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PREFACE 

This 1963 annual report from Pacific Northwest Laboratory (PNL) to the Department of 
Energy (DOE) describes research in environment, health, and safety conducted during 
.fiscal year 1983. 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 Environmental 
Research in the Office of Energy Research. Part 5 reports progress on all research per· 
formed for the Assistant Secretary for Environmental Protection, Safety and Emergency 
Preparedness. In some instances, the volumes report on research funded by other DOE 
components or by other governmental entities under interagency agreements. Each 
part consists of project reports authored by scientists from several PNL research 
departments, reflecting the multidisciplinary nature of the research effort. 

The parts of the 1983 Annual Report are: 

Part 1: Biomedical Sciences 
Program Manager - j. F. Park 

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: Overview and Assessment 
Program Managers - S. Marks 

W. A. Glass 

D.l. Felton, Report Coordinator and 
Editor 

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

N. S. laulainen, Report Coordinator 
J. l. Downs-Berg, Editor 

R. M. Garcia, Report Coordinator 
j. E. Danko, Editor 

R. W. Baal man, Report Coordinator 
and Editor 

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 
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research and coordinated the technical progress reports, to the editors who edited the 
individual project reports and assembled the five parts, and to Ray Baal man editor in 
chief, who directed the total effort. 

Previous reports in this series: 

Annual Report for 

1951 W-25021, HW-25709 
1952 HW-27814, HW-28636 
1953 HW-30437, HW-30464 

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

1954 HW-30306, HW-33128, HW-35905, HW-35917 
1955 HW-39558, HW-41315, HW-41500 
1956 HW-47500 
1957 HW-53500 
1958 HW-59500 
1959 HW-63824, HW-65500 
1960 HW-69500, HW-70050 
1961 HW-72500, HW-73337 
1962 HW-76000, HW-77609 
1963 HW-80500, HW-81746 
1964 BNWL-122 
1965 BNWL-280; BNWL-235, Vol. 1-4; BNWL-361 
1966 BNWL-480, Vol. 1; BNWL-481, Vol. 2, Pt. 1-4 
1967 BNWL-714, Vol. 1; BNWL-715, Vol. 2, Pt. 1-4 
1968 BNWL-1050, Vol. 1, Pt. 1-2; BNWL-1051, Vol. 2, Pt. 1-3 
1969 BNWL-1306, Vol. 1, Pt. 1-2; BNWL-1307, Vol. 2, Pt. 1-3 
1970 BNWL-1550, Vol. 1, Pt. 1-2; BNWL-1551, Vol. 2, Pt. 1-2 
1971 BNWL-1650, Vol. 1, Pt. 1-2; BNWL-1651, Vol. 2, Pt. 1-2 
1972 BNWL-1750, Vol. 1, Pt. 1-2; BNWL-1751, Vol. 2, Pt. 1-2 
1973 BNWL-1850, Pt. 1-4 
1974 BNWL-1950, Pt. 1-4 
1975 BNWL-2000, Pt. 1-4 
1976 BNWL-2100, Pt. 1-5 
1977 PNL-2500, Pt. 1-5 
1978 PNL-2850, Pt. 1-5 
1979 PNL-3300, Pt. 1-5 
1980 PNL-3700, Pt. 1-5 
1981 PNL-4100, Pt. 1-5 
1982 PNL-4600, Pt. 1-5 
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FOREWORD 

The goals of atmospheric research at Pacific Northwest Laboratory (PNL) are to assess, 
describe and predict the nature and fate of atmospheric contaminants and to study 
the impacts of contaminants on local, regional and global climates. The contaminants 
being investigated are those resulting from the development and use of conventional 
energy resources (coal, gas, oil, and nuclear power) as well as alternative energy 
resources. 

The description of atmospheric research at PNL is organized in terms of generic 
studies: 
• Contaminant Characterizations and Transformation 
• Boundary Layer Meteorology 
• Dispersion, Deposition and Resuspension of Atmospheric Contaminants 

Contaminant Characterization and Transformation 

As assessment of the nature and fate of atmospheric contaminants must begin with a 
description of the chemical and physical nature of the materials being emitted from 
the source. Because many atmospheric contaminants are changed to other physical 
states and/or chemical forms, understanding these transformations is essential in any 
assessment. Of particular concern are those atmospheric transformations that pro­
duce potentially environmentally harmful or hazardous substances, such as strong 
acids, and mutagenic and carcinogenic compounds. 

Boundary Layer Meteorology in Complex Terrain 

Air pollution in mountaious regions is a particularly difficult problem because of the 
complexity of meteorological conditions over spatial scales ranging from individual 
valleys to systems of many valleys and ridges of a region, and the diurnal coupling/­
decoupling phenomena between individual valleys and the regional convective 
boundary layer. In order to insure acceptable siting of energy development facilities 
in non-flat terrain, models and field measurements of the complex airflow and disper­
sion conditions in this complex setting must be developed and undertaken. 

Dispersion, Deposition and Resuspension of Atmospheric Contaminants 

Dispersion, deposition, and resuspension processes are linked intimately with the 
dynamics of the boundary layer. The former two processes act to reduce air concen­
trations of gaseous and particulate material while the latter process acts to increase air 
concentrations of particulate material, particularly in the large particle size classes. In 
many energy development areas of the West, all three processes will play an impor­
tant role in determining the effective residence times of potentially hazardous parti­
cles in the atmosphere. The current program is aimed at gathering necessary field 
data and developing models for the prediction of the dispersion, deposition and 
resuspension of atmospheric contaminants. 
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This report describes the progress in FY 1983 for each of these generic areas. A divider 
page summarizes the goals of each area and lists, as bulleted items, project titles that 
support research in each area. 
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TRANSFORMATION OF ENERGY-RELATED CONTAMINANTS 

Because of their complex chemical forms, the combustion and conversion of fossil 
fuels gives rise to a host of polycyclic aromatic compounds (PACs) that can be emitted 
into the atmosphere. A number of these PACs have been shown or are suspected to 
be mutagenic or carcinogenic. Once they are in the ambient air, these PACs can react 
with other contaminant species, such as ozone and nitrogen oxides, to form new 
compounds. Some of these new compounds are less mutagenic or carcinogenic than 
the unreacted species, while others become more so. It is thus vital that the amount 
and composition of these substances be characterized with respect to their source 
and that their subsequent transformations in the atmosphere be understood. 

This year the emphasis in this project has been on measuring the effects of ozone, 
hydroxyl radicals and sunlight on PACs found in stack-emission plumes. Of particular 
interest was discovery of the inhibiting effect of nitro substituents on ozonation of 
PACs. This effect prevents mutagenic nitro-derivatives from degrading as rapidly as 
their parent compounds. 





• Transformation of Energy-Related Contaminants 

Objectives of this study are: 

Measuring chemical transformation rates of polycyclic aromatic compounds emitted by fossil-fueled 
power plants. 

Correlating transformation rates of these compounds with distance from the source, ambient tempera­
ture, light intensity, and concentrations of other reactant species, such as nitrogen oxides and ozone. 

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

REACTION KINETICS OF POLYCYCLIC AROMATIC 
NITRO COMPOUNDS WITH OZONE 

D. R. Kalkwarf 

Polycyclic aromatic nitro compounds (PANCs) 
have heen predicted to form on fly-ash sur­
faces in the stack-emission plumes from 
coal-fired power plants (Kalkwarf 1982). 
Recently, two of these compounds, 1-nitro­
pyrene and 6-nitrobenzo[a]pyrene, were re­
ported to be potent mutagens in human skin 
fibroblasts (Howard et al. 1983). Ozone 
reacts with many organic compounds and is 
continually replenished in the atmosphere. 
Reactions of ozone with PANCs may offer a 
possible mechanism for detoxifying the 
latter compounds provided that the rates of 
reaction are sufficiently rapid and that 
the final products are less toxic. The 
purpose of this study was to measure the 
reaction rates of representative, surface­
deposited PANCs with ozone in darkness and 
in sunlight. The results were used to pre­
dict the half-times for ozonation of these 
compounds on fly ash in a stack-emission 
plume. 

Reactions nf ozone with 1-nitropyrent> 
and with 6-nitrobenzo[a]pyrene were 
investigated, The apparatus for exposir~g 
these compounds to ozone and simulaterl 
sunlight is shown in Figure 1. First, a 
monomolecular layer of PANC wa~ preparen on 
the inside surface of a 500-cm·, round­
bottom flask by a method described pre­
viously (Cope a11d Kalkwarf 19R3). This 
layer was the11 exposed for a selected time 
period to a fixed concent rat i 011 ann f1 ow 
rate of ozo11e gas supplied by an ozone gen­
erator (Monitor1Labs, Model 8500), A flow 
rate of 21"JOO em /min was used throughout 
this study, but the ozone concentration was 
varied between ru11s to evaluate its effect 
011 the reaction rate, Reactions were c9n­
ducten both in the dark and in 1.4 kW/m of 

light supplied by a solar simulator (Oriel 
Corp., Model 6720), This is the same light 
intensity as the maximum light intensity 
that reaches the earth's surface. The 
reaction flask was continually rotated to 
illuminate the contents ulliformly. The 
temperature of the flask was maintained at 
23 ! 1 °C with a water bath. After expo­
sure, the residual PANC in the flask was 
extracted into methanol and then assayed by 
capillary-column gas chromatography using 
electron-capture detection. 

In the dark, the amou11ts of 1-nitropyrene 
and 6-nitrobenzo[a]pyrene decreased expo­
nentially with exposure time. Also, the 
pseudo first-order rate constants were pro­
portional to the concentrations of ozor~e. 
These relationships suggest that the reac­
tiOil rate could be expressed by an equa­
tion analogous to those equatio11s reported 
earlier in this program for other hetero­
gelleous reactions of the same type 
{Kalkwarf 1982; Cope and Kalkwarf 1983), 
namely: 

-d (PANC) = kA {PANC) [0 ] 
dt m 3 

where: (PANC) 

k 

amount of ori gi 11a 1 PANC 
remaining at a11y time t 
(mol) 
rate constant for the 
reaction {m/s) 
molar surface area of 
mo2omolecular-layered PANC 
(m /mol) 
conce11~rat ion of ozone 
(mol /m ) 

Rate consta11ts calculated from the data are 
listed in Table 1 together with those re­
ported earlier for reactions of ozo11e with 
the corresponding polycyclic aromatic 
hydrocarbons (Cope and Kalkwarf 1983). 
Comparison shows that the nitro group 
deactivated the aromatic ring systems for 



SOLAR 
SIMULATOR~ 

AIR BLOWER 

= 
0 

0 

0 

= 

FILM OF NITRO 
COMPOUND ON 
INSIDE SURFACE 

DRIVE 
/MOTOR 

r_--~~r_-_-_-_-,.c-<'cc_;_:_c,'_~~"lrr-'TEFLON 
1' /' ROTOR 

~ /' WATER 
BATH 

m1 
! 

llJj 
0 

' 

OZONE 
GENERATOR 

I 

~ 
0 

FICURE 1. AppMatus for Expming Surface Films of Nitro Compounds to Simulated Sunlight and Olone. 

TABLE 1 Rate Constants for Reactions of Ozone with 
Monomolecular Layer> of Compound; Supported on 
Glass at 23°( 1n Total Darkness 

Compounds 

PANC- 6-nitrobPnzo(a)pyrene 

PAC- benzo(a)pyrene 

PANC -1-nitropyrene 

PAC- pyrene 

K(m/S\ 

2.1x10-" 

I) X 10- 4 

1.0 X 10-6 

1.0 X 10-< 

reaction with ozone, reducing the rate 
constants by two orders of llldgnitude. 

In the light, the amounts of 1-nitropyrene 
and 5-nitrobenzo[a]pyrene also decreased 
exponentially with time of exposure, but at 
much faster rates. Plots of the pseudo 
first-order rate constants for reactions 
of ozone with pyrene in the dark and in the 
light are compared in Figure 2. Both 
1-nitropyrene and 6-nitrobenzo[a]pyrene de­
composed in simulated sunlight even in the 
absence of ozone, but the dependencies of 

2 

the pseudo first-order rate constants, kc = 
kA [031, on ozone concentration were not 
liWear. The latter observation suggested 
that oxygen atoms, produced by photolysis 
of ozone, competed with ozone for reaction 
with the PANG; however, the kinetics of 
this potential parallel reaction have not 
been delineated. 

