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FOREWORD 

The series of papers in this year's ANNUAL REPORT repre­

sent substantial progress in summarizing results obtained in 

interdisciplinary research in atmospheric sciences. As this 

report is being published, a number of very important new 

experiments are either underway or in their final planning 

stages because of the developments made during the year. 

In studies of atmospheric diffusion, the expansion of the 
85 

Kr diffusion grid will now permit additional tests to be con­

ducted investigating effects of diffusion and deposition. Of 

particular interest is the study of transport in near calm wind 

conditions and in conditions of extreme atmospheric stability. 

Reports in this volume document the development of methodology 

that now makes possible the conduct of these important 

experiments. 

In studies of precipitation scavenging, field experiments 

involving in-cloud and below cloud measurements were initiated 

on the western Washington coast. Data pertaining to the 

synoptic and microphysical description of the storms are being 

obtained to assist in interpreting artificial tracer and cosmo-

genic radionuclide analyses. The conduct of these tests and 

their subsequent analyses are a major contribution to furthering 

our understanding of an important mechanism for removing radio­

activity from the atmosphere. 

One of the major events during 1970 was the Precipitation 

Scavenging Symposium in Richland, jointly sponsored by the 

Atomic Energy Commission and the Pacific Northwest Laboratories. 

Approximately one hundred scientists contributed to the first 

international scientific meeting devoted to precipitation 

scavenging. 
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The papers summarized here give the results from last 

year's studies and provide a basis for furthering the under­

standing of atmospheric processes as they relate to the United 

States Atomic Energy Commission programs. 

C. L. Simpson, Manager 
Atmospheric Resources Department 
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PACIFIC NORTHWEST LABORATORY 

ANNUAL REPORT FOR 1970 

to the 

USAEC Division of Biology and Medicine 

VOLUME II: PHYSICAL SCIENCES 

Part 1. Atmospheric Sciences 

PRECIPITATION SCAVENGING STUDIES 

In the accompanying papers we report on some of the accomplishments made 

during 1970 in 1;he precipitation scavenging programs. If these reports are 

compared with those in last year's annual report, then some of the changes in 

the directions of the studies become evident. Thus we are attempting to 

bridge the gap between results of scavenging research and the practical prob­

lems of safety analysis, and we are intensifying our efforts to under­

stand in-cloud scavenging. Another accomplishment during 1970 was our hosting 

of the 1970 Precipitation Scavenging Meeting. 

There are other goals toward which we are working and on which we have 

made progress, that are not reported here. Foremost among these is to perform 

in-cloud scavenging, field-research experiments, to elucidate cloud- and 

micro-physical aspects of scavenging. One of the experiments, which is in 

progress in the Cascade Range, has the objective of comparing ice-nucleation 

with post-nucleation scavenging; another is to determine cloud physics param­

eters and determine the rainout rates for pyrotechnic tracers in the maritime 

atmosphere at Quillayute. We are very grateful to individuals at the 

University of Washington, the State Department of Natural Resources, the 

National Weather Service station at Quillayute and the 758 U.S. Air Force 

Radar Squadron, at Neah Bay, without whose assistance these experiments would 

not be in progress. Other goals toward which we are working are to determine 

the snow scavenging rate as a function of the characteristics of the snow and 

of the contaminant, and to initiate an atmospheric aerosols experimental 

study, utilizing the department's recently acquired aircraft. 

Looking farther into the future, we cannot help but conclude that pre­

cipitation scavenging research must become inextricably interwoven with 

atmospheric transport and diffusion, cloud physics, aerosol physics and 

chemistry, air pollution research, weather modification, and safety analysis. 

This conclusion follows from even the most cursory look at a practical prob­

lem. Thus, if there were a release: what are the physical and chemical 
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properties of the aerosol; to where will it be transported and how will it 

diffuse; how will it be entrained in clouds; how will it be scavenged; how 

will its properties, both chemical and physical, be modified in the atmosphere; 

and further, what, if anything, can be done (for example by modifying the 

weather) to decrease the potential danger of the release? It is important to 

tackle all these questions and with continuing support, we shall proceed to 

attempt to answer them. 
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AEROSOL PARTICLE SIZE DEPENDENCE OF THE "RAINOUT RATE" *̂  

W. G. N. Slinn 

The concept is introduced that in-cloud scavenging of aerosol 
particles should be viewed as a multi-rate process. The two 
rates considered are: the rate of attachment of aerosol parti­
cles to cloud water and, secondly, the cloud water removal rate. 
Estimates of both are given and a qualitative plot is constructed, 
which indicates the dependence of the "rainout rate" on aerosol 
particle size. 

Although the aerosol particle size 

dependence of the below-cloud scav­

enging (washout) rate has been evalu­

ated theoretically in a number of 
f 1 2 3") 

papers, there have been vir­
tually no investigations of the cor­
responding in-cloud (rainout) 

(4) problem. Following Greenfield,^ 

Byutner and Gisina^ ^ and Zimin^ 

have studied the rate of coagulation 

of aerosol particles with cloud drop­

lets but, as we shall discuss below, 

such studies do not lead to a defini­

tive prediction of a "rainout rate." 

Various authors^ > » > J have looked 

at specific physical processes in­

volved in the rainout process, but 

their results have not yet been fit­

ted into a comprehensive model of 
(9) in-cloud scavenging. Junge's, 

Engelmann's^ ^ and Makhon'ko's^ -' 

formalisms appear to be most appro­

priate for the prediction of the 

nucleation scavenging of fission 

product debris . 

We wish to propose here that one 

of the reasons why the dependence of 

the "rainout rate" on aerosol parti­

cle size (and other properties) has 

not been treated adequately, is that 

the available conceptual framework 

for in-cloud scavenging was inadequ­

ate; specifically, an unequivocal 

"rainout rate" does not exist. Pre­

viously it has been assumed that the 

in-cloud scavenging process was a 

first-order rate process. This leads 

to the result that if the initial con­

centration of the pollutant within 

the cloud is X (e.g., dpm m" ) then 

subsequently 

X^ exp (-at) (1) 

^Based on a paper submitted for publi­
cation in The Journal of the Atmo-
spheric Scienaes. 

where a is the "rainout rate." How­

ever, in this note we shall introduce 

the concept that, unlike the below-

cloud case, in-cloud scavenging is a 

multi-order rate process. In parti­

cular, we shall discuss the simplest 

in-cloud scavenging process; that is, 

when only two definite events occur. 

The two stages of the rainout 

process that we wish to discuss are: 

(1) the attachment of the aerosol 

particles to cloud droplets, and 

(2) the removal of the cloud drop­

lets to the ground. Let a (sec ) 
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be the rate of attachment of the 

aerosol particles to the cloud drop­

lets. For example, for Brownian 

diffusional coagulation of aerosol 
2 

particles with diffusivity, D (cm 

sec" ) to cloud droplets of mean 

radius R (cm) and number density 

N (cm 

p. 292) 

-3 (9) 
N (cm ), then (see Junge,^ ̂  

4Tr DRN. (2) 

What we desire to determine is 

the time variation of the total 

concentration, x̂ ,̂ of the pollutant 

that resides in the cloud. First, 

let us identify that component of 

X^ which is unattached to cloud 

water (i.e., that component which 

is in the air): XA- Also, let Xpw 

be the concentration of the con­

taminant which is in the cloud water. 

By definition 

Further, let g (sec" ) be the rate 

at which contaminant in the cloud 

water is transported to the ground 

(B might be interpreted also as a 

cloud water removal rate). An 

estimate of g will be given below. 

These two stages of the scavenging 

process are illustrated schematically 

in Figure 1. For now we shall ignore 

the complications that in reality, 

both a and g can be expected to be 

time dependent. 

XT X / ^CW (3) 

Now, XA varies because of its attach­

ment to cloud water: 

XQ exp (-at) (4) 

where for now we ignore other possi­

ble causes of variation of XA such 

as production, radioactive decay, 

evaporation of droplets, etc. and 

where we have assumed that initially. 

ATTACHMENT RATE a 

AEROSOL PARTICLE 

CONC. I N A I R : X 

CLOUD DROPLET 

CONC. IN CLOUD 

WATER : X ^ ^ 

REMOVAL RATE 3 

Neg 710763-1 

FIGURE 1. An Illustration of Two Stages of the Rainout 
Process; Attachment of Aerosol Particles to the Cloud 
Droplets (rate, a) and Removal of the Cloud Droplets 
(rate, g) . 
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'CW 
increases because of attachment of 

X« to the cloud droplets and decreases 

because of its removal from the cloud 

to the ground: 

exp (-ctt) (a<<g) (8) 

dx CW 
dt " Xi 

ĉw 
(5) 

where, again, we propose to ignore 

other effects. Substituting (4) into 

(5) and assuming Xpiv̂ ''̂  ~ ^' ^^'^ 
also, substituting the solution of 

(5) into (3) leads to the desired 

result 

•at 
a e (6) 

The result (6) is to be contrasted 

with the usual formalism (1). It 

demonstrates our contention that in 

general, a single "rainout rate" can 

not be identified. However, in the 

limiting case a>>g, i.e., when the 

attachment rate is very rapid com­

pared with the cloud water removal 

rate (e.g., for nucleation scaveng­

ing) then (6) leads to 

= XQ exp (-Bt) (a>>B) (7) 

so that in this case g can be identi­

fied as the "rainout rate." On the 

other hand, for a<<g, i.e., the 

attachment rate is slow compared with 

the cloud water removal rate (e.g., 

as we shall see below, for Brownian 

diffusional coagulation scavenging 

of aerosol particles of radii, a 

> 0.01 y) then (6) leads to 

in which case a can be identified as 

the "rainout rate." Thus, in 

general, the process with the slowest 

rate is the rate-limiting process, 

and can be identified as the "rain­

out rate." 

To obtain further appreciation of 

this conceptual framework for in-

cloud scavenging, we must estimate 

B, the rate at which contaminant in 

the cloud water is transported to 

the ground. Toward this end, con­

sider the schematic representation 

in Figure 2. The amount of contami­

nant in the cloud water within some 

"active volume of precipitation 

development," AT (where A is an arbi­

trary area) is Xpu AT (e.g., dpm). 

T is an admittedly poorly-defined 

thickness of the region from which 

precipitation is emanating and if 

desired, Xr-ij can be considered as an 

average value for this region. Dur­

ing dt, the amount of cloud water 

which is transported to the ground 

via a rainfall of intensity J (e.g., 

mm hr ) is p J A dt, where p is 
0 

the density of water. If, during 

the growth of the cloud droplets and 

their subsequent transport to the 

ground, the contaminant is neither 

diluted nor concentrated, from its 

concentration in the cloud water of 

(dpm per g of cloud water) where 

w(g m ) is the condensed water in 

the cloud, then 



6 BNWL-1551 
P a r t 1 

CONDENSED 
WATER CONTENT 

w 
T / 

CUTAWAY VIEW OF 
REGION OF ACTIVE 
PRECIPITATION 

-DEVELOPMENT 

WWm^kw^^E^E^^^^^^WMm^^W^^^W^^TTMW!^ 

Neg 710763-3 

FIGURE 2. A Schematic Identification of the Quantities Which 
Determine the Cloud Water Removal Rate, g. 

dt (Xcw AT) 

" XA AT 
pj A 

0 
^CW (9) 

-3 
T = 1 km and w = 1 g m , then (10) 

provides the estimate: 

'\' 1 hr" (11) 

Thus, from this qualitative argument 

we can identify a removal rate 

pJ. 
(sec"-") (10) 

We wish to emphasize that the 

above estimate of g is at best only 

qualitative. It would appear that 

both for precipitation scavenging 

and cloud physics research in general, 

further theoretical and extensive 

experimental study of g is justified. 

For example, it is desirable to know 

the interrelations between w,T and 

J . If we use J = 1 mm hr , 
0 0 

Schematic results of this con­

ceptual framework for in-cloud scav­

enging as a multi-rate process are 

illustrated in Figure 3. The dotted 

horizontal line is the cloud water 

removal rate g as given by (11). 

The dashed line is the attachment 

rate for Brownian diffusional 

coagulation of aerosol particles to 

cloud droplets with mean radius 10 y 
-3 

and number density of 200 cm , In 

this case [see Equation (2)], 
-1 2 -1 

a (sec ) II: D (cm sec ) . The solid 

curve gives the resulting "rainout 
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AHACHMENT RATE, a 

CLOUD WATER REMOVAL RATE, P 

RAINOUT RATE", a 

~ MARITIME 

CONTINENTAL 

VARIATION WITH WETTABILITY, ETC. 

PARTICLE RADIUS, a ((j) 

Neg 7 1 0 7 6 3 - 2 

FIGURE 3. A Qualitative Plot of the Dependence of the "Rainout 
Rate" on Aerosol Particle Size. 

rate" - by which we mean the rate of 

the stage of the rainout process 

which limits the speed of the scav­

enging. For aerosol particles larger 

than about 0.1 y, the curves are only 

qualitative. What we wish to suggest 

for this particle size range is that 

(as discussed elsewhere in this 

volume*) the probability that an 

individual aerosol particle acts as 

a cloud droplet nucleus, depends not 

only on the particle's chemical and 

physical characteristics, but also 

*See "An Inquiry Into the Causes of 
the Variations in the Bomb Debris 
Scavenging Ratios" by the same 
author. 

on the competition that it experi­

ences with other aerosol particles, 

to become the favored nucleus on 

which water condenses. One should 

similarly modify the curves for 

smaller aerosol particles, if they 

act as (reverse) sublimation ice 

crystal nuclei. Actually, for ice 

crystal nuclei in a mixed cloud, 

then perhaps even g should be modi­

fied if the Bergeron process is 

operating. 

In conclusion, we wish to suggest 

that even in its simplest form, in-

cloud scavenging should be viewed as 

a multi-rate process. In this way, 

a more satisfactory conceptual frame­

work of rainout can be obtained. For 
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example, we suggest that the reason 

why both nucleation and natural radio­

nuclide scavenging yield "rainout 

rates" in the range of 10" to 
- 3 -1 10 sec is because, in both cases, 

the "rainout rate" is actually the 

cloud water removal rate, g. 

There are a number of aspects of 

this analysis which require further 

study, especially a more adequate 

evaluation of g. Thus, in addition 

to improving on Equation (10) , an 

attempt should be made to introduce 

the concepts discussed by Davis , ̂  •' 

of the distinction between attach­

ment to cloud droplets in precipi­

tating versus nonprecipitating clouds. 

This could be accomplished by using 

time dependent rate coefficients a 

and g in Equations (4) and (5). 
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STUDIES OF IN-CLOUD SCAVENGING RATES AND MECHANISMS USING 

SHORT-LIVED COSMOGENIC RADIONUCLIDES 

A. Young,* R W. Perkins,* C. W. Thomas,^ 

N. A. Wogman* and B. C. Scott 

Rainwater concentrations of the cosmogenic radio­
nuclides ^"iNa, ^^Cl and ^^Cl and their production rates 
from argon were measured in studies of the rates and 
mechanisms of in-cloud processes such as raindrop nuclea­
tion and precipitation scavenging. 

The production rates of the cos­

mogenic radionuclides are known to 

increase by 2 to 3 orders of magni­

tude between ground level and near 

the top of the atmosphere, and it 

appears that the atom production rates 

of '̂̂ Na:̂ Ĉl:'̂ Ĉl are about 1:20:30 

at precipitation formation altitudes. 

Assuming that these production ratios 

are correct, it can be shown that the 
39 38 

CI: CI disintegration rate ratio 

would be restricted to a range of 

1:1 to 1.5:1 and the ^^Na:^^Cl ratios 

would be restricted between 0.0021:1 

and 0.05:1 for a steady state produc­

tion with no vertical movement of air 

but with precipitation scavenging 
allowed. Thus, the ratio of the rel-

24 atively long-lived Na to the short-
7 Q 

lived CI in rainwater provides 

a means of determining the time 

period between any previous atmos­

pheric cleansing, due to precipita­

tion scavenging, and the present in-

cloud nucleation while the "̂ Ĉ1:̂ Ĉ1 

ratio can be utilized to determine 

the raindrop development time. 

The short-lived cosmogenic radio­

nuclides ^^Na, ^^Cl and "̂ Ĉl were 

separated from 61 rainwater samples 

collected during the winter and 

spring of 1969-1970 at Richland and 

Quillayute, Washington, by passing 

the water through a fiberglass filter 

to remove particulates, an Al^O, bed 
214 214 to remove Pb and I 

24 
>i, a cation 

''Radiological Sciences Department 

bed to remove Na, and an anion bed 

to remove ^^Cl and ^^Cl. The filter 

and the resin beds were analyzed im­

mediately using multidimensional 

gamma-ray spectrometers. 

The cosmogenic radionuclide ac­

tivities in the rainwater samples 

showed an inverse relationship between 

precipitation rate and activity. 

This indicates that at high rainfall 

rates the raindrops grew significantly 

more by condensation, which would 

dilute the radionuclides already 

present in the droplet, than in the 

case of light rains. In light rains 

growth by coalescence may be rela­

tively more important. There is also 

an inverse relationship between the 

ratio of the long-lived to the short­

lived cosmogenic radionuclides and 
. . . 3Q 

the precipitation rate. The CI/ 
3 8 24 3 8 
CI and Na/ CI ratios are higher 

at lower precipitation rates. After 
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incorporation m a raindrop, the cos­

mogenic radionuclides decay away, 

with the longer-lived radionuclide 

decaying slower, so the ratio of the 

long-lived to the short-lived radio­

nuclide increases with time. There­

fore, the higher ^̂ Na/̂ ^̂ Cl and ̂ ^Cl/ 
3 8 

CI ratios m light rams indicate a 

longer time between drop formation 

and arrival at ground level m light 

rams than m heavy ones. If it is 

assumed that essentially all the 

radionuclides present m a raindrop 

are incorporated at the time of the 

original nucleation of the droplet 

around an aerosol particle, it can 

be calculated that times of 20 to 

120 minutes are required to reach 

ground level. If significant amounts 

of cosmogenic radionuclides are in­

corporated after nucleation, then the 

times to reach ground level would be 

longer than calculated. 

The heights and bases of the ram 

clouds were estimated using ceilo-

meter and radiosonde data, therefore 

the total cosmogenic radionuclide con­

tent m the cloud could be calculated 

using the measured atmospheric con­

centrations. From the radionuclide 

concentrations m clouds and ram 

arriving at ground level, rainout co­

efficients of 10 sec to 5 X 10 

sec were calculated, where the ram-

out coefficient is defined as the 

fraction of the radionuclides scav­

enged per unit time. These high 

rainout coefficients indicate that 

scavenging is very rapid, with the 

radionuclide bearing aerosol being 

scavenged withm a few minutes at 

the location of raindrop nucleation. 

The findings are shown m Figures 1 

and 2 . 
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FIGURE 8b 

TIME PERIOD BETWEEN PREVIOUS ATMOSPHERIC 
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^ -A PRELIMINARY ANALYSIS OF COSMOGENIC RADIONUCLIDE SCAVENGING* 

W. G. N. Slinn 

A preliminary analysis is presented of two microphysical 
processes which aould be responsible for the preaipitation 
scavenging of cosmogenic radionuclides. It is tentatively 
concluded that the dominant mechanism responsible for the in-
cloud scavenging of 38cl in continental convective clouds may 
be Brownian diffusional coagulation of the radionuclides 
directly with the precipitation embryos, whereas for 24Ha in 
maritime stratus clouds it may be cloud droplet nucleation 
scavenging. An approximate, time dependent scavenging ratio 
(K/X^ is derived and some qualitative comparisons are made 
with experimental results. However, it is suggested that 
more aerosol and cloud physics data are needed before quantita­
tive predictions can be made. 

Perkins and co-workers^ ' ' have 

recently reported some interesting 

results of the measurement of the con­

centration in rain water of the cosmo-
3 8 

genie radionuclides (CRN): CI 
3Q 

(37.3 min half-life), CI (55 min) 
24 

and Na (15 hrs). As a conceptual 

model for the interpretation of their 

data, they assumed that the dominant 

scavenging mechanism is the attachment 

of the CRN to aerosol particles which 

subsequently act as cloud droplet 

nuclei. The purpose of this present 

brief inquiry is to attempt to analyze 

the microphysical processes involved 

in the scavenging and thereby to 

assess the relative magnitudes of 

cloud droplet nucleation (CDN) scav­

enging, ice crystal nucleation (ICN) 

scavenging, and Brownian diffusional 

coagulation (BDC) scavenging. By 

BDC scavenging is meant the direct 

*Based on an article submitted for 
presentation at the V.S.-Australia 
Weather Modification Conference, 
September 6-16, 1971 

attachment by Brownian diffusion of 

the CRN to cloud droplets or ice 

crystals. 

A necessary first step in the 

analysis is to consider the attach­

ment of the CRN to natural aerosol 

particles in cloud free air, since 

it is these aerosol particles which 

subsequently act as cloud droplet and 

ice crystal nuclei. It is assumed 

that the CRN behave similarly to radon 

and thoron daughters in that, almost 

immediately after their creation, 

they exist as "primary ions;" i.e., 

as a cluster of about 10 atoms with 

a Brownian diffusion coefficient, D, 
2 -1 of approximately 0.05 cm sec 

(see Reference 3, p.220). It will 

be seen below that an exact value 

for D is not needed so long as we 

can be sure of its order of magni­

tude. Via the diffusion of the CRN, 

they become attached to natural 

aerosol particles and our first goal 

is to determine their distribution 

on the aerosol particles according 
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(4) 

to aerosol particle size; i.e., to 

determine the attachment spectrum. 

We shall present first an outline 

of the theory used to derive the 

attachment spectra. Aspects of the 

problem have been studied by Lassen, 

Brock^ ^ and others and experimental 

confirmation of the theory is avail­

able in the results of Chamberlain 

and Dyson,^ ^ Jacobi, et al.,^ ^ 
r 81 

Soilleux^ -^ and others (for a review 

see Junge,'̂ -̂' pp. 220-230). If the 

aerosol particles have radii r, large 

enough so that their diffusion can be 

ignored compared with the diffusion 

of the CRN (corrections for this and 

other effects will be mentioned later) 
and if the shortest time interval of 

2 
interest is large compared with r /4 D 

(e.g., if r is as large as 100 y, then 

r^/4 D ^ 10' sec) then the rate of 

attachment of the CRN to aerosol 

particles can be obtained by solving 

the steady-state diffusion equation 

distance between aerosol particles 
•1/3 

(̂  N, 1 mm, for a total number 

D V n 0 (1) 

where n is the number density of CRN. 

Assuming that there is perfect reten­

tion of the CRN by the aerosol parti­

cles, then from (1) we obtain that 

the flux of CRN to each aerosol 

particle of radius r is (Dnj-/r) , 

where n, is the average number density 

of unattached CRN in the cloud-free 

air. Consequently, the number of CRN 

picked up by each aerosol particle of 

radius r, during dt is 

4TrD r n^ dt. (2) 

Consider now the attachment to all 

aerosol particles. If the average 

density of aerosol particles, N„, of 

3 - 3 
the order of 10 cm ) is large com­
pared with their average radius, r_p, 
then interactions between the.diffu­
sion fields around each can be 
ignored. In this case, if there 
are F(r) dr aerosol particles per 
unit volume whose radius is between 
r to r + dr, then the rate of attach­
ment of CRN to all such particles is 

a(r) s 4TrD r F(r) dr 

s K(r) F(r) dr (3) 

where we have introduced the symbols: 

a(r) for the rate of attachment 

(sec ) of CRN to aerosol particles 

of radius r and number density F(r) 

dr, and K(r) for the coefficient 

(cm sec ) for Brownian diffusional 

coagulation (BDC) of CRN to aerosol 

particles of radius r. 

Before determining the attachment 

spectra in cloud-free air, we should 

consider the number of CRN available 

for attachment; i.e., n̂ r. During dt, 

this number changes because: Pdt are 

produced (where P is the production 
- 3 -1 

rate, CRN m sec ); X n̂ - dt radio-
actively decay; and 5 n^ dt become 
attached to aerosol particles, 
where a is the average attachment 
rate: 

oo 

a = 4TTD rrF(r) dr = 4TrD r^ N,̂, (4) 

in which N„ is the total number densi 

and r^ is the average radius of the 

aerosol particles in the cloud-free 
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3 3 
air. For example if N„ = 10 /cm 

- - ] 

and r^ = 0,1 y, then a 2L {1 min) 

Thus the number of aerosol particles 

in the cloud-free air satisfies 

dn f 
dt X n^ - a nj-. (5) 

If initially n̂ - is n, then sub­

sequently 

'f - ''fo 

P 

(X+a)t 

JT I-. - (X + a) tn ,,, 

Since for the CRN of interest X<<c 

then in a time of the order of 

a — 1 min, rir: reaches a steady-

state value of 

n£ [t >> (X + a ) ' ] -> P/a. (7) 

The number of CRN per unit volume 

that are attached to aerosol parti­

cles of radius r to r + dr, say 

f(r) dr, where f(r) is the attach­

ment spectrum, can be determined as 

follows. During dt, this number 

changes because an additional 

a Ur dt CRN attach to the aerosol 

particles and because X f(r) dr dt 

decay. Thus from (3) and (7), 

df 
3t 4TrD r F - - X f. (8) 

a ^ -̂  

If initially the spectrum is f , then 

subsequently 

^ = ^ o » - " ^ ? T ^ 
f T 

(1 - e"^^). (9) 

For t large compared with the half-

life of the radioactivity, there is 

attained the steady-state attachment 

spectrum 

r: r ^ ,-1-, P rF 

or, using (3) and (4) 

£ J P a 
f dr ^ v — 

X a 

(10) 

(11) 

In Figure 1 (from Brock^ ^) are 

shown the steady-state attachment 

spectra for different model aerosol 

particle size distributions for urban, 

maritime and upper tropospheric 

aerosols. All curves have been nor­

malized to the value unity, at r = 1 y 

and they have been corrected for the 

noncontinuum aspects of the attach­

ment process, which are important 

for the attachment to aerosol parti­

cles of radii smaller than about 
(A 5~) 

0.1 y. This correction yields^ ' •' 

that in the general case, the attach­

ment rates and therefore the attach­

ment spectra are not proportional to 

r [see Equation (10)] but are pro-
2 

portional to hr /(1+hr), where 

h i. 7 y . Since our major concern 

will be with the attachment of the 

CRN to aerosol particles larger 

than 1 y (especially, to cloud drop­

lets and ice crystals) we have chosen 

not to discuss this complication and 

shall use the simpler and sufficiently 

accurate Smoluchowski theory which we 

have been discussing. However, in the 

remaining discussion, we shall label, 

where appropriate, the radius r with 

an asterisk, r*, to remind us of this 

potential correction. From Figure 1 

it is seen that for a low (̂  1 km) 

altitude maritime atmosphere, the bulk 

of the radioactivity will be attached 

to aerosol particles in the size 

range: 0.1 ^ r ^ 10 y. For urban and 

upper tropospheric environments (and. 
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FIGURE 1. Relative Attachment Spectra in Different Atmospheric 
Aerosol Environments. All curves have been normalized to the 
value unity, for a particle radius of 1 y. From Brock. '^' 

as will be seen later, also for con­

tinental aerosols) the bulk of the 

CRN will dwell predominately on 

aerosol particles whose radii are 

near or less than 0.1 y. 

What is of most concern to us in 

the present investigation is not the 

total distribution of the radioactivity 

according to particle size, but the 

activity. A, of an individual aerosol 

particle which subsequently, i.e., 

after entering a cloud, will act as 

a cloud droplet (CD) or ice crystal 

(IC) nucleus. To obtain this, we 

divide (10) (the steady-state radio­

active burden on all aerosol parti­

cles of radius r to r+dr) by the 

number of aerosol particles of radius 

r, F(r) dr. Thus the burden of radio­

activity on a single aerosol particle 

is 

A = 
r|R^ X 

(12) 

Equation (12) is quite transparent 

in that it predicts that, except for 

the weighting factor (r*/fr*), each 

aerosol particle shares (1/N,p) parts 

of the total activity. Qualitatively, 
("3 g ]̂Q 1 

from the very approximate date ' ' ^ 

in Table 1, for similar low altitudes. 
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the steady-state burden of CRN on CDN 

in a maritime atmosphere is an order 

of magnitude greater than that on CDN 

in a continental atmosphere. Conse­

quently the large updrafts in connec­

tive storms would probably result in 

CDN with a relatively small burden of 

CRN. 

We now consider the similar problem 

of the attachment of CRN to all 

aerosol particles [i.e., including 

cloud droplets and ice crystals) 

within a cloud. We shall concentrate 

specifically on the case of a warm 

cloud but it is clear that except for 

a numerical factor (replacing A-n by a 

factor more appropriate to a non-

spherical particle) the theory for 

the case of ice crystals is the same. 

As in (5), the number of CRN in the 

cloudy air, n , available for attach­

ment, satisifies 

fco^ 
•At 

a n c c (13) 

where 5 is defined as in (4), the 

integral extending over the radii 

for all aerosol particles. In (13) 

we have used the symbol P(z) for the 

production rate, to indicate its 

dependence on altitude. As in (7), 

the steady-state value for the number 

of CRN available for attachment is 

approximately 

n^ [t >> (A + a^)'^] ^ P(z)/5^. (14) 

Similarly, the attachment spectrum 

within the cloud will be 

+ P(z) r* F „ 
c 

-At. 
e ) (15) 

where f* is the average radius of 

all aerosol particles and N„ has not 

changed since condensation on some 

aerosol particles does not change 

their total number, assuming that 

there is no natural multiplication 

mechanism operating in a subfreezing 
cloud.f113 

The corresponding steady-state 

attachment spectra (i.e., t >> X" ) 

are shown in Figure 2. Since, in 

general the attachment spectra are 

proportional to the attachment rate 

[see Equation (11)], the attachment 

rate is plotted, for then: the shapes 

of the curves show the distribution of 

the CRN according to aerosol particle 

size, while the magnitudes give the 

rate of attachment (values are given 

on the right hand side of Figure 2). 

For convenience in plotting the 

curves, a logarithmic scale for r is 

used and cumulative distributions are 

introduced according to 

fdr df 
-3—=1 d log r 

d log r ^ 

dF 
H N T X d log r 

d log r. (16) 

In Figure 2, curve la is a plot of 
f 3) Junge's^ ^ model aerosol particle size 

distribution for a ground level con­

tinental atmosphere. Curve Ic gives 

the corresponding attachment spectrum 

as given by the Smoluchowski theory. 

Equation (16) . Curve lb shows the 
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FIGURE 2. The Attachment Spectra and Rates of Attachment (see 
ordinate on right hand side) for Cosmogenic Radionuclides in 
Different Aerosol Environments. Curve la: Junge's model aerosol 
size distribution for a continental atmosphere; Curve 2a, the 
modification of la because of condensation; 3a, schematic size 
distribution of aerosols in a maritime atmosphere. Curve lb: 
attachment spectrum for continental aerosols (Ic is obtained from 
the Smoluchowski theory). Curve 2b: the attachment spectrum cor­
responding to the aerosol distribution 2a (the large contribution 
at r 2i 10 y corresponds to attachment to cloud droplets). 
Curve 3b schematically indicates the attachment spectrum in a 
maritime cloud. 

correction for the noncontinuum 

aspects of the attachment process as 

given by Lassen and Rau (see Junge, ̂  -̂  

p. 224). Curve 2a shows Moordy's 
(3) prediction (see Junge,^ ^ p. 136) of 

the modification of the continental 

spectrum, arising from condensation. 

The "hump" at about 10 \i , corresponds 

to the presence in the cloud of about 
3 

200 cloud droplets per cm . Curve 2b 

gives an estimate of the corresponding 

attachment spectrum and demonstrates 

that in the steady state, a signifi­

cant number of CRN would be attached 

to the cloud droplets. Curves 3a and 

3b show qualitatively the correspond­

ing aerosol size distribution and 

attachment spectrum for a maritime 

atmosphere. 

We wish to emphasize that although 

these curves are useful since they 

demonstrate that there is rapid 
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attachment of the CRN to cloud drop­

lets, they are misleading, since 

they are steady-state spectra and, 

for example, for Na, they would not 

be attained unless the cloud droplet 

lifetime, TCD, was of the order of 

15 hours. However, the spectra are 

quite likely to be attained by the 

short-lived chlorine isotopes, which 

suggests that for them, there is 

significant BDC scavenging. 

To determine the burden of radio­

activity on an individual cloud drop­

let, we proceed as before and, in 

addition, take the initial activity 

to be that of the steady-state activity 

on the CDN. For an average cloud drop­

let we obtain, as in (12), 

A cd A NT, 
P(Zf) fl CDN -At 

'CD 
(1 

-At, 
e ) (17) 

also be an average over the lifetime 

of the cloud droplet: during its 

condensational growth and subsequent 

trajectory. This could be especially 

important for convective storms. 

However, we do not propose to pursue 

this complication at the present 

time . 

To transpose (17) into more cus­

tomary notation we introduce the 

following variables: 

x(Z|.p) = P(z^p)/A, (dpm/m^) - the 

equilibrium concentration of 

CRN in the atmosphere at "cloud 

droplet" altitudes, 

^CD = \ D / ^ ^ ^ P ^ C D / 2 ) , (dpm/g H2O) 

- the concentration of radio­

activity in the cloud water; 

4_ ..3 ,_,_3, 
N CD 

îrp r^p, (g/m") - the con­

densed water content in the 

cloud, where 

e* Nj. (cm~"̂ ) - the number 

density of cloud droplets and 
^CD 

'CDN 

where z„„ and ẑ- represent average 

heights at which the CRN are attached 

to cloud droplets and their nuclei, 

respectively; 

is the average radius of 

a CDN; 

is the average radius of 

the aerosol particles in 

the cloud free air; 

is the average radius of 

the cloud drops, and 

r* is the average of all 

aerosol particles in the 

cloud, 

and again, the asterisk is used to 

indicate that the r's should be cor­

rected for the kinetic regime of the 

attachment process. Actually, the 

second term on the RHS of (17) should 

•CD 

number of aerosol particles 

which are activated as CDN. 

We also introduce: 

TpQ - the average lifetime of a 

cloud droplet, from its 

nucleation through the con­

densation process, until 

there is no longer signifi­

cant pickup of CRN either 

because the drop is at a 

lower elevation or because, 

through coalescence with 

other cloud droplets, its 

area to volume ratio results 

in negligible K change, or 

both, and 

T, - the average time during which 

there is no longer signif­

icant pickup of CRN; i.e., 
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an estimate of the time for 

coalescence growth and sub­

sequent fallout from the 

cloud of the hydrometeor. 

Finally, if we ignore: concentration 

of the radionuclides within the preci­

pitation arising from its evaporation; 

dilution because of coalescence with 

purer drops (which could be quite 

important!), and the contribution 

from other modes of scavenging, then 

from (17) we obtain that the precipi­

tation scavenging concentration ratio 

for CRN will be 

x l l ^ ~w 
^^^f\ ^CDN 

• A T 
CD 

'CD 
• A T 

(1 
CD^ 

• A T , 

(18) 

Conservatively, we should stop the 

analysis here, especially because of 

the many uncertainties in the cloud 

and aerosol physics data and because 

of the assumptions we have introduced 

However, based on the rough data of 

Tables 1 and 2 we shall proceed to 

make the approximate estimates for 

the parameters in 

• A T , • A T , ^r " 'CD ^ ,-, " 'CD-,1 " 'h ')]' 
• A T , 

(19) 

TABLE 1. Qualitative Aerosol Physics Data 

Maritime (z = 0) 

Continental (z = 0) 

Altitude of ^2 km 

CDN (p) r* (p) 

0.14 

0.25 

0.05 

0.07 

0.05 

0.05 

N^ (cm'-̂ ) 

2 X 10^ 

10^ 

102 

AA/P (cm ) 

10 ^ 
-4 5 X 10 ̂  

- 2 
10 "̂  

TABLE 2. Qualitative Cloud Physics Data 

Maritime (z = 0) 

Continental (z = 0) 

Altitude of 'v2 km 

CD 
r - 3 , (cm ) 

'CD M 

10' 

: X 

10' 

2 X 10' 
,2 

'h/n 
1 

50 

1 

w (g m" 

0 . 2 

0 . 2 

0 . 2 

') E * 

0 . 5 

0 . 0 1 

1 
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Thus, for different cloud types, we 

might expect order of magnitude values 

such as: 

Ns 

Cb 

10 

1 

0.3 

0.03 

1 

0.1 

In addition to the above mentioned 

uncertainties, it should be men­

tioned also that there remains some 

uncertainty concerned with the radio­

logical data. Thus the parameter 

p in (19) [p E P(i^)/P(i^j^)] may be 

different for different CRN, because 

40 - 39 of the Ar(y , n) CI reaction. It 

has been suggested^ ' ^ that this 

reaction could contribute signifi-
39 cantly to the CI production below 

5 km, which would be specially 

important for storms with large 

updrafts. 

Although quantitative comparisons 

cannot yet be made with the experi­

mental data nevertheless, some qualita 

tive comparisons are available. To­

ward this end, we show in Figure 3 a 

plot of the K ratios: K(^ Na)/<( CI) 

and <(^^C1)/K(-^^C1), as given by (19), 

10 ^r^J 
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FIGURE 3. The Ratio of Cosmogenic Radionuclide Concentrations in 
Precipitation as Given by Equation (18) for 24Na:38ci (solid curves) 
and 39ci:38ci (dashed curves) as a Function of Cloud Droplet 
"Lifetime" and Hydrometeor "Lifetime." Assumed ratios of produc­
tion rates are 1:17:35 for 24Na:38ci:39ci. Values chosen for the 
parameters in Equation (19) are: jjp = 0.1. Some curves (shown 
dotted) are also given for the case ̂ ^ = 0.3, 0.03. Observed 
values for these ratios are typically 0.0 4 for 2 4Na:3 8ci and 2.0 
for 39ci:38ci. For j-p= 0.1 the curves intersect for a cloud drop­
let "lifetime" of about 15 minutes and hydrometeor "lifetime of 
about 30 minutes. 
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as a function of the cloud droplet 

"lifetime" and the hydrometeor "life­

time" (see discussion above for the 

more exact meanings). Most curves 

shown in Figure 3 correspond to 

^^ = 0.1 but, for comparison, some 

have j-̂ j = 0.3 and 0.03. The ratio 
2 4 "^9, 

of production rates for Na: Cl: 

^^Cl is taken to be 1:17:35. These 

production rates differ from those 
(1 2^ suggested by Perkins, et al.^ ' ̂  

(1:20:30) both because of the recent 
ri4~i 

measurements by Young, et al.^ ^ 

and because an attempt was made, 

based on the calculated rates of 
ri2") Bhandrai, et al.,^ '̂  to account for 

39 
the \i production of Cl at eleva­
tions of about 1 km. If the ratios 
should, in fact, be 1:20:30, then 
the numbers labeling the Cl: Cl 
curves should be reduced by a factor 
of 0.75 (e.g., 2.0 •* 1.5) and those 

24 3 8 
labeling the Na: Cl should be 
reduced by a factor ^5/6 (e.g., 

0.048 ̂  0.040). 

From the curves in Figure 3 and 

from the values for the ratios mea-
(1 2) sured by Perkins, et al.^ ' ^ [of, 

typically, 2 for the ic (̂ Ĉl)/K (-̂ Ĉl) 

ratio and 0.04 for K (̂ '̂ Na)/K (̂ Ĉl) ] 

it is seen that the curves intersect 

for cloud droplet life times of the 

order of 15 minutes and average 

hydrometeor growth times of about 

30 minutes. When it is recalled^ ^ 

that the e-fold time for coalescence 

growth of cloud droplets is about 

(2.5/w) minutes, where w is the con­

densed water content of the cloud in 

g m , so that growth from, say, a 

50 y to a 500 y cloud droplet would 

take of the order of 30 minutes if 
_3 

w %0.2 g m , then it can be con­

cluded that the theory is capable of 

predicting the observed ratios of 

concentrations for different 

radionuclides. 

Other comparisons with experi­

mental data follow more directly. 

Using the above values f or j- _p , T^D 
and T, and using /; = 10, leads to a 

24 K/X prediction, for example for Na, 

of-the-order-of 1 (dpm/g H^O) / (dpm/m'̂  , 

air). Similar predictions are easily 

made for the other radionuclides. 

These K/X ratios are in reasonable 

agreement with the experimental 

results. Finally, in line with our 

comments* that for both nucleation 

and Brownian diffusional coagulation 

scavenging of "particles" (viz., CRN) 

with large diffusivity, the in-cloud 

scavenging rate is dictated by the 

cloud water removal rate, then it is 

predicted that the "rainout rate" for 

is 
1 

-3 - 4 CRN is in the range 10 to 10 

In summary, we sigh to suggest 

that, in spite of the obvious diffi­

culties involved in predicting CRN 

scavenging, the potential applications 

of CRN in cloud physics research is 

significant. Thus it may be possible 

that the CRN can provide cloud 

physics research with a "clock" to 

measure events on the microphysical 

scale. Thus, even if the absolute 

vlues of the concentrations of CRN 

and the ratio of their concentrations 

are difficult to interpret, it may 

be possible to identify during an 

*See in this volume: "Aerosol 
Particle Size Dependence of the 
'Rainout Rate '," by the same 
author. 
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individual storm the effect of, for 

example, cloud seeding or orographic 

lift on the two "lifetimes" discussed 

above (see Figure 3). This potential 

warrants the continuation of further 

measurements, subject to the criterion 

that the experiments be designed to 

identify the practical applications 

of CRN. 
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<-A CASE STUDY OF IN-CLOUD SCAVENGING OR DIRECT PICKUP 

OF COSMOGENIC RADIONUCLIDES BY CLOUD WATER OR ICE 

W. E. Davis 

A case study was carried out for the storm of February 6, 1970 
over Oregon and Washington. Results from the case study were 
input into a model for in-oloud scavenging of cosmogenic radio­
nuclides and compared with ground measurements of these radionu­
clides. The model results indicated an in-cloud scavenging coef­
ficient of 10-4 sea-1 to 10-3 seo-1 for 24Na, 38cl and 39cl. 

In order to evaluate measurements and Zabolotskaia.'^^ •• From the cloud 

of radionuclide deposited in rainfall water estimates and the observed sur-

at Hanford through a model of in-cloud face precipitation, along the path of 

scavenging, a study was made of the the storm, a dilution coefficient, 

February 6, 1970 storm over Washington i.e., the fraction of the cloud water 

and Oregon. Required inputs to the removed by rainfall per unit time of 

model study were: time of precipita- 4 x lo"^ sec""'', was calculated, 

tion, heights of cloud base and top. The model,'•̂ '' reported in last 

cloud water content and precipitation year's annual report, relates produc-

rate along the storm's path. Diabatic tion of the radionuclides, their decay 

trajectories^ along with FAA reports and their removal by scavenging to 

of cloud observations were utilized to cloud water. The radionuclides in the 

estimate cloud height. For cloud cloud water were in turn dependent on 

bases, surface reports of measurements the rate of scavenging as well as decay 

or estimates of cloud base were used. and dilution by rain leaving the cloud. 

The trajectories were also utilized to Once the parameters affecting the de-

estimate the cloud's path and hence to pendency had been determined, the model 

determine the appropriate hourly pre- could be utilized. The results from 

cipitation measurements to utilize for the model were then compared with the 

input to the model. surface deposition after they were 

The results of this study were: corrected for fall time. The results 

cloud top at 6.7 to 7.5 km with some are indicated in Figures 1, 2, and 3. 

layering expected, base of cloud at From these plots, the following can be 

approximately 1.5 km, a time of 3 concluded. An in-cloud scavenging co-

hours or more since precipitation be- efficient range of lO' sec'"'" to lO"'* 

gan, and a mean precipitation rate of sec" was determined for the three ra-

0.06 in./hour. Cloud water content was dionuclides, although there is not 

estimated from the results of cloud strict agreement of Na results with 
•7 Q "7 Q 

water content studies by Ponomarenko compatible results of Cl and Cl. 
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FIGURE 3. Indirect Pickup of Cl by Water Droplets 
or Ice Particles 

The deposition of the three radio­

nuclides were also computed from the 

model which was modified for direct 

pickup by the cloud droplets and ice 

particles of the newly produced radio­

nuclides. All newly produced radionu­

clides were hypothesized to immediately 

attach directly to the cloud elements. 

In order to test this hypothesis, the 

model was rerun with the production 

term adding radionuclides directly to 

the cloud elements and with all other 

parameters the same as indicated pre­

viously. With this assumption, only 
24 
Na observations were explained by the 

3 8 
results of the model while Cl and 
39 

Cl deposition was overestimated. Di­

rect attachement to cloud droplets 

could still be an effective removal 

mechanism if errors in cloud height or 

in the radionuclide clear air concen­

trations were present in this analysis. 

Improved understanding of the mecha­

nism of radionuclides attachment to 

cloud water as well as better measure­

ments of cloud height and liquid water 

content of the clouds will offer in­

creased confidence in the results of 

the model presented. 
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/n ME CONSTANTS FOR CLOUD SEEDING AND TRACER EXPERIMENTS 

W. G. N. Slinn 

Estimates are derived for some appropriate time constants for 
weather modification and cloud physics tracer experiments. Under 
the assumption that ice-nucleation proceeds via contact nucleation 
(rather than by reverse-sublimation) estimates are made for the 
recommended number densities of Agl particles that should be re­
leased and for the time intervals that should be allotted, to affect 
both precipitation augmentation and hail suppression. Similar 
estimates are given for aloud physios experiments which use tracers 
generated by pyrotechnic flares. 

The purpose of this note is to com­

ment on the time constants for the 

attachment to cloud droplets of sub-

micron aerosol particles such Agl par­

ticles released by pyrotechnic flares 

and acetone generators. The experi­

mental problem of concern is that a 

sufficient quantity of tracer is re­

leased and that a sufficient time is 

allotted, between release of the aero­

sol particles and their incorporation 

into the cloud water, so that the de­

sired objective (be it augmenting pre­

cipitation, suppressing hail, or trac­

ing cloud physics processes) is 

attained. It is expected that esti-

* Submitted for publication in The 
Journal of the Atmospheric Saienaes. 

mates of these time constants have 

been made previously and that they 

appear elsewhere in the literature. 

However, even if this is the case, it 

appears in the light of recent dis­

cussions at workshop meetings, that a 

reiteration of the results is 

appropriate. 

For the present we seek only order-

of-magnitude estimates of the appro­

priate time constants; the symbol & 

is used for: "of the order of magni­

tude of." It is assumed that the domi­

nant attachment process is the 

Brownian diffusion of the aerosol par­

ticles to the hydrometeor surfaces. 

Thus we assume, for example, that the 

ice nucleation of water droplets by 

Agl proceeds via contact nucleation 

(Weickmann et al., 1970). 
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First, consider the reduction in 

the number density (particles cm'^) of 

aerosol particles which are unattached 

to cloud droplets; that is the reduc­

tion in n^ the number density of aero­

sol particles that at time t are still 

"free." During a time interval dt, 

each cloud droplet of radius R picks 

up (see for example, Junge, 1963, 

p. 292) 

4TTDR n^ dt (1) 

aerosol particles, where D is their 

diffusion coefficient. Equation (1) 

describes the attachment to one cloud 

droplet; if there are N cloud drop­

lets per cm , then the number of 

"free" aerosol particles will evolve 

according to 

dn, 

dF (4TrDRN) n. (2) 

Table 1. Typically the peak of the 

aerosol size distribution from acetone 

generators and pyrotechnic flares is 

between 0.01 and 0.1 p. In this case, 

T^ = O'(IO) hours! 

TABLE 1. Order-of-Magnitude of the 
Time Constant, x̂ ,, for the Reduction 
of the "Free" Aerosol Particle Con­
centration Via Attachment to Cloud 
Droplets 

Aerosol Particle 
Radius, y 

- 3 - 7 - "1 
10 -̂  10 "̂  10 "̂  

Diffusion Coefficient, _£ .4 .5 
cm^sec 10 10 10 

Time Constant, Xj., 
sec 

2 4 6 
10 10^ 10° 

Th us n^ = n^^ exp (-t/x^) 

where x^ is the desired time con­

stant for the reduction of the aero­

sol concentration: 

1 
4TTDRN 

If the dominant attachment is to 

cloud droplets (see further comments 

below) and if we assume that their 

number density is (y(102) cm"3 and 

their average radius is 0^(10) y, then 

(4) becomes 

e^(D'^) 

2 -1 

with X in sec and D in cm sec . 

Some numerical values are given in 

(3) Before proceeding further with this 

development, we should comment on other 

effects; for example, there could be 

attachment to natural aerosol particles 

and to hydrometeors. However, even if 

we ignore the kinetic correction to the 

(4) diffusion process (Junge, 1963, pp. 220-

225), the attachment to 10 natural 

aerosol particles per cm of average ra­

dius 0.1 would result in a value for 

x^ which is the same as for 10^ cloud 

drops of average radius 10 y. Thus (4) 

would change only by a factor of about 

2. Also, even if we include the venti­

lation term (Slinn and Shen, 1970) which 

(5) accounts for the increase in the attach­

ment rate of aerosol particles arising 

from the hydrometeor's motion, the in­

crease in the rate by a factor of about 
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10 will not compensate for its de­

crease by a factor of about 10 , 

arising from the different number 

densities of 10 y versus, say, 1 mm 

water drops in the cloud. 

It does not follow from the above 

that O'(IO) hours is required for cloud 

seeding releases to be effective. In 

this case we are not so interested in 

the time required for the reduction in 

the air concentration of the aerosol 

particles as we are in the time re­

quired for the attachment of one Agl 

particle to a single cloud droplet (or 

raindrop). There appears to be con­

siderable confusion about this point 

to which, in private discussions, this 

author has perhaps contributed. 

To determine the time required for 

attachment to a single cloud drop or 

hydrometeor, we assume that the number 

density of unattached aerosol parti­

cles, TLr, is a constant. Based on the 

large time constant, x , for their re­

duction, (4), this is a reasonable 

assumption although account should be 

taken of the variation in n̂ - because 

of release mechanisms, cloud updraft 

speeds, turbulent diffusion and so 

on. From (1), the number of aerosol 

particles picked up during a time T 

by a single cloud drop of radius R is 

4TTDR n^ T (6) 

If we include ventilation terms, then 

we have that (6) predicts that any 

sized water droplet will pick up a 

single submicron aerosol particle in 

the attachment time 

^ 4TTDR n^ [l + Re"̂ ''̂  Sc"""/̂ ] 

where Re = V R/v is the Reynolds num­

ber and V. is the terminal velocity 

of the hydrometeor, and where Sc = 

V/D is the particle's Schmidt number, 
2 -1 in which v ̂  0.1 cm sec is the 

kinematic viscosity of air. 

It is clear from (7) that the time 

required for cloud seeding to be 

effective hinges on the magnitude of 

n̂ :, the number density of "free" Agl 

particles. Approximate relations 

from (7) are: 

Cloud drop (R = 10 y) 

Raindrop (R = 1 mm) 

10^ 
D n. 

10 
D n. 

(8) 

(9) 

(7) 

2 -1 for X in seconds, D in cm sec and 

nj- in cm . Some numerical values 

are given in Table 2. 

The questions that now arise are 

concerned with how many cloud droplets 

or raindrops is it desirable to seed. 

For augmenting precipitation it may 

be desirable to seed only one cloud 

droplet per liter (for then each 

seeded embryo's mass might grow by 

the Bergeron mechanism to 0̂ (0.1) mg 

if the liquid water content of the 
3 

cloud is (̂ (0.1) g/m . In this case 

only one cloud droplet out of every 
5 2 3 

10 (if there are 10 /cm ) need be 

seeded. Thus the time required for 

attachment to cloud drops (Line 2 of 

Table 2) can be reduced by a factor of 

10^ (Line 4, Table 2). Consequently, 

if an attachment time (?tlO ) seconds 

is allotted, then seeding should be 

effective (other conditions being 

suitable) using (̂ (lOO) Agl particles 

per liter. On the other hand, if 
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for hail suppression it is desirable 

to seed all large hydrometeors (R 

^ 1 mm) - there apparently being 

little change of seeding all cloud 

droplets (see Line 2, Table 2) - then 

to perform effective seeding in the 
2 

(̂ (lO ) seconds available (for up­

draft speeds (/(lO) m sec ) , effec­

tive seeding should be possible if 

there are i. (y(10) Agl particles/cm . 

This could be accomplished if ©"(lO ) 

ice nuclei were dispersed within an 

appropriate region of the cloud, of 

characteristic dimension O'(IO) km. 

TABLE 2. Order-of-Magnitude of the Time Constant, x^, 
for the Attachment to a Hydrometeor of a Single Aerosol 
Particle of Radius 0.05 y (D = 10-5 cm2 sec"!) 

Number density of aerosol r -. 
particles, cm-3 lO 10"̂  

Time (sec) for attachment y ^ 
to a lOy cloud droplet 10 10 

10"̂  10""'" 10'^ 

10" 10' 10 
10 

Time (sec) for attachment 
to a 1 mm raindrop 

-2 0 
10 10 

2 4 
10 10 10 

x^ (sec) for one of every 
105 cloud drops - 3 -1 1 3 

10 10 10 10 10-

To obtain estimates of the required 

concentrations and time intervals for 

tracer experiments , we return to Equa­

tion (4). The amount of tracer incor­

porated into the cloud water during 

time T will be approximately 

-T/x^ 
n^ (1 - e ) = n T 4TrDRN . (10) 

Therefore its concentration in cloud 

water will be approximately 

n T 47rDRN/w (11) 

where w is the liquid water content 

of the cloud. If this concentration 

also appears in the precipitation 

reaching the ground (which would cor­

respond to an optimum experimental 

situation!) then for a release of 1 kg 
- 5 2 -1 

of tracer, with D = 10 cm sec in 
3 2 

a volume of (1 km) and for N = 10 
- 3 

cm and R = 10 y, the concentration 
in the rain would be O'(T) nanograms 

of tracer/liter of water with T in 
2 3 

seconds. For T = 10 to 10 seconds, 

the tracer should be detectable by 

activation or other analyses, provided 

the sampling network on the ground is 

sufficiently dense. 

In conclusion it appears that even 

if electric, phoretic and turbulence 
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influences on the attachment rate are 

ignored and, especially, even if Agl 

acts as a contact rather than a (re­

verse) sublimation nucleus, rain aug­

mentation, hail suppression, and 

tracer experiments are theoretically 

feasible. 
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y^ NUMERICAL MODEL TO DESCRIBE OROGRAPHIC 
PRECIPITATION IN THE PACIFIC NORTHWEST 

Scott 

A two-dimensional numerical model is being developed to 
describe the meteorological events occurring as moisture laden 
air is orographioally lifted over the coastal mountain ranges. 
The basic equations defining cloud and precipitation formation 
are presently being included in the model. These equations are 
presented and discussed. 

The airflow-precipitation model is 

being developed in two independent 

segments: airflow-trajectory descrip­

tion, and cloud and precipitation pro­

duction. The airflow segment is 

essentially complete, and has been 

described in detail elsewhere.^ ^ 

Briefly, this segment of the model 

calculates the steady-state trajec­

tories of moisture laden air being 

orographically lifted over a mountain 

barrier. Data output includes verti­

cal and horizontal wind components. 

and initial estimates of the cloud 

density at interior points within the 

cloud. 

In the past year, some minor modi­

fications have been made in the 

description of the wind field (V). 

Previously, d In P/dx was assumed to 

vary linearly along the base stream­

line. Here P is pressure and x is the 

horizontal coordinate. This assump­

tion resulted in large accelerations 

of the wind along the base streamline. 
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and large vertical velocities through­

out much of the lower segments of the 

model. If the lower boundary condi­

tion specifies dV/dx to be constant 

along the base streamline, the model 

equations can also be solved. With 

this assumption, the pressure sur­

faces bow slightly and the vertical 

velocity profile is moderated. Hope­

fully, field measurements will pro­

vide some insight into which boundary 

condition is more appropriate. Until 

such a time, the model will calculate 

the wind field utilizing each condi­

tion, and output a velocity difference 

field for comparison. 

An additional minor improvement 

includes considering a rawmsonde's 

horizontal motion as it rises and 

moves with the wind over the mountain. 

Thus, a slanted profile describing 

already perturbed values of tempera­

ture, wind and moisture is now input 

into the model. 

Although these two changes were 

relatively minor m importance, they 

necessitated re-writmg the computer 

program describing the first segment 

of the model. The program, called 

AIRFLOW, is now more compact and sub­

ject to easy modification. In addi­

tion, the data output is now on a 

rectangular grid, thus facilitating 

an easy transferal of data to the 

cloud and precipitation production 

routines . 

CLOUD AND PRECIPITATION PRODUCTION 

The airflow segment of the model 

merely provides an initial estimate 

of the cloud densities. Another set 

of equations will be necessary to 

achieve more realistic approximations. 

The following two-dimensional cloud 

and precipitation equations are 

presently being incorporated into the 

airflow model. Their derivation 

closely parallels the work of 
V 1 (2) Kessler. 

Consider the continuity equation 

for any quantity q 

where x, z, t, u, w are the horizontal 

distance, vertical distance, time, 

horizontal wind speed, and vertical 

wind speed, respectively. Here, let 

the quantity q be defined to equal the 

combined density of all water substance 

except precipitation. Thus q = 1 "*" Qc 

where 1 is the condensed water content 
"" -3 

of the cloud (g cm ), which hereafter 

we shall call the "cloud density" and 

Q is the saturation vapor density. 

The use of (1) requires that q share 

the motion of the air. Thus, (1) con­

trols the distribution of the q already 

formed but makes no allowance for any 

depletion of q. 

The motion of air itself is also 

suitably governed by the continuity 

equation 

|^= "[fe (PU) ^ 1 ^ (Pw)]^ 0, (2) 

where p is the air density. Here, 

the air density is taken to be 

locally steady, but p is not required 

to be horizontally uniform as m 

Kessler's development. By substitut­

ing (2) into (1) all derivatives of 

the wind components are eliminated. 
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Further simplification is achieved by 

substituting r = mixing ratio = Q /p 

and noting that 3Q /3t is locally 

zero in the steady-state AIRFLO seg­

ment of the model. Thus, the cloud 

production equation to be used in the 

model is 

31 

3x 
•f w 

3z J •*• K^ 1 2 c K 1' 

(3) 

The terms K, and K^ are locally 

steady and specified at each grid 

point by the AIRFLO segment 

3x 

3r 
+ w 3z 

- „ 31"P + V7 Slr̂ P Y „ - U —;r + W —r 
'̂ 2 3 X 3 z 

The compressibility term K^ is on the 

- 5 -1 

order of 10 (sec ) , and is gener­

ally 1 to 2 orders-of-magnitude smaller 

than the generation term K-, . As shown 

in (3), the change in cloud density 

at a point occurs because cloud 

advects, air compresses or expands, 

and air rises and saturates. 

Equation (3) will be numerically 

integrated until a steady-state cloud 

density is achieved at each grid point. 

This particular equilibrium condition 

will be a description of the cloud 

density obtained when no condensed 

water is removed during cloud 

formation. 

The initial conditions for the nu­

merical integration will be obtained 

from the cloud density field produced 

by AIRFLO. Should the actual airflow 

at the upwind side of the model be 

initially saturated, the cloud con­

tent at the boundary will be speci­

fied either with some assumed value 

or with a measured value. 

The mathematical description of 

the density of precipitation content 

(M) can be obtained in a manner simi­

lar to the preceding paragraphs. M 

is assumed to share the horizontal 

motion of the air, but also M is 

allowed to have a vertical component 

V relative to the air. Here V is 

negative since it is downwind and it 

is also a kind of average speed since 

the precipitation content at a point 

is distributed over particles of dif­

ferent sizes and fall speeds. Thus 

the continuity equation governing the 

motion of precipitation already formed 

is 

3M 
3t h ^̂ "̂  ^ fe M [(V + w)]j. (4) 

By using (2) to simplify, and 

by grouping the steady-state 

terms, (4) reduces to 

3M 
3 
M r 

- = -[u 
3M 
3x 

3M' 
^ (MV) + M K2. 

(5) 

Thus, neglecting any production or 

depletion, the local change of precipi 

tation content at a point occurs 

because the wind advects precipitation 

to and from that point, because mate­

rial falls from above, and because the 

air containing precipitation expands 

and contracts. 

Equations (3) and (5) govern the 

unrelated changes of cloud and precipi 

tation content. In the real atmospher 
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the interaction of the tiny cloud 

droplets will eventually produce a 

spectrum of raindrops; i.e., Equa­

tion (3) should have depletion; 

Equation (5) should have production. 

The microphysics of this cloud-

ram interaction can be broken into 

principally three processes: auto-

conversion, cloud collection, and 

evaporation. Autoconversion is the 

changing of cloud droplets to pre­

cipitation through some process such 

as diffusion or coalescence. Once 

larger drops have formed, their fall 

velocities carry them through a large 

population of cloud particles and 

facilitate the growth of precipitation 

m the cloud by the sweeping out or 

"collecting" of cloud particles. 

The third microphysical process, 

evaporation, is presently not being 

considered. Autoconversion and cloud 

collection have been empirically 

f 21 

described by Kessler.^ ' His approxi­

mations are gross simplifications of 

the processes occurring m clouds, 

but they do provide a first guess of 

cloud physics, and establish a basis 

for the description of the cloud-

precipitation interactions occurring 

m the AIRFLO model. Kessler's 

expressions are given without proof or 

derivation because the complete de­

scriptions are available m his origi­

nal work. 

Autoconversion: The rate of cloud 

conversion into precipitation is given 

by 

K, = 0 when 1 < a (6) 

where K_ is a constant, and a is 

some threshold value below which cloud 

conversion does not occur. 

Cloud collection: The rate of ac­

cumulation of cloud by falling precipi­

tation 

^ - K4 EN^l/S l^M^/^Exp (K3Z), (7) dt 

dM 
dt 

dl c 
dt K, (1 3 ^ c a) 

where K. and K_ are constants, E is 

the collection efficiency (presently 

assumed to be independent of drop 

diameter), and N is the number of 
' ' o 

ram-drops per unit volume per unit 

diameter range. Additional necessary 

relationships are 

D = 8.7 N -1/4 M^/^ [cm] o o '• •' 

V = - 3830 N "-'-/̂  M""-/̂  Exp (K^z) o 0 ^ ^ 5 -̂  

[cm/sec] 

where "V is the terminal velocity of 

the raindrop of median diameter D . 
^ o 

The expression for cloud collection 

assumes (1) that the precipitation 

particles are size distributed accord­

ing to an inverse exponential law, and 

(11) that the vertical mass transport 

of precipitation is based on the fall 

speed of the median diameter precipi­

tation particle. 

By inserting these microphysical 

terms into Equations (3) and (5) a 

description of the interaction between 

the two processes results: 

K, > 0 when 1 > a 3 c 
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31 
c 

3t 

31 31 
c ^ c 

U 7̂  + W —;^-

3x 3 z J 

+ 1 ch K, - K, M 7/S 

K^ . K3 a. 

3M 
3t 

u T̂ — -̂  w 
3z 3z 3 z \ 0/ 

-̂  M K, -H M'^/^ 1 K^ 
2 c 6 

Data for model verification will 

come from aircraft measurements of 

air temperature, cloud water content, 

and from visual and radar observations 

of cloud boundaries. A ground based 

air defense radar will be utilized in 

an attempt to delineate regions of 

precipitation, and to obtain estimates 

of vertical cloud extent. Additional 

model verification will include mea­

surements of surface precipitation 

rates. 

+ K3 (1^ - a). (9) 

These equations will be iterated 

until equilibrium is achieved. The 

model rainfall rate will then be com­

puted at the surface boundary points 

via 

SFC o 

The winter sampling of 1970-1971 

in the Olympic Peninsula will provide 

an opportunity for some field verifi­

cation of the model's accuracy, and 

some valuable input data. The model 

requires as data input a vertical 

sounding of the atmosphere at the in­

flow side and the pressure at the model 

mountain top. To satisfy these needs, 

rawinsonde data will be taken as fre­

quently as possible during sampling 

periods. Additionally, a barograph 

has been installed on a 2000 foot high 

mountain to provide mountain top data 

near the sampling site. Aircraft mea­

surements are expected to provide drop 

size distributions, inflow liquid 

water contents, and cloud ice 

distributions. 

NUMERICAL CALCULATIONS 

The evaluation of Equation (9) 

requires numerical integration. Sev­

eral finite-difference schemes are 

presently being tested with primary 

emphasis being placed upon accuracy 

after several iterations. Extreme 

care and caution is necessary in nu­

merical modeling, especially when 

little definite information is avail­

able about the true solutions of the 

equations as is the case for Equa­

tion (9). The pseudo-diffusion intro­

duced by many differencing schemes 

can eventually swamp the true solution 

with numerical noise or truncation 

error. Some compromise is necessary 

however. The desire for accuracy 

may require so much computer storage 

and computation time that it would be 

unreasonable to attempt a numerical 

solution. 

Preliminary results of the accur­

acy tests indicate that a two-step 

modified centered difference scheme' 

will provide acceptable approximations 

for the advection terms. A Taylor 

series expansion of the production 

,(3) 
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V/T+I E STOCHASTIC GROWTH OF A RAIN DROPLET^ 

W. G. N. Slinn and A. G. Gibbs** 

Two approaches are used in this theoretical analysis of 
the stochastic growth by a coalescence of a single, large 
cloud droplet (rain droplet) as it falls through cloud 
droplets whose sizes and spatial locations are specified sta­
tistically. In the first approach, moments are taken of a 
linearized, difference-kernel, coalesoenoe equation. The 
first and second moments are used to predict the mean and 
variance of the statistical density function for the mass 
of the rain droplet. The results are compared with a recent 
numerical prediction. In the second approach, an appropri­
ate Fokker-Planok equation is obtained. This equation is 
derived both from the linearized coalescence equation and 
from an elementary statistical model. An exact solution to 
the Fokker-Planok equation is derived and plots of the evolu­
tion of the statistical density function for the mass of the 
rain droplet are presented. These results are compared with 
those based on a Gaussian distribution. 

In t h i s p a p e r we s t u d y t h e s t o c h a s ­

t i c g r o w t h o f a s i n g l e , l a r g e c l o u d 

* This report is abstracted from an 
article with the same title which 
has been accepted for publication 
in The Journal of Atmospheric Sci­
ences . A portion of the financial 
support for this work was obtained 
from Battelle Memorial Institute 's 
Physical Sciences Program. 

'* Mathematics and Physics Research 
Department 

d r o p l e t (which h e r e i n we c a l l a r a i n 

d r o p l e t ) as i t f a l l s t h r o u g h and 

c o a l e s c e s w i t h s m a l l e r c l o u d d r o p l e t s . 

The g r o w t h i s s t o c h a s t i c s i n c e t h e s i z e 

and s p a t i a l l o c a t i o n o f t h e c l o u d 

d r o p l e t s a r e s p e c i f i e d o n l y s t a t i s ­

t i c a l l y . The i m p e t u s f o r o u r work 

was t h e r e c e n t r e p o r t by Chin^ o f 

n u m e r i c a l s t u d i e s of t h e same p r o c e s s . 

U s i n g t h e Monte C a r l o m e t h o d , he g e n ­

e r a t e d t h i r t y - t w o c o m p u t e r s i m u l a t i o n s 
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of a rain-droplet's growth and from 

these, obtained an estimate of the 

mean growth rate. 

Our analytical study starts from 

the coalescence equation which, con­

trary to some opinions, does contain 

the statistical influence of both the 

size distribution and the random loca­

tion (Poisson distribution) of the 

cloud droplets. If 'y(m,t) dm is the 

average number of cloud droplets per 

unit volume that at time t have mass 

between m and m -i- dm (or tT'dm can be in­

terpreted as the probability per unit 

volume that at time t a specific drop­

let has mass between m and m -i- dm) then 

the time evolution of Tarising from 

collisions between cloud droplets is 
(2 3") governed by^ ' ^ 

37 
3t 1/2 i: K(m', m-m') 

'y(m' ,t) :>̂ (m - m' ,t) dm' 

K(m', 
•'o 

m) 7(m',t) 

y (m,t) dm' (1) 

where K(m,m') is the collection kernel 

which describes the physics of the 

collision and coalescence of cloud 

droplets of mass m and m'. The first 

term on the rhs of (1) describes the 

increase in the number of droplets 

with mass m arising from collisions 

between smaller droplets, and the 

second term describes the loss of 

droplets of mass m through collisions 

with droplets of any size. 

The restriction of the analysis to 

the study of the growth of a rain 

droplet (r K, 30 y) is utilized to 

justify two approximations of (1). 

First, if the size distribution of 

cloud droplets can be separated into 

two distinct classes as indicated in 

Figure 1, then (as shown in the com­

plete manuscript) (1) can be reduced 

to the linear integro-differential 

equation: 

3F(M,t) 
3t Jo 

(M - m, m) F(M-m) 

f(m) dm 

K(M,m) F(M) f(m) dm ( 

where we have used the suggestive 

notation: F(M) for the rain drop-

let's size distribution function and 

f(m) for the cloud droplet's. Sec­

ondly, we have demonstrated that for 

a rain droplet interacting with cloud 

droplets, it is adequate to approxi­

mate the collection kernel. Two 

approximations studied in detail are: 

and 

3 -1 K = a M ( c m sec ) 

M g(m) - h(m) 

(3) 

(4) 

where a is a constant and g and h are 

essentially arbitrary functions of m. 

Using the kernel, (4), we have 

shown that the moments of the rain 

droplet's size distribution function 

must satisfy 
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dF 

d 

n-1 

T̂  = E (")['»-, V l J F 
n-j J 

] (5) 
j = o 

where the parenthetical expression is 

the binomial coefficient and I and J 
n n 

are known moments of the cloud drop-

let's size distribution function 

POO 

[l^, J^] =\ dm m" f(m) [g(m), h(m)]. 
Jo 

(6) 

7(m) 

5(m)=f(m) + F(m) 

CLOUD DROPIITS RAIN DROPlflS 

DROPIITMASS, m 

Neg 710068-2 

FIGURE 1. Assumed Decomposition of ̂ ^(the Statistical Density 
Function for the Mass, for all Water Droplets) into f (the 
Density Function for the Cloud Droplets) and F (for the R a m 
Droplets). 

As an example of the solutions to 

(5), we have considered the case with 

g(m) = b and h(m) = bm, where b is a 

constant, and with f(m) given by the 
f 4") 

Khrgian-Mazm^ ' spectrum: 

f(r) 2 

where 

c r exp ( 

4¥p' sT 
3 L . 3 . 

'•<r>-^ 

3r 
<r> 

6 

(7) 

(8) 

and where r is the radius of a cloud 

droplet; <r> is their average radius. 

and L is the liquid water content of 
- 3 

the cloud measured m g cm . For 

this case the mean mass of a ram 

droplet IS given by 

<M> 2f <m> •*- (M ;m>)e bLt 

(9) 

where <m> is the mean mass of the 

cloud droplets. Thus for large time 

the mass grows exponentially with time 

constant of approximately (2.5/L') 
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minutes, where L' is the liquid water 
-3 content m g m . For large time 

the variance of the mass distribution 

becomes 

o^ = FT - F, ̂  '\. -1^ <m> (M 2 1 5 ^ o 

10 <m>)e 2bLt (10) 

also from an elementary statistical 

model, we derived the Fokker-Planck 

equation: 

3P ^ or^-^ 8MP r̂-, 
3t ^ ^^^^ 3Nr = Yf^^ 

where 

3̂ MP 

3M^ 
(11) 

A comparison of our results with 

Chin's^ ^ is shown in Figure 2. The 

mean growth of the mass, (9), is 

shown by the center curve. We have 

chosen t̂he same data as used by Chin; 

in particular, the specific value for 

b was chosen so that our curve for 

the mean mass would agree with Chin's 

at t = 1000 sec. The pair of outer 

curves (i.e., the top and bottom 

curves) give the interval, symmetric 

about the mean, which contains 95% 

(= ± 20) of the area under an assumed 

Gaussian distribution for the mass, 

with variance given by Equation (10). 

The "error bar" at t = 1000 sec is 

Chin's result for the interval of 

951 confidence of his value for the 

mean. Our results for this interval 
1 / 7 

(±1.96a/32 ' , where the number 32 

arises from the number of simulations 

performed by Chin) are shown by the 

pair of inner curves. In Figure 3 

we have shown the evolution of the 

radius of a rain droplet whose 

initial radius is 50 y. The outer 

curves give the range within which 

resides 95% of the probability dis­

tribution for the mass. 

In addition to studying the evolu­

tion of the moments, we have studied 

also the evolution of the entire sta­

tistical density function for the mass 

From (2) using the kernel (3), and 

(g,Y) = a dm f(m,t) (m, mV2) (12) 
•o 

are-moments of the (assumed time 

dependent) cloud droplet size dis­

tribution function, and where we have 

changed notation from F to P to em­

phasize that different approximations 

are involved. The solution to (12) 

subject to the initial condition 

P(M, t ̂  o) = 6(M - M^) (13) 

was found to be 

.(M',x) = 
M'M 

1/2 

exp 

M'M 

(M'-HM ) 

a/2' 

where MP 

M' = M exp 

[,Cf) exp[-£ 

(14) 

(15) 

(t) dt' (16) 

X = \ Y(t') exp|'\ e(t") dt" dt' 

(17) 

and I, is the modified Bessel func­

tion of first order. This solution, 

along with a Gaussian distribution 

G(M,t) whose mean and variance were 
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found by taking moments of (11), are 

plotted in Figure 4. It is seen that 

the two functions, P and G, are almost 

indistinguishable. 

00.2 0 0. 30 0. 400. bOO. 6 0 0. 700. 800- 900. 1000 

• U R H T I 0 N Ot F H1 I [ S E L . ] 

Neg 710068-4 

FIGURE 2. The Mean Growth of the Mass (center curve) and 
Variation About the Mean, for a Rain Droplet of Initial 
Radius 30 y. Cloud physics data: L = 1 g m~3, <r> = 7.5 
and (see text) b = 3.66 x io3 g~l sec~l. The two outer 
curves (A and n ) contain 95% of the area under an assumed 
Gaussian distribution for the mass. The two inner curves 
(X and -I-) show our prediction of Chin's estimate for the 
mean. His result is shown as the "error bar" at 1000 sec. 
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FIGURE 3. The Mean Growth of the Radius (center curve) 
for a Rain Droplet of Initial Radius 50 y. Growing in the 
Same Cloud as for Figure 2. The two outer curves show the 
range of R values, in which is contained 95% probability 
for the mass. 



40 
BNWL-1551 
Part 1 

„ 4 

^ 4 

^ 3 

^ 3 

• 2 

ai2 

" 1 

-1 

So 
^ 0 

5 -1 

0 A 
(̂  J \ 
0 -

0 \ 

b -

0 -

b -

0 - ^ 
':l 

in. lb. 

MRS5 OF 
20. 25. 30. 35. 
DRMPl FT( MI CRO-GFhMS 

40 . 4b . 

Neg 710068-1 

FIGURE 4. The Time Evolution of the Statistical Density 
Function for the Mass of a Rain Droplet, Initial Radius 50 y. 
Growing in a Cloud with L = 1 g m~3, <r> = 7.5 y and (see 
text) a = 3.66 x 103 cm3 g-1 sec-1. Both the solution to 
the Fokker-Planck equation (P) and a Gaussian distribution 
(G) are plotted, but the curves are almost indistinguishable. 

These calculations have generated a 

number of interesting results. The 

comparison of (14) with a Gaussian 

distribution, G, suggests that the 

true solution to (2), for a delta 

function initial condition, is close 

to G. What is certain is that it is 

much more reasonable to use G than the 

cumbersome formula (14). Furthermore, 

we thereby gain more confidence in our 

assumption, used for Figures 2 and 3, 

that the distribution is Gaussian. 

Our comparison with Chin's result 

is quite satisfactory in view of 

the assumptions we have made, espe­

cially about the form of the collec­

tion efficiency. In addition our 

results have the standard advantages 

of analytical solution (over numeri­

cal solutions) that different cloud 

physics and rain droplet data may 

easily be used. Also, from (5), we 

can proceed to obtain higher moments 

of the distribution and thereby 

obtain estimates of its skewness, 

kurtosis, etc. 

A further result of this analysis 

is that, hopefully, we have been 

able to shed a little light on the 

foundations of the coalescence 

theory. For example, Scott^ ' 

states: "Warshaw^ ' has claimed 

that the usual kinetic equation for 

cloud droplet growth by coalescence 

treats only the average behavior of 

droplets and not the deviation from 

it. This conclusion is erroneous." 

That Scott is correct, that is, "that 

solutions to the kinetic coalescence 

equation contain the probabilities 

of all possible histories of droplet 

growth, and not just their average 

behavior" is demonstrated in our 

Figure 4. Thus, we obtained the 

Fokker-Planck equation from the co­

alescence equation; if it described 
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only the average behavior of a drop­

let, then the delta function initial 

condition would have remained a delta 

function. 

As another example. Chin's word­

ing, "previous investigations of 

the cloud droplet growth process 

were usually based on the assumption 

of a homogeneous and isotropic cloud. 

In this study this restriction is 

temporarily removed by introducing 

random positioning of cloud drop­

lets..." suggests that the coales­

cence equation does not contain 

this information. That this is 

not true (and also, confer Scott,̂  ^) 

can be seen from our two derivations 

that led to the identical Fokker-

Planck equation. one, directly from 

the coalescence equation, and the 

other (not described here) from an 

elementary statistical model m 

which was used a Poisson distribu­

tion for the spatial distribution of 

the cloud drops. 

Finally, our ability to solve for 

the moments of F, or to obtain the 

solution to the Fokker-Planck equa­

tion, for the case of a time de­

pendent cloud droplet distribution 

allows us to investigate the result­

ing change m the growth rate of a 

(21 
ram droplet. Thus Berry has de­
termined that compared with the 
stochastic model, the continuous 
model underestimates the mean growth 
rate by a factor of about 6. He 
states: "the major reason for this 
IS that all the water mass moves with 

the mode m the stochastic model, 

whereas m the continuous model, most 

water mass must remain on the small 

droplets." We have not been able to 

determine this factor of 6, mentioned 

by Berry, since m our case f(m,t) 

must be specified, but perhaps it is 

useful to have the formalism avail­

able into which experimental values 

for B and y (Equation 12) or I and 

J (Equation 6) can be substituted, 

m the event that the factor, 6, is 

not realIS tic. 
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A FINITE-DIFFERENCE APPROXIMATION FOR EQUATIONS DESCRIBING 

THE FORMATION OF CLOUD AND PRECIPITATION 

B. C. Scott 

A set of partial differential equations can be used to 
desoribe the formation and growth of aloud and precipitation. 
The complex spatial dependence of the coefficients in the 
equations makes an analytic solution intractable and requires 
that the solutions be obtained numerically. A finite-difference 
approximation of the general equations has been developed 
and used to compute solutions for trial oases where the ana­
lytic solutions were known. The numerical results are pre­
sented and compared with the analytic solutions. In general, 
the numerical approximations produced quite acceptable results. 

The development of a numerical air­

flow model by Scott* has resulted 

in a set of partial differential equa­

tions which govern the formation and 

growth of cloud and precipitation. 

Specifically these equations are of 

the general form 

3A 
8t 

3A 
8x 

)A k̂  A ^ k2 (1) 

where A is any property, and u, w, 

X, z, t are the horizontal wind, 

vertical wind, horizontal coordinate, 

vertical coordinate, and time respec­

tively. The properties u, w, k^ and 

k̂  are independent of time and speci­

fied at each point. The terms \^ and 

\^ are generally positive but <<1, 

and represent decay and production of 

A, respectively. 

*See, "A Flumeriaal Model to Describe 
the Orographic Precipitation in the 
Pacific Northwest," by B. C. Scott 
in this report. 

A numerical integration is 

required in order to solve Equation 

(1). The selected procedure must 

satisfy three basic requirements; 

i.e., the initial distribution of A 

must be properly advected, the bound­

ary conditions must be specified in 

a manner that allows the passage of 

A through the boundaries without 

introducing distortions or oscilla­

tions in A, and finally, the terms 

k, and k2 must properly operate on 

the advecting A distribution. 

Several finite-differencing schemes 

have been used to approximate advec-

tion terms. Molenkamp^ ^ has demon­

strated that the extensively used 

upstream-differencing scheme produces 

highly unsatisfactory results. His 

studies also indicated that the two-
(2) step process of Lax-Wendroff^ ^ and 

the Arakawa approximations^ ' ' ^ 

are poor approximators of advection. 

Schemes which produce excellent 

results are available, but they re­

quire excessive computer storage and 
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computation time. See, for example, 

Roberts-Weiss.^ •' The present dis­

cussion concentrates on the results 

of approximating the advection terms 

of (1) with a two-step centered-

difference scheme. 

In general, if only the advection 

terms are considered in (1), the 

centered-difference approximation 

would be 

A. 
n+1 > n - l 
j k j k j k ^ j + l k j - l k ^ 

^ j k ^ J k+1 J k-1-^ 

Jk 

U . ^ A t 
J k 

Ax , 5 J k 

W . , A t 
J k 

Az ( 2 ) 

where A. , is the value of A at grid J k ° 
point j, k and at time n. If Ax and 

Az are the horizontal and vertical 

spacing between adjacent rows or 

columns of grid points and At is the 

time increment, x = j Ax, z = k Az, 

and t = n At. The steady-state velo­

city components at the j, k grid 

point are given by u. , and w. , . 

Equation (2) can be extended to a 

two-step process by halving the time 

stepfl^ 

n+1/2 _ n - 1 / 2 . ^^jjc r n 
^ j k ^ j k 2 L^j+1 k 

^U .c] • ^ K k + l J k i] 

,n+l A'̂  
j k L j + l k j - l k J 

£., 

2 L j k + l - A 
n+1/2 1/2] ( 3 ) 

The number of computations is reduced 

if the points with both j and k even 

or odd, A. , is evaluated at integral 

times, and at the other points A j k 
is evaluated at half-integral times. 

The finite-difference approximation 

(3) was applied to several trial prob­

lems in order to test its accuracy, 

and to provide some understanding of 

the scheme's numerical characteristics, 

The first problem defined an initial 

circular distribution of A such that 

A(x,z,o) = 1 

A(x,z,o) = 0 

for r < 8A 

for r i 8A, 

where A is the grid spacing, and r is 

the distance from the maximum value 

of A. This distribution of A was 

placed in a velocity field which was 

rotating with constant angular velo­

city Q about an axis normal to the 

grid points. The solution to (1), 

(advection only) when governed by 

these conditions, is then merely a 

pure displacement about the axis of 

rotation (see Figure 1). 

Figure 2 shows the calculated A 

distribution after 40 time itera­

tions.* Isolines of A have been 

advected at a velocity less than a 

and the amplitude of A has been 

damped near the center. There has 

*Forty time steps used in all trial 
cases because 40 is roughly the 
number of iterations needed to 
adveot the slowest air parcel 
through the grid of Scott's numeri­
cal airflow model. A strict stabil­
ity criterion has been assumed; i.e., 

- ^ < 1 and - ^ < 1. 
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FIGURE 1. The Displacement of the Property A in a Rotating 
Velocity Field. The axis of rotation is perpendicular to 
the solid arrow. The direction of motion is indicated by 
the remaining arrows. The dashed figure marks the time 
location of A after a movement corresponding to 40 time 
iterations. 

Neg 710923-7 
FIGURE 2. The Computed A Distribution. Solid isolines 
are calculated values of A. The dashed curves represent 
the correctly advected A field and have values equal to 
the nearest solid curve. The arrow marks the present 
direction of movement. 
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also been some distortion of the 

initial circular A which most likely 

results from the inability of the 

difference scheme to handle the dis­

continuities in the A gradient at 

the center and at the edge of the 

initial distribution. An irregular 

oscillation of A occurs over the 

entire grid with maximum amplitude 

near the region where A was initially 

nonzero. Negative values of A have 

not been allowed, and this appears 

to prevent the oscillations from 

growing significantly with time. In 

spite of those shortcomings, A has 

been advected quite satisfactorily. 

For the second case study, a 

rectangular initial A distribution 

was selected to determine how accu­

rately the two-step difference scheme 

would advect and rotate the A distri­

bution in the sheared wind field of 

case study one (see Figure 3). Fig­

ure 4 presents the results after 40 

iterations. Although A was damped 

and was advected with a velocity 

slightly less than Q, the rotation 

of A was accomplished satisfactorily. 

This same trial case was run for 80 

time steps with a step interval 

equal to one-half the original size; 

i.e., the rectangle advects the same 

total distance in both cases. Trun­

cation error appeared to be equivalent 

for both cases and only very minor 

differences were observed. 

49 

45 

41 

37 

33 

29 

25 

21 

17 

13 -

9 

5 

\ \ \ \ \ \ \ \ \ \ 

^5 
- a? —I 
- as 
- a3 
- a i 

25 
J -

45 

Neg 710923-2 
FIGURE 3. The Advection of a Rectangular A Field. The 
displacement of the property A in a rotating velocity 
field. The axis of rotation is perpendicular to the 
solid arrow. The direction of motion is indicated by 
the remaining arrows. The dashed figure marks the time 
location of A after a movement corresponding to 40 time 
iterations. 
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Neg 710923-10 

FIGURE 4. The Computed Rectangular A Distribution. The 
dashed rectangle marks the 0.1 isopleth of the correctly 
advected rectangle. The remaining two dashed curves mark 
the diagonals of the computed rectangle. Solid isolines 
are calculated values of A. The dashed curves represent 
the correctly advected A field and have values equal to 
the nearest solid curve. The arrow marks the present 
direction of movement. 

In the above two case studies, the 

property A was not allowed to touch 

the grid boundaries. In the airflow 

model, cross boundary flow must be 

specified. Several boundary schemes 

have been tried, most of which either 

were poor approximations, or became 

unstable when the sink and production 

terms were added. The scheme finally 

selected takes the average of the 

three slopes shown in Figure 5. Thus 

a value outside the grid, say A.^, , 

for example, is defined as 

j+1 k [2 (A" A'? 
j k-1 j k+l 

^ A'! T , ) J -1 k-̂  

1 k-2 j'l k+2 
A" 
j-3 kJ/3 

Figure 6 shows the sequence of events 

as the circular A distribution of the 

first case study is advected through 

the boundary. Again, distortion and 

damping take place, but the general 

features of A remain clearly 

distinguishable. 
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FIGURE 5. The Scheme Used to Approximate the Value of 
a Point Outside the Numerical Grid. 

Neg 710923-11 
FIGURE 6. The Advection of a Circular A Distribution 
Through the Boundaries. Figure 6-a is at 20 iterations, 
6-b at 30 Iterations, and 6-c at 40 iterations. Solid 
isolines are calculated values of A. The dashed curves 
represent the correctly advected A field and have values 
equal to the nearest solid curve. The arrow marks the 
present direction of movement. 
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Now by ignoring the advection terms 

in (1), there results an equation 

describing the growth* of A 

8A 
3t 

:^ A (x,z,t) + k^. (4) 

If the spatial dependence of A is 

neglected, then the function A(t) 

can be approximated with a one-

dimensional Taylor's series expansion 

^Ti = "̂ k ^ ^̂ 2 - 1̂ A? k̂  '^ 

(k^2 A^ ĵ  - k̂  k^) 

with truncation error E of 

E 
dt 

(k^2 k̂  

^o^' 
TT 

k^^ A)At-^ 

At 
2 

(6) 

< T < t 

A(t) = A(t ) + ^ ^ o-̂  dt (t - t^) 

d ^ 

dt2 

(t - t )• ^ o-̂  
2! (5) 

Utilizing (4) and rewriting in finite-

difference notation, (5) can be 

expressed as** 

Needless to say, in the absence of 

advection, (6) is an extremely accu­

rate expression when k. At (i = 1,2) 

is small. 

To provide a complete approxima­

tion of (1), the growth expression 

(6) has been inserted into the two 

step advection approximation (3). 

There result equations of the form 

A'?^!/^ ^ ̂ n-1/2 . ^_k n A'} , J 
j k j k 2 '-j+lk j-lk-^ 

ĵ k ,,n 
2 '•̂ j k+l A"̂  V J J k-1'' 

(k, - k, A^'y^) At + (k,^ A""?-
2 I j k - ' ^1 j k 

/2 k k ) ^ ^ ^1 ^2'' 2 

A'!̂ l = A"} 
5. k 

J k J k 2 "• 3 + 1 k j-l k-' 2 3 k+l j k-1-̂  

+ (k2 - k̂  Aj ĵ) At + (k^2 Aj ĵ  - k̂  k^) ^ - (7) 

*The quantity, A, Grows when 
k„/k^ > A and dies when k„/k^ < A. 

**In this and following expressions, 
ki and feg (^^^ defined at each point 
j , k, n. 
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In order to provide an accuracy 

test for (7), it was decided to calcu­

late what change in A would have 

occurred in the first trial case had 

the k. terms been nonzero. Intui-
1 

tively the answer is simple; i.e., 

A is advected and A also grows or 

dies. The change of A as a function 

of time results from the solution 

of (4) 

Ĵl L 

-k t 
(k^ A^ - k2)e + k. 

(8) 

where A = A(t) only. 

There is only one minor complica­

tion. The equations advecting A tend 

also to damp and distort A. Thus, 

for accuracy comparisons, the growth 

correction (8) should be applied to 

the final damped, distorted, advected 

A field. The errors in (7) can then 

be estimated by integrating (7) for 

some time interval, and then compar­

ing these results with the "growth 

corrected" values from trial case 

one. Table 1 shows the results of 

this comparison for row j = 35 of the 

50 X 50 grid. The number of itera 

tions is again equal to 40, and k, 

and k_ have both been set equal to 
- 3 

10 . The maximum error of (7) is 

quite acceptable. 

TABLE 1. The Numerical Integration of Equation (1): 
A Comparison Between the True Solution and Computed 
Values 

(1) 

31 

33 

35 

37 

39 

41 

43 

45 

47 

49 

(2) (3) (4) 

True 
Advection Value (Col. 2 

Advection and Corrected 
k-grid Only Growth with 
Number (Equation 3) (Equation 7) Equation 8) 

0.01273 

0.16238 

0.40010 

0.65179 

0.81252 

0.77661 

0.55977 

0.29874 

0.11644 

0.03333 

0.68293 

0.73168 

0.80422 

0.88469 

0.94328 

0.94319 

0.88109 

0.79641 

0.73279 

0.70239 

0.69358 

0.74003 

0.81381 

0.89193 

0.94181 

0.93067 

0.86337 

0.78235 

0.72577 

0.70000 

(5) 

Error 
(Col. 3-
Col. 4) 

-0.011 

-0.008 

-0.001 

-0.007 

+0.001 

+0.013 

+0.018 

+0.014 

+0.007 

+0.002 
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The results of the trial case 

studies have shown that Equation (1) 

can be successfully approximated by 

expression (7). The major portion 

of the observed errors can be attrib­

uted to the fact that a centered-

difference scheme has difficulty 

approximating derivatives in a region 

where the gradient of A is changing 

rapidly. There is little doubt that 
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AN INQUIRY INTO THE CAUSES OF THE VARIATIONS IN THE BOMB 

DEBRIS SCAVENGING RATIOS 

W. G. N. SI inn 

A preliminary survey is made of the variability of each 
of the terms in the expression for the preaipitation scaveng­
ing aoncentration ratios: K/X = E/W, where K is the concentra­
tion of the pollutant in the precipitation at ground level; 
X is its concentration in the region of the atmosphere where 
the debris enters the precipitation; e is the fraction of the 
radioactivity which enters the aloud water, and oj is the con­
densed water content of the cloud. It is seen that the vari­
ability of X and w could account for some of the observed 
variations in the scavenging ratios but it appears that the 
major causes are the variations in e and K. In particular, 
it is suggested that variations in K arise from different 
average cloud droplet radii. 

(1 2) 

Engelmann^ ' ' has recently empha­
sized the utility of precipitation 

scavenging concentration ratios (or 

rainout ratios) for predicting in-

cloud scavenging of bomb debris. 

These ratios, for a specific pol­

lutant, are just the ratio of its 

concentration, K, in the precipi­

tation at ground level, to its 

air concentration, x, in the region 

of the atmosphere where the pollutant 

enters the precipitation. The utility 

of these K/X ratios can be deduced 

from Figure 1 where some recent com-
(2 3) 

pilations^ ' ' for fission-product 

debris are displayed. Their rela­

tively small variation, in the range 

0.2 2.0 
'dpm/g H2O 

dpm/m' 
(1) 

m air 

is the essence of their utility. 

As small as the variation is, 

nevertheless there is a variation of 

about an order of magnitude. The 

purpose of this short report is to 

inquire into the causes of some of 

the systematic variations and to 

attempt to identify some of the vari­

ables whose determination might assist 

us in better understanding the scav­

enging of bomb debris. We hasten to 

add that this is an exploratory study 

and makes no pretense of being exhaus­

tive or complete. 

Following Junge we propose to 

interpret the scavenging ratios 

within the simple formalism outlined 

in Figure 2. A certain fraction E 

of the pollutant enters the cloud 

water. Thereby its concentration in 
3 

the cloud water is E x (dpm/m ) or, 
upon introducing the symbol w for the 

3 
condensed water in the cloud per m , 

the concentration can also be written 

as 

EX dpm/m' 
3 

j/m' 



52 BNWL-1 
P a r t 1 

2.0 

Q-1.5 

^\x 
LO 

0.5 

SEATTLE 

"̂ -ANCHORAGE 

FAIRBANKS 

NORWAY* 

INDIANAPOLIS 

SPRINGflELDJLL 

MIAMI 

ENGLAND-

I*NEW DEBRIS 

r* 
I OLD 

DEBRIS 

GERMANY -
RAIN 

0.1-

LO-

1 0 . 0 — « 

mm 
DAY 

SNOW 
(WATER 
EQUIV.) 

• - 0 . 1 5 

• * 1 . 0 

•-10.0 
mm 
DAY 

. BELGIUM-

(DATA NORMALIZED 
TO THE VALUE OF 
0.2 FOR RAIN) 

• MIST 
• DRIZZLf 

• SHOWER 
• SLEET 

« THUNDERSTORM 

RAIN 

GROSS BETA 

• 1956-59 AVERAGE'^ ' 

137, Cs 
• 1962-63 MEAN |(5) 

.0-11/ 
61(6) 

17-58 
16/59*7) 

GROSS BETA 
(8) 

OTHERS 1962-64 AVERAGE*^' '**1954-61 MEANS'5) * * y i 

60(6)1 

X = X „ 

GROSS BETA 

1959-60 AVERAGE' 
(9) 

M.2 
km 

X = X „ 

Neg 7 1 0 2 4 7 - 5 

FIGURE 1 . The R a t i o o f t h e C o n c e n t r a t i o n o f F i s s i o n P r o d u c t 
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FIGURE 2. A Schematic Representation of the Aspects of the 
Derivation of the Relation K/X = e/w. 
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Finally, if the contaminated water 

IS neither concentrated by evaporation 

nor diluted by condensation (or by 

coalescence with purer cloud drops) 

then the concentration, K, of the 

pollutant m the precipitation reach­

ing the groud will be EX/W or 

w (2) 

For £ = O'(l) and w = (y(l} g/m , then 

K/X = O'(l) . 

Using this formalism we need not 

digress from our interpretation of 

the scavenging ratios, to describe 

the various physical mechanisms which 

could be responsible for the incorpora­

tion of the pollutant into the preci­

pitation. Some of these processes are 

discussed m other contributions to 

this volume. However, it is likely 

that the dominant mechanism of bomb 

debris scavenging is cloud droplet 

nucleation and we shall proceed as 

if this were known with certainty. 

In the event that this were incor­

rect, most of our comments would need 

to be only slightly modified. 

Immediately we can see that with 
plausible values for E and w, (2) has 

the capability to explain the range 

of values of the bomb-debris ratios 

given m Figure 1. However, rather 

than choosing these values at random, 

we shall now proceed to explore each 

of the terms m (2) (m the order: 

X, £, w and then K) to determine what 

values are reasonable. 

x: One of the variables we need is 

x(z), the air concentration of the 

pollutant as a function of height. 

In the analysis, x is the concentra­

tion at the height at which the pol­

lutant enters the precipitation, 

whereas m Figure 1 it is to be no­

ticed that all but one of the data 

points correspond to x , "the concen­

tration at ground elevation. Since 

most bomb debris enters the tropo­

sphere from the stratosphere, its 

concentration increases with height. 

It appears^ ' ' that at least 

within the lowest 5 (or so) km of 

the troposphere, x may be represented 

by 

z/z* (3) 

with 

1 z* ,̂ 4 km. 

Admittedly this is a wide range for 

the e-fold distance, but it can be 

appreciated that the variation reflects 

the potentially large variations of the 

trajectories of different air masses. 

It is seen that the difference 
95 within the two pairs of data for Zr 

137 

and Cs m Figure 1 could be attrib­

uted to the variation m x values, 

using the value 4/3 km for the e-fold 

distance m (3). It is not suggested 

that this does m fact explain the 

difference, but at least the change 

IS m the correct direction. In a 

similar manner, all the ratios given 

m Figure 1 and based on x should 

be reduced according to 

^ K_ • z / z ^ (4) 

However, the question that comes to 

mind immediately is: what z values 
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are appropriate? That is, what are 

the average heights at which precip­

itation forms, for the various geo­

graphical locations shown in Figure 1? 

It is tempting to generalize from 

the observations that for cumulus 

clouds, maritime are more unstable 

than continental and, on the average, 

will produce rain (with a specified 

probability) with cloud base at about 

1 km whereas the continental cumuli 

bases must reach to about twice this 

height.^ ' If the majority of the 

precipitation at Springfield and 

Indianapolis, and at Miami were pro­

duced by cumulus clouds (which we 

are not necessarily suggesting) and 

other things being equal (which is 

not necessarily so) then for an 

assumed maritime atmosphere at Miami 

and using z* = 2 km, we obtain (see 

Figure 1) 

•1/2 K 

Miami 

•2/2 

0.2 

Continental 
(5) 

However intriguing this result may 

be, we are not now in a position to 

justify such generalizations. The 

only point we wish to make is that 

determining average x(z) and cloud 

heights would assist us in under­

standing the scavenging ratios. For 

now, it appears that all the K/X 

ratios in Figure 1 should be reduced 
-1/2 by a factor of about e ' - 0.6. 

e: In an attempt to understand 

the variability in the fraction, E, 

of the total radioactivity that is 

incorporated into the cloud water. 

it is necessary to consider the pro­

perties of the aerosol particles which 

host the radioactivity. This is a 

huge task. Some of the properties of 

interest are: the distribution of 

the radioactivity according to size of 

the aerosol particles; their chemical 

composition or at least their solu­

bility and/or wettability; their 

change (aging) within the atmosphere, 

and the competition that exists be­

tween the radioactive versus the 

other particles, to become the 

favored nucleus for water condensa­

tion. Perforce our comments will be 

brief. 

Immediately, a distinction should 

be made between new versus old debris. 

An example of the corresponding dis­

tinction in the scavenging ratios is 

shown in Figure 1, where it is seen 

(other things being equal!) that e 

for old debris is about half that for 

new debris. Makhon'ko (14) describes 

cases where the difference is larger 

than a factor of ten. One of the 

questions that we should attempt to 

answer concerns the reason for this 

difference. 

First let us look at some of the 

characteristics of fresh debris. 

Among the many interesting properties 

of fresh debris studied by Sisefsky 

and Persson^ ' we mention only their 

observation that the radioactivity of 

individual aerosol particles varies 

as the mass of the particles. Nathams 

et al.^ ' have reported that the size 

distribution of the particles is typi­

cally log normal with geometric mean 

radius of about 0.1 y and geometric 

standard deviation of about 2.0. 

From these two results^ ' ^ we can 
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conclude that the bulk of fresh debris 

IS on particles which, if soluble or 

even "sufficiently" wettable, would 

be good cloud droplet nuclei (CDN). 

Therefore we expect that the large 

scavenging ratios for fresh debris 

correspond to the physical phenomenon 

that almost all such radioactivity 

resides on good CDN and the resultant 

E values will be near unity. 

Continuing with this line of rea­

soning, one would conclude that the 

older the debris becomes (old versus 

new being qualitative terms only) 

the lower would become the scavenging 

ratios, since continuously the best 

CDN would be removed, until eventually, 

E would become vanishmgly small. 

Since, m fact, the scavenging ratios 

tend to a relatively invariant value. 

It would appear that eventually a 

relatively steady-state situation 

prevails, wherein the debris resid­

ing on small particles (0.01 - 0.1 p) 

enters the troposphere from its 

reservoir m the stratosphere, coagu­

lates with aerosol particles, and 

eventually is scavenged via nuclea­

tion. This picture is similar m 

outline but slightly different m 

detail from that discussed by 

Makhon'ko.^ ^ 

One of the important aspects of 

this proposed chain of events is to 

determine to what size aerosol parti­

cles the debris becomes attached. 
f 181 Brock^ -^ has recently considered 

this question theoretically and has 

emphasized that at least for gaseous 

trace substances, the attachment 

spectra have different maxima, for 

different atmospheric aerosols: a 

broad maximum near 1 p for mari­

time aerosols, and maxima at radii 

less than 0.1 v for urban and upper 

tropospheric aerosols. Similar 

results would be expected for small 

aerosol particles whose attachment 

IS governed by Brownian diffusion. 
c ^ , , (19,20,21) „ Experimental evidence ' ' -̂  of 

such differences is displayed m 

Figure 3. From these results we can 

expect that the scavenging ratios 

will be higher for a maritime than 

for a continental atmosphere, since 

the old debris will be attached to 

larger particles, which, m general, 

are better CDN. 

There is another process that 

could enhance the differences m the 

scavenging ratios at different geo­

graphical locations, even more, 

namely: the competition among aerosol 

particles to become the favored nucleus 

upon which condensation occurs. Since 

even old debris would be expected to 

be distributed on individual aerosol 

particles m proportion to their mass, 

we can use Junge's^ ^ estimate 

(p. 291) that the ratio of E'S for: 

maritime and troposphere aerosols 

with a total particle concentration 

of less than 200 to 300/cm , to con­

tinental aerosols of low concentra­

tion, to continental aerosols of high 

concentration, will be m the ratio 

of 1.0.8:0.5. 

Taking into account both these 

effects It is interesting that from 

Figure 1, the ratio of the scavenging 

ratios for: Seattle and Anchorage, 

to Fairbanks and Norway, to Indianapoli 

and Springfield, are m the ratio of 

(approximately) 1:0.7:0.4. However, 

suggestive this might be, it is not to 

be taken too seriously until more data 
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FIGURE 3. The Distribution of Artificial Radioactivity on 
Aerosol Particles as Obtained on Different Cascade Impactors 
by: Gasiev et al.,(19) at 5-6 km in December, 1964, Near 
Moscow (solid curve); Rosinski and Stockham,(2 0) in Ground 
Level Air in Chicago, 1960 (dashed curve) and Kalkstein 
et al.(21) for Ground Level, Unpolluted Air (dotted curve). 

(especially meteorological data) are 

analyzed. One of the reasons for our 

hesitancy is that the Miami data do not 

appear to fit this scheme; another rea­

son is obtained from Figure 4 [from 
(9) Makhon'ko^ •'] where it is seen that 

the geographical variation of the 

scavenging ratios is much more com-

licated than one would conclude from 

Figure 1. The main conclusion to be 

Neg 710247-7 

FIGURE 4. An Indication of the Com­
plex Geographical Distribution of 
K/X Values (from Makhon'ko(9)). 
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made m this section is that deter 

mining E IS integrally tied to a 

thorough study of both aerosol physics 

and chemistry, and synoptic meteoro­

logical data. 

w: Another variable that could 

cause variations m the scavenging 

ratios, K/X, IS the average condensed 

water content of the clouds, w. By 

average is meant the average for all 

cloud types that produce precipitation 

at each geographical location of in­

terest. One of the uncertainties m 

the available data is the value for 

the average solid water (ice) content. 

Otherwise, considerable data are 
(13 22) available ' on the liquid water 

content, including its dependence on 

cloud temperature. From Figure 5 

It IS seen that typically the average 

w for different cloud types falls 

within the relatively narrow range 
3 

of 0.1 to 0.6 g/m (larger w's have 

been measured but, again, those shown 

are average values). It is interest­

ing that for the range of measured w 

and K/X values, the appropriate E 

values can vary between about 0.01 

and 1.0. 

u 

S 01 

< 

0 01 
0 01 

AVERAGE LIQUID WATER CONTENT, w ( g / m -

Neg 710247-4 

FIGURE 5. An Indication of the Variability of the Average 
Liquid Water Content for Different Clouds and the Resultant 
Concentration Ratios for Different E Values. 
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K: The final term in the expres­

sion K/X = e/w to be discussed, is 

the possible variation in K because 

of dilution or concentration of the 

contaminant, between the time of its 

incorporation into the cloud drops 

until its arrival at the ground. It 

is expected that such processes are 

responsible for the variations in 

the K/X ratios, seen on the right 

hand side of Figure 1. Further evi­

dence of the variation can be seen 
('23242S') 

in Figure 6. *• ' ' -̂  There it is 

seen that the natural a-radioactivity 

of individual cloud drops falls as 

r' , suggesting that the radon 

daughters were attached to the CDN 

and that the cloud drops grew by 

coalescence. For raindrops, it is 

seen that the natural a-radioactivity 
- 2 

per g H^O, falls as R whereas for 
-1 

bomb-debris g-activity falls as R 

In this last case, R is the mean 

radius of the raindrops during a given 

rainfall. 

< 
ct: o 

< o 
o 
< 

3 
UJ 
Or: 

10 100 1000 

CLOUD DROP RADIUS, r(u) 

0.1 0.2 0.4 0.6 0.81.0 2.0 

RAINDROP RADIUS, R(mm) 

Neg 7 1 0 2 4 7 - 1 

FIGURE 6. The Dependence of K on Cloud Droplet and Raindrop 
Size (from Avramenko and Makhon'ko(26)). 
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There is considerable uncertainty 

as to the cause of these different 

dependencies on the size of the water 

drops. Styro and Vebrene^ ^ suggested 
- 2 

that the R variation for their data 

arose from evaporation, but Avramyenko 

and Makhon'ko's^ ^ data (R ) were 

obtained under conditions for which 

evaporation would be negligible and 

they suggested^ -^ that it could be 

explained if the concentration of 

bomb debris within the cloud drops 

varied with the cloud drop radius 

according to r . It should be men­

tioned that if this IS correct, then 

It suggests that bomb debris is picked 

up not by nucleation or by Brownian 

diffusion, but by mertial capture. 

This is not a very palatable concept, 

since the collection efficiency is so 

small for •? 1 y aerosol particles 

impacting on cloud droplets. 

An alternative explanation for 

this phenomenon that the smaller the 

mean raindrop size, or the smaller 

the precipitation rate, the greater 

the concentration, K, of the pollutant, 

IS the following. Suggestions toward 

this explanation are also given by 
f 271 

Mrose^ ^ and by Petrenchuk and 
f 2 81 

Drozdova. ̂  -̂  Consider first the 

growth of a single raindrop. If we 

assume that the bomb debris radio­

activity enters each cloud droplet 

only via nucleation, then as water 

condenses on a specific aerosol par­

ticle of activity A , say, the con­

centration withm the cloud droplet 

will be 

that IS, It falls as r . Now if the 

cloud droplet grows to raindrop size 

by coalescence with other cloud drop­

lets which on the average have the 

same concentration K „ „ , then the 

activity of the raindrop will be 

Total Activity 
'RD Total Mass S(4/3)Tpr-

(7) 

which, upon taking an average over N 

cloud droplets, becomes 

N A_ 

"^RD " 
N (4/3)TTpr' 'CD 

(8) 

_ ^ P dpm 

'^° (4/3)TTpr^ g H^O 
(6) 

that IS, we obtain the obvious result 

that through coalescence of cloud 

droplets with the same activity, K 

will remain constant. (Which, by the 

way, IS the essence of the reason why 

Avramyenko and Makhon'ko conclude 

that the cloud droplets must have 

Kp„ "^ T m order to explain 

^RD " R''-^ 

The above considerations do not 

produce the desired result that small 

raindrops have relatively greater 

radioactivity, but immediately we 

ask what conditions dictate the size 

of the raindrops'' That is, what con­

ditions are fulfilled to cause precipi­

tation to fall as a drizzle rather than 

a torrenf If it were dictated by the 

number of cloud droplets which coalesce 

with one another, then (by the above 

reasoning) all precipitation rates 

should produce precipitation with the 

same K. Thus we are forced to reject 

the hypothesis that it is dictated by 

the thickness of the cloud. However, 
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if the intensity of rain is dictated 

by the size of the cloud droplets, 

then the observed K values can be 

explained. Physically this is a rea­

sonable condition, since the smaller 

the cloud droplets, the lower the 

collection efficiency and therefore 

the slower the growth rate to rain­

drop size. 

To see that this criterion can 

lead to the correct K„„ ratios, we 

see from (8) that 

^RlT^^ 
(9) 

where r. is the average radius of the 
1 ^ 

cloud droplets, which lead to rain­

drops of radius R.. For example, a 

ratio of K values as large as 8 (see 

Figure 6 for a 0.3 mm and a 2.0 mm 

raindrop) arises, according to (9), 

i.e. , 

that it would be useful to see if the 

variation of K during an individual 

(29 30) 

convective storm^ ' -̂  can be ex­

plained on the basis of variable 

cloud droplet size: smaller droplets 

at the beginning and ending of the 

storm; larger cloud drops during the 

middle of the storm. Also, it may 

be that the Miami data in Figure 1 

are low, simply because on the aver­

age, the cloud droplets are slightly 

larger than those at the continental 

sites. 

In summary, this has been a pre­

liminary survey. We have inquired 

after the causes of the observed 

variations of the precipitation 

scavenging concentration ratios, and 

have seen that they could arise from 

any one of the terms of the equation 

£ 
w" 

'̂ RD '•̂ •̂  '"'"-' 
Kĵ P (2.0 mm) 

'2.0 mm 

0.3 mm, 
(10) 

The variability of E and K appears 

to be especially important. 

from a difference in cloud drop sizes 

of only 2, i.e. 

r = 2 r 
2.0 mm 0.3 mm• (11) 

This seems to be a highly reasonable 

result. (Incidently, if it is cor­

rect, then it represents a very sensi­

tive and yet simple method for 

measuring average cloud drop radii.) 

Other factors that could influence 

K include coalescence with cloud drop­

lets that have condensed at different 

elevations and therefore at different 

X(z), and also, evaporation below the 

cloud base. It should be mentioned 
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WASHOUT OF SOLUBLE DYE PARTICLES 

M. T. Dana 

Washout experiments were conducted using soluble rhodamine 
B particles with aerodynamic equivalent diameters ranging from 
1.2 to 11.2 microns. The resulting washout coefficients for 
the particles larger than 1.8 microns agreed well with theore­
tical estimates for impaative s aavenging. The smaller particle 
experiments resulted in anomalously high washout coefficients, 
not immediately explainable in terms of operating conditions 
or scavenging mechanisms. 

The series of washout field experi­

ments at Quillayute Air Base was con­

tinued during the 1969-1970 winter 

field season. The tracer utilized was 

the soluble dye rhodamine B, which is 

fluorescent m water solution. The 

experimental procedure and details of 

instrumentation have been reported 
(1-3) previously. 

Experimental details of the success­

ful experiments are listed m Table 1. 

The particle mass median diameter has 

been converted to aerodynamic equiva­

lent diameter for unit density spheres, 

This diameter is given (4) by 

d' (pk) 
1/2 

(1) 

For the purpose of tabulating 

washout coefficients and other results, 

the experiments are divided into four 

particle size groups, with results 

shown m Tables 2a-2d. The experi­

mental "apparent" washout coefficients 

(which include dry deposition, if 

any) for arcs A (25 m) and B (50 m) 

are indicated as A. and Â , . 

Comparison of these results to 

theory of impactive scavenging has 

been done m the following way. In 

a consideration of washout by iner-

tial effects (the "sweeping out" of 

particles by falling raindrops), the 

washout coefficient may be expressed 

as 

where d is the aerodynamic equivalent 

diameter (cm), p is the particle den-
3 

sity (1.38 g/cm for rhodamine B ) , k 

IS the Cunningham slip correction: 

1 + 
0.16 X 10 

d' IS the actual rhodamine particle 

diameter (cm) as determined from the 

aerosol generator calibration curve. (2) 

A = ^ F ^ D 2 L , (2) 

where F is the flux of raindrops 
-2 °-l 

(mm hr ) , D^ is the mean areal 

raindrop diameter (mm), and E is a 

gross collection efficiency for the 

particle spectrum by a given raindrop 
TT 2 

spectrum. The quantity a = j F D^ 

IS a characterization of the raindrop 

spectrum for a given experiment, and 
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may be determined from raindrop size 

spectra alone. Thus, knowledge of a 

and the experimental washout coeffi­

cient A allows calculation of 
e 

(3) 

Similarly, if the theoretical wash­

out coefficient A„ is computed using 

published collection efficiencies such 

as those of Mason, a gross theore­

tical collection efficiency E„ can be 

computed: 

E = -I. 
T a (4) 

These quantities are listed in Ta­

bles 2. Since a is generally pro­

portional to the rainfall rate J, 

the raindrop spectrum is character­

ized by a/J. The E values have been 

computed using the lower of the two 

arc washout coefficients. This was 

done since, in the experiments from 

which dry deposition data were avail­

able, little or no dry deposition was 

indicated at the first arc. 

Date 

12-10-69 

12-11-69 

2-5-70 

3-11-70 

3-12-70 

3-13-70 

3-15-70 

TABLE 1. 

Experiment 

UIL-23 

24 

25 

UIL-26 

27 

UIL-31 

32 

33 

UIL-34 

UIL-35 

36 

37 

38 

UIL-39 

40 

41 

42 

UIL-43 

44 

Exp 

Particle 
Diameter, 

d(li) 

1.0 

1.8 

11.2 

1.2 

1.2 

1.8 

1.8 

4.8 

1.8 

1.8 

4.8 

4.8 

11.2 

1.8 

4.8 

4.8 

11.2 

1.2 

1.2 

erimental Detai 

Mass of Tracer 
Released-Q, 

0.04 

0.22 

39.8 

0.13 

0.09 

0.18 

0.17 

0.65 

0.07 

0.11 

1.31 

1.35 

10.3 

0.11 

1.24 

1. 23 

11.4 

0.07 

0.05 

Is 

Wind Speed 

cm sec 

376 

618 

670 

882 

1152 

420 

354 

422 

370 

800 

820 

900 

900 

305 

290 

325 

475 

580 

575 

Rainfall 
Intensity 

^' 1 mm hr 

0.6 

1.4 

0.7 

2.7 

4.4 

1.4 

1 .3 

1.4 

3.6 

0.6 

4.4 

1.3 

12 ± 5 

2.3 

3.1 

2.2 

3.9 

6.1 

7.7 
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TABLE 2a. Washout Results for d = 11.2 y 

sec'^ X 10^ „/j^ 
A. A„ -1 E E„'~̂ '' 

Experiment A B mm e T 

UIL-25 2.3 5.6 2.2*̂ ^̂  0.54 0.60 

38 20.9 16.8 1.4 0.36 + 0.3*̂ '̂-' 0.71 

42 6.9 10.9 1.8 0.35 0.71 

a. Using collection efficiencies of Mason, ̂  -̂  for 
d = 12 y 

b. No experimental rain spectra - a typical Quillayute 
spectrum was used 

c. Variation due to uncertainty in J 

TABLE 2b. Washout Results for d = 4.8 y 

sec"^ X lo'̂  ct/J, 
c • «. A. A„ - I E E.̂'-̂-' Experiment A B mm e T 

UIL-33 1.3 6.2 1.7 0.20 0.28 

36 6.4 12 1.5 0.35 0.33 

37 2.2 8.7 1.5 0.41 0.31 

40 4.0 4.7 1.7 0.27 0.35 

41 3.2 3.3 1.7 0.31 0.35 

a. Using collection efficiencies of Mason, ̂  -^ 
d = 6 y 



66 BNWL-1551 
Part 1 

TABLE 2c. 

Experiment 

UIL-24 

31 

32 

39 

Washout 

sec" X 

1.6 

1.1 

1.3 

3.3 

Results for 

10^ 

5.5 

3.2 

2.7 

2.7 

a/J 
-1 mm 

1.9(b) 

1.7 

1.7 

1.5 

d = 1. 

Ee 

0.22 

0.17 

0.21 

0.28 

8 u 

p (a) 

0.05 

0.06 

0.06 

0.10 

a. Using collection efficiencies of Mason, -̂  for 
d = 2 y (extrapolated from Mason's calculations) 

b. See Note (b), Table 2a 

TABLE 2d. Washout Results for d = 1.2 y 

Experiment 

UIL-23 

26 

27 

43 

44 

-1 sec 

'1A 
1 .9 

7 . 3 
Cc) 

15.2 

21.2 

X 10'̂  

^B 

1.4 

10.4 

12.6 

18.7 

14.0 

a/J, 

mm 
(a) 

2.2 

1.4 

1„5 

(b) 

(b) 

(b) 

0.38 

0.70 

0.69 

1.8-2.1 0.43-0.50 

1.6 0.41 

0 

0, 

0. 

0, 

0. 

.02 

.03 

,03 

02 

03 

a. Estimated by extrapolation of Mason's 
to smaller size 

b. See Note (b). Table 2a 
c. No data available 

(5) values 

The anomalously high experimental 

gross collection efficiencies- - as 

compared to those expected from the 

inertial scavenging theory--for par­

ticles smaller than five microns 

cannot be immediately accounted for 

in terms of aerosol generation con­

ditions or scavenging mechanisms. 

Scavenging of the aerosol generator 

output prior to complete evaporation 

of the solution droplets (whose diam­

eters were about 40 microns) may have 

led to enhanced A values. But this e 
effect would lead to uniformly higher 

values of A. over A„, which was not 

the case. Another possibility is 

growth of the particles, once they 

are formed, by condensation in the 

high humidity atmosphere. Work is in 

progress to determine the potential 

effects of these situations. Notably, 

a new aerosol generator is being 
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developed which will produce smaller 

initial methanol solution droplets.* 

In addition, particle size measure­

ments will be made during the 

experiments. 

A potential scavenging mechanism 

for small particles, which is not 

accounted for m the mertial theory, 

IS an electrostatic cliarge effect. 

The extent of the influence of elec­

tric charges on the washout of small 

particles is not known, but raindrop 

charge measurements at Quillayute 

indicate that the continuous ram 

which occurs during the experiments is 

nearly always positively charged. 

Also, conditions existed at Quillayute 

which probably resulted m the forma­

tion of a negative space charge near 

the ground. This space charge 

may have influenced the aerosol 

charge such that aerosol and raindrops 

were of opposite polarity. 

REFERENCES 

1. M. T. Dana and M. A. Wolf. "Ex­
perimental Studies in Pre eipita-
tion Scavenging," Pacifia North­
west Laboratory Annual Report for 
19 67, Vol. II: Physical Sciences, 
Part S. Atmospheric Sciences, 
BaWL-715-5, pp. 128-140. 
Battelle-N orthwest, Richland, 
Washington, October, 1968. 

2. M. A. Wolf and M. T. Dana. 
"Experimental Studies in Preci­
pitation Scavenging," Pacific 
Northwest Laboratory Annual Report 
for 1968, Vol. II: Physical 
Sciences, Part 1. Atmospheric 
Saienaes, BNWL-1051-1, pp. 18-25. 
Battelle-Northwes t, Richland, 
Washington, November 1969. 

3. M. T. Dana, M. A. Wolf and 
L. A. du Plessis. "Field Experi­
ments in Precipitation Scavenging," 
Pad fi c Northwest Laboratory Annual 
Report for 1969, Vol II: Physical 
Sciences , Part 1. Atmospheric 
Sciences, BNWL-1307-1, pp. 77-81. 
Battelle-N orthwest, Richland, 
Washington, June 1970. 

4_ J. P. Flesoh, C. H. Norris and 
A. E. Nugent, Jr. "Calibrating 
Particulate Air Samplers with 
Monodisperse Aerosols • Applica­
tion to the Anderson Cas cade 
Imp actor, " Amer. Ind. Hyg. Assoc. 
J. , Vol. 28, pp. 507-516, 1967. 

5. B. J. Mason. The Physics of 
Clouds, Oxford University Press, 
London, 1957. pp. 422-424. 

6. M. Terry Dana. "The Electric 
Charges on Raindrops in Continu­
ous and Showery Rainfall," sub­
mitted to J. A tmos . Sci . 

7. M. Terry Dana. "Rain Scavenging 
of Soluble Dye Particles," 
in Precipitation Scavenging (1970), 
R. J. Engelmann and W. G. N. Slinn, 
coords., No. 22 of AEC Symposium 
Series. Available from NTIS as 
CONF-700601. 1970. 

*See "Calibration of an Ultrasonic 
Nozzle for Aerosol Generation," 
this report. 



68 

^̂.. ̂ tjE PROPERTIES OF PARTICLES. AIRBORNE UNDER SIMULATED 

CONDITIONS ACCOMPANYING ACCIDENTS 

IN NUCLEAR INSTALLATIONS 

L. A. du Plessis and L. C. Schwendiman 

The efficiency of removal of airborne radioactive particles 
by scavenging processes and gravitational settling is determined 
by the size, shape, and chemical and physical properties of the 
aerosols. A literature review was made primarily for the bene­
fit of scavenging studies to determine the nature of aerosols 
arising from various nuclear installations during postulated 
accidents. The results of this survey are presented. A con­
clusion is reached that sources and conditions are extremely 
variable and every incident must be treated in more detail to 
obtain a particle size spectrum. Particularly lacking are data 
on the nature of aerosols following escape from the structure 
in which the incident occurred. If scavenging data are to be 
used most effectively, much more must be known about the nature 
of aerosols from accidental releases. 

Aerosols released into the atmo­

sphere by accidents in nuclear instal 

lations may be hazardous when they 

reach the ground. In order to assess 

the hazard, it is necessary to know 

what radioactive isotopes are carried 

by the aerosols, how soon they reach 

the ground, and how widely they are 

dispersed. The distribution of at­

mospheric aerosols in space and time 

is controlled by meteorological pro­

cesses. The effect of such processes 

on the aerosols depends on particle 

properties such as size and chemical 

compos ition. 

This report is a survey of some 

of the literature on aerosols that 

may be released in nuclear accidents. 

Relevant literature was found by 

searching the subject indexes of 

Nuclear Safety and Nuclear Science 

Abstracts. Although not exhaustive, 

this literature review and the assem­

bled data relating to the nature of 

aerosols generated in serious nuclear 

incidents will be of interest and 

value in washout and deposition 

investigations. 

The course of a nuclear accident 

may be divided into five stages: 

Stage 1: Radioactive materials, 

some possibly in the form of aero­

sols, are released from the com­

ponents in which they are normally 

contained, e.g., fuel elements or 

coolant loops. At the time of an 

accident, such components are usu­

ally at a high temperature. 

Stage 2: The radioactive materials 

move from the hot zone where they 

are released through piping or other 

conduits to the containment vessel, 

which is at ambient temperature. In 

this stage, aerosols may be formed by 

condensation of vapors. 

Stage 3: Aerosols released into or 

formed in the containment vessel 

undergo changes such as chemical 
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reaction, growth, agglomeration, 

settling to the floor, and plating 

on the walls. 

Stage 4: Aerosols m the contain­

ment vessel escape to the outer at­

mosphere, either through the normal 

ventilation system (whose operation 

may be accidentally impaired) or 

through accidental ruptures. 

Stage 5: The aerosols undergo fur­

ther changes m the atmosphere. 

The report literature contains ex­

perimental data on stages 1, 2, and 

3, and has been searched for informa­

tion on the following aerosol proper­

ties : 

Chemical composition 

Radioactive elements present 

Particle-s1ze distribution 

Particle shape. 

In the search for data on aerosol 

properties, attention has been concen 

trated on fairly close simulations of 

accidental releases, e.g., melting of 

clad fuel elements or burning of 

plutonium-contaming waste. Less at­

tention has been given to experiments 

m which the nature of the aerosol was 

assumed beforehand, and m which the 

aerosol was then produced by some 

process that would not take place m 

a real accident, such as an electric 

arc or exploding wire. 

The aerosol properties of interest 

depend on the following factors: type 

of installation, nature of accident, 

fuel material, cladding material, 

percent burnup of fuel, and atmosphere 

m reactor. 

In this report, aerosols are clas­

sified according to the type of in­

stallation m which they originate, 

and subclassifled according to nature 

of accident. 

WATER-COOLED REACTORS 

Information on aerosols has been 

obtained for accidents m water-cooled 

reactors. The worst accident foreseen 

IS loss of coolant, followed by melt­

ing of the fuel elements (6, p. XVII). 

The other kind of accident is over­

heating of the fuel by a reactivity 

transient. 

The fission products from such ac­

cidents (other than noble gases) fall 

into two classes, volatile and non­

volatile. The volatile elements are 

iodine, tellurium, and cesium, while 

the non-volatile elements are barium, 

strontium, zirconium, and cerium. Ura­

nium, the fuel, also is non-volatile. 

Ruthenium is sometimes volatile, and 

sometimes non-volatile. Of the non­

volatile elements released by the fuel, 

only very small fractions escape from 

the hot zone and reach the contain­

ment vessel. A larger fraction of 

the volatile elements reaches the 

containment vessel, where they are 

largely adsorbed on aerosols, rather 

than being present m gaseous form. 

Loss of Coolant 

Loss-of- coolant accidents have been 

simulated at Oak Ridge by both in-pile 

and out-of-pile heating of fuel ele­

ments containing UO^ or uranium-

alummum alloy. 

These experiments yielded aerosols 
o 

with p a r t i c l e s izes ranging from 16A 
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to 4 ym, which are listed in Table 1. 

It is interesting that all particle 

sizes from molecular sizes up to sev­

eral micrometers have been found. 

Not much work has been done on the 

chemical composition of the aerosols. 

It is surmised that the aerosol from 

stainless-steel-clad UO2 melted in air 

consists of separate UO2 and stainless 

steel particles (3, pp. 48,49). Pre-

The effect of atmosphere on fission-

product release in aerosols from molten 

UO2 was studied in experiments with 

dry helium, moist helium, dry air, and 

moist air (5, pp. 32,37). "Of the 

eight elements measured (I, Te, Cs, 

Ru, Sr, Ba, Zr, Ce), only I and Ru 

showed significant variations in be­

havior with changes in atmosphere." 

Release of I and Ru was greatest in 

moist air. It is stated that oxygen 

sumably the stainless steel is present 

in oxidized forms. 

According to photomicrographs, the 

aerosols generally consist of agglom­

erates of spherical particles or plate 

lets (1, pp. 12-15) (3, pp. 17-20) 

(5, pp. 31-39). 

The radioactive chemical elements 

found in the aerosols are listed in 

Table 2. 

increases the volatility of Ru by con-

n verting it to RuO. (1, p. 11). This 

effect of oxygen on Ru release in 

aerosols also appears in experiments 

with U-Al alloy (2, p. 32). The re­

lease of I, Te, Cs, and Ru from the 

alloy was measured in air, helium, 

and steam-air mixture. Release of Cs 

was less in air and steam-air mixture, 

probably because the oxide is less 

volatile than the metal. 

TABLE 1, 
Loss-of-

Reference 

(1) 

(2) 

(3) 

(5) 

(6) 

;_ Particle Sizes 
-Coolant Accidents 

Pages 

16 

24 

34,35 

13 

46 

52,53 

32 

36 

30 

Fuel 

UO2 

UO2 

UO2 

U-Al 

UO2 

UO2 

UO2 

UO2 

UO, 

of Aerosols from Simulated 
in Water-Cooled Reactors 

Aerosol Particle Size 

0.02 - 0.14 ym 

0.06 - 1.20 ym 

Two groups around 22A and 

0.04 - 4 ym 

16 - 39A 

0.015 - 0.64 ym 

0.015 - 0.7 ym 

0.01 - 0.35 ym 

MMD 0.15 - 0.34 ym 

30A 
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TABLE 2 . Radioactive Elements Present in 
Aerosols from Simulated Loss-of-Coolant 
Accidents in Water-Cooled Reactors 

Reference Pages Fuel Radioactive Elements in Aerosol 

(1) 24,30,35 UO, ^^Sr, ^^Zr, ^°^Ru, ^^^I, ̂ -̂ T̂e 
127,3^ 140^^^ 144,^^ U 

(2) 20 UO2 I, Te, Cs, Ba 

13,32 U-Al I, Te, Cs, Ru 

(3) 22 U-Al I 

22,45,54 UO, -̂̂ Ĉs , ̂ ^^I , ̂ ^^Te , ̂ ^Sr, ^^°Ba, 
106„ 95„ 144^ ,, Ru, Zr, Ce, U 

(4) 6, 8, 9 UO2 I, Cs, Te, Ru, Pu, Sr 

46-50 UO2 I 

(5) 37 UO2 I, Te, Cs, Ru, Sr, Ba, Zr, Ce 

(6) 12,13,16,17 UO2 Cs, Ru, Te, Ba, I 

(7) 118,119 UO, I 

Release of U, I, Te, Cs, Sr, and tion during the transient, there 

Ba from bare, stainless-steel-clad, should not be much difference between 

and Zircaloy-clad UO, has been aerosols released in transient and 

studied (1, pp. 19-25). The most loss-of-coolant accidents, 

striking effects were produced by the Transient experiments on stainless 

Zircaloy cladding, which decreased the steel-clad UO2 were made with atmo-

release of Te and increased that of Sr. spheres of argon (3, p. 32) and moist 

The percentage release of fission air (4, p. 19). The results with 

products from U-Al alloy appears to argon did not differ markedly from 

be insensitive to burnup, except in those with moist air. Aerosol parti-

the case of I, whose release increases cles (mostly agglomerated) ranged in 

with burnup (3, pp. 5-6). Release size from 0.02 ym to 0.9 ym 

from UO, is also insensitive to burnup, (4, pp. 20,22), and contained UO, 
u -, . 131, 129„ 137„ 106„ 89c, ' 

except that percentage release of Te >-> ie, Cs , Ru, Sr, 
140 95 144 

and Cs increases with burnup (4, p. 6) Ba, Zr, and Ce. 
(5, p. 38), while that of Ru 
decreases (5, p. 38). 

Reactor Transients 

GAS-COOLED REACTORS 

The accident envisaged in a gas-

Except for additional fission pro- cooled reactor is a fire in which the 

ducts resulting from increased radia- ^'^2 ^^^-^ ^^ burned. 



72 BNWL-1551 
Part 1 

This accident has been simulated by 

burning UC2 coated with py.rolytic car­

bon and embedded in a graphite matrix. 

Aerosol particles in the size range 

13-35A were found to carry I, Te, 

137cs, ^hr, and ^^^Ce (3, p. 46). 

Filters used in these experiments col­

lected particles in the size range 

0.01 to 70 ym (3, pp. 52,53). Parti­

cles of diameter 70 ym are large 

enough to descend rapidly by 

gravitation. 

LIQUID-METAL-COOLED FAST BREEDER 

REACTORS 

Loss-of-Coolant 

This accident has been studied by 

vaporizing PuO, and UO, into argon, 
f 8) nitrogen, or air.^ -^ Both oxides 

condensed in all the atmospheres to 
o 

form cubic particles from 40 to 400A 

on an edge. These particles quickly 

agglomerated into chains and clusters 

of equivalent diameter 0.05 to 0.3 ym. 

When sodium was present together with 

PUO2, the aerosol consisted of cubic 

PUO2 particles enclosed in spherical 

particles of some sodium compound. 
Sodium Fires 

In water-cooled reactors, the fis­

sion products are the most hazardous 

materials present. In LMFBR's, on the 

other hand, the plutonium used as fuel 

may well overshadow the fission pro­

ducts as a hazard (8, p. 94). It has 

been stated that "it is very likely 

that the behavior of nuclear aerosols, 

particularly those of sodium and plu­

tonium, will be a controlling factor 

in reactor safety in the event of a 

catastrophic accident involving the 

fast breeder reactor (9, p. 8 ) . " 

Information has been obtained on 

two kinds of simulated accident: 

firstly, loss of coolant, leading to 

melting and vaporization of the fuel; 

secondly, burning of radioactive cool­

ant (molten sodium) accidentally re­

leased from the primary coolant loop. 

Sodium fires of two kinds have been 

studied, burning of a pool of molten 

sodium and burning of a spray. 

A pool of sodium in a pot at 1000°F 

was burned in N,-0, mixtures contain­

ing 41 and 21% 0,. Aerosols of initial 

mean particle radius 0.6 ym (standard 

deviation 1.2 or 1.75 ym) were obtained 

(10, pp. 20,24). Over the course of 

several hours' aging, the mean particle 

radius increased to 1.0 ym and then 

decreased. 
131 

In order to study the fate of I 

present in a sodium fire, a pool of 

sodium containing Nal was burned. The 

iodine remained with the sodium in the 

resulting aerosol, whose mean aero­

dynamic equivalent diameter varied 

over the course of hours between the 

limits 1 and 3 ym.^ •' When a pool 

of sodium not containing Nal was 

burned in an atmosphere containing 

I,, the resulting aerosol scavenged 

the I, from the gas and had an aero­

dynamic equivalent diameter of 3.8 ym 
f 12) 

and standard deviation 1.8 ym.^ ^ 
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PLUTONIUM-HANDLING FACILITIES 

When not incorporated in a reactor 

core, plutonium is in chemical pro­

cessing plants, fabricating shops, or 

storage. It is usually present in 

these facilities as metal, in the 

form of powders of its compounds, or 

in aqueous or non-aqueous solutions. 

An analysis of accidents in such facil­

ities has shown the major causes to 

Reference (13) also reports that 

particulate containing Pu could be 

filtered out of the gases from burn­

ing fir shavings, corrugated card­

board, cheesecloth, and surgeon's 

gloves contaminated with Pu. These 

materials are typical of those in 

contaminated waste cartons, and their 

ash forms the aerosols. 

Although there appears to be only 

fragmentary information on aerosols 

that may be released by most types of 

nuclear accident, it is clear that a 

great variety of aerosols have to 

be taken into account in atmospheric 

scavenging studies. Particles range 

continuously from molecular sizes up 

to sizes that settle readily. They 

be explosion, fire, and excess pres-
ri31 

sure.^ ^ Aerosols containing plu­
tonium often result from the accidents. 

References (13) and (14) report 

particle sizes for aerosols formed 

in simulations of accidents that 

may occur in plutonium-handling 

facilities. The following is a list 

of such experiments and the particle 

sizes measured: 

may be single particles or long 

chains, and may consist of insoluble 

oxides or deliquescent sodium 

hydroxide. 

This report concentrates on the 

properties possessed by aerosols in 

the early stages of a nuclear acci­

dent. These are the properties that 

the aerosols would have in the atmo­

sphere if they were promptly released 

from the containment vessel. A more 

thorough study of the literature on 

accident stages 3 and 4 (pp. 68 and 

69) is necessary to determine the 

properties of aerosols released 

after hours or days of aging in the 

containment vessel. 

Burning of Pu metal in air MMD 4.2 ym 

Entrainment in air drawn past oxide resulting 
from burning Pu metal < 0.5 ym 

Heating of partially oxidized Pu oxalate pow­
der in air current MMD 25 ym 

Heating of fresh Pu oxalate powder in air 
current 5 - 60 ym 

Heating of Pu fluoride powder in air 
current MMD 26 ym 

Boiling of aqueous Pu nitrate solution MMD 4 ym 

Entrainment of air drawn past Pu nitrate 
left after evaporation of aqueous 
solution MMD 20.5 ym 
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NUMERICAL EXPLORATIONS OF WASHOUT OF AEROSOL PARTICLES 

W. G. N. SI inn 

A theoretical framework is constructed for the applications 
to safety analyses of below-cloud rain scavenging research 
results . Semiempirical expressions are presented for the col­
lection efficiency, for the raindrop and particle size dis­
tributions, and for the washout rates. Sample calculations 
are presented to de scribe the potentials of the analy sis. 
These examples model the simulated reduction in airborne 
radioactivity and the contamination of the precipitation, 
that would result from below-cloud rain scavenging. 

There have been a considerable 

number of analyses of the dependence 

of the ram scavenging (washout) rate 

on the size of individual aerosol 

particles. For reviews see Refer­

ences 1, 2, 3. However, to our 

knowledge there has been only ex­

tremely limited application of these 

results to the prediction of the ram 

scavenging of realistic aerosol par­

ticle size distributions. Toward 

removing this deficiency, we have 

initiated a numerical study of the 

washout of aerosol particles whose 

size distributions and radioactive 

burdens more realistically portray 

those which are of potential concern 

for safety analyses. The present 

brief report describes some of our 

initial progress. 

To determine the ram scavenging 

rate for a polydisperse aerosol, it 

IS necessary first to consider the 

rate of removal of a single particle 

(radius, a) by a single raindrop 

(radius, R). As is well known,^ 

the collection efficiency, E, is not 

known accurately. For the present, 

we propose to use 

E(a,R) 1 - exp (a 
. J^ (l . 0.4 Rel/2scl/3) 

(1) 

which appears to reflect adequately 

the present state-of-the-art^ ' ' 

for collection by mertial (first 

term) and diffusional (second term) 

ram scavenging. In (1): 

a p 
£ Re IS the Stokes 

k 

Pe 

Re 

Sc 

9 D2 R P 

parameter; 

2 IS an empirical constant, 

Re Sc IS the Peclet number, 

VR/v IS the Reynolds number; 

v/D IS the Schmidt number. 

m which p and v are the mass a 
density and kinematic viscosity of 

air, p , a and D are the mass den-^p' 
sity, radius and diffusivity of the 

aerosol particles, and V and R are 

the terminal velocity and radius of 

the raindrop. 
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To determine the rain scavenging 

(washout) rate, A, for a mono­

disperse aerosol, (1) must be inte­

grated over all raindrop sizes 

according to 

A(a) 
Jo 

R̂  E(a,R) V(R) N(R) dR (2) 

where N(R) dR is the number of rain-

drops per cm , whose radius is be­

tween R to R + dR. For now, we pro­

pose to use an extension of the 

Khrgian-Mazin^ ^ raindrop size dis­

tribution function: 

N(R) = 
(10 sec) Ĵ  

6TT R 7 
R exp 

m 

2_R 
R m 

(3) 

where R is the mean raindrop size, m , r » 

and J (cm sec ) is the rainfall o ^ ^ 
intensity. Substituting (3) into (2) 

and using V = 8000 R (sec""*"), leads 

to 

A(a) 
2 R 

1-exp (- I) 0 
<Pe> 

(l + 0.8 <Re>^^^ Sc I/3)| (4) 

where <Pe> and <Re> are based on R . 
m 

Some interesting results which fol­

low from (4) are the following. First, 

the plot of this washout rate (Fig­

ure 1) demonstrates the familiar slow 

rate of removal of aerosol particles 

whose size is in the range 0.01 to 

0.1. Also, directly from (4) we see 

that the washout rate is fairly well 

directly proportional to the rainfall 

rate, although there generally is a 

dependence of R on J • Further, 

we see from (4) that for inertial 

scavenging A °: R ^ whereas for con-

vective diffusional scavenging by 
-2 

large raindrops A «= R 

Now, to determine the rate of 

removal of a polydisperse aerosol, 

the size distribution of the aerosol 

particles must be specified. Again 

for the present, we use, for the 

number (at time t) of aerosol parti­

cles per cm whose radius is between 

a and a + da, 1 

Mazin spectrum 
a and a + da, the modified Khrgian-

,(1) 

f(a,t) da = r.-^ 4 2 n(t) -J a 

exp (- -^) da, 
m̂ 

(5) 

where n(t) is the total number 

density of aerosol particles, re­

gardless of their size. Plots of 

f(a) for various mean particle 

radii, a , are shown in Figure 2 ' m' ^ 
where it is to be noticed that the 

logarithmic scale on the abscissa 

overemphasizes the rate of decay of 

the size distribution function for 

large particles. 

Before applying the above outline 

to realistic problems, it is neces­

sary also to obtain a specification 

of the attachment spectrum; i.e., 

the amount of noxious material at­

tached to aerosol particles as a 

function of their size. For exam­

ple, if at time t there are 

f(a,t)da aerosol particles per 

cm whose radii are between a and 

a + da, then we introduce an at­

tachment function(^(a) defined so 

that (for example) the amount of 

radioactivity per unit volume which 

at time t is attached to aerosol 
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FIGURE 1. The Washout Rate as a Function of Particle Size as 
Modeled by Equation (4). 
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FIGURE 2. lypical Aerosol Particle Size Distributions Used m 
the Modeling (the units on the ordinate are arbitrary). 
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particles of radii a to a + da is 

Ĉ (a) f da the total radioactivity 

per unit volume is then 

=i: A(t) = I q.(a) f(a,t) da. 
lo 

(6) 

If initially the total radioac 

tivity per unit volume is A(o) and 

if the attachment function is pro 

portional to a'̂ , where usually 

n = 1, 2 or 3, then from (6) we 

have that the airborne radioactivity 

at time t would be 

A(t) = A(o) <a"(t)> 

<a'̂ (o)> 
(7) 

where <a"(t)> = a'̂  f(a,t) d a. (8) 

The final step toward applying 

these results is to recognize that 

the number of aerosol particles of 

each radius is reduced by ram 

scavenging, according to 

f(a,t) = f(a,t = o) e •A(a)t (9) 

Thus, upon substituting (9) into 

(7) we obtain that the airborne 

radioactivity per unit volume which 

IS attached to aerosol particles, 

IS reduced by washout m the manner 

A(t) - 4 ^ ^ I a'̂  f(a,o) e ̂ ^^^^d, 
<a''(o)> J„ 

(10) 

In (10), f(a,o) would be given by an 

expression similar to (5) . 

There are a great number of poten­

tial applications of the theoretical 

framework presented above. Unfortun 

ately, because of the complicated 

dependence of the washout rate on the 

particle size [see (4)], the equa 

tions must be integrated numerically. 

Partially just to illustrate these 

potentials, we have evaluated a 

limited number of test cases. 

Figure 3 demonstrates the slow re­

duction of airborne radioactivity 

[according to (10) and using (4) and 

(5)] when the radioactivity is at 

tached (Oj3. a ) to aerosol particles 

of mean radius 0.03 y. Different 

mean raindrop radii are considered. 

Figure 4 shows the variation m the 

reduction of airborne radioactivity, 

as the "rainfall" rate (more realisti­

cally, the "spray" rate, such as from 

a nozzle) changes. For this case, 

R = 0.1 mm and we have explored the 
m '̂  
case where the radioactivity on an 

individual aerosol particle is pro­

portional to Its radius: Q " a . 

The type of results represented by 

Figures 3 and 4 should permit a com­

parison of theory with experimental 

results such as those recently ob-

tamed by Beilke^ ^ on the washout 

of Aitken particles. 

Another type of prediction avail­

able from this analysis is concerned 

with the radioactivity of individual 

rainfalls. During dt, a raindrop of 

radius R picks up an amount of radio­

activity equal to 

TTR̂  E(a,R) V dtC((a) f(a,t) da. 

Integrating this over the flight path 

of the drop and over all particle 

sizes and assuming that the velocity 

of the drop is a constant and that 

f(a,t) IS independent of altitude 

leads to the result for the activity 

of a single drop: 
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and the "Rainfall" Rate Is Varied at Fixed r„. 
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'"^^ H j ̂ (a) f(a) E(a,R) da. (11) 

where H is height through which the 

drop has fallen. The flux of radio­

activity to the ground (under the 

above restrictive assumptions which, 

however, can easily be removed) is 

then 

Jo 
dR N(R) V(R) TTR 

i: dac:̂ (a) f(a) E(a,R) (12) 

Dividing (12) by the flux of water to 

the ground, p J , where p is the den­

sity of water, leads to the predic­

tion for the below-cloud scavenging 

concentration ratio {i.e., the ratio 

of the concentration of the radio­

activity in the precipitation 

<(dpm/g H2O) to the concentration in 

air [see Equation (6)], 

air)} the result: 

K_ ^ H (10"^ m^ cm"^) 

(dpm/m in 

i: 
A pJ, 

daCI.(a) f(a) A(a,Rj^). (13) 

A sample calculation based on (13) 

is shown in Figure 5. Since </x ra­

tios for in-cloud nucleation scaveng­

ing are typically 0̂ (1) ,* it is inter­

esting to notice the relatively 

inefficient scavenging by rain of 

aerosol particles of radii near 0.03y. 

It is also interesting to observe the 

dependence of K/X on mean raindrop 

*See the contribution in this vol­
ume entitled "An Inquiry Into the 
Causes of the Variations in the Bomb 
Debris Scavenging Ratios" by the same 
author. 

size. Experimental results obtained 
f 8") by Makhon'ko^ -̂  of a similar effect 

are discussed in a companion paper 

in this volume. 

In conclusion, the purpose of this 

report has been to illustrate some of 

the directions in which precipitation 

scavenging research can proceed, to­

ward assisting safety analyses. The 

computations displayed were chosen 

to illustrate the potential applica­

tions of this modeling. 

MEAN RAINDROP RADIUS, R (mml 
m 

Neg 710973-2 

FIGURE 5. The Ratio of the Concentra­
tion of Radioactivity in Precipitation 
(dpm/g H2O) to the Concentration in 
Air (dpm/m^, air) as a Function of a 
Mean Raindrop Radius for a Fall Height 
of 1 km and a Rainfall Rate of 1 cm/hr. 
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/PRECIPITATION SCAVENGING OF TRITIUM AND TRITIATED WATER 

J. M. Hales and L. C. Schwendiman 

A method is being developed, based upon reversible gas-
scavenging theory, to enable the estimation of rain-scavenging 
rates of tritium and tritiated water. This method will be 
applicable to problems involving scavenging in plumes as well 
as in the general atmosphere. 

A project has been initiated to 

develop a reliable method of calculat­

ing deposition of tritium gas and 

tritiated water through natural atmo­

spheric washout processes. This 

method, which is applicable to systems 

involving tritium compounds in plumes 

as well as those dispersed in the 

atmosphere, is based primarily upon 

a theory of reversible gas scaveng­

ing developed and presented in an 

earlier report. 

The present analysis focuses upon 

a single raindrop of diameter D fall­

ing through a region of known pollu­

tant concentration. Washout of pollu­

tant may occur by two mechanisms: 

1. Scavenging of gaseous pollutant 

by the falling drop. 

2. Capture of pollutant-containing 

fog-droplets by the falling drop. 

Pollutant captured by the drop can 

be released subsequent to pick-up 

through desorption, depending upon 

concentration levels in the ambient 

gas. 

The analysis is facilitated greatly 

by the fact that solubility equilib­

rium between tritium gas, tritiated 

water, and water follow a linear rela­

tionship (Henry's law), which can be 

expressed as 

PA = H ^A^ » constant, (1) 

where P. and X. are the partial pres­

sure and liquid-phase mole-fraction 

of pollutant A at equilibrium. Apply­

ing this analysis to estimate dC/dz, 

the rate of concentration change of 

a raindrop falling through a polluted 

atmosphere, where y., is the gas-phase 

mole fraction and m the mass-concentra­

tion of suspended fog droplets, gives 

the result 

dC 2 ^^^'^ •" ̂ Ab 
dz "2 D p H' ^w 

6 K 
(YAK - H'C). (2) 

v^ D '-̂ Ab 

This may be i n t e g r a t e d to g ive 

-zo 
C(D,0) = c / e ^ z y^^ dz 

F - '^ ^y ^ 3 E(D) m 
^ D V. 2 Dp H' 

t '̂ w 

6 K H' 

v^ D 

(3) 

(4) 

(5 ) 
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Here the nomenclature is defined as 

follows: 

D = drop diameter 

'E(D) = average collection efficency 

for cloud droplets 

H' = H/molar concentration of con­

densed water 

K = overall mass - transfer coeffi-
y 

cient 
p = density of water 
w ' 

V = terminal velocity of drop, 

dz/dt 

y , = gas-phase pollutant 

concentration. 

Equation (2) et seq. is based upon 

the following assumptions: 

1. Collection of pollutant by the 

mechanisms of particulate and 

gaseous scavenging in any dif­

ferential element of plume is 

an additive function, 

2. m is independent of z, 

3. Suspended fog droplets are at 

equilibrium with gas-phase 

pollutant levels. 

To determine ground-level deposi­

tion, y., must be specified and the 

concentrations predicted by (3) must 

be distributed according to the rain 

size spectrum. If the Pasquill 
(2) equation^ ' is used for y.u> then 

upon the assumption of vertical rain­

fall. Equation (3) may be expressed 

as follows: 

C(x,y,a) = 5Q 
2 u/2Tr a 

exp • expla^ ? /2j. l/2(y/ay)2 I • expfa^ x}n\. 

exp(- ch) < erf /la (I - A 
z 

+ erf 
z - a C + h o z 

a /2 z 

exp ((;h) < erf /la^ S/2 . - \ 
lo z 

+ erf 
a^ /2 

(3a) 

This may subsequently be distributed 

over the rain-size spectrum to predict 

deposition at any location(x, y) be­

neath the plume. The parameters h, 

Q, a. in (3a) designate emission 

height, source-strength, and standard 

deviation in accordance with Pasquill's 

original result. 

It should be noted that this treat 

ment is not restricted to Pasquill-

type plumes. Equation (3) being 

applicable to any geometry of yAU• 

In particular, this equation can be 

used to estimate scavenging behavior 

in the atmosphere in general as long 
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as the vertical distribution of 

pollutant is known. 

It is expected that this project 

shall be completed in the near future, 

culminating in a publication contain­

ing illustrative distributed solu­

tions of (3a) for a variety of atmo­

spheric conditions, and including a 

recommended procedure for the general 

estimation of tritium deposition 

rates. 
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THE EFFECT OF MIND ON RAIN SCAVENGING 

W. G. N. Slinn and B. C. Scott 

A preliminary theoretical evaluation is made of the effect 
of wind on rain scavenging. The theory is compared with a 
recent calculation by Berg on the influence of the mean wind on 
experiment R15 performed by Engelmann. In agreement with Berg's, 
the results show that even in this extreme case of variable mean 
wind experienced by the raindrops, the effect of reasonable 
variations of aerosol particle mass density is more important 
than the variations of the mean wind. It is proposed that the 
calculations be extended to study the influence of atmospheric 
turbulence on scavenging. 

Berg ^ has recently made an in­

teresting study of the effect of wind 

on rain scavenging of large ('v̂lO y) 

aerosol particles. Specifically, 

he has analyzed the influence of the 

wind on experiment R15 performed by 
(2 3) 

Engelmann,^ ' ̂  who released artifi­
cial rain from a height of approxi­
mately 30 m and determined the 
precipitation's efficiency for 
scavenging ZnS particles from a con­

trolled plume. In Figure 1, the 

solid curves show the measured air 

concentration of ZnS particles in 

the plume, and the pertinent wind 

profile. In the present report we 

shall present a re-evaluation of 

Berg's analysis of R15, with the 

objective of constructing a basis 

for the future study of the effect 

on scavenging of atmospheric turbu­

lence. For convenience in the 
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numerical analysis we shall use for 

the "observed" profiles, the analytic 

curves which are given by the dashed 

lines of Figure 1. 

To determine the number of parti 

cles collected by a raindrop of mass 

M and diameter D, its trajectory 

must be found. To this end, we intro­

duce the symbols defined m Figure 2 

and 

— COMPUTER INPUT 

— OBSERVED 

5 10 15 

WIND SPEED U (mi/hr) 

0 5X10 2 10X10 2 15X10 2 

AEROSOL PARTICLE NUMBER DENSITY n (ARB UNITS) 

V = velocity of drop (cm sec ) 

U = velocity of wind (cm sec ) 

V-U = V = relative velocity (cm sec ) 

V = |vl = relative speed (cm sec ) 

D = drop diameter = 1.56 mm 

M = drop mass (g) 

d = p a r t i c l e d iamete r = 15 y 

n = p a r t i c l e number d e n s i t y 

(cm ) 
- 3 

p = particle density (g cm ) 
P - 3 

p = air density (g cm ) 
a 
V = kinematic viscosity of air 

r 2 -1, 
(cm sec ) 

g = acceleration of gravity 

(cm sec ) 

The equations of motion for the drop 

are 

i = ^ 
dV J^= M g (-k) - 3 

m which the drag force is 

J. 

(1) 

(2) 

D 
1 2 TTD' V 
T P V —IT- C„ — 
2 a 4 D V (3) 

Neg 710972-6 

FIGURE 1. The Measured Profiles of 
the Mean Wind, U(mi hr"!) and Aerosol 
Particle Number Density, n (arbitrary 
units) for R15 as Obtained by 
Engelmann.(2) For convenience m the 
numerical calculations, use was made 
of analytical expressions for the 
profiles, which are plotted as the C 
dotted curves. 

A semi empirical expression for the 

drag coefficient derived by Abraham ' 

IS 

-.2 

D C 1 + o 
Re T72 

(4) 
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where the constants have the values 

6 = 9.06 o 

An interesting result of the calcu­

lation of the trajectory is shown in 

Figure 3 where the relative speed 

between the drop and the air is 

plotted as a function of time. When 

the drop is released from the top of 

the tower, there is a large ('̂-10 mph 

wind) relative speed, since it is 

assumed that the velocity of the drop 

with respect to the tower is initially 

and Re is the Reynolds number based 

on the drop diameter: Re = Dv/v. 

The set of Equations (1) to (4) is 

sufficient to determine the drop's 

traj ectory. 

cu- zero. During the first (approximately) 

n tenth of a second, the relative speed 

falls since the drop is accelerated 

by the wind. Thereafter, between 0.1 

n and 1 second, the relative speed 

f increases due to the gravitational 

h acceleration of the drop. During the 

remaining portion of the drop's 

op flight, the relative speed varies 

lly slightly from the terminal speed of 

Neg 710973-7 

FIGURE 2. Notation Used in the Calculation of the Drop 
Trajectory. 
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FALL TIME (SEC) 
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FIGURE 3. Computed Results for the Time Dependence of the 
Relative Speed Between a 1.56 mm Drop and Air. The initial 
velocity of the drop with respect to the ground was assumed 
to be zero, and the mean wind profile was as shown in 
Figure 1. 

the drop, because of the variation 

in the wind speed (see Figure 1). 

To calculate the number of aerosol 

particles scavenged by the drop, we 

use the relation that during each 

time interval, dt, the number picked 

up is 

TTD E(K) V n(z) dt (5) 

where E(K) is the collection effi­

ciency of the drop, which for parti­

cles larger than about 1 y depends 

on the Stokes' impact parameter 

*See the contribution in this volume 
entitled "Numerical Explorations of 
Washout of Aerosol Particles." 

Pj j2 R „ _ *̂d d e 

^a D 
(6) 

Since E(K) is not known accurately, 

even for nonaccelerating flow fields 
f 2 51 around a drop,^ ' ^ we believe it to 

be representative of the state-of-the-

art, to use the following semi-empiri­

cal expression* for the collection 
.r̂ r- • (6) efficiency 

E(K) = [1 - e •K/2- (7) 

It is not proposed that this expres­

sion necessarily describes the true 

collection efficiency very accurately, 

but it is expected that it contains 

sufficient accuracy to allow us to 
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explore the effects of wind on rain 

scavenging. In Figure 4 is shown the 

variation of the collection effi­

ciency [as given by Equation (7)] 

during the fall time of the drop for 

the case where p = 1 g cm . The 

variation of E in this case is more 

pronounced than for the case 

P = 4 g cm . 

Neg 710972-12 

FIGURE 4. The Variation in the Collection Efficiency for a 
1.56 mm Drop Falling Through the Observed Mean Wind Profile 
for R15, Assuming Aerosol Particle Density of 1 g cm-3 and 
Diameter of 15 y. 

To determine the number of ZnS 

particles collected by the drop, we 

integrated (5) using (6), (7) and 

the relative velocity as obtained 

above (e.g., see Figure 3). Results 

of these calculations are shown in 

Figure 5 which demonstrates the 

number of ZnS particles scavenged 

by the drop as a function of height. 

Since n(z), the number density of 

particles in the air, is given in 

arbitrary units, there is no signifi 

cance to the absolute values on the 

abscissa of Figure 5. However, 

viewed as a statistical average over 

many drops, a number such as 10 



89 BNWL-1551 
Part 1 

particles collected by one drop, after 

falling 8 meters, would mean that one 

in 10 drops would have collected one 

ZnS particle. 

NUMBER OF AEROSOL PARTICLES COLLECTED BY DROP (ARB UNITS) 

Neg 710972-10 

FIGURE 5. Computed Results Showing 
the Effect of Variation of the Mean 
Wind on the Rain Scavenging by 
1.56 mm Drops, of 15 y Aerosol 
Particles. 

The major result shown on Figure 5 

is that for R15, the wind did not 

significantly influence the scaveng­

ing. This can be seen from Figure 5 

by comparing the curve for the case 

of zero wind speed with the curve 

derived using the observed wind pro­

file. From this result one should 

not necessarily infer that the influ­

ence of atmospheric turbulence on 

scavenging is negligible, since the 

results in Figure 5 are definitely 

responsive to the experimental con­

ditions of R15, wherein the most con­

centrated region of the plume was 

apparently low enough so that the 

drop had essentially reached its 

terminal velocity. On the contrary, 

the differences in the curves of 

Figure 5 in the first few meters 

suggest that turbulence effects 

should be investigated. 

Other results of these calculations 

are shown by a few data points on 

Figure 5, and more explicitly on Fig­

ure 6, where the results are magnified 

for the first few meters of the drop's 

trajectory. The effect explored was 

the consequence of different mass 

densities of the ZnS particles and 

therefore, different impact parameters 

[see Equation (6)]. It is seen in 

Figure 6 that if the mass density of 

the ZnS particles was 1 rather than 
- 3 

4 g cm , then the number of particles 

scavenged by the drop would be 

smaller. The computed point at the 

end of the trajectory of the drop 

(shown on Figure 5) reflects the pre­

diction that there is about a 10% 

reduction in the number of ZnS parti­

cles scavenged by the drop, if p = 1 
- 3 P 

instead of 4 g cm . Figure 6 

further emphasizes the small effect 

of the wind on the scavenging, where 

plots for the cases: U = 0, 3.576 m 

sec , and the observed wind profile, 

are shown. 
In conclusion, this has been an 

exploratory study of the effect of 
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FIGURE 6. The Variation in the Washout Rate During the First 
Few Meters of the Drop's Trajectory. 

wind on rain scavenging. It is pro­

posed that future studies of the 

influence of turbulence on scaveng­

ing will use the above analysis as a 

theoretical base. For example, we 

propose to add fluctuating components 

to the mean wind, and vary the ampli­

tude of these fluctuations to model 

the observed energy spectral density 

of atmospheric turbulence. 

We wish to express our appreciation 

to T. G. Owe Berg for providing us 

with a preprint of his manuscript and 

to R. J. Engelmann for his assistance 

in identifying R15 as a useful test 

case. 
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RAINDROP ELECTRIC CHARGE: CONTINUOUS VERSUS SHOWERY RAINFALL 

M. T. Dana 

Sensitive measurements of electric charges on Pacific 
Northwest coastal raindrops show that there exist significant 
differences in the characteristics of the charge distributions 
between rains of different synoptic types. The continuous 
rain (generally pre-frontal) is always positively charged, 
with little time variation in the distribution parameters; 
but instability showers are apt to have net charges of either 
sign with frequent switching and greater magnitudes. 

Extensive data on precipitation 

characteristics have been collected 

at the Olympic Peninsula field site 

over the past four winter seasons. 

Raindrop charges were previously 
n 21 examined^ ' '̂  on a gross basis; that 

is, by collecting many rain charge 

samples and characterizing them in 

terms of the accompanying rainfall 

intensity. Further analyses of the 

data, and of some additional showery 

rain charge samples, has revealed some 

basic differences in raindrop charge 

spectra between continuous and showery 

rain. 

A selection was made of groups of 

raindrop charge samples, taken both 

during continuous (generally pre­

frontal) and unstable showery condi­

tions. The samples were considered 

representative of the trends in rain­

fall intensity and of the general 

electric polarity and magnitude of 

the complete raindrop charge record. 

The samples were divided into posi­

tive and negative components and dis­

tributed statistically. In most 

cases, the unipolar distributions 

are lognormal; consequently, the 

number median charge magnitude deter­

mined from a sample is nearly the 

geometric number median value. 

CONTINUOUS RAII 

Results of measurements of rain 

drop electric charges during a period 

of continuous rain, typical of those 

associated with frontal activity at 

the Quillayute site, are shown in 

Figures 1 through 3. This period of 

rain occurred about 1100 to 1200 PST 

7 December 1968, several hours in 
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advance of a frontal passage. In 

Figure 1, the positive and negative 

median charges are shown as cross-

hatched bars flanking the time axis; 

superimposed is the rainfall inten­

sity record. The net charge for each 

sample -- which here is the mean of 

the positive and negative medians, 

weighted by theiir relative numbers --

is shown as a solid black bar. The 

net charge is positive throughout, an 

the positive fraction of the total 

number of pulses varied from 0.64 to 

0.93, averaging 0.79 for all the 

samples. 

+0.3 

+0.2 

+0.1 

30 40 

TIME -MINUTES 

Neg 704303-6 

FIGURE 1. Time Evolution of the Rainfall Rate and Median Raindrop 
Charge Values for the Rain Period ca. 1100-1200 PST, December 7, 1968. 
See text for explanation of symbols. 

Figures 2 and 3 show the time 

evolution of the bipolar distri­

bution of raindrop charges for the 

same time period as Figure 1. The 

charge scale is linear but, for com­

pactness in displaying the extremities 

of the distributions, the scale is 

compressed by a factor of ten beyond 

a charge magnitude of 0.15 pC 

(picocoulomb). Dashed lines, paral­

lel to the time axis, indicate the 

point of change of scale. The ordi­

nate of the distributions, the "fre­

quency" F^. is given by 

A. 
1 

±1 
±1 

A. 

(n^. -+ n .) (1) 
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FIGURE 2. Time Evolution of the Raindrop Charge Distribution for 
the Rain Period 1100-1200 PST, December 7, 1968. See text for 
explanation of scale units. 
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where A. is the width of the charge 

interval in pC (picocoulomb), and n^-

are the numbers of pulses of each 

sign in the interval. With the fre­

quency expressed in this way, the 

areas under the distribution curves 

are equal, and the areas of the posi­

tive and negative components of any 

given distribution are proportional 

to the relative numbers of positive 

and negative pulses. The value of 

A- for charge magnitudes less than 

0.15 pC is 0.015 pC, and for magni­

tudes greater than 0.15 pC, A. is 

0.15 pC. For clarity in presenta­

tion, the curves are shown as lines 

connecting the midpoints of the 

intervals, rather than as histograms. 

The gap in the distributions about 

zero charge indicates the lower 

limit of measurement sensitivity ~-

about 0.01 pC in this case. 

For this rain period, the posi­

tive charges predominate, but at the 

higher rainfall intensities the dis­

tributions are broader, with a greater 

proportion of negative charge. The 

latter stage of the rain period 

(Figure 3) shows increasing posi-

tivity of the charge distribution, 

and a decrease of magnitudes. 

SHOWERY RAIN 

Unlike the continuous [pre-frontal) 

rain, showery rain brings charges 

which are apt to be of either polarity 

and of greater magnitude. Figures 4 

and 5 are time evolution graphs of a 

rain period ca, 1600 PST 13 December 

1968, at approximately one hour after 

frontal passage. The net charge 

swings rapidly between positive and 

negative, but the second rainfall 

intensity peak, much like the first, 

showed more consistency in magnitude, 

despite the polarity shifts. The 

three consecutive charge samples 

about minute 20 (see Figure 5) show 

a sudden spurt of negatively charged 

rain immersed in a generally positive 

shower. The values for A. in Figure 

are 0.03 pC (magnitudes less than 

0.3 pC) and 0.30 pC (magnitudes 

greater than 0.3 pC). 

Another example of shower rain 

charge measurements is presented in 

Figures 6 and 7. This was an isolate 

period of rain on 16 March 1970, an 

instability shower following signifi­

cant frontal activity the day before. 

The region was dominated by a moist 

unstable air mass; a strong westerly 

flow contributed to well developed 

convective precipitation. The charge 

magnitudes are much higher than pre­

vious samples (note the charge scale 

in Figure 6 -- a factor of ten 

greater than that of Figure 4) and 

the net charge changed twice during 

the period of most intense rain. 

The predominant sign was negative, 

but toward the end, as Figure 7 

shows, a distribution characteristic 

of continuous rain is approached. 

The values for A. in Figure 7 are 

0.2 pC (magnitudes less than 2.0 pC) 

and 2.0 pC (magnitudes greater than 

2.0 pC). 

DISCUSSION 

With very few exceptions, the 

samples taken from charge records 

in continuous rain show a net posi­

tive electrification, with the ratio 
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of numbers positive to negative at 

least 2:1. The shape of the distri­

butions, such as those in Figures 2 

and 3, are rather uniformly repre­

sentative of the gross distributions 

for the appropriate rainfall intensity. 

In general, the distributions are 

modified only slightly by an increase 

in intensity: the medians increase 

slowly and the distributions broaden, 

mainly on the positive side, because 

of small increase in the number of 

more highly charged raindrops. At 

the highest intensities, i.e., at 

the peak intensity of rain periods, 

the negative side of the distribution 

broadens as well. The general posi-

tivity of the net electrification is 

in agreement with the observations of 

(3 4) Reiter,^ ' whose voluminous records 

show the predominance of positive 

precipitation current in situations 

of continuous rain. 

A near-neutral or unstable atmo­

sphere, conductive to convective 

activity, appears to be accompanied 

by a greater chance for negatively 

charged rain, frequent and sometimes 

rapid changes in polarity, and -- in 

the results herein -- raindrop charges 

of significantly higher magnitude. 

These results compliment Reiter's^ ' 

findings of near equal probability of 

either polarity for the atmospheric 

potential gradient and precipitation 

current during shower precipitation, 

and support his view that the electri­

cal characteristics at a given time 

may be used as a rather accurate 

indicator of the general synoptic 

situation. 
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"' CALIBRATION OF AN ULTRASONIC NOZZLE FOR AEROSOL GENERATION 

M. T. Dana 

Particle size measurements were made of the aerosol output 
of an ultrasonic nozzle. Dispersal of a 1.0 g/l solution of 
rhodamine B in methanol resulted in dry particles with mass 
median diameter about 0.2 micron and geometric standard 
deviation of 1.8. For liquid flow rates from 77 to 275 ml/ 
min, and at an air pressure of 80 lb/in.^, this size was 
essentially constant. Lower operating pressures resulted 
in larger particles. The initial droplet diameter of about 
2.5 microns represents a considerable improvement over pre­
vious generation methods. 

A convenient and versatile means of 

dispensing aerosol particles for pre­

cipitation scavenging experiments is 

through atomization of a methanol 

solution of a fluorescent dye. Sub­

sequent evaporation of the solvent 

results in the formation of a spheri­

cal particle. Equating the mass of 

dye in the spherical particle to the 

mass of dye in the methanol droplet 

leads to the following size 

relationship: 

d' = D (C/p)^/\ (1) 

where d' is the particle diameter, D 

is the solution droplet diameter, C is 

the dye solution concentration (mass 

per unit volume), and p is the density 

of the dry tracer particle. With a 

particular tracer, such as rhodamine 

B, and an atomizer which provides a 

fixed value of D, the particle size is 
1/3 dependent on C . This is a severe 

limitation for field use, because C 

is limited by the finite solubility 

of the tracer, but must be suffi­

ciently high such that the mass of 

tracer released during an experiment 

is enough for detectability of the 

scavenged tracer in the collected 

rainwater. The generator used during 

recent field research seasons was a 

simple air-jet atomizer (Solo agri­

cultural sprayer), ^ whose spray drop­

let diameter (mass median) D was de­

termined to be about 40 microns. 

Thus in practice, particle diameters 

were limited to the range 1-15 

microns. 

In an effort to reach the submicron 

particle size range more conveniently, 

a generator was sought which would 

provide a smaller initial droplet 

diameter. Selected for testing and 

calibration was a commercially avail­

able ultrasonic nozzle (Astrospray 

1700 Series). The nozzle configura­

tion includes an adjustable resonator 

cavity into which a flow of air (typ­

ically 12 ft^/min at 80 lb/in.^) is 

directed. The resulting ultrasonic 

field finely atomizes a stream of 

liquid which is introduced at low 

pressure. The droplet size distribu­

tion is ostensibly affected by the 
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selection of air pressure, liquid 

flow rate, and resonator gap setting. 

Since the smallest droplets were 

sought, the gap was set for the 

finest spray. Usable air pressures 

were limited by the air delivery sys­

tem (manifolded compressed air cylin­

ders in the field), and were varied 
2 

between 60 and 100 lb/in. . Initial 

trials at these pressures indicated 

that the most promising variable for 

control of droplet size was the liquid 

feed rate, with air pressure as a 

secondary parameter. 

An aerosol generation chamber ivas 

constructed in the laboratory for the 

calibration trials. The chamber, the 
3 

volume of which was about 170 ft , 

was exhausted by a blower, which 
3 

moved about 140 ft /min. No attempt 

was made to establish a uniform 

tracer concentration in the chamber; 

the nozzle was aimed away from the 

outlet such that the plume circulated 

well before being exhausted. Sam­

pling \-ias through ports in the wall 

to one side of the aerosol plume. 

The pririary sampler was a simple 

point-to-plane electrostatic precipi­

tator which deposited particles on 

electron microscope grids for subse­

quent photography and manual grati-

cular sizing. 

Some use was made of an Anderson 

cascade impactor, which sizes parti­

cles according to aerodynamic proper­

ties, and provides samples of several 

size ranges for mass analysis by 

fluorometry. It was hoped that some 

comparison of the results of the two 

methods could be made, both for cali­

bration of the Anderson and, to some 

extent, for confirmation of the pre­

cipitator results. The complexity 

of the process of conversion of the 

actual size -- determined by electron 

microscopy -- to an aerodynamic size 

appropriate to the impactor, and the 

fact that the predominance of the 

mass of the impactor samples was in 

the lower stages of the Anderson, 

caused postponement of this problem 

until time permits. 

For the calibration runs, a solu­

tion concentration of 1.0 g/l was 

used; this concentration is that 

most convenient for field use. A 

typical electron micrograph of the 

resulting particles is shown in 

Figure 1. The grid was shadowed 

with gold prior to examination; the 

particle shadows reveal the remark­

able sphericity of most of the 

particles. 

Table 1 lists the operational 

details and particle size results 

for the runs for which time has 

permitted full analysis. Inasmuch 

as the particle size distributions 

are closely lognormal, the geometric 

number median diameter d' and the 
g 

geometric standard deviation a' are 

indicated. The mass median diameter 

d' was computed with the well-known 
f 2) 

Hatch ̂  -̂  formula: 

In d: = In d" •+ 3 (In a") ̂ . (2) 
3 g ' g' 

The primes are to indicate actual 

particle size distribution param­

eters. *'ass distributions were com­

puted directly and mass medians de­

rived for the samples, but these 

were scattered and considered to be 

quite inaccurate, since much of the 

mass of a particular sample is con­

tained in relatively few particles. 

file:///-ias
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FIGURE 1. Rhodamine B Particles, from Ultrasonic Nozzle. 

T;^BLE 1. Particle Size Results 

Run 

17 

33 

23 

24 

9 

21 

28 

20 

41 

38 

42 

39 

Solution 
Feed Rate 
(ml min"l) 

77 

131 

140 

275 

80 

68 

131 

236 

105 

105 

131 

147 

Air 
Pressure 

(psi) 

80 

80 

80 

80 

75 

70 

70 

65 

80 

80 

80 

80 

Photo 
Magnification 

21000 

22500 

21000 

21000 

21000 

21000 

22500 

22500 

8000 

8000 

8000 

8000 

Number o£ 
Particles 

Sized 

5^2 

655 

777 

427 

478 

610 

463 

358 

1158 

959 

963 

1244 

d' 
g 

(y) 

0.06 

0.06 

0.07 

0.07 

o.oq 

0.08 

0.09 

0.07 

0.13 

0.11 

0.12 

0.11 

a' 
g 

2.01 

1.78 

1.72 

1.83 

1.88 

1.62 

1.83 

2.12 

1.55 

1.50 

1.56 

1.56 

0.25 

0.17 

0.16 

0.21 

0.28 

0.16 

0.28 

0.40 

0.24 

0.18 

0.22 

0.20 

d 
g 

(y) 

0.13 

0.14 

0.15 

0.15 

0.18 

0.16 

0.18 

0.16 

0.23 

0.20 

0.22 

0.20 

a 
g 

1.59 

1.45 

1.44 

1.52 

1.57 

1.40 

1.55 

1.69 

1.39 

1.35 

1.39 

1.39 

^3 

(y) 

0.25 

0.21 

0.22 

0.25 

0.32 

0.23 

0.32 

0.35 

0.32 

0.27 

0.30 

0.28 
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In view of the consistency of the 

a' values obtained, the method of 
g 

mass median computation is deemed 

more appropriate. 

A convenient means of expressing 

particle size, for the purposes of 

standardizing between materials of 

different density, is in terms of 

aerodynamic diameter.* The aerody­

namic parameters are listed in 

Table 1 by unprimed symbols. 

Unexpectedly, the particle size 

did not appear to vary with liquid 

feed rate, at constant air pressure. 

But in the limited number of runs 
2 

made with pressure below 80 lb/in. , 
there was a tendency toward larger 

particles and broad spectra, making 

the lower acceptable pressure about 

70 lb/in.^. 

The size results were affected by 

the magnification of the photograph 

sized. The lower magnification pic­

tures resulted in a larger median 

size, but a narrower distribution, 

such that the mass median was not 

very different. The expectation is 

natural that, at lower magnification, 

some smaller particles will be lost, 

but most of the mass resides in the 

larger particles. At any rate, the 

high magnification, which allowed 

easier sizing of the full size range, 

is deemed most appropriate. 

It appears that a satisfactorily 

narrow distribution may be generated 

with the nozzle operating at a pres-
2 

sure of 80 lb/in., and with liquid 

rate between 70 and 275 ml/min. 

Putting C = 1.0 g/l and p = 1.38 g/ 
3 

cm into Eq. (1) leads to an initial 

droplet diameter P of about 2.5 mi­

crons, a vast improvem.ent over the 

40 micron air-jet atomizer droplet. 

Unfortunately, the particle size was 

not widely variable by adjustment of 

nozzle operating parameters, at 

least in the limited range of them 

explored here. Operation is possible 

at higher pressures, and when prac­

ticable to do so, particle sizing char­

acterization will be extended. 
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ALTERNATIVE DERIVATION OF THE CONVECTIVE DIFFUSION EQUATION* 

W. G. N. SI inn** 

A new and more convincing derivation is given of the generalized 
Smoluahowski-Kramers equation from the Fokker-Planak equation de­
scribing the motion of Brownian particles in a nonequiliDrium en­
vironment. A solution to the Foky.er-Planck equation is sought in 
the form of a Chapman-Enskog expansion. The first moment of the 
first two terms in this asymptotic expansion is sufficient to 
obtain the Smoluahowski-Kramers equation. The new convective 
diffusion equation is found to be identical to the previously 
reported results obtained by extending Kramers' method. 

Previously we reported on studies 

of Brownian diffusion in a nonuniform 

gas. The analyses are restricted 

to Brownian particles (B particles) 

whose Knudsen number is large compared 

to unity. The genesis of the work is 

the problem of the precipitation scav­

enging of submicron particles. ' 

For this problem, one of the funda­

mental objectives is to obtain the 

equation which describes the motion 

of a B particle in the nonuniform en­

vironment of the hydrometeor. Another 

objective, of course, is to solve the 

resultant equation. This is essen­

tially done in References 3 and 5. 

However, there were certain un­

satisfying features of our earlier 

derivation of the fundamental equa­

tion - the convective diffusion 

* This report is based on a portion of 
an article accepted for publication 
in the Journal of Statistical Physios , 

''''A part of the financial support for 
this work was obtained from Battelle 
Memorial Institute's Physical 
Sciences Program. 

equation - from the new Fokker-

Planck equation. In the 

earlier report, Kramers' method was 

extended and then applied. Professor 

Mazo, University of Oregon, called 

our attention to an alternative deri­

vation of the classical diffusion 

equation from the usual Fokker-Planck 

equation. The essentials of the 

method are described by Lebowitz 
7 

et al. although there are a number 

of errors in that paper arising from 

their improper identification of the 

collisional invariants of the Fokker-

Planck collision operator. In this 

report we shall extend and then apply 
Q 

the method as presented by Resibois. 

THE FOKKER-PLANCK EQUATION 
The new Fokker-Planck equation for 

jar tides 

shown to be 

B particles in a nonuniform gas was 
(2) 

3t u. 
1 

3f 
8r. •l 

c.f * 
1 

kT 3f I 
M~" 3u. 

1 

(1) 
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where f is the number, probability 

density function in the (r,u) phase 

space for the B particles. In Eq. (1), 

the summation convention, with no sum­

mation over capital letter indices, is 

used. Also, 

Î = efl - ^ ] (2) 
where 3 is the Epstein drag coeffi­

cient per unit mass; p is the pres­

sure, and T.|- is the I th principal 

axis component of the viscous stress 

tensor. Other definitions are 

:(e) 
2_i 
5p 

+ V (f) 

(3) 

(4) 

in which f is the external force 

per unit mass; q is the heat flux and 

v^ ^ is the fluid velocity and finally, 

kT 

M 
kT 
M 

(5) 

in which k is Boltzmann's constant; 

T is the temperature and M is the mass 

of the B particle. 

Since the collision operator, the 

right hand side of Eq. (1), conserves 

the number of B particles (but not 

momentum or energy, as was assumed by 
7 

Lebowitz et al. ) then integrating 

Eq. (1) over all velocity leads to 

3N , 
3t 3r :h f d-̂ u 0 (6) 

in which we have used that the number 

density of B particles is given by 

N 
/ 

f d^u. (7) 

If Eq. (6) is rewritten in the form 

of a conservation equation, 

3N 
3t 

V-(Flux) (8) 

then it is seen that we are already 

near our desired result of deriving 

a convective-diffusion equation from 

the Fokker-Planck (F-P) equation. 

CHAPMAN-ENSKOG EXPANSION 

To obtain a convective diffusion 

equation which should provide an 

adequate description of the motion 

of a B particle during time intervals 

long compared to g , the first step 

is to seek a solution to the F-P 

equation in the form of an asymptotic 

series: 

f = f^°^ + e"i f^^^ + o'(e-23. ^9) 

Substituting Eq. (9) into the F-P 

equation, and equating coefficients of 

the same power of 

T . 

leads to 

0 "5p 9u. 

rr.^ k T , ,_pCo) 

M 

3jF 
3t 

(o) 3f (o) 

3u. 

1- '-A ^ 
5p) 3u. 

(10) 

1 M 
3f_ 
3u. 

1 

(IJ (11) 

and so on. 

An appropriate solution to Eq. (10) 
(2) 

is what was obtained earlier^ -̂  using 

an entirely different approach: 
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(o) 

1 = 1 

M 
27rkT̂  

1/2 

3f (0) 

3t 1 + .. . (14) 

'̂'P J2kTj/M . (12) 

It will be seen that, in fact, 

Eq. (11) need not be solved. 

Substituting Eqs. (12) and (9) 

into (8) leads to 

Some terms in Eq. (14) can be ignored 

since they lead to terms which are of 

second order in fluid gradients. 

The other terms, such as 3N/3t, can 

be obtained from Eq. (13) and the 

fluid equations: 

3N 
3t 3r. 

1 

N u . -I-
1 i "i f" 

d \ + cf(e"2j 1 _ 

,-2 

(13) 

Thus, to terms of order 3 , we need 

evaluate only the first moment of 

f^ . This can be obtained from 

Eq. (11) without solving the equation. 

However, first we make use of the 

fundamental, Chapman-Enskog-type, 

assumption. It is assumed that for 

time intervals large compared to g , 

the time dependence of f is implicit, 

through the dependence of the density, 

etc., on time. Thus, a "normal" 

solution is assumed, wherein 

3f(0) 

3t 
df}^^ 3N ̂  ii'-̂ -'sT 
3N 3t 3T 3t 

3N r^ 3 
3t 

32 
3t 

Nu. r. 1 
1 

(15) 

.(f) 3V>' 
-vF^ ^ - (Y-1) T g^:^— (16) 

3r. 

.(f) (f) 
1 3p_ 
P 3r-

(17) 

in which the approximate, Euler-type, 

conservation equations are used, to 

be consistent with the order of gra­

dients which are retained. 

Now, to obtain the second term on 

the right hand side of Eq. (13), 

Eq. (14) is substituted into Eq. (11) 

and the latter is multiplied through 

by u. and integrated over all u. As 

a result, we obtain 

3N 3_ 
3t 3N 

3T̂  3 
3t 3T 

3V (f) 

3t 3V. 

+ 7̂  /u.u. f^-^ d u = (1- -p—) / u. 7̂  

3r^ j 1 J ^ SV J J 8u^ 

•(e) 

UT 3t 3p 3t 
' < ' 

''i TT 3ir 

(Nu.) 

d u. (18) 

t 
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Integrating the right hand side of 

Eq. (18) by parts and utilizing that, 

by construction. 

/ 

4̂ (1) .3 „ f̂  ^ d u = 0 (19) 

then the right hand side becomes 

- (1--"L) fu. f f i ) ^3 -̂  d u 

which is exactly what is desired for 

Eq. (13). 

Finally, substituting Eqs. (15-

17) into the left hand side of 

Eq, (18), ignoring terms of second 

order in gradients or terms which 

correspond to changes in quantities 

during time intervals small compared 

to g" , and substituting the result 

into Eq. (13) leads to 

[D • VN - Nv-

where D = D [ I - ̂ ] , 

(20) 

(21) 

where D is Einstein's diffusion 

coefficient and I is the identity or 

metric tensor, and where 

J(e) 
d 5p 

^ ^ 

' ^ 5 ^ 

+ D 
5p 

V.^-^1 . (22) 

These results are exactly the same as 
f 21 

the results obtained previously^ by 

modifying Kramers' method. 
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DIFFUSION AND TURBULENCE STUDIES 

The seriousness of pollutant releases to the atmosphere is strongly 

influenced by the diffusive capacity of the atmosphere and the ability 

of the atmosphere to cleanse itself. Consequently, studies of dispersion 

and deposition, and of turbulence affecting these processes are of con­

siderable importance. Turbulence studies have aimed at modeling the power 

spectra of the three wind components m various wind speeds and stabilities 

and at various heights. Ultimately, the goal is the understanding of the 

interrelation between turbulence and dispersion to the extent that diffusion 

models can be developed without input from "turbulence measurements," since 

turbulence should be described by the same parameters necessary to describe 

diffus ion. 

Recent turbulence and diffusion field experiments carried out at the 

Hanford site have been restricted to the planetary boundary layer. Diffu­

sion experiments have involved instantaneous and point source tracer 

releases, investigation of source height effects through simultaneous tracer 

releases at two elevations and, by virtue of real time tracer concentration 

measurements, the investigation of the contribution of meander and diffusion 

to the crosswmd concentration distribution of the time integrated plume. 

Continuing intensive field measurements m the turbulence area have permitted 

the modeling of wind component spectra, the effects of atmospheric stability 

on atmospheric turbulence spectra and momentum flux. 

Studies resulting from data generated during the experimental phase of 

the Barbados Oceanographic and Meteorological Experiment continued with the 

development of a system for processing of BOMEX turbulence data and refine­

ments m studies involving measurement of the air-sea interchange by means 

of radioactive tracers . 

Fallout studies concerned with describing the behavior of pollutants 

transported over large distances and at elevations well above the planetary 

boundary layer also were pursued. Close agreement was found between observed 

effluent (Phoebus IB) trajectories and diabatic trajectories employing data 

from a computerized radiational cooling model. Another study compares the 

reliability of current computerized prognostic trajectories with isobaric 

trajectories based on observed 850 mb surface data. 
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'^COMPARISON OF MAXIMUM EXPOSURES AT GROUND LEVEL RESULTING 

FROM SIMULTANEOUS RELEASE OF TRACERS FROM 

ELEVATIONS OF 2 AND 26 METERS 

P. W. Nickola 

Atmospheric tracers were simultaneously released from 
elevations of 2 m and 26 m for periods ranging from 30 to 
60 min. The seventeen dual releases took place during a 
variety of atmospheric stabilities. Ground-level field 
sampling took place between distances of 0.1 and 12.8 km 
from the source. After normalization to unit mass emitted, 
ratios of exposures resulting from the two levels of release 
were formed. The magnitude of these ratios was strongly 
related to atmospheric stability at distances relatively 
close to the sources, but the reduction of exposure due to 
the aloft release was minimal beyond 3 km for all stabilities 
encountered. 

Generally, experimental investiga­

tion of the effects of source height 

on the ground-level concentration 

of atmospheric pollutants entails 

release of a tracer from one elevation 

under a specific meteorological condi­

tion, and then a repeat release from 

a different elevation at a time when 

the meteorology is similar to the 

conditions existing during the first 

release. Unfortunately, the free 

atmosphere is an uncooperative labo­

ratory which never precisely repeats 

itself, and thus the effects of such 

a variable as source height can be 

somewhat obscured by the changes in 

meteorology between experiments. The 

simultaneous release from more than 

one elevation of atmospheric tracers 

with identical aerodynamic properties 

overcomes the problem. 

Simultaneous field releases of the 

tracers fluorescein and zinc sulfide 

FP 2210 began at Hanford in 1964. 

This dual tracer technique^ -' in­

volves simultaneous collection of the 

tracers on a common set of filters, 

and subsequent noninterfering assays 

for each tracer. 

In order to test the compatibility 

of these tracers in the field, early 

experiments involved release of 
(2) 

both tracers from the same source.^ ' 

On the average, good agreement was 

found. When the masses of tracer 

collected on field filters were nor­

malized to the masses dispersed, 

the mean ratio of masses of fluores­

cein to FP 2210 at plume centerline 

was found to be 1.01. The range 

embraced by one standard deviation 

about the mean ratio was from 0.69 

to 1.45. A total of nine field 

releases with sampling between 0.2 

and 3.2 km from the sources was 

involved in this investigation. 

At the 95% confidence level, there 

was no difference in the fluores­

cein to FP 2210 ratio from sampling 

arc to sampling arc. 



109 BNWL-1551 
Part 1 

From 1966 through 1969, a series 

of dual tracer releases was made from 

different elevations of the Hanford 

122-m Meteorology Tower. Assay of the 

FP 2210 tracer was readily accom­

plished, and some analysis of these 

data has been reported in earlier an­

nual reports of this series.^ ' ' -' 

Various difficulties delayed much of 

the fluorescein assay until 1970. 

A total of 17 experiments was con­

ducted in which tracers were released 

simultaneously from elevations of 

about 2 and 26 m. Thirty to sixty 

minute duration releases were made 

at both night and day, and under a 

variety of atmospheric conditions. 

Atmospheric stabilities, as indicated 

by the Richardson number (Ri), for 

the layer between 2 and 15 m varied 

from -0.59 to 0.24. Sampling was ac­

complished on 15 sampling arcs con­

centric about the source tower at 

distances ranging from 0.1 to 12.8 km. 

Not all sampling arcs were used with 

each experiment. 

Figure 1 presents plume center-

line exposures (E ) for field tests 

during the most stable (Test U-57 

with Ri = 0.24) and least stable 

(Test U-55 with Ri = -0.59) condi­

tions observed. The data have been 

normalized to mass of tracer emitted 

(Q), but not to wind speed since the 

intent here is to emphasize the dif­

ference in exposures actually observed 

with equal releases. Also, the in­

corporation of a normalizing wind 

speed requires somewhat arbitrary de­

cisions in the selection of the ele­

vation of wind speed effective in 

transporting tracer from the release 

point to the sampler. 

Note on Figure 1 that in the case 

of less stable Test U-55, the advan­

tage of reduced exposures due to 

increased release height (H) is lost 

before reaching a distance 0.3 km 

from the source. In the case of more 

stable Test U-57, the benefit of the 

26-m release height is in evidence 

to a distance of about 3 km. 

For each sampling distances of 

each test, ratios were formed by 

dividing the normalized centerline 

exposure (E /Q) resulting from the 

26-m release by E /Q resulting from 

the 2-m release. Rank correlation 

tests were made between Ri and the 

exposure ratios at 400 m from the 

source. The correlation between the 

ratio and Ri was significant at the 

0.005 confidence level, (Similar 

rank correlation between exposure 

ratio and OQ U also showed signifi­

cance, but only at the 0.05 level. 

Wind direction standard deviation (cf„ 

and mean wind speed (u) measured at 

the 15-m elevation were used in this 

computation.) 

The high correlation between 

exposure ratio at 400 m and Ri led 

to a decision to group the tests on 

the basis of Ri for analysis. Arbi­

trary groupings of moderately sta­

ble (Ri > 0.10), slightly stable 

(0.10 > Ri > 0), slightly unstable 

(0 > Ri > -0.10), and moderately 

unstable (-0.10 > Ri) were formed. 

Logarithms of the ratios were 

averaged and the resulting means 

were converted again to exposure 

ratios and plotted. 

Figure 2 presents the results. 

If the experiments are presumed to 
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FIGURE 1. Plume Centerline Exposures for Most Stable (U-57) 
and Most Unstable (U-55) Atmospheres of Test Series. H is 
release height. 

embrace the range of "typical" condi­

tions within each stability class, 

the graph suggests that 90% of the 

benefits of the H = 26 m release 

over the H = 2 m release are gone in 

moderately unstable atmospheres by 

the time the plumes travel 0.6 km. 

For slightly unstable atmospheres, 

the benefits are missing beyond 1.2 km; 

and for slightly stable atmospheres. 

beyond 3 km. There is obviously an 

anomaly in either the slightly stable 

or moderately stable curves as the 

ratio exceeds 0.3. Since six field 

experiments contributed to the 

slightly stable data, whereas only 

three experiments were incorporated 

in the moderately stable data, the 

slightly stable category should be 

more valid. 
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FIGURE 2. Centerline Exposure Ratio (H = 26-m Release to 
H = 2-m Release) Versus Distance. 

A somewhat different approach to 

Figure 2 can be made. If the inter­

est lay in reducing pollution at a 

distance of, for example, 1 km from 

a source, erection of a 26-m stack 

could be said to offer no advantage 

over surface level release during 

moderately unstable conditions. 

Under slightly unstable conditions, 

erection of the 26-m stack would 

only reduce maximum exposures by 15%, 

In slightly stable atmospheres, the 

exposure reduction would be to 40% 

of the ground level release, and in 

moderately stable atmospheres the 

reduction would be to about 0.5%. 
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f MEASUREMENTS OF THE MOVEMENT, CONCENTRATION. AND 
DIMENSIONS OF INSTANTANEOUSLY GENERATED PUFFS 

OF AN INERT GAS TRACER 

P. W. Nickola 

Data generated during eight field puff releases of Kr were 
analyzed. Information specifying effective speed and height, 
magnitude of short-period concentration, magnitude of crosswind 
and downwind concentration integrations, and dimensions of the 
puffs were generated. Perhaps the most significant conclusion 
reached was that the effects of atmospheric stability on puff 
dimensions were best shown when dimensions were considered as a 
function of time rather than of distance from source. 

During the fall of 1967, a series 
o r 

of releases of the inert gas Kr 

was made on the Hanford atmospheric 

diffusion grid. Descriptions of the 
8 5 
Kr field grid and instrumentation 

have been given in these annual 
ri-31 (45) 

reports^ ^ and elsewhere.^ ' •' 

A data volume has been published, 
A 1 I, (7-11) 

and several research papers^ ^ 

have been generated from the krypton 

tracer data. 
85 Although the Kr releases were 

of both continuous (plume) and 
instantaneous (puff) