of 
aerosols, and the fate of energy-related 
pollutants that may affect human health, 
ecological systems and weather. This ini­
tial study was an attempt to describe at­
mospheric budgets for certain trace gases 
and aerosols generated in the metropolitan 
area of Puget Sound and to quantify the ac­
cumulation or removal of pollutants down­
wind in Central Washington. 

The experimental plan for the study con­
sisted of locating three hi-vol samplers 
at sites near the crest of the Cascade 
Mountains for securing near-surface aerosol 
samples. These sites were Paradise 
(5,400 ft), Stampede Pass (3,163 ft), and 
Stevens Pass (4,070 ft). The hi-vol sam­
pling was done in conjunction with aircraft 
flights (Cessna 411 and OC-3) on two days, 
May 16 and June 18, 1980. These flights 
were made at different elevations along two 
areas downwind of metropolitan Seattle­
Tacoma area (Figure 3.2) and provided air 
samples from within and above the mixing 
layer. Additional hi-vol sampling also oc­
curred on May 18 and June 14. The sampling 
period on May 18 coincided with the major 
eruption of Mt. St. Helens. Duration of 
the hi-vol samples was approximately 
8 hours while duration of aircraft-derived 
air samples varied from 1 hour to 3 hours. 
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Weather conditions for three experimen­
tal periods are summarized briefly in 
Table 3.1. The aircraft sampling days, 
May 16 and June 18, were both cloudy on the 
west side of the Cascades. On May 16 the 
cloud top heights were approximately 
8,000 ft Mean Sea Level (MSL), while on 
June 18 they were around 4,500 ft MSL. Sky 
conditions improved during the sampling 
periods, and all sampling was conducted un­
der visual flight rules. One sample was 
taken above the clouds and two samples were 
taken within the mixing layer below the 
cloud bases. On June 18, an elevated haze 
layer (dust) was observed at an elevation 
of about 10,000 ft MSL over the Cascade 
Mountains. This haze layer extended to the 
northeast and was apparently the result of 
emissions from Mt. St. Helens. 

The aircraft and surface sample filters 
were analyzed by X-ray Fluorescence (XRF) 
and the resulting concentration data were 
used to calculate crustal enrichment fac­
tors for the respective elements (Duce et 
a1. 1975). A crustal enrichment factor, 
EFcrustal, for any element X in the atmo­
spheric aerosols relative to the crust is 
calculated as follows: 

(X/A 1) air 
EFcrustal = (X/Al) crust 

where (X/Al)air and (X/Al)crust refer, re­
spectively, to the ratio of the concentra­
tion of X to that of Al in the atmosphere 
and in the average crustal material (Taylor 
1964). Aluminum (A1), which comprises more 
than 8% of the average crustal material, 
is used as a reference element. 
EFcrus ta1 values near unity for any ele­
ment X suggest that crustal material is the 
probable source for that element in the at­
mosphere in remote areas. This technique 



Figure 3.2. The Paths Taken by Two Aircraft Flights Performing Hi-Vol Sampling at Different 
Elevations Along Two Areas Downwind of the Metropolitan Seattle-Tacoma Area, May 16 
and June 18, 1980 

identified those elements present in the 
ambient atmosphere at levels exceeding that 
which could be attributed to suspension of 
crustal material. 

All samples showed enrichment of lead, 
sulfur, chlorine, and bromine (Table 3.2). 
Lead concentrations may be attributed to 
the widespread distribution of vehicular 
sources while aerosol sulfur (sulfate) 
arises as a primary anthropogenic pollutant 
as well as the oxidation product of gaseous 
sulfur species. Chlorine and bromine en­
richment may be accounted for, at least in 
part, by volcanic emissions from 
Mt. St. Helens during the experimental 
period. A PNL sampling flight that pene­
trated the Mt. St. Helens' plume on May 19 
showed enrichment of these species as well 
as other volatile trace elements (Fruchter 
et al. 1980). One of these elements, arse­
nic, did not appear in most regional air-
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shed samples although an enrichment factor 
of 400 was calculated for the filter sample 
collected at Paradise on May 16, 1980. 

Among the trace elements measured in the 
aircraft samples, lead, nickel, copper, and 
zinc appear to be associated with sources 
from the Seattle-Tacoma metropolitan area. 
Concentrations of these elements generally 
decreased in samples collected east of the 
Cascades. However, detection of signifi­
cant zinc concentrations in several samples 
taken on the east side, notably those at 
Stevens Pass on May 16 and June 14 and 18 
in which enrichment factors >10 were calcu­
lated, suggest an additional source. Ele­
vated copper levels were found in all Cas­
cade ridge surface samples that were attri­
buted to contamination from the high volume 
samples motor brushes (Lynch, McQuaken. and 
Bram 1980). 



Table 3.1. Daytime (6 a.m. - 17 p.m. PST) Weather Conditions for Experimental Periods 

Seattle-Tacoma Cascades Wenatchee-Yakima 

Sky Condition: Broken to overcast Sky Condition: Fog to low overcast. Sky Condition: Clear to sctd. 
strato cumulus & cumulus. Strato cumulus & cumulus cumulus & cirrus. 

May 16 Vsby: 15-20 mi. 
1960 

Wind: Calm to SW-NW 

Speed: 0-6 kts. 

Vsby: 5-25 mi. 

Wind: SW-NW 

Speed: 9-15 kts. 

Vsby: 50-60 mi. 

Wind: Calm,E-NW,SW 

Speed: 0-7 kts. 

Upper-Level Winds: Light and variable but with a weak general flow from West to Northwest. 

Sky Condition: low overcast. Sky Condition: Fog. Sky Condition: Sctd. low cloud, 
high broken-overcast clouds. 

June 14 
1960 Vsby: 12-25 mi. 

Wind: S-SW 

Speed: 03-06 kts. 

Vsby: Zero 

Wind: SW 

Speed: 05-17 kts. 

Vsby: 30-40 mi. 

Wind: SE-SW 

Speed: 04-11 kts. 

Upper-Level Winds: Generally, SW to NW 05-10 kts. changing to Easterly winds around 10,000 ft. 

Sky Condition: low overcast to 
sctd. cumulus. 

Sky Condition: Fog to sctd. clouds. Sky Condition: Clear to sctd. 
then clear to sctd. cumulus. 

June 16 Vsby: 20-45 mi. 
1960 

Vsby: 3/4-40 mi. 

Wind: ESE, SW 

Vsby: 40-60 mi. 

Wind: NE, NW, N 

Speed: 04-11 kts. Speed: 06-17 kts., 08-20 kits. 

Wind: NE, SE, SW, NW 

Speed: 03-07 kts. 

Upper-Level Winds: light and variable up to 5,000 ft. Minor trough passage in the afternoon above 5,000 ft. 
N-NW winds 5 to 10 kts. 

Sulfate concentration was independently 
checked by aqueous extraction of the re­
spective filters followed by ion chromato­
graphy (IC) analysis (Table 3.3). These 
results suggest that the lower mixing layer 
was not very turbulent on the west side 
during the sampling periods because sulfate 
concentration generally decreased with al­
titude. However, on the east side sulfate 
concentrations increased with height, sug­
gesting greater mixing over the Cascades 
and the oxidation of gaseous sulfur spe­
cies. Nitrate concentrations also derived 
from IC analysis showed a similar trend 
with nearly equivalent molar concentration. 
Ammonium aerosol concentration data re­
flected the surface origin of ammonia. 

The trace gases, ozone and sulfur diox­
ide, also were investigated during the 
sampling flights. Ozone was measured in 
real-time using the chemiluminescent 
method. Typical background ozone concen­
trations were observed. The West-Gaeke 
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method for sulfur dioxide determination 
was not sufficiently sensitive to quantify 
502 levels. However, an upper limit to the 
sulfur dioxide concentrations can be as­
signed from these results. 

In conclusion, the goal of estimating 
the pollutant budget over the Cascade Moun­
tain airshed could not be completely satis­
fied because of insufficient meteorological 
data and the limited scope of the study. 
However, these tentative results suggest it 
may be feasible to assess atmospheric pol­
lutant budgets over regional airsheds. Ad­
ditional sampling and analysis of data over 
a smaller airshed with distinct pollutant 
sources could improve the approach to the 
problem. A feasible site would be the 
Geysers-Calistoga Geothermal Resource Area 
near Middletown, California. Such a study 
could provide an important contribution to 
the understanding and prediction of trans­
port and fate of pollutants in that poten­
tially energy-intensive area. 



Table 3.2. Average Enrichment Factors for Selected Trace 
Elements Found in Surface and Airborne Samples 

Trace West Side Ridge East Side 
Element (Airborne) (Surface) (Airborne) 

May 16, 1980 

Pb 331 136 88 
CI 136 62 189 
5 169 347 339 
Ni 16 <3 7 
Cu 23 383(a) 8 
Zn 7 8 18 
Br 322 150 

June 14, 1980 

Pb 1006 
CI 
5 455 
Ni 
Cu 1664(a) 

Zn 11 
Br 2470 

June 18, 1980 

Pb 146 132 58 
CI 385 58 133 
5 287 165 91 
Ni 7 2 
Cu 8 396(a) 6 
Zn 17 8 5 
Br 125 323 146 

(a)Cu enrichment due to contamination from hi-vol motor 
brushes. 
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Table 3.3. Sulfate, Nitrate and Ammonium Concen-
trations and Average Aerosol Scattering Coefficient 
for Aircraft Sampling Flights 

May 16, 1980 West Side 

Elevation, Ft. msl 2000 4000 8500 

bscat 0.36 0.25 0.15 
SO. (J.lgm-J ) 1.8(a) 1.9 1.2 
N03 (J.lgm-3) (a) 0.84 0.13 
NH. (J.lgm-J ) (a) 1.2 NO 

East Side 

Elevation, Ft. msl 2-3000 5000 5500 9000 9000 --- ----

bscat 0.31 0.24 0.27 0.15 
OC-3 OC-3 Cessna OC-3 Cessna 

SO. 1.04 0.82 1.6(a) 

NOJ 0.51 0.46 (a) 

NH. 0.44 0.29 (a) 

June 18, 1980 West Side 

Elevation, Ft. msl 1500-2000 2500-3000 

SO. (J.lgm-J) 6.6 4.3 
NOJ (/.Lgm- J) 6.1 2.8 
NH. (J.lgm-J) 1.3 <0.1 

East Side 

Elevation, Ft. msl 2000-3500 4000-5500 

SO. 1.2 1.0 
NOJ 0.32 0.38 
NH. 0.23 0.3 

(a) Not analyzed by IC, XRF only 
NO Not detected 

0.73 2.4 
0.1 2.9 
0.2 <0.1 

5000 

2.2 
NO 
NO 

9000-9500 

1.9 
0.82 

<0.1 

New Table." Geochimica et Cosmochimica 
Acta 28:1273-1285. 

Seasonal and Statistical Variability of 
Turbidity at Hanford 

N. S. Lau1ainen 

To evaluate potential visibility impair­
ment caused by development of oil shale and 
coal areas in the west, it is essential to 
understand the variabil ity of naturally­
occurring hazes. While the Hanford site 



cannot be classified as a remote, undis­
turbed site, it does provide a useful re­
ference site for understanding natural 
variability. It appears, from an examina­
tion of turbidity observations made at the 
Hanford Meteorological Station (HMS) since 
1974, that haze in the Lower Columbia Basin 
is modulated by synoptic meteorological 
patterns (Laulainen 1980). Consequently, 
atmospheric aerosols of local origin such 
as smoke, dust, vegetation, and automobile 
emissions only contribute significantly to 
the total particulate loading during pe­
riods of stagnation. The remaining tur­
bidity variations then appear to be gov­
erned by sources distributed over larger 
than local scales. 

In the Lower Columbia Basin several fac­
tors contribute to particulate loading in 
the atmosphere. These factors include wind 
blown dust, smoke from field burning and 
from more distant forest fires, vegetative 
volatile organic emissions, automobile ex­
haust and, more recently, volcanic ash. 
Of this list of factors, only volcanic ash, 
vegetative emissions, and some forest fires 
are independent of human activities. Dust 
storms, for example, are only partly natu­
ral because of human activities, particu­
larly agricultural practices. Controlled 
burning of forested areas is increasingly 
replacing the natural process of uncon­
trolled wildfires. 

It is difficult to estimate how often 
some of these practices or events occur or 
how greatly these factors contribute to 
particulate loading. Orgill and Sehmel 
(1976) have examined dust storm occurrences 
in the continental U.S. and have found that 
for the Rocky Mountain Region (which in­
cludes the Lower Columbia Basin) the high­
est frequency of occurrence is in March and 
April with a smaller maximum in October. 
The spring months also coincide with vari­
ous agricultural activities that disturb 
natural soil surfaces, such as field burn­
ing in March through May and again in late 
August through October. 

Forest fires occur most often during 
August and September, but they represent 
only a distant source of visibility­
impairing haze. Unless the fires are of 
considerable magnitude, they contribute 
very little to the total particulate burden 
in the Lower Columbia Basin area. 

Vegetative emissions may be transformed 
from the vapor state into particulate mat­
ter and are generally observed as blue 
haze, indicating very fine particles. 
Emissions tend to be greatest at higher 
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temperatures, at lower elevations and in 
the spring. Desert sages and other desert 
shrubs can be expected to contribute to the 
haze in Eastern Washington, but the magni­
tude and timing of their emissions is 
largely unknown. 

Other sources which could have contri­
buted to the haze in the Lower Columbia 
Basin from 1974 through 1979 were the auto­
mobile and other processes relying on fos­
sil fuel combustion. Data on how much 
these sources contribute is scanty. It is 
presumed, however, that these sources con­
tribute a constant, moderate amount to the 
total burden during the year. 

Prior to May 1980, the contribution to 
atmospheric particulate loading from vol­
canic ash was negligible. 

On the basis of the above survey, 
limited as it was, one could expect to see 
a maximum haze effect in April and again 
in August through October as a result of 
the seasonal variability of dust, smoke and 
vegetative emissions. The turbidity data 
at HMS suggest possible seasonal variations 
(Laulainen 1980), but attempts to fit these 
data to annual and biannual harmonic terms 
were only of limited usefulness (Laulainen 
1978). Further statistical analysis of 
these turbidity data was made to see if any 
obvious seasonal variations could be dis­
cerned and to examine the nature of the 
statistical variability of the data. The 
results of this analysis are shown in Fig­
ures 3.3 and 3.4. 

The monthly average values of atmos­
pheric turbidity from 388 days in four dif­
ferent wavelengths are shown in Figure 3.3. 
The values shown are the geometric means 
with their associated geometric standard 
deviations. Dust storm data have been 
omitted. The rationale for geometric 
rather than arithmetic means will be de­
scribed later in this paper. There is evi­
dence of a biannual variation with a pro­
nounced maximum in April and a weaker 
maximum in August/September. The standard 
deviations or statistical variations, how­
ever, -are quite large. This latter result 
accounts for the poor fit described earlier 
(Laulainen 1978). 

Figure 3.4 shows the results of sorting 
the aerosol optical depth data according 
to magnitude to obtain a cumulative distri­
bution of aerosol optical depth at each 
wavelength. The curves in Figure 3.4 re­
present the percentage of days at each 
wavelength for which the aerosol optical 
depths were below the magnitudes indicated. 
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Figure 3.3. Geometric Mean Monthly Aer0501 Optical 
Depth (Turbidity) at Hanford Meteorological Station from 
1974 to 1979 for Wavelengths 0.449, 0.500, and 0.S98/lm, 
re5pectively 

The 50% curve represents the median tur­
bidity values and is very close to the geo­
metric mean value at each wavelength. 
Also, inspection of Figure 3.4 shows that 
the probability distribution of turbidity 
values is nearly symmetric about the median 
level. Since the ordinate scale is loga­
rithmic rather than linear, the implication 
is that aerosol optical depth is nearly 
log-normally distributed rather than nor­
mally distributed. This result has been 
Observed by others (King et al. 1980; Malm 
et al. 1977). 

With the exception of data taken during 
dust storms (of which two examples are 
given in Figure 3.4 for 3-5-75 and 
10-8-79), the 100% curve represents the 
largest magnitude of turbidity over the ob-
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Figure 3.4. Percentage of Day5 at Each Wavelength 
for Which the Aer0501 Optical Depths were Below 
the Magnitudes Indicated. The 50% Curve Represents 
the Median Value5 of Turbidity for the Entire 388 
Ob5ervation-Day, 5.S-Year Record. Dust storm examples 
for 3-5-75 and 10-8-77 are given for comparison. 

servation period, 1974-1979. The minimum 
turbidity values, corresponding to the 0% 
value (not shown) in Figure 3.4. are 
smaller than 0.03. 

The color dependence of the turbidity 
values gives a clue to the sizes of the 
particles responsible for extinction. A 
power law relationship of the form 
Tp = 6A-a for the turbidity may be related 
to a similar power law relationship for the 
particle size distribution. Values of 
a = 4 correspond to very small particles 
and molecules while values of a = 0 corre­
spond to large particles> 1 ~m (Middleton 
1968). Most haze particles of secondary 
origin in the size range 0.1 to 1 ~m are 
found with values of a in the range 
0.5 < a < 2.0 with a most probable value 
near-a =-1.3. 

Inspection of Figure 3.4 shows that dust 
particles produce neutral extinction. i.e .• 
a ~ O. The 100% curve of Figure 3.4 shows 
roughly the same behavior. indicating a 



predominance of large particles (possibly 
dust). The 10%, 50%, and 90% curves have 
a values of 1.6, 1.5 and 1.3, respectively; 
this result implies that the fine particle 
mode is largely responsible for aerosol ex­
tinction over the Lower Columbia Basin. 

The important conclusions from the sta­
tistical study of the 1974-1979 HMS tur­
bidity data set are: 

• Turbidity appears to be log-normally 
distributed. 

• Weak seasonal turbidities are appar­
ent with the strongest maximum in 
April and a weaker maximum in August! 
September. The variation, however, 
needs to be tempered with the large 
variability observed in any given 
month. 

• Except for episodes relating to dust 
storms or other high dust-loading 
conditions, the fine particle mode 
(0.1 to 1.0 ~m) appears to be largely 
responsible for aerosol extinction 
in the Lower Columbia Basin. 
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