To determine how ozone would react with 
PANGs in a stack-emission plume, their 
reaction half-times were calculated with a 
representative6plume ~oncentration of 
ozone, 2 x w- mol/m (50 ppbv). Half­
time, T, for these reactions in the dark 
were calculated with the fo11owing 
equation: 

Half-times for these reactions in the light 
were calculated from the pseudo fir~t-orde~ 
rate constants evaluated at 2 x 10· mol/m 
ozone. The results are listed in Table 2. 
These results indicate that both 1-nitro­
pyrene and 6-nitrobenzo[a]pyrene will be 
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TABlE 2. f1timated Half-Times for Reactions of Ozone 
with Monomolecular Layers of PANC in a Stack-Emission 
Plume at 23"C 

Am [Ol] T (dark)T(Iight)' 
PANC Mi/mol mol/m 1 day~ hours 

6-nitrobenzo(a)pyrene 5.8 x 101 2 x 10-0 3 

9 

0.3 

3.0 1-nitropyrene 4.4 X lQS 2 X 10-0 

'Intensity -1.4 kW/m 1 

transformed rapidly by reactions with ozone 
in a stack-emission plume during daylight 
hours, but wil1 be transformed very slowly 
at niqht, 
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REACTIONS OF GASEOUS HYDROXYL RADICALS WITH 
POLYCYCLIC AROMATIC COMPOUNDS COATED ON 
GLASS 

D. R. Kalkwarf and W. E. Keder 

Hydroxyl radicals have been found in the 
tro~9sphere 3 at co~centrations ~f up to 2 x 
10- mol/m = 10 radicals/em (Chameides 
and Davis 1982). These radicals can act as 
scavengers of organic pollutants and have 
been postulated to form as a result of the 
following reactions: 

0
3 

+ hu {X < 315 nm)- 0{ 1o) + 0
2 

0( 1o) + H
2
0- 20H 

Hydroxyl radicals have been shown to react 
rapidly with many organic compounds i11 the 
gas phase (Atkinson et al, 1979); however, 
no data have been reported on their 
possible heterogeneous reactions with solid 
surfaces of polycyclic aromatic compounds 
( PACs), 

In this study, attempts were made to 
produce hydroxyl radicals by the photolysis 
of water vapor using light from a low 
pressure mercury lamp (Ultra Violet 
Products Inc,, type PCQ9G-l). Only the 
185-nrn line from this lamp was considered 
energetic enough to split the water 
molecule (Calvert and Pitts 1966). 
Nitrogen gas saturated with water vapor at 
O"'C was passed around the lamp in the pho­
tolysis compartment of the flow system 
shown in Figure l. The photolysis products 
were then conducted through reaction tubes 
coated with a monomolecular layer of pyrene 
or chrysene as described previously (Cope 
and Kalkwarf 1983). 
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FIGURE 1. Cro1s-Sectional View of Apparatus for Photolysis of Water Vapor. 

Photol_ysis of water is thought to occur by 
the reaction: 

H
2

0 + h11 (\ < 242 nm) H + OH 

Thus, hydrogen atoms are probable contami­
nants in the gas strearn from the photolysis 
compdrtment, However, because the hydrogen 
atof'ls have a higher velocity, they should 
recombine at the walls of the flow system 
four times more rapidly than hydroxyl rad­
icals. Thus, the monomolecular layer of 
Pfi.C shou 1 d have been exposed predominant 1 y 
to hydroxyl radicals. 

Attempts were made to evaluate the concen­
tration of hydroxyl radicals emitted from 
the photolysis compartment by measuring the 
oxidizing ability of the gas stream, This 
stream was bu~bled through 100-ml portions 
of 2.00 x 10- M p-nitrosodimethylaniline, 
a sensitive colorimetric indicator of 
hydroxyl radicals (Kraljic and Trumbore 
lCHi5); however, no reaction-induced 
bleaching of this solution 'fidS observed, 

Possible reactions of PAC with hydroxyl 
radicals were investigated by connecting a 
series of coated tubes to the photolysis 
compartment for a measured period of time 
at a measured flow rate. The tubes were 
connected together with ground-glass 
joints, and the PAC was protected from 
light during the experiment by covering the 
downstream end of the lamp with aluminum 
foil and covering the reaction tubes with 
black cloth, The reaction products were 
removed from the tubes by washing their 
surfaces with methanol, compositing these 
washings, and evaporating them to 10-ml 
volumes. These solutions were then analy­
zed by capi 11 a ry-co 1 umn gas chromatography 
using an electron-capture detector. 
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FIGURE 2. Trans/ormation of Monomolecular-Layered 
Pyrene in a 1.5 mm/s Stream of Water-Photolysis Products 
Suspended in Nitrogen Gas. 

The transformation of pyrene in the tube 
closest to the lamp is depicted in Fig~ 
ure 2. The rate was first order in the 
amount of pyrene, suggesting that the 
hydroxyl radical concentration remained 
relatively constant during the reaction. 
So1ne loss of pyrene was observed with the 
light off, and this was attributed to sub­
limation of pyrene into the gas stream. 
The rate of pyrene loss decreased progres­
sively with increasing distance of the 



coated tube from the light. This indicates 
that the concentration of the hydroxyl 
radicals in the gas stream also decreased 
with distance from the light. Unfortun­
ately, the concentration of hydroxyl 
radicals was not known, so absolute reac­
tion-rate constants could not be evaluated, 
In addition to residual pyrene, three other 
compounds were detected by gas chromato­
graphy in extracts from the reaction tubes. 
These products gave rruch higher signals per 
urlit weight than pyrene when the electron­
capture detector was used. They also had 
longer retention times than pyrene on the 
silicone-coated chromatographic column (J & 
D Co., Durabond DB-5). Both of these obser­
vations suggested that the products were 
oxygenated derivatives of pyrene, but none 
were specifically identified. 

Monomolecular layers of chrysene were also 
prepared and treated with hydroxyl radicals 
from the photolysis compartment, However, 
no decrease in the amount of chrysene was 
observed and no products were detected by 
gas chromatography even after 1000 minutes. 
The relative inertness of chrysene to N02 
anrl 03 was observed earlier (Kalkwarf 1982; 
Cope and Kalkwarf 1983), It was concluded 
that the hydroxyl radicals can also be a 
very selective reagent in transforming 
PACs. 
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EFFECT OF SUNLIGHT ON REACTION RATES OF 
OZONE WITH PYRENE AND PYRENE QUINONES 

v, H. Cope and D. R. Kalkwarf 

Past results suggest that certain poly­
cyclic aromatic hydrocarbons (PAHs) are 
chemically trans formed at si gni fi cant rates 
by reactions with ozone, even in total 
darkness (Cope and Kalkwarf 1983). This 
report describes experiments to measure the 
effect of simulated sunlight on the reac­
tion rates of ozone with a representative 
PAH, pyrene, and with a mixture of its 
major ozonation products, pyrene-1, 6-
quinone and pyrene-1, 8-quinone. The 
purpose was to estimate the transformation 
half-times of these substances in stack­
effluent plumes exposed to both intense 
sunlight and ambient ozone. 

Monomolecular layers of pyrene and the 
pyrene quinones we~e prepared on the inside 
surfaces of 500-cm round-bottom flasks by 
a method described previously (Cope and 
Kalkwarf 1983). The layers were exposed to 
ozone and simulated sunlight with the appa­
ratus described previously (p. 1). The 
light intensity was adjusted to 1.4 kW/m2 

which is the maximum intensity of light 
striking th!' earth's surface. After expo­
sure for selected time periods to a fixed 
concentration and flow rate of ozone, the 
layers were dissolved in methanol and 
analyzed by high-performance liquid 
chromatography. 

The amount of pyrene and the amount of each 
quinone decreased exponentially with expo­
sure time. The rate of decrease was pro­
portional to the concentration of ozone. 
The molar ratios of the quinones remained 
constant indicating that both isomers 
reacted at the same rate, The loss of 
pyrene by reaction was corrected for the 
small loss due to sublimation. In each 
case, the transformation rate of the com­
pound could be represented by the equation: 



- .2..i.llil " kA {PAC) [0 ] 
dt m 3 

where: (PAC) "amount of original 
polycyclic aromatic 
compound remaining at any 
time t (mol) 

k rate constant for the 
reaction (m/s) 

Am molar surface area of 
mo2omolecular-layered PAC 
(m /mo 1). 

Rate constants evaluated for reactions in 
simulated sunlight and in darkness are 
listed in Table 1. Comparison shows that 
simulated sunlight had only a slight effect 
on the rate constant for ozone and pyrene, 
but it enhanced the rate constant for 
reactions between with the pyrene quinones 
15-fold. 

-----------
TABLE 1. Rate Constants for Reactions of Ozone with 
Monolayers of Compounds Supported on Glass at 23°( 
in Darkness or in Simulated Sunlight at an Intensity of 1.4 
kW/m1 

k(M/s) k(m/sl 
___ Compound in Darkness in Sunlight 

pyrene l.Ox10-' 1.3 X 10-' 

pyrene-1,6-quinone 2.0 X 10-' 3.0 X 10-4 

pyrene-1,8-qulnone 2.0 X 10-1 3.0 X 10-4 

The transformation half-times, r, of these 
compounds in a stack-emission plume were 
estimated from the fo 11 owing equation: 
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usi~g a ty~ical ozone concentration of 2 x 
10- mol/m {50 ppbv). The results are 
shown in Table 2. 

TABLE 2. Estimated Haft-Times lor Reactions of Ozone 
with MonomoiE"cular Layers of PAC in a Stack-Emission 
Plume at 23°C · 

A [0,] T (dark) T (light) 
PAC M'/mol mol/m' hours hours 

-~-------- ---· 
pyrene 4.4 X 10' 2 X 10-0 2 2 

pyrene-1,6-quinone 4.4 X 101 2 X 10-0 11 0.7 

pyr!.'ne-1,8-quinone 4.4 X 105 2 X 10-6 11 0.7 

It was concluded that exposure to sunlight 
would have very little effect on the rate 
of transformation of pyrene on airborne fly 
ash in stack-emission plumes, but the 
product qui nones would be rapidly 
transformed to other products whose 
identities are yet unknown. 
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BOUNDARY LAYER METEOROLOGY IN COMPLEX TERRAIN 

• Atmospheric Diffusion in Complex Terrain 

• Atmospheric Boundary Layer Studies 

Major reserves of fossil fuels are located in mountainous or other complex terrain. As 
the use of these fuels as an energy source increases, the emission of air contaminants, 
such as sulfur and nitrogen compounds, trace metals, and fugitive dust produced by 
the combustion, conversion, and extraction of these fuels, will increase also. The 
analysis of the fate of these pollutants is particularly difficult in mountainous terrain 
settings, but is urgently needed to insure that the nation's energy plan can proceed 
efficiently and yet be environmentally sound. 

The research activities at PNL are related to the interlaboratory Atmospheric Studies 
in Complex Terrain (ASCOT) program. A wealth of data from the Geysers area is 
being analyzed and tested against a variety of models accounting for the transport 
and dispersion of air contaminants under nocturnal meteorological conditions. Con­
tributions were made to an interlaboratory report summarizing ASCOT progress on 
the analysis and modeling of data collected during the first three years of the pro­
gram. During FY 1983, the area of study focus shifted from the Geysers Geothermal 
Site in California to the oil shale region in western Colorado. An effort is being made 
to determine how much of the experience gained at the Geysers can be extended to 
the oil shale regions of Colorado. 

The field activities in the ASCOT program include the micro meteorological descrip­
tion of drainage winds from data obtained at Hanford (Rattlesnake Mountain), the 
Geysers (Anderson Creek, Big Sulfur Creek), and Colorado (Brush Creek). Other tasks 
include analyzing energy and mass budgets and evaluating transport and diffusion of 
contaminants by using tracer experiments. In preparation for the 1984 ASCOT field 
program in Colorado, new measurement systems are being developed including 
remote wind sensing with Doppler sodar and high frequency turbulence measure­
ment with sonic anemometers. 





• Atmospheric Diffusion in Complex Terrain 

Objectives of this study are : 

Developing and evaluating a long-range technical plan for studying the transport and diffusion of con­
taminant particles and gases over complex landforms. 

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

Developing and evaluating various transport and dispersion models for complex terrain. 

TEMPERATURE INVERSION BUILDUP AND DECAY ON 
A MOUNTAIN SLOPE 

M. M. Orgill 

The PNL ASCOT group has been using the 
ASCOT data base to examine the effect of 
large- scale (synoptic and mesoscale) wind 
systems on the development and persistence 
of local winds at the Geysers Geothermal 
area. These analyses are a continuation of 
past work reported by Orgill, Schreck and 
Whiteman ( 19A1) and Orgi 11 ( 1983) . Further 
results have been summarized in an article 
to the Bulletin of the American Meteo­
rological Society, wh1ch 1s under review 
for pub l icat1on. 

This report examines the problem of how 
large-scale wind systems can disturb the 
temperature inversion (stable) layer that 
forms over the slope in the Anderson-Putah 
Creek area in the Geysers. Figure 1 shows 
a cross-section of the temperature inver­
sion structure over the Anderson Creek 
slope in July 1979. Nocturnal or radia­
tional cooling always produced surface and 
elevated temperature inversions over the 
Anderson Creek area. The temperature 
inversion structure usually consisted of a 
lower-level inversion about 50 to 200 m 
deep, an upper isothermal layer, and a 
second inversion layer about 400 m above 
the slope. On 'good' drainage wind nights, 
the drainage wind layer on the slope of 
Anderson Creek appears to be about 2 to 
3 tenths of the total stable layer (top of 
the highest temperature inversion) . Gen­
erally, the depth of both the inversion and 
the drainage layer would increase with dis­
tance downslope . 

Analysis of data from the July 1979 and 
September 1980 experiments indicates that 
the stable inversion layer was subjected to 
strong (6 m/s or more) upper-level westerly 
or easterly winds. This resulted in the 
erosion of the stable layer on the slope. 
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Table 1 shows the hourly potential tempera­
ture gradient in the lowest 100m fo r the 
experimental nights of September 1980. The 
table shows that a stable layer formed on 
all experiment nights . On three experimen­
tal nights (September 15-16, 21 , and 22) 
upper-level easterly winds descended over 
the slope resulting in the erosion of the 
stable layer from above . On September 
18-19 , strong westerly winds in the early 
evening delayed the formation of the stable 
layer. On two nights (September 21 and 22) 
the easterly winds were very persistent and 
caused the stable layer to disappear on the 
slope thus terminating the drainage wind 
and the planned tracer experiments . 

Figure 2 compares the height of the stable 
layer for two different nights in September 
1980. The night of September 19-20 was 
generally classified as one of the better 
drainage wind nights . The upper-level 
winds above ridge tops were generally from 
the northwest at 1 to 3 m/s. As shown in 
Figure 2, the stable layer during this 
night was present over the ridge , slope and 
valley. On the night of September 15- 16 , 
the stable layer, on the average, was l ower 
in height at all locations as the result of 
easterly winds descending during the 
evening. At Unit 19, between 1800 and 
2300 PST the upper -level easterlies 
descended from 300 m to about 25 m at a 
rate of about 55 m/hr. The easterlies 
remained below 25m between midnight and 
0300 PST until ris i ng to 50 m around 
0600 PST. The time variation in height 
difference of the stable layers for the two 
nights is shown in the upper part of Fig­
ure 2. The stable layer on the night of 
September 15-16 started to form in the 
early evening, but after 20 PST the 
easterlies had started to descend over the 
slope and the stable layer decreased in 
height (>-400 m) when compared to the 
undisturbed night of September 19-20. 
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TABLE 1. Hourly Potential Temperature Gradients in the Lowest 100m at Unit 19 During September 1980 (°C/m) 

Hour (PST) 

Date 16 17 18 19 20 21 22 23 00 01 02 03 04 05 06 07 

Sept. 11·12 0.02 0.06 0.06 m 0.10 0.11 0.11 0.10 0.08 0.11 0.09 0.09 0.08 

Sept. 15-16 O.oJ 0.04 0.08 0.08 0.08 0.09 0.10 0.05 0.07 0.10 0.09 0.09 0.10 

Sept. 18-19 0 O.ol 0 O.ol 0 O.oJ O.oJ 0.03 0.05 0.05 0.05 (Storm night) 

Sept19-20 0.02 0.05 0.06 O.o7 0.08 0.07 0.07 0.07 0.08 0.07 0.08 0.08 0.07 

Sept. 21 O.oJ 0.04 0.08 0.09 0.02 (Easterlies) 

Sept. 22 0.10 0.10 0.09 0.12 (Easterlies) 

Sept. 24-25 0 0.04 0.05 0.10 0.10 0.09 0.11 0.11 0.11 0.11 0.12 0.12 0.11 0.11 0.10 0.08 
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The possible mechanisms for causing these 
space and time variations in the drainage 
winds and temperature inversions is under 
investigation by ASCOT investigators. Two 
mechanisms that appear to account for the 
time and height variation in the stable 
layer in September 1980 are topographically 
driven buoyancy waves and dynamic insta­
bilities. Acoustic sounder records from 
the Wave Propagation laboratory (WPl) in 
Boulder, Colorado, provide evidence for 
both types of mechanisms. 

The nights of September 15-16, 21, and 22 
are good examples where these two mecha­
nisms were either competing or cooperating 
in dissipating the temperature inversion 
and drainage wind. On at least two of 
these nights (September 21 and 22), the 
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rate at which the easterly winds descended 
into the valley is consistent with a 
resonant lee wave length and a microscale 
erosion by dynamic instability (due to wind 
shear and turbulence) at the top of the 
stable layer. These cases and others will 
be studied in greater depth in an attempt 
to verify the role of these mechanisms in 
dissipating drainage layers in the Geysers 
area. 
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BUDPLT - A COMPUTER PROGRAM FOR ESTIMATING 
ENERGY BUDGETS IN VALLEYS 

C. D. Whiteman , R. I. Schreck, M. M. 
Orgill, T. W. Horst and G. A. Sehmel 

The problem of temperature inversion evolu­
tion in mountainous valleys is currently 
unsolved due to the lack of relevant mea­
surements and the technical difficulty of 
the problem. During the Environmental 
Protection Agency-DOE (GRAMA-ASCOT) field 
program in July-August 1982, an important 
data base of tethersonde measurements were 
obtained in the Brush Creek Valley in 
Colorado. These data appear nearly ideal 
for evaluating the problem of temperature 
inversion evolution and determining the 
physical mechanisms responsible for this 
evolution. 

Three PNL- OOE programs and one PNL-EPA 
program cooperated during the last year to 
develop a computer program for evaluating 
various physical mechanisms responsible for 
temperature inversion development and dis­
sipation in a valley. The program cur­
rently being used is RUOPLT, an interactive 
FORTRAN program for evaluating energy 
budget terms. 

The theoretical approach involves combining 
the First Law of Thermodynamics and the 
Euler Equation for temperature changes into 
the following equation, 

~ = L dQ _ u ~ - v ~ - w ( L - -r 1 ( 1) 
~t cp dt ~ x ~Y cp 
where: T = temperature 

t time 
Q =specific energy supplied by 

diabatic processes such as 
radiation, evaporation , and 
condensation 

cp the specific heat of air at 
constant pressure 

u,v,w the wind components 
g the acceleration due to 

gravity 
y the temperature lapse rate. 
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The energy budget for the air volume of a 
valley can be obtained by multiplying Equa­
tion (1) by pc and integrating over the 
volume of a va~ley cross-section. The 
valley volume would be defined using the 
valley floor width, the slope of the two 
sidewalls, the width of the valley cross­
section at the height of the inversion top, 
and an arbitrary depth given, for example, 
by the distance between tethered balloon 
profiling sites along the valley axis. The 
terms of Equation (1) would then become: 

(A) 
fffp c li dxdydz 

p at 
.Q.Q. (A) 

f ff p dt dxdydz 

- fffp cp 
H (C) 

u ax dxdydz 

(D) 
- fff p cp v ~; dxdydz 

(E) 

- fffp c w r.L- y) dxdydz 
P cp 

(2) 

Term A identifies the loss or gain of 
energy from the valley volume as the tem­
perature inversion develops or dissipates. 
Term B identifies the contribution of the 
diabatic processes to energy loss or gain. 
Terms C, 0, and E identify the effects of 
horizontal and vertical advection on the 
energy loss or gain of the volume of air in 
the valley. 

The present data base for evaluating the 
various terms in Equation (2) is the 
tethersonde data taken in Brush Creek. 
This limits the computer program to evalu­
ating Terms A, C and 0, because w (vertical 
motion) and 0 were not measured in that 
field program. 

The BUOPLT program is being used to evalu­
ate the tethersonde data from Brush Creek. 
The program performs double and triple 
integrations of one or two variables and 
can integrate with time or distance. If 
the user is using a computer terminal that 
has graphics capabilities, he may plot 
optionally the input integrand variables 
versus height before the integration is 
started. A plot file of the integral 
output, which can be implemented on differ­
ent graphics devices, is always created. 

The program prompts the user to enter the 
number of tethersonde sites for which pro­
files are to be integrated. A list of the 
sites is displayed on the terminal screen 
and the user may select one or two sites . 
A list of dates, times, and maximum heights 
of the profiles is displayed for the sites 



selected. The user is then prompted for 
the profile number to be integrated, the 
max.imum height of the integral, and the 
height increment of integration. A list of 
integrand variables is displayed, and the 
program asks the user to select up to two 
variables. Integral scalar multipliers or 
divisors may also be selected. An output 
plot file, a listing file of input 
variables, and integral values are created 

15 

by the program. After each integral is 
completed, the program loops back to the 
beginning and asks the user whether another 
integral is to be calculated. 

The BUOPLT program is currently being 
checked for errors and wi 11 undergo eva 1 u­
atlon tests in the near future. The first 
application of the program will be for the 
Brush Creek area of Colorado. 





• Atmospheric Boundary Layer Studies 

Objectives of these studies are: 

Investigating the meteorological characteristics of the planetary boundary layer that pertain to contam­
inant transport and dry removal. 

Analyzing the transport and diffusion of contaminants in complex terrain, particularly in the Geysers 
Geothermal Area of California and the western slope of the Rocky Mountains in Colorado. 

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

TURBULENCE STRUCTURE OF DRAINAGE WINDS OVER 
A SIMPLE SLOPE 

J. C. l)oran and T. W. Horst 

Under stable conditions, turbulent kinetic 
energy is generated solely by mechanical 
shear because there is r10 buoyant produc­
tion. Since the mean wind profiles found 
in drainage winds are significantly differ­
ent from those found over flat terrain, the 
turbulent energy profiles are likely to 
also be affected. This could, in turn, 
have important ramifications for the dis­
persion of po11utants released into such an 
environment. 

We made a preliminary investigation of this 
effect by analyzing the data from observa­
tions of drainage winds during two nights 
on Rattlesnake Mt. The first night was 
July 1 to 2, 1980; during the period of 
interest the ambient winds were generally 
downslope. Ambient winds combined with 
katabatica11y induced winds to produce a 
we11-defined jet in the downslope wind com­
ponent with the peak wind speed occurring 
at a height of approximately 2 m. Imme­
diately above and below this height, the 
wind shears were relatively large, but at 
greater heights the wind speed changed more 
slowly, 

In contrast to this case, on the night of 
July 2 to 1, 19Bl ambient winds were up­
slope and cross slope, The resultant wind 
speed profile showed a weak jet in the 
downslope component with a peak slightly 
below 2m, and considerable shear in both 
speed and direction above this height. 

The substantially different shears in these 
two cases suggest that the turbulent 
kinetic energy profiles should also differ, 
Power spectra of the downslope component of 
the wind were computed to examine this pos­
sibility, For both cases, the spectra 
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could be divided into two regions. Below a 
frequency of approximately 0.02 Hz, the 
spectra are more suggestive of wave motion; 
above this value, the spectra order in a 
manner consistent with the assumed genera­
tion of turbulence by wind shear. Figure 1 
shows spectra for the 1981 case. There is 
a monotonic increase of the turbulent 
kinetic energy with height; a condition 
that is precisely the reverse of that 
expected in stable conditions over flat 
terrain. For the 1980 case, the spectra do 
not order so neatly, reflecting the more 
complicated shear profile. The observed 
behavior on both nights is consistent with 
the results obtained from numerical simu­
lations with a !-dimensional model devel­
oped earlier in this program {Doran and 
Horst 1983). 

The combination of sloping terrain, stable 
conditions, and varying ambient wind di rec­
tion apparently can substantially compli­
cate the turbulent structure of the atmo­
sphere. Such effects may have to be 
explicitly taken into account to properly 
describe the transport and diffusion of 
atmospheric pollutants, and the coupling of 
near-surface winds to winds aloft. 

COMPARISON OF WINDS MEASURED BY DOPPLER 
SOOAR AND HMS 120 METER TOWER 

G. F. Athey and T, W, Horst 

A Radian Echosonde Ill doppler acoustic 
sounder has been acquired for use in field 
studies in complex terrain. The system 
consists of three monostatic antennas with 
two of them tilted at 18 degrees from ver­
tical to obtain the horizontal winds, The 
sodar measures the three wind components to 
a nominal height of 600 m and returns echo 
intensities to a nominal height of 1000 m, 
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FIGURE 1, Spectra of 1981 Data 

A comparison of the winds measLJred by 
doppler sodar and by the Hanford Meteor­
ological Station tower was made during 
early 19R3. Hourly data were collected 
over a 12 day period from February 18 
through March I. The primary purpose of 
the comparison was to evaluate the opera­
tion of the doppler sodar, 

Measurements were made at four levels: 
30.'), 61.0, 91.5, and 121.9 meters. The 
tower measures winds by using cup and vane 
anemometers located at the selected levels 
and displays the analog signals on strip­
charts, The hourly values of speed and 
direction are derived from visual inspec­
tion of the analog signal. The forecaster 
records an estimate of the hourly wind 
speed to the nearest mph and the prevailing 
direction to the nearest 10 degrees. The 
doppler sodar sends out an acoustic beam in 
preset configurations. Wind components 
parallel to the beam are determined by 
measuring the doppler shift of the 
scattered sound, The measured winds dur­
ing the test were based on doppler gates 
15.2 meters wide centered on the 4 levels. 
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Hourly averages are based on continual sam­
pling over the hour and are reported to the 
nearest tenth in meters per second and 
degrees. 

Table 1 shows a comparison of the wind 
speeds measured by the tower and the sodar. 
The table shows good agreement between the 
measurements with the exception of measure­
ments taken at the 30,5 meter level, The 
similarity of the standard deviations sug­
gests that the instruments are seeing the 
same processes, The results indicate that 
the sodar is doing a reasonable job of 
measuring the wind speed above about 
45 meters. 

Table 2 gives a summary of the differences 
between the measured wind speeds and direc­
tions, Each hourly tower measurement was 
subtracted from the doppler measurement and 
the differences analyzed. Positive direc­
tion differences represent clock-wise rota­
tion; negative differences are counter 
clock-wise. 



-------- ---
TABlE 1. Mean Wind Speeds and Standard Deviations in 
m/s for Sodar and Tower 

Sodar Tower 

Mean so Mean so 

30.5 2.32 1.34 3.92 1.83 

61.0 4.30 2.32 4.42 2.24 

91.5 4.70 2.59 4.59 2 49 

121.9 4.59 2.61 4.63 2 53 

--· ·-----

TABLE 2, Wind Speed and Direction Differences (Sodar­
Tow<>r) 

Speed (m/s) Direction 

Medn so Mean so ---- ·- ---

30.5 -1.61 1.71 -11.43 65.85 

61.0 -0.11 0.70 11 '15 28.36 

91.5 0.12 0.67 4.15 22.50 

121.9 -0.04 0.74 6.05 18.71 

-----

Again, with the ex.ception of the lowest 
level, the results suggest that the sodar 
is accurately measuring the winds. The 
problem at the low level may be due to a 
"ringing" problem associated with the ver­
tical transducer. The sodar vertical 
velocities for that level were often too 
high. The vertical component is subtracted 
from the winds measured by the tilted 
antenna to obtain the horizontal compo­
nents. Thus, when the vertical leg has 
high values, the computed horizontal winds 
will be low. 

Because we cannot digitally record data 
from the tower at this time, it is not 
reasonable to conduct further analysis, 
Also, there are inherent differences in the 
way in which the winds are measured, The 
anemometers measure flow at a fixed point, 
The sodar measures a volume average and has 
a minimum height resolution, 

Future plans for improving and testing the 
operation of the doppler sodar include: 

l. eliminating transducer ringing 
problems 

2. a more precise alignment of antennas 
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3. digital recording of tower winds and 
further comparison tests against the 
tower, and 

4. a comparison test against the time-of­
flight laser anemometer {TFLA) being 
developed at PNL. 

ASCOT PROGRESS ON DRAINAGE FLOW OVER SIMPLE 
SLOPES 

T. W. Horst and J. C. Dorafl 

In 1981 the DOE iflterlaboratory ASCOT 
(Atmospheric Studies in Complex Terrain) 
program completed three years of field 
studies in the Geysers Geothermal Resource 
Area of northern California, These mea­
surement programs and concurrent ASCOT 
model development have focused on under­
standing the dynamics of nocturnal drainage 
flows and the transport and dispersion of 
pollutants within these flows. Aflalysis of 
the Geysers data and modeling of the atmo­
spheric flows in the Geysers study areas 
have progressed sufficiently to wurant a 
progress report on this first phase of the 
ASCOT program, This report was written by 
the participating laboratories during the 
past year and covers three areas: Physical 
Concepts, Measurement Programs, and Model­
ing Studies, 

One focus of ASCOT research at PNL has been 
drainage flow on simple slopes, Under­
standing this initial phase of drainage 
flow is essential to a realistic prediction 
of the scales and occurrence of drainage 
winds, Accordingly, the present authors 
were selected to write Section 3,2 of the 
ASCOT Progress Report, Nocturnal Drainage 
Flow on Simple Slopes {PNL-SA-11245), The 
conclusions of this chapter are summarized 
below. 

Measurements of nocturnal drainage flow 
have been made at a large number of sites 
during the ASCOT program, but only a few of 
these are suitable for study of drainage 
flow on simple slopes. This report is 
based largely on data from Geysers Unit 19 
and Rattlesnake Mountain because detailed, 
continuous profiles of wind and temperature 
were measured at these sites with tower­
mounted instruments. At the Rattlesnake 
Mountain site, measurements were made at 
several distances from the top of a simple, 
grassy slope; at the Geysers Unit 19 site, 
a single tower was located in a more com­
plex, tree-covered basin, 



Nocturnal drainage flow on a simple slope 
is driven by a surface inversion with a 
depth of about rJ.05 of the vertical drop 
from the top of the s 1 ope. At the Geysers 
Unit 19 site, 670 m below the summit of 
Cobb Mountain, the inversion depth averaged 
45 m, its strength was typically 10°C, and 
the corresponding layer-integrated kata­
batic acceleration was 0.5 rr\2fs2, Tower B 
at the Rattlesnake Mountain site is only 
150m below the ridge top and hence the 
scales of the slope flow were smaller: an 
inversion depth of 4 to 8 m, a typical 
inversion strength of 3°C, and a katabatic 
acceleration of 0.05 m2fs2, 

At the Geysers site, the wind direction 
within the cooled inversion layer was 
essentially downslope and a low-level 
maximum wind speed of 1 to 2 m/s occurred 
at a height that was 0.4 to 0,5 times the 
inversion depth. The wind direction 
shifted from downslope at a height of 0,8 
to O.Cl times the inversion depth. At the 
Rattlesnake Mountain site, the ambient 
winds had a strong influence near the 
surface and thus the low-level winds were 
seldom downslope. However, the downslope 
component of the wind exhibited a low-level 
maldmum at a height that was 0,4 times the 
inversion depth, and when the ambient winds 
were light, with a typical magnitude of 1 
to 2 m;s. 

The surface inversion depth, the height of 
a wind direction shift from downslope, and 
the height above the jet of a wind speed 
minimum are all measures of the depth of 
the layer that is influenced by katabatic 
flow. Some evidence suggests that these 
depths !Tii.IY be similar for a simple slope, 
but it is also apparent that the measures 
based on the wind profile above the jet are 
dependent on the ambient wind speed and 
direction. 

Two addi tiona 1 depth sea 1 es, the momentum 
depth and the temperature deficit depth, 
are defined by vertical integrals of the 
wind and temperature profiles, These have 
the advantage that they do not depend on 
identifying the height of occurrence of a 
particular feature of the profiles. How­
ever, their definition is ambiguous if the 
wind speed or temperature deficit do not go 
to zero above the katabatic flow. The 
momentum depth is roughly equal to the 
depth of the surface inversion, and the 
temperature deficit depth is about one­
fourth of the inversion depth. The tem­
perature deficit depth is easier to deter­
mine, because the temperature deficit is 
more likely than the wind to approach zero 
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at the top of the katabatic layer and it 
appears to be less sensitive to ambient 
wind and stratification. 

The strength and vertical scale of slope 
flow increase with downslope distance due 
to cooling at the surface and entrainment 
of ambient air at the top of the flow. The 
inversion becomes deeper and stronger, and 
the maximum downslope wind speed, the 
height of the wind maximum, and the total 
depth of downslope flow increase. The 
vertical scales of the flow increase 
linearly with distance down a constant 
slope, and the strength of the inversion 
and the downslope wind speed increase at a 
lesser rate. 

Predictions of the momentum depth as a 
function of slope angle and downslope dis­
tance using Ellison and Turner's {1959) 
laboratory-measured entrainment rates agree 
well with observations of the approximately 
equivalent inversion depth, For moderate 
slopes these entrainment rates are roughly 
proportional to the sine of the slope 
angle, and hence the growth of the vertical 
scales is roughly proportional to the 
vertical drop from the top of the slope, 
e.g., the inversion depth is about 0,05 
times the vertical drop, 

The vertical distribution of turbulence is 
quite different in slope flow than in 
stable conditions over flat, homogeneous 
terrain, This is a consequence of the 
shear distribution associated with the low­
level wind !Tii.lximum. Local shear production 
of turbulent energy decreases with height, 
reaches a local minimum at the height of 
the jet, and then increases once more. 
Above the jet, the profiles of shear and 
turbulent energy depend on the magnitude 
and direction of the ambient wind. Ambient 
winds that are upslope or cross-slope 
produce more shear above the jet, and 
consequently more turbulence, than down­
slope ambient winds. 

Several of the features of nocturnal slope 
flow are useful indicators of its occur­
rence, These are the surface-based inver­
sion, the low-level wind maximum and the 
downslope wind direction, The surface 
inversion is necessary for slope flow, but 
the wind maximum and the downslope direc­
tion may be obscured by ambient winds, par­
ticularly at an exposed site, A downslope 
wind direction and small values of G8 were 
found to be good indicators of slope flow 
in the sheltered Anderson/Gunning Creek 
Basin; however, at the Rattlesnake Mountain 
site it was necessary to look for a low-



level maximum in the downslope wind compo­
nent because ambient winds strongly influ­
enced the wind profile at the surface, 

The best slope flows occur on calm nights 
with clear skies that allow the development 
of a strong surface inversion. Good slope 
flows at the Geysers Unit 19 site required 
ridge-top wind speeds of 1 ess than f:i m/s 
and a surface inversion strength above 5 m 
of at least 'i°C, The ridge-top wind speed, 
the strength of the inversion and the 
inversion depth can be combined to form a 
slope Richardson number (Ri) that corre­
lates well with the occurrence of slope 
flow, Most of the good slope flow at the 
Unit 19 site occurred when Ri > l'l.7; good 
slope flow npver ocwrred when Ri < 0,2 and 
no drainage occurred when Ri < 0.15. 

The onset, maintenance, and breakup of 
slope flow is similarly dependent on the 
establishment, maintenance and destruction 
of the surface inversion, Although the 
soi 1 and the near-surface air begin to cool 
well before local sunset, strong downslope 
flow begins only after the ambient wind is 
weak enough to perrnit formation of an 
inversion adequate to drive the flow, Even 
after good slope flow has been established, 
however, it can easily be disrupted by 
increased winds that weaken the inversion 
and reduce the katabatic force by turbulent 
mixing. The slope flow is also terminated 
rapirllv at local sunrise by the heatinCJ of 
the surface and the subsequent destruction 
of the surface inversion, 
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The dependence of slope flow structure on 
ambient conditions varies from site to 
site, The Rattlesnake Mountain site was 
very exposed and hence the wind profile was 
strongly influenced hy the ambient winds. 
Only the depth of the surface inversion and 
the height of the downslope wind maximum 
were relatively insensitive to ambient 
conditions, The Geysers Unit 19 site was 
more protected and both the wind and tem­
perature profiles were less sensitive to 
ambient conditions. However, a decrease 
with time of the speed and depth of the 
downslope flow at this site i!ppears to be 
correlated with <~n increase in ambient 
stratification, It is postulated that the 
incre<~sin9 stratification of the <1ir above 
the slope isolates the katabatic layer from 
the flow aloft and produces a weaker near­
surface flow driven only by katabatic 
forces, 
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DISPERSION, DEPOSITION AND RESUSPENSION OF 
ATMOSPHERIC CONTAMINANTS 

• Atmospheric Diffusion in Complex Terrain 

• Atmospheric Boundary Layer Studies 

• Dry Deposition 

• Particle Resuspension and Translocation 

• Theoretical Studies and Application 

The concentration of contaminant species in air is governed by the rate of input from 
sources, the rate of dilution or dispersion as a result of air turbulence, and the rate of 
removal to the surface by wet and dry deposition processes. Once on the surface, 
contaminants also may be resuspended, depending on meteorological and surface 
conditions. An understanding of these processes is necessary for accurate prediction 
of exposures of hazardous or harmful contaminants to humans, animals, and crops. 

At PNL several research programs focus attention on these processes through a com­
bination of field, laboratory and modeling studies. In the field, plume dispersion and 
plume depletion by dry deposition are studied by the use of tracers. A unique appli­
cation of tracer technology at PNl is the simultaneous release of depositing and non­
depositing tracers. Dry deposition was investigated for particles of both respiration 
and inhalation interest. Studies are being conducted to evaluate simple plume deple­
tion models and resuspension-diffusion-deposition models have been applied to 
estimate pesticide concentrations above treated fields. Resuspension is also studied 
using tracers and contaminated surfaces. The objective of the resuspension studies is 
to develop and verify models for predicting the airborne concentrations of contami­
nants over areas with surface contamination, development of resuspension rate pre­
dictors for downwind transport, and development of predictors for resuspendion 
input to the food chain. These models will be of particular relevance to the evaluation 
of deposition and resuspension of both radionuclides and chemical contaminants. 

Transport of tracers and contaminants from the Geysers Geothermal Site is being 
evaluated using surface and aircraft sampling data. The ventilation of tracing a SF6 

tracer from Brush Creek Valley during sunrise is being evaluated by surface and air­
craft sampling data. 





• 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 con­
taminant particles and gases over complex landforms. 

Assisting a multi laboratory program studying diffusion in complex terrain by providing methodologies 
and techniques for analyses of transport and diffusion over a variety of complex landforms. 

Evaluating and developing various transport and dispersion models for complex terrain. 

THE TRANSPORT OF TRACERS AND POLLUTANTS 
FROM THE GEYSERS GEOTHERMAL RESOURCE AREA 

M. M. Orgi 11, R. N. lee and R, I, Schreck 

The emission, transport, and dispersion of 
pollutants from energy production areas in 
complex landforms is a subject of continu­
ing concern because emitted contaminants 
may cause a significant impact on the gen­
era 1 pub 1 i c and environment through the 
mechanisms of chemical reaction, impaction, 
dry r!eposition and acid precipitation. 

A limited surface and aircraft sampling 
sturly was conducted in the Geysers­
Calistoga Geothermal Resource Area (GGRA)· 
to collect iflitial data on the short-range 
(5 to 20 km) transport of contaminant mate­
rials and the short-range transport of a 
sulfur hexafluoride {SF6 ) tracer from the 
geothermal electrical power generation 
area. 

Pacific Northwest laboratory (PNL) 
conducted the sampling study during the 
Department of Energy's (nnE) Atmospheric 
Studies in Complex Terrain (ASCOT) cooling 
tower field program as part of the daytime 
limited-mixing experiments (Gudiksen 
FlR2), On August 23 and 24, the ASCOT 
group conducted extensive mete oro 1 ogi ca 1 
and tracer experiments during the daytime 
and evening hours. An SF6 tracer was 
released from a power plant's cooling tower 
during the afternoon of each day. The SF6 
tracer was sampled by a surface network of 
samplers and by PNL and Meteorology 
Research, Inc, {MRI) aircraft, The PNL 
aircraft flew a flight track between 5 to 
20 km upwind and downwind of the Geysers 
while the MRI aircraft flew closer to the 
source over the Mayacmas Ridge. In addi­
tion to these two days, the P~L aircraft 
also sampled for gaseous sulfur (H2 S) and 
airborne aerosols on August 20 and 21. 
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The goals of the PNL study were fourfold: 
1) to define the types and quantities of 
airborne materials (e.g,, H2 S, B, As, Cd, 
Pb, Cr, and Hg) that are emitted from the 
geothermal operations, 2) collect data on 
the location, height, and concentration of 
the airborne materials and SF6 tracer, 
3) examine the role of vertical wind shear 
in the transport of the H2S and SF~ tracer 
plumes, and 4) if possible, estimate the 
flux of pollutant material being trans­
ported from the Geysers. 

The instrumentation, sampling procedures, 
weather conditions, and preliminary analy­
sis of the data have been reported in 
PNL-4797 (Orgi 11, Lee and Schreck 1983). 
This repcrt briefly discusses the results 
to date and outlines the future tasks 
necessary to complete the work. The final 
analysis and conclusions will be reported 
as an ASCOT report, 

SFo Tracer Transport from the Geysers 

On August 23 and 24, 1981, an SF6 tracer 
was released from the cooling towers of 
Units 9 and 10, at a rate of 3 gm/s from 
1300 PST to 1900 PST. Units 9 and 10 are 
located on a ridge southwest of Cobb Moun­
tain at an altitude of 968 m above mear"l sea 
level. Because the analysis is not com­
plete, only preliminary results from 
August 24 will be discussed, Table 1 out­
lines some of the variables considered 
important ir"l the transport of the cooling 
tower plume and SF6 on August 24. The 
meteorological conditions were complex and 
not easily understood, but were typical of 
many situations involving wind shear and 
time-varying wind conditions. 

The wind and stability conditions were such 
that a portion of the cooling tower plume 
impacted at downwind surface locations, 
Figure 1 shows that a portion of the plume 
was observed at the surface throughout the 



TARLE 1. Important Variables Affecting the Transport 
and Diffusion of SF 0 from Units 9 and 10, August 24, 1981 

Variable 

Plume rise 

Stabil1ty 

Low-level wind ;peeds 

Horizontal and 'ertical 
Wirld 1heM 

Diurnal '"ind; 

Terrain influences 

Com men""'----

Average maximum plume me 
around 1100 m or 2060 m rn.s.l. 
fUthe 1982\ 

SF, detected on the surface 
downwind from Un1ts 9 and 10 

A'erage wind speeds in a 
350-m layer 3 to 5 m/s 

Wind; were bKking and 
increasing in speed with height 

Winds m lower elevatiom 
changed direction from west­
southwesT 10 west-northwest 

Pmsible grav1ty waves at higher 
elevations 

Anderson-Putah Creek area and Boggs Moun­
tain, The plume impaction occurred toward 
the northeast in the early afternoon and 
then shifted toward the southeast later in 
the afternoon, This change in direction of 
the surface impaction matches some wir>d 
observations that s hawed wi nd di recti on 
changing to more northwesterly directions 
after 1700 PST. 

The principal plume axis at the three 
different aircraft sampling altitudes was 
oriented in generally the same direction 
as shown near the surface (i.e., toward the 
east and northeast). Maximum concentra­
tions in the elevated pl11mes were above 
t'r)O parts per trillion (ppt). An increase 
in altitude shows a more diffuse plume with 
secondary maxima toward Middletown and east 
to northeast of Mt. Hannah (Figure 2). 
The apparent maximum concentration near 
Mt. Hannah at around 1600 m is of interest 
because of the high plume rise and upper 
vertical wind shear present during the 
sampling period. Another interesting fea­
ture was revealed by the SRI International 
airborne lidar, These measurements showed 
wavy undulations in the aerosol boundary 
layer at samplinq altitudes (lithe 19il2). 
The presence of gravity waves may possibly 
account for the secondary SF 6 maximum just 
east of Mt. Hannah, However, these mea­
surements and data from other aircraft 
passes wi11 have to be investigated in more 
detail to determine if this provides a con­
sistent description of the observed 
dispersion behavior. 
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Gaseous Sulfur (H2S) Transport from The 
Geysers 

One of the primary contaminants from the 
Geysers is gaseous sulfur in the fonn of 
H2 S, although other chemical forms can be 
present (e.g., S02 ). Surface and aircraft 
filter samples of particulates generally 
indicated sulfur (sulfate) enrichment above 
background 1 evel s in the call ected aeroso 1. 
On the two days of SF6 release from Units g 
and 10 (August 23 and 24), a minor amount 
of gaseous sulfur was contributed to the 
Geysers sulfur plume by SF6 • A low­
concentration gaseous sulfur plume was 
detected on all four days in the eastern 
quadrants from the Geysers, because the 
winds were generally from southwesterly to 
westerly directions. The first estimates 
of H2 S concentrations as reported in 
Orgill, Lee and Schreck (1983) are sus­
pected of being high by about 30%. A ten­
tative correction was applied to the H2S 
concentration data for PNL-4797, but these 
data will have to be further assessed in 
FY 84 to obtain the fi na 1 con cent rations 
and associated error limits. 

Composition, Enrichment, and Transport of 
Geysers Aerosols 

The four days of sampling resulted in 
41 filters, Twenty-three filters {16 
surface, 7 aircraft) were initially 
selected for x-ray fluorescence (XRF) and 
neutron activation analysis (NAA) (23 by 
XRF, 8 by NAA). Concentrations were 
obtained for 55 trace materials. In 
general, most of the trace materials had 
concentrations in the ngjm3 range with the 
exception of iron (Fe) and sulfur (S), 
which were in the 119/m' range. 

A crusta 1 enrichment factor was computed 
for all 55 elements associated with the 23 
filters, The crustal enrichment factor 

expresses the relative enrichment of an 
element as compared to its abundance in the 
earth's crust. An EFc less than 1 indi~ 
cates depletion of an element, whereas a 
value greater than 1 indicates enrichment 
of a given element relative to its crustal 
abundance. Generally, an enrichment factor 
of 10 or more is considered significant 
with respect to anthropogenic input to the 
atmosphere. 

Trace elements of particular interest 
because of their potential toxicity hazard 
and environmental contamination are 



FIGURE 1. SF6 Bag Sample Site Locations, Integrated Surface Plume Boundary, Plume Arrival Hours (14 and 18 PST) and 
Duration of Plume at Surface (hrs). Source: Units 9 and 10, August 24, 1981. Shaded Topography~ 853 m (2800 ft). 

e 
a: 

" .. 
0 
;;; 
0 

" t; 

39 

38 9 

3 38.8 

QKV 

r--o 
0 5 
KILOMETERS 

0 LL 

0 25 

38 ~ 2~2.'::9 ...L..L..J....I...L-'+.12~2 '='8 ...L..I...'-'--'-'+., 21:--2 '='1 ...u...'-'--'...1-L, 2L2."'s _._._.........,...w..J, 22 .& 

LONGITUDEIOEGREES) 

FIGURE 2. SF6 Elevated Plume as Determined from 
Aircraft Samples of 5-second Average Concentrations, 
Elevation: 2580 m (5190 ft) m.s.l. Locations: Mt­
Middletown , C - Cobb Mountain, H - Mt. Hannah, LL ­
Lower Lake, K - Mt. Kocnocti, KV- Kelseyville. Date: 
August 24, 1981. 
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sulfur (S), selenium (Se), boron (B) , bro­
mine (Br), lead (Pb), zinc (Zn) , antimony 
(Sb), arsenic (As), barium (Ba) , silver 
(Ag), cadmium (Cd), copper (Cu), manganese 
(Mn), fluorine (F) and mercury (Hg). To 
date, results show that several of these 
elements were significant ly enriched above 
background levels within and downwind of 
the Geysers area at times. However , a 
number of sampling and analyses factors 
need to be considered in evaluating the 
data . 

The analysis for trace elements is incom­
plete, and fourteen to seventeen additional 
filters need to be analyzed. Boron (B) a 
major element in geothermal steam and 
fluorine (F) have yet to be analyzed in any 
of the samples. The meteorological condi ­
tions during the sampling periods need to 
be examined and analyzed in order to 
determine the possible role of winds and 
temperature conditions during the sampling 
periods . 



Other Data Analysis Tasks 

The initial analysis of the SF6 tracer 
transport data from the Geysers illustrates 
the effects that terrain, vertical wind, 
shear, time-varying winds and stability can 
have on the downwind distribution of cool­
ing towe r effluents during the daytime. 
These aspects of the transport problem will 
be evaluated in a more quantitative manner 
with the completed data analyses. In addi­
tion, the surface and aircraft sampling 
results of H2S and trace materials, and 
meteorological parameters, particularly 
wind, wil l be used to estimate the flux of 
pollutant materials from the Geysers area. 
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THE VENTILATION OF AN SFG TRACER FROM A 
MOUNTAIN VALLEY 

M. M. Orgi 11, R. N. Lee and R. I. Schreck 

An important component of the joint EPA-DOE 
(GRAMA-ASCOT) field experiment in Brush 
Creek, Colorado, in July-August 1982 was an 
aircraft SF6 sampling task . The objectives 
of this part of the experiment were 
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1. to provide data on the location, 
height, and concentration of SFG over 
Brush-Roan Creek Valleys, 

2. to supplement the Brush Creek surface 
sampling network, 

3. to evaluate the fumigation and venti­
lation of the SFG tracer in the valley 
and assist in evaluating the GRAMA 
computer valley model (VALMET), and 

4. to assist the ASCOT program in the 
design of future fie ld programs . 

The experiments, instrumentation, and pre­
liminary sampling results were presented 
last year in Orgill et al. (1983). In this 
report, preliminary results of analyzing 
the real-time aircraft SF6 data will be 
presented. Final results of the aircraft 
sampling task will be published at a later 
date. 

Composites were constructed of the SFG con­
centration data from aircraft observations, 
the Sandia profiler , and surface-slope sam­
pling sites from the July 31, August 4, and 
August 6 data for two periods. The first 
period encompassed the time period that 
wind was down-valley. The second period 
included the transition period (sunrise) 
and the initiation of the up-valley wind . 

The SFG plume during the drainage wind 
period was observed to be confined below 
300m in the valley . Figure 1 shows the 
composite plume configuration and SFG con­
centration during the up- valley wind trans­
ition. The plume is entrapped, for the 
most part, in the valley except where the 
Sandia profiler and aircraft observations 
show the plume diffusing to higher levels 
and toward the sunny west-sidewall . Con­
centrations were above 100 parts per tril­
lion (ppt) on the sunny west-sidewall and 
near the summit of Brush Mountain . Concen­
trations over Skinner Ridge were near back­
ground. nuring the later part of the up­
valley wind period, concentrations above 
200 ppt were detected over and up-valley of 
the release site and also over Brush Moun­
tain and Skinner Ridge. 

The data on the 5- second SFG concentra­
tions from aircraft samples for the period 
between 0748 and 0825 MST August 6 are 
shown in Figure 2. Higher concentrations 
of SF6 were detected over Brush Mountain 
and the Brush Creek Valley west -sidewall 
and lower concentrations were detected over 
Skinner Ridge. 
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FIGURE 1. SF6 Concentration Data from Aircraft, Sandia Profiles, and Slope Stations for july 31, August 4 and August 6, 
1982 (Up-Valley Winds). 

An examination of all aircraft SF6 sampling 
data and the surface-sampling data provided 
important information on the ventilation of 
tracers and pollutants from a valley. Some 
tentative conclusions follow. 

1. A release rate of 8 or more kg/hr of 
SF6 provides measurable concentrations 
at higher elevations of the valley. 

2. The SF6 plume was carried by drainage 
winds out of Brush Creek and down Roan 
Creek to 20 km or more. 

3. Concentrations in excess of 100 ppt 
were observed near the west-sidewall 
of the valley and over Brush Mountain 
after two hours past sunrise. 

4. Little tracer was detected over the 
east ridge near the mouth of Brush 
Creek even after sunrise . 
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5. The SF6 plume moved to the west­
sidewall after sunrise and was venti­
lated up the valley wall to ridge 
levels. This observation is con­
sistent with the hypothesis of up­
slope and up-valley transport of 
tracer in a developing convective 
boundary layer in the valley . 
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• Atmospheric Boundary Layer Studies 

Objectives of these studies are: 

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

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

Constructing simple models for predicting the depth, speed and direction of gravity-controlled drain­
age flows and contaminant dispersion within these flows. 

ESTIMATES FOR PESTICIDE PROFILES ABOVE 
TREATED FIELDS 

T. W. Horst and w. G. N. Slinn 

Glotfelty et al. (1983) have reported con­
centration profiles for pesticides above a 
treated field (Figure la). In their report 
they suggest that differences in the nor­
malized profiles (Figure lb) were caused by 
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influences on turbulent diffusion from dif­
ferent molecular diffusivities of the pes­
ticides. Since this inference conflicts 
with common practice and may have important 
implications for the diffusion of airborne 
contaminants, it is important to examine 
the data carefully and, as appropriate, 
search for alternative interpretations. 
Horst and Slinn have found that the dif­
ferences in the profiles are more likely 
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FIGURE 1. Concentration Profiles (a) and Concentration Ratios (b) Reported by Glotfelty et al. (1983). The ratios were 
normalized to the value unity at z = 10 em. 
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caused by different, fetch-dependent sur­
face-to-air fluxes of the pesticides.* 
These, in turn, are dictated by different 
air/surface partition coefficients for the 
different pesticides . 

Our response to Glotfelty et al. was based 
on solutions of the convection-diffusion 
equation describing downwind advection and 
vertical diffusion of pollutants suspended 
from a surface area source. The surface­
to-air pesticide flux was determined by a 
simple film model and was found to be pro­
portional to the difference between the 
pesticide concentration in air at the soil 
surface and the airborne pesticide concen­
tration that would be in equilibrium with 
the bulk concentration in the soil . The 
proportionality factor k

0 
is an effective 

transfer velocity, which is a function of 
the air/surface partition coefficient Hand 
the transfer velocities through the surface 
film {ks) and through the air's viscous 
sublayer {ka), 

k-1 = H k-1 k-1 
o s + a • 

Pesticide profiles were predicted analyt­
ically for the case of wind speed U and 
eddy diffusivity K

0 
independent of Reight. 

Figure 2 shows the resulting pesticide 
concentration-ratio profiles for several 
values of p = k

0
/U

0
• Comparing Figure 2 

with Figure 1b suggests that this approach 
is capable of describing the dominant 
feature of the data and that it is un 
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necessary to assume that diffusion in a 
turbulent atmosphere is influenced by 
molecular properties of the dispersing 
vapor. 

In the interpretation presented by Horst 
and Slinn, differences in normalized pro­
files for different pesticides are a direct 
consequence of the dependence of the 
surface-to-air flux on the local, airborne 
concentration of pesticide. Without this 
dependence and if the pesticide concentra­
tions were spatially uniform in the soil, 
then the flux of each pesticide would not 
depend on location, and the normalized 
pesticide profiles would be identical. On 
the other hand, with this dependence, the 
fluxes decrease with distance from the up­
wind edge of the field, at a rate that is 
different for each pesticide because of the 
differences in transfer velocities caused 
by the different values of H. 

Pesticide profiles have also been predicted 
numerically for the more realistic case 
where wind speed and eddy diffusivity are a 
function of height, using the surface flux 
model of Horst {1978). In this analysis 
Horst and Slinn** suggest that the heiqht­
to-fetch ratio for the data may not have 
been the 100 to 1 ratio suggested by 
Glotfelty et al. Instead, it may be that 
as the pesticide evaporated {preferentially 
from the edges of the field), the height­
to-fetch ratio decreased to smaller values, 
such as the 10 to 1 ratio illustrated in 
Figure 2. 

Horst and Slinn** also comment upon values 
for the parameters ks, k , and H. In this 
regard, they note the rufe-of-thumb that 
usually the more complex the molecule, the 
smaller its air/surface partition coeffi­
cient. Consequently, with smaller H values 
and larger k values for more complex 
molecules, tReir evaporation rates would 
decrease more rapidly with distance from 
the upwind edge of the field, and their 
airborne concentration would decrease less 
rapidly with height than for less complex 
molecules. This is also consistent with 
the general trend reported by Glotfelty 
et al. {1983). 

*Horst, T. w. and W. G. N. Slinn. 1983a. 
"Atmospheric Concentrations of Pesticides 
Above Treated Fields." Submitted for 
publication in Science. 

**Horst, T. W. and w. G. N. Slinn . 1983b. 
"Estimates for Pollution Profiles Above 
Finite Area-Sources." Submitted for pub­
lication in Atmos. Env. 
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EVALUATION OF THE MODIFIED SOURCE-OEPLETION 
MODEL 

T. W. Horst 

The airborne contamination resulting from a 
point source release is most commonly esti­
mated with the Gaussian plume dispersion 
mode 1. Because estimates of the p 1 ume 
dimensions are empirical, model predictions 
can be fairly realistic in many situations. 
Ideally, these plume dimensions are mea­
sured With passive, nonreacting, nondep­
ositing tracers so that they only reflect 
the dispersion process. Hence, application 
of the Gaussian model for a depositing pol­
lutant requires that it be modified to 
account for the reduced airborne concen­
trations and to estimate the resulting sur­
facf' contamination. Recause it does not 
explicitly treat the vertical transport 
process, the diffusion model is difficult 
to modify in a way that is physically 
realistic. 

Horst (1977) showed that the common source­
depletion technique used to account for the 
loss of material from a Gaussian plume, 
overestimates the near-surface airborne 
concentration and the dry deposition 
because the model distributes the loss 
resultinq from dry deposition throughout 
the vertical extent of the plume and 
retains the Gaussian vertical concentra­
tion profile. Horst (1980) proposed a 
correction to the source-depT et ion model 
that accounts for the change in the ver­
tical concentration profile caused hy 
deposition. This correction to the ver­
tical distribution is a function of the 
resistance of the atmosphere to vertical 
turbulent transport and is derived using 
gradient-transport theory. Ouring the 
past year, the theoretical foundation of 
this correction has been developed further 
and additional comparisons have been made 
with the surface-depletion model (Horst 
1CJ83). 
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Without deposition, the Gaussian plume 
model predicts the airborne pollutant 
con cent ration Co to be 

Co(x,y,z) " Qo D(x,y,z,h) (1) 

where Qo is the rate of pollutant emission 
and n(x,y,z) is the Gaussian diffusion 
function for a point source located at 
(x"O,y=O,z=h). The corrected source­
depletion model, 

Cd(x,z) = O(x) D(x,y,z,h) P(x,z) (2) 

makes two modifications to the Gaussian 
plume model. The source strength Q(x) is 
reduced with downwind distance to account 
for the loss of material from the plume by 
dry deposltion, and the Gaussian distri­
bution Dis modified by the profile func­
tion, P(x,z), to account for the change in 
the vert i ca 1 di st ri but ion caused by remova 1 
of material at the surface. Conservation 
of mass requires that 

[ 

00 ' 

Q(x) "Qo exp -f J vd D(x',y',zd,h) _ , I (3) 
P(x' ,zd) dx' dy' 

where zd 1s the height at which the deposi­
tion velocity vd is defined. With P"'l, 
Equations (2) and (3) reduce to the usual 
source-depletion model. 

With a minimum of assumptions, the near­
surface profile function, P(x,z), can be 
related to the atmospheric resistance to 
vertical transport (Horst 19fl0, 1983). 
However, the atmospheric resistance, 
R(z,zd), is a function of the eddy dif­
fusivlty, which depends on height, while 
the vertical spread of a Gaussian plume is 
expressed in terms of a diffusion coeffi­
cient, crz, which depends on downwind 
distance. Unfortunately, as a consequence, 
the appropriate atmospheric resistance for 
a Gaussian plume is determined only by a 
nonrigorous, heuristic argument relating 
the diffusion coefficient to the eddy dif­
fusivity, The validity of this argument 
must be judged by the quality of the 
resulting predictions. 

The corrected source-depletion model can be 
tested by comparing its predictions either 
with observations or with the predictions 
of a more rigorous model. Few observations 
of plume depletion are available, but the 
surface-depletion model (Horst 1977) is an 
exact modification of the Gaussian plume 
model to account for deposition. It is 



idei!l for evaluating the corrected source­
depletion model beciluse the two models 
differ only in their description of plume 
depletion, They have the Silme input and 
the Si!me assumptions <!bout the diffusion 
process, 

The two models agree well for predictions 
of suspension ratios and for predictions of 
depleted airborne con cent rations near the 
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FIGURE 1. The Profile Correction as a Function of 
Height at 2 km Downwind of the Source. 
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surfilce {Horst 1980, 1983), These two 
quantities hi!ve a high pri!ctici!l signifi­
cance, but they <1re indirect functions of 
the atmospheric resistance, A more direct 
test of the predicted iltmospheric resis­
tance is a comparison of the vertical air­
borne pollutant concentration profiles 
predicted by the two models. Such a com­
pi!rison is shown in Figure 1 for a situa­
tion with reli!tively high deposition: a 
source height of 10m and stable iltmo­
spheric conditions. Since ~P/~z = P[x,zd) 
vd rlRf;lz, the excellent <~greement of the 
two models below Z"'o validates the expres­
sion for the atmosph~ric resistance as a 
function of the Gi!USSian vertiCi!l diffusion 
coefficient, The reli!tively poorer agree­
ment above Z"o is expected because the 
profile functi6n is only Vi!lid in il li!yer 
nei!r the surface where, without deposition, 
the airborne concentri!t ion is independent 
of height. 
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• Dry Deposition 

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 u~ing dual tracer techniques in the field and in a wind tunnel in the 
laboratory. 

IMPROVED PREDICTIONS OF DRY-DEPOSITION 
VELOCITY OF PARTICLES 

G. A. Sehmel 

A correlation was developed by Sehmel and 
Hodgson (19il0) for predicting particle dry­
deposition velocities. Oeposition velocity 
is defined as the deposition flux (units of 
amount deposited per unit ground-surface 
area per unit time) divided by the airborne 
concentration at a selected height above 
the ground (amount per unit volume), ar1d is 
usually reported in units of cm/s. The 
correlatiorl was based upon deposition 
velocities evaluated in wind tunnel experi­
ments for non-living surfaces of different 
aerodynamic surface roughness. A weighted 
least-squares technique was used to corre­
late the logarithm of mass-transfer resis­
tances in terms of the logarithms of dimen­
<;ionless groups and particle diameter, The 
dimensionless groups are the Schmidt number 
(v/0), the particle relaxation time (T+), a 
ratio of Brownian to eddy diffusivity 
{0/z u*), and a length ratio (d/z ). The 
mult~ple correlation coefficient Sas 0.92 
and all coefficients were statistically 
significant at the 99% level. 

Subsequently, deposition velocities were 
predicted as a fur~ctiOrl of particle dia­
meter from 0.03 to over 50 um. However, 
the correlation was inadequate for predic­
tions below 0.03 ~m diameter. That is, 
rather than increasing, predicted deposi­
tion velocities started to decrease as 
particle diameter was decreased below 
0,03 ].Jmo 

The correlation was used to predict 
particle dry deposition velocities for a 
height of 1m. This height is often used 
for a boundary conditio11 over surfaces 
without large vegetative canopies i11 
meteorological transport and diffusion 
models. The modeling approach was to 
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combine mass-transfer resistances in the 
1 em adjacent to the surface determined by 
the correlation, with aerodynamic mass 
transfer resista11ces from 1 em to 1m 
determined by the di ffus i vi ty equations of 
Businger et al. {1971). The correlation 
was further developed to predict the sur­
face mass-transfer resistance (reciprocal 
deposition velocity) in the lower 1 em 
adjacent to uniform deposition surfaces 
without deep vegetative canopies, In this 
case, the objective was to develop a mass 
transfer resistance predictor that could be 
used as a boundary conditior1 for meteoro­
logical transport and diffusion models in 
which aerodynamic resistances were des­
cribed for heights closer than 1 m to the 
deposition surface, 

When the correlation was developed, par­
ticle diffusivities were assumed equal to 
air-momentum diffusivities. However, the 
validity of this assumption is dependent on 
the relative mass transfer resista11ces at 
and above the deposition surface. Cur­
rently, the equality to heat diffusivity is 
often considered more appropriate. Never­
theless, the diffusivity selection may be a 
second order effect. In practice, the use 
of either momentum or heat diffusivity is 
on \y of secondary importance for predicting 
deposition velocities for particle 
diameters ranging from about 0.1 to 1 ~m. 
For these diameters, deposition velocities 
are controlled by surface resistances in 
the 1 em adjacent to surfaces of low 
relief. In addition, selecting the proper 
diffusivity may be of minor importance 
compared to the uncertainties in predicting 
integrated surface resistances as a 
function of height a11ct spatial variation in 
vegetative canopies. 

Dry-deposition velocities are complex func­
tions of the parameters determined. The 
correlation predicts dry deposition veloc­
ities as a function of particle diameter, 



friction velocity and aerodynamic surface 
roughness. Also, since the e~perimental 
particle density was 1.5 g/cm , the influ~ 
ence of particle density is predicted by 
including particle settling velocities in 
the prediction equations. 

Recause predictions are camp 1 ex functions 
of these variables, researchers have 
approximaterl predicted deposition velocity 
curVes. However, these simplifications may 
he compounrling prediction uncertainties, 
because uncertainties exist in the original 
correlation. 

Hence, particle dry-deposition velocities 
evaluated with monodispersed-diameter par­
ticles in wind tunnel experiments were 
re-exa•ni ned using 1 east squares techniques 
to rlevelop an improved predictive 
correlation. 

Correlation 

Least-squares techniques were used to 
correlate either the deposition velocity, 
or integral resistances, as used in the 
original correlation, as a function of both 
particle diameter anrl dimensionless group-
; ngs. Loqarithmi c transformations were 
used in the least squares analyses. Many 
corre 1 at ions were examined for the highest 
1nultiple correlation coefficient. This 
examination included the evaluations of the 
statistical sigrlificance of the first 
through third powers of each dirnensionless 
group examined, and interactions between 
groups. Third powers were statistically 
insignificant. The final correlation pre­
dicts deposition velocities, Kl-cm with an 
airborne concentration at 1 em (which has 
the highest multiple correlation, and is 
without variables that are highly corre­
lated with other predictor variables). The 
multiple correlation coefficient is 0.95 
(versus 0.(,12 in the I9fl0 correlation) and 
all coefficients are statistically sig­
nificant at the 99% level. The final 
corre 1 at ion re 1 ates the 1 oga ri thm of depo­
sition velocity as a function of the 
logarithms of dimensionless groups and 
particle diameter. Particle diameter is 
expressed in centimeters. The dimension­
less groups are the Schmidt number (v/fl), 
the particle relaxation time (r+), a ratio 
of Rrownian to eddy diffusivity (D/z u*), 
and a length ratio (d/z0 ). The corrglation 
of deposition velocities as an exponential 
function of the logarithms of d1 mens i onl ess 
groups and particle diameter follows: 

JR 

K 1 ~cm" exp) 7.108 + [ln(Sc) ln(d/z0 )] 

[0.2529 - 0.00273 ln(d/z0 )] + [ln (r +)l 

• [0,03239 ln(r ) - 0.09177 ln(d/z
0

)] 

- 0.14919 [ln(d)] 2 

- 4.11'\0 ln (d/z
0

): (1) 

where 

a particle radius, em 
d particle diameter, em 
D Brownian diffusion coefficient 

sq. ern/sec (see Equation 2) 
k Boltzmann's constant, 1.38 x 

10-16 erg/(molecule °K) 
p pressure, em of mercury (76.0 em used) 

Sc Schmidt number, v/0 
T temperature, °K (296°K used) 

u* friction velocity, em/sec 
z

0 
aerodynamic surface roughness, em 

~ air viscosity, g/(cm·sec) 
[1.78 x 10-4 g/(cm·sec) used] 

v kinematic viscosity, u/o 
r air density, g/cc, (1.2 x w-3 g/cc 

used) 
r+ dimensionless relaxation time, 

The Rrownian diffusivity was calculated 
from (Davies 1966): 

_, 
D = _j;l_ { 1 + lQ_ [6.32 + 2.01 

6"11a pa 

exp(-Zl90pa)]\ (2) 

Ratios of predicted/experimental deposition 
velocities were evaluated as indices for 
agreement between predicted and experimen­
tal results. The average ratio is I.4fi, 
the maximum ratio is 19.3, the minimum 
ratio is 0.82, and the standard deviation 
is 1,78. 

Also, ratios of predicted deposition veloc. 
ities between the correlation developed in 
1980 and Equation 1 were evaluated to show 
agreement between the two correlations for 
the experimental conditions investigated 
(i.e., the ratio K1980 /K 19 R3 ). In this 
case, the average ratio is 1.13, the maxi­
mum ratio is 3.8R, the minimum ratio is 
0.44, and the standard deviation is 0.68. 



Predictions for Const<~nt Friction Velocity 

Predicted deposition velocities for a 1-cm 
con cent ration reference hei 9ht, Kt -em, from 
the 1980 and 1983 correlations are compared 
in Figure 1 as a function of aerodynamic 
surface roughness for a constant friction 
velocity 3of 30 cm/s and particle density of 
1.5 g/cm , A.lso shown are gravitational 
settling velocities for spherical par­
ticles. The following features are 
emphasized. 
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,. Predictions from the 1983 correlation 
(as opposed to predictions from the 
1gsa correlation which have a lower 
particle diameter limit of 0.03 Jlm) 
show trends expected for particle 
diameters as sma 11 as 10-2 1.1m (i.e., 
deposition velocities continue to 
increase as particle diameter 
decreases below the particle diameter 
for minimum dry-deposition velocity), 

• Minimum deposition velocities are 
functions of the aerodynamic surface 
roughness, 
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• Dry-deposition velocities are greater 
than gravitational settling 
velocities. 

• Aerodynamic resistances from 1 em to 
1m are increasingly important for 
large particles, Predicted deposition 
velocities for a 1-m concentration 
reference height would be similar to 
gravitational settling velocities, In 
comparison, because aerodynamic resis­
tance is not included, deposition 
velocities for a 1-cm concentration 
reference height can be significantly 
greater than gravitational settling 
velocities for particle diameters as 
large as 50 !Jill, 

Conclusions 

An improved correlation was developed for 
predicting particle dry-deposition veloc­
ities, Improvements included an extension 
in the range of applicability to particle 
diameters as small as w- \lm, and an 
increased multiple correlation coefficient 
to 0.95. Nevertheless, needed predictive 
improvements include methods to predict 
effects of deeper canopies, vegetative 
canopies, nonuniform canopies, non­
spherical particles, and simultaneous 
resuspension for particles of 10 to 20 JJill 

diameter, 
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DRY OEPOS!TlON EXPERIMENTS USING MULTIPLE 
TRACERS ON THE HANFORD DIFFUSION GR!n 

G. A. Sehmel 

Experiments to measure dry deposition of 
particles were conducted for the Department 
of Energy (DOE) simultaneously with similar 



experiments sponsored by the Environmental 
Protection Agency (EPA). In the EPA 
experiments, zinc sulfide particles and SF6 
tracer gas were released. In the DOE 
experiments, two different tracers were 
released to determine dry deposition as a 
function of particle diameter. The tracers 
used were uranine and Li 2C0 3• 

Particle dry deposition will be calculated 
from tracer particle/gas concentration 
ratios. The objective here was to investi­
gate dry deposition for two nearly monodis­
perse tracer particles: 

1. the diameter of Li 2 C03 particles was 
about 1 11 m (a diameter at which dry 
deposition velocities are minimum and 
nearly independent of particle 
diameter) 

2. the diameter of uranine particles was 
significantly larger than 111m 
diameter. 

Experimental Procedures 

Particle size was strictly controlled in 
the experiments. Both tracers were gen­
erated in the field by using modified 
commercial paint sprayers. One paint 
sprayer was used for each tracer. The 
paint sprayer had the same general features 
as a spinning-disc aerosol generator used 
in the laboratory to generate monodispersed 
aerosol particles. The feed solution and 
operating parameters were different for 
each tracer. 

Particle diameters were evaluated using 
quartz-crystal micro-balance cascade impac­
tors. The mass median particle diameters 
were 17 llln for the uranine particles and 
l.fi ,,m for the Li 2C01 particles (Figure 1). 
Oensities of,the tracer particles were 1.5 
and 2.l gjcm for uranine and Li 2CO,, 
respectively. 

Tracers were released during drainage flows 
at the diffusion grid on the Hanford Site 
for several nights. The tracer release 
height each night was either 2.1 or 2.3 m 
above the ground. The average time that 
the tr~cer was released WdS 30 minutes. 
The average amounts of tracer dissolved in 
ethanol-water released were 17 g of uranine 
and 0.1 q of lithiu11 as Li 2C01 , 

After release, particulate tracers and 
tracer gas were collected as a function of 
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FIGURE 1. Particle Size Distribution> for Uranine and 
Lithium Carbonate Tracers 

crosswind direction along arcs at distances 
of 100, 200, 800, 1600. and 3200 m from the 
release site for the sector of the arc from 
68° to 160° (0° =north). Spacing between 
samplers was zo for the 100 and 200m arcs, 
and l 0 for the outer three arcs. Samples 
were collected ·at a height of 1.5 m. 

Particulate tracers were collected on 
filters that are being analyzed for uranine 
and lithium content. To prepare the sam­
ples for analysis. tracers were leached 
from collection filters using 7 ml of 
water. Wash solutions have been analyzed 
fluorimetrically for uranine content, and 
subsequently, selected samples will be 
analyzed for lithium content. 

Conclusions 

Samples are heing analyzed for tracer par­
ticle content for six nights. Results to 
date show that tracer plumes passed through 
the collection grid. However, plume char­
acteristics varied fr01n a well-captured 
plume within the sampling grid, to a plume 
with a bimodal crosswind distribution. 
Expected results will include dry deposi­
tion velocities for all six experiments for 
the uranine tracer particles, Although 
concentrations for the Li 2C03 particles 
were often lower than detection limits for 
ICP {induction coupled plasma) analyses, 
expected results include dry deposition 
velocities for Li 2C03 particles for dis­
tdnces between 100 and 200 m. 



GENERATION OF NEARLY MONOOISPERSEO 
PARTICLES FOR DRY DEPOSITION FIELD 
EXPERIMENTS 

G, A, Sehmel and W. H. Hodgson 

Improved experimental techrliques are needed 
to eva 1 uate dry deposition of contaminants 
in the field, One needed improvement is a 
technique for generating large quantities 
of monodispersed tracer particles. A tech­
nique for generating tracer particles that 
was developed by Sehmel and Hodgson in 1980 
was further developed, This technique will 
be used in field experiments to determine 
removal rates of particles by dry deposi­
tion as a function of diameter. The tech­
nique is based upon using a modified com­
mercial paint sprayer that has the same 
general features of a spinning disc aerosol 
generator used in the laboratory to gen­
erate monodispersed diameter particles, 
Liquid droplets are formed along the edge 
of a rotating bell, 

The objective was to establish the opera­
ting parameters for the particle generator 
that could be used during dry deposition 
field experiments beginning in May 1983. 
nesign conditions included the following. 

1. The two tracers should have different 
chemical compositions but be rela­
tively inexpensive to analyze. 

2, Tracer particles would approach a 
monodisperse size distribution, 

3. Particle generation rates would be 
maximized, 

4. The diameter of one tracer would be 
about 1 11m, a diameter at which dry 
deposition velocities are minimum and 
nearly independent of particle 
diameter, 

'), The diameter of the second tracer 
would simulate diameters of fugitive 
emissions with the constraint that the 
particle size would be representative 
of particles that could be inhaled, 

Experimerttal Procedures 

Operating parameters for the field tracer­
particle generator* were determined in the 
laboratory by evaluatirtg particle diameter 
characteristics with a quartz-crystal 
microbalance (QCM)** particle cascade 
impactor, For each of the ten impactor 
stages, the manufacturers stated that 50% 
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stage-call ect ion effi ci enci es are 0.05, 
0.1, 0.2, 0.4, O.R, 1.6, 3,2, 6,4, 12,5, 
artd 25 J.Jm, 

To evaluate tracer diameters as a function 
of operating parameters, tracers were 
generated within a wind tunnel, allowed to 
evaporate, and then were sampled with the 
QCM, After each evaluation, the wind 
tunnel was flushed with clean air before 
tracers were again introduced into the 
tunnel. 

Operating parameters included bell rotation 
speed, liquid flow rates for constant 
liquid composition, and uranine solution 
concentration, Rotation speeds ranged from 
5,000 to 3R,OOO revolutions per min (rpm), 
liquid flow rates ranged from 0.25 mt/min 
to 1.2 t/min, and uranine concentration 
ranged from 0,25 to 140 g/t. 

Tracers in ethanol-water solutions were 
introduced at constant flow rates into the 
particle generator. The ethanol was used 
to increase evaporation rates. The 
particle diameter generated with each 
tracer was selected based upon uranine and 
Li 2C03 solubilities. Uranine was used for 
the larger particles because uranine 
solubility is over 140 g/9., and lithium 
carbonate (L i 2 C03} was used for the sma 11 er 
particles because its solubility is much 
lower, Lithium carbonate solubility was 
estimated by dissolving Li 2C01 into 
different volume percentages (v/o) of 
ethanol and water. Results indicate Li 2C03 
solubility is less than one gram per liter 
of 50 v/o ethanol, and greater than one 
gram per liter in 40 v/o ethanol. 
Consequently, lithium-traced particles were 
generated from a solution of 1 g/t Li 2C03 
in 40 v/o ethanol, Urartine particles were 
generated from a 20 g/t solution of 80 v/o 
ethanol. 

After determining what the operating param­
eters were, operating conditions selected 
for field tests are summarized in Table 1. 
Aerodynamic particle size distributions for 
both tracers are shown in Figure 1. Both 
size distributions approximate log-normal 
distributions, except that the distribu­
tions were truncated by preferentially 
removing either the smallest or largest 
diameter particles 

*Model RAB-500, Rotary Atomizer, The 
DeVilbiss Company, Toledo, Ohio 43692. 

**Model PC-2 OCM Cascade Impactor, Cali­
fornia Measurements Incorporated, Sierra 
Madre, California, 



TABLE 1 Panicle Generator Operating Conditions L:sed 
fur Field Experimenb 

Operatin11 Condit tom 

Ethanol-water solution 
>io ethanol 

Tracer conc<entrallon, g/1' 

Tracer flow rcltl'. rnfirnitl 

B<ell rotation speed, rpm 

Satellitf' particle removal 
air flow rate, drn 

Particle r<ernoval impaction 
cylinder around rotating 
bell 

Particle> 

L'ranine Li,CO, 

80 40 

20 

31 23 

17,500 38,000 

7.3 0 

:-.Jot used 28-crn dia_ 
lor this cylinder. 
panicle extending 30 
SIZe em in front 

and 15 em in 
back of bell 

durtng particle generation, For the log­
normal portion of the size distribution, 
the mass median particle r1iameters are 
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l.fi JJm for Li 2C03 and 17 \lm for uranine, 
and the geometric standard deviations (a

9
) 

are approximately l.fl and 2,4, 
respective 1 y. 

Conclusions 

Operating conditions were determined for 
generating tracer particles of two 
different diameters. Retter conditions may 
exist, but these results were satisfactory 
considering the time constraints imposed 
for init1ating field experiments, 

Reference 

Sehmel, G. A. and W. H. Hodgson. }qfn. 
"Development of a Near-Monodispersed 
Particle Generator for Field Ory Deposition 
Experiments." In Pacific Northwest 
Laboratory Annual Report for 1982 to the 
DOE Off1ce of Energy Research, Part 3 -
A~~oseheric Sciences, PNL-4600-3, pp. 34-36, 
Paciflc Northwest Laboratory, Richland, ~JA. 



• 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, surface variables, and deposit age. 

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

Factoring time-v.uying resuspension rates into models describing delivery of surface contaminants to 
man. 

SPREAD OF TRACER FROM A RESIJSPENSTON SOURCE 
AREA OVER Tl ME 

G, A. Sehme1 

Contamination on the ground surface can he 
resuspended and become a hazard to man and 
to the environment, Resuspended contami­
nants can be deposited on edible portions 
of plants and introduced into the food 
chain. Models to evaluate resuspension and 
deposition rates to the plant surface are 
needed to determine these pote11t i a 1 
hazards. 

Resuspensions of surface contamination by 
wind has been simulated using inert tracer 
sources on the ground (Sehmel I983a), 
Through subsequent investigations, resus­
pension rates were found to increase with 
increasing wind speed, and resuspension 
rates were founri to be nearly independent 
of time for several years. 

In these experiments to determine resuspen­
sion rates, the airborne tracer 1·1as samrled 
as a function of height above the tracer 
source area. The resuspension rates were 
then calculated from a mass balance using 
integrateri concentrations (airborne versus 
source concentratio11s). In these calcula­
tions, the concentration of tracer source 
(amour1t per unit ground area) was assumed 
not to be depleted significantly. This is 
a reasonable assumption because the source 
concentration is insignificantly altered by 
resuspension, (i.e., resuspensio11 rates

7
are 

usually small compared to the 3,2 x w­
seconds in a year), Because rrsuspens}on 
rates are 011 the order of In- to 10-
fraction resuspe11cted per secor1d, the 
concentration of the source lS nearly 
independent of time. 
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To confirm these low resusper1sion rates, 
tracer source concentrations were deter­
mined at a 29,9-m circular resuspension 
site near Horn Rapids Dam in the Hanford 
area (Sehmel }(jfl3b). Although resuspension 
rates indicate that the CaMo04 source was 
depleted very little, source concentrations 
(amount per unit surface area) showed sig­
nificant variations from the uniform source 
concentration origi11ally deposited in the 
tracer-source area, Also, the source area 
had increased in size because resuspended 
tracer had redeposited (mainly tracer that 
was transported by surface creep and salta­
tion mechanisms). 

The objective of this investigation was to 
evaluate the variations in the concentra­
tion of source within the original tracer­
source area, and to determine the rate of 
increase in the size of the source area at a 
second source site of tracer. 

Experiments 

The second tracer source is an annular area 
near the Hanford Meteorological Station 
tower that is vegetated principally with 
cheat grass (Bromus tectorum), The annular 
sector was oriented to maximize measured 
airborne concentrations during high wind 
speeds, The tracers deposited were calcium 
molybdate (nearly insoluble) and lithium 
carbonate (very soluble). On October 3, 
19fll), the tracers were dep9sited at con­
centfations of 19.5 g Mo/m and 0.45 g 
Li/m, Calcium molybdate had been depos­
ited at the site previously (Oct~ber, 1975) 
at a concentration of 9,4 g Mo/m • Hence, 
if the source-strength concentration is 
undepleted from the two tracer deposits, 



the total molybdenum concentption on the 
ground should be 29.0 g Mo/m • 

Soi 1 s were samp 1 ed during November 1982, 
two years after both tracers were depos­
ited. Samples were collected at locations 
shown in Figure 1. To identify the sam­
pling sites the four corners of the annular 
sector are labelled A, B, C, and D. Edges 
A-Band C-D are straight, corresponding to 
Wl nd directions of 190° and 260°, respec­
tively. In contrast, edges B-C and 11-A are 
arcs centered on location a. In addition, 
the edge distance between corners B and C 
is approximated by a single arc from B to 
C, centered at location 0. Samples were 
collected 0.3 m inside the original tracer 
source area, and at distances of O.R, 3, 
and 9 m outside the original tracer source2 
area. Samples were collected from a R4-cm 
surface area, and at an average soil depth 
of 1 em. After soil collection, soil 
samples were dried, weighed, and leached 
with 2M citric acid for dissolving and 
chelating molybdenum. Leach solutions were 
analyzed with an induction-coupled argon 
plasma atomic emission spectrometer (ICP). 

• ·~260° 

• '_.-C 
HIGH WINDS 

"" 
• • • 

• • 
"-._ • • • 

• 
TRACER AREA (~~D 

190° • 
.__,_. u• : v---*"o 

• • 

CORNER Bv: : : i\ , J 
08my• • • • 

!: l-275m----L15m 

• SOIL SAMPLING LOCATIONS 

FIGURE 1 Soil Sampling locauons at the Annualar­
Sf'rtor Tracer-Source Area 
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Results 

Molybdenum and lithium concentrations are 
shown in Figures 2 and 3, respectively, as 
a function of distance along the edge of 
the annular sector. Distances are refer­
enced successively from each corner (i.e., 
corners A, B, c, and D). For both tracers, 
average concentrations of source within the 
original tracer-source area are all less 
than the total concentration source when 
ori gina lly deposited, and concentrations of 
source decrease rapidly with distance 
beyond the original area. necreases in 
source concentrations are assumed to 
reflect background concentrations at 9 m. 

Conclusions 

Water solubility is an important parameter 
affecting resuspens ion sou rce-concent rat i on 
changes with time. As expected, signifi­
cant differences in source~concentration 
were measured for the water soluble and 
insoluble tracers. For the water soluble 
tracer (Li 2 C03 ), maximum source concelltra­
tions ill the original tracer area were two 
orders of magnitude l~ss than

2
when depos­

ited {i.e., 1.5 x 10- g Li/m after two 
years weathering from a~ original source­
strength of fl.4fi g Li/m-). For the water 
illsoluble tracer {CaMoO~ ), the maximum 
source-strength concentrations in the 
original tracer area was the

2
same as when 

deposited (i.e., 35.3 g M£/m as compared 
to average of 29.0 g Mo/m deposited). 
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RESUSPENDED TRACER AS A FUNCTION OF HEIGHT 
ON CHEAT GRASS 

G. A. Sehmel 

Resuspended surface contamination may be an 
important vector fo r introducing chemical 
contamination into the food chain. In 
addition to resuspension by wind , resus­
pension of radionuclides by rain-splash 
onto vegetation may be a significant mecha­
nism that contributes to contaminant trans­
port to man . As discussed in the previous 
article , wind resuspension does not rapidly 
deplete the contaminant source on the 
ground. Nevertheless , raindrops impacting 
the ground may resuspend contaminants to 
the surrounding vegetation . Rain-splash 
may counteract the inhibiting effects of 
vegetation on wind resuspension from the 
underlying soil because contaminants are 
more available from the upper layer of the 
vegetation . 

The objective was to investigate dis ­
tributions of tracer concentration as a 
function of their height on the vegetative 
canopy. The experiments were conducted at 
sites where inert tracers were deposited 
several years ago to serve as sources for 
wind-resuspension experiments . Two tracers 
were used with different water solubil­
ities: calcium molybdate , which is nearly 
insoluble, and lithium carbonate, which is 
very soluble . 

Experimenta l Procedures 

The tracer sites are vegetated principally 
with cheat grass (Bromus tectorum) . The 
cheat grass was the only vegetation 
sampled. To investigate the dist r ibutions 
of the tracer concentration , the grass was 
sampled at two sites as a function of 
height above ground . Samples were col­
lected fo r height inc rements of 2.5 em 
(1 in . ) . Samples were collected within 
areas where the tracer was originally 
deposited as a tracer source for wind 
resuspension investigations. 

At one site (near Horn Rapids Dam) , the 
only tracer released was calcium molyb­
date . At this site vegetation was removed 
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from an area of 0. 11 m2
• The height of 

some of the cheat grass was greater than 
36 em above the ground. The top sample 
included all vegetation growing above 
36 em. The average density2 of the vege­
tative canopy was 0. 14 kg/m dry weight , 
At the second site (near the Hanford Meteo­
rological Station tower) , the tracers were 
calcium molybdate and lithium carbonate. 
At this site v~getation was removed from an 
area of 0.11 m • The cheat grass was 
higher , but the density of the vegetative 
canopy was less . The cheat grass height 
was greater than 46 em. The top sample 
included all vegetation above 46 em. The 
average densi~y of the vegetative canopy 
was 0. 10 kg/m dry weight. 

Chemical analyses are yet to be performed. 

Conclusions 

If concentrations of tracer on the vegeta­
tion were large, the results may be signi­
ficant in evaluating possible contamination 
of food crops through resuspension of con­
taminants from underlying soi l. If resus­
pended surface contamination is on the 
edible portions of cover crops, the resus ­
pension rates to the v~etation need to be 
determined to evaluate the ingestion route . 
Currently, these rates are unknown. 

Low concentrations on the vegetation may 
reflect that tracer previously resuspended 
by rain-splash onto the vegetation was 
subsequently removed by wind resuspension 
after vegetation dried . To determine if 
this is true, rain-splash transport of 
surface contamination should be investi­
gated by sampling the vegetation imme­
diately after significant rain . If tracer 
concentrations on the vegetation are 
significantly greater than those concen­
trations in the current sample set, vege­
tation will be sampled as a function of 
time to investigat e removal rates fr om 
vegetation . 

Rates of rain-splash as well as wind resus ­
pension rates should be evaluated through 
both field and wind tun nel experiment s to 
determine whether rain-splash contributes 
significantly to contaminant resuspension. 



• Theoretical Studies and Application 

Objectives of this study are: 

Developing mathematical models to realistically characterize and describe the fate of energy-related 
air contaminants. 

Translating theory and data into forms most useful for practical application in evaluating the conse­
quences of air contaminant releases. 

THEORETICAL STUDIES ANO APPLICATION 

W. G. N, Slinn 

This brief report summarizes progress on 
this project during FY 1983. Some publi­
Cdtions resulting from the efforts on this 
project this yeilr were: 

1. The book "Air-Sea Exchange of Gases 
dnd Particles," P, S. Liss (U.K.) and 
W, G. N, Slinn (eds,), Reidel, 
Holland. 

2. The two-volume conference proceedings 
"Precipitation Scavenging, Dry Depo­
sition, and Resuspension," H. R. 
Pruppacher {IICLA), R, G. Semonin 
(JSWS), and W. G. N. Slinn (coords.). 
Elsevier, New York. 

3. The two papers "A Potpourri of Deposi­
tion and Resuspension Questions," by 
W. G, N, Slinn and "Inland Transport, 
Mixing, and Dry Deposition of Sea-Salt 
Particles," by P, C. Katen (OSII), 
L. F. Radke (\J of W), dnd W, G. N. 
Slinn, which were presented at the 
"Chamberlain Conference" and contdined 
in the Proceed1 ngs. 

4. A paper, coauthored with T. W, Horst, 
concernerl with airborne-pesticide pro­
files above treated fields and with 
the development of some general theory 
about resuspension and vertical 
mixing, A summary of this paper is 
given elsewhere in this annual report. 

The "Chamberlain Conference" 

FY 1983 saw the culmination of substan-
tial effort by the principal investigator 
(P,I.), in cochairinq the Fourth Interna­
tional Conference on Precipitation Scaveng­
ing, Dry Deposition, in Santa Monica, Cali­
fornia during November 29 through Decem­
ber 3, 1982. The honorary chairman of 
the meeting was Dr. A. C. Chamberlain, 
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AERE Harwell; the other cochairmen were 
H. R. Pruppacher and R. G. Semonin; members 
of the Steering Committee were P. Buat­
Menard, J. A. Garland, 0. F. Gatz, 
H. W, Georgii, o. A. Gillette, B. B. Hicks, 
H. Rodhe, G. A. Sehmel, P. W, Summers, and 
0. Vittori. Approximately 250 people 
attended, and approximately 125 papers were 
presented. The Proceedings have already 
been published as the two-volume hard-cover 
set "Precipitation Scavenging, l)ry 
fleposition, and Resuspension" by 
Elsevier. Via this conference, the quality 
of science in these fields was improved. 

Some Scientific Contributions 

In the reports listed in the Introduction 
more complete descriptions are given of the 
following scientific advances made by the 
p. I • 

" Via regular perturbation methods, it 
was shown that for Stokes number 
smaller thdn the critical value, par­
ticle inertia can decrease intercep­
tion's contribution to the collision 
efficiency between an aerosol particle 
and an obstacle. 

" Additional analyses were presented, 
demonstrating that with present 
instrument capabilities, it is essen­
tially impossible (because of time 
variations and inhomogenieties) to use 
eddy-flux or gradient methods to per­
form atmospheric measurements of the 
air/surface exchange of substances if 
their net exchange rate is less than 
about fl.l cmjsec. 

" By extending the P.l.'s published 
models for precipitation scavenging 
and dry deposition, new predictions 
were made for the contribution of 
spray to the "dry" deposition of 
particles to lakes and other water 
bodies. 



"' By comparing the magnitudes of the 
fluxes, theoretical justification was 
developed for the use of Henry's law 
in nonequi 1 i bri urn conditions. 

• A simple derivation of the Rayleigh 
instability criterion was developed, 
based on thoe propos a 1 that convection 
is inhibited if heat transfer by con­
duction is faster than by convection, 
and applied to the problem of inter­
facial mass transfer for conditions of 
convective instabilities. 

• A new model was developed for the 
aerodynamic roughness of water 
bodies. This model relies on the 
assumption that at least part of the 
roughness is proportional to the 
height of induced capillary waves. 
Consequently, the resulting roughness 
contains the influence of surface ten­
sion (in contrast to the Charnock 
relation). 

" It was demonstrated that previous 
studies, reportedly of the 

particle-size independence of the dry 
deposition of sea-salt particles, were 
likely misinterpretations caused 
by ignoring the influence of changing 
meteorologlcal conditions. 

" A theoret i ca 1 basis was deve 1 oped for 
the integra 1-equat ion approach to 
describing air-surface exchange plus 
atmospheric diffusion; this result is 
outlined elsewhere in this report. 

Other Activities 

Three other activities also absorbed sub­
stantial time during this year. The book 
(published this year) entitled "Air-Sea 
Exchange of Gases and Particles" was edited 
and the report by the Nation a 1 Academy of 
Sciences dealing with acidic deposition in 
eastern North America was reviewed. The 
P.I. also helped in designing new ODE 
initiatives in precipiation scavenging, in 
dry deposition, and in modeling the long­
range transport of air pollution. 
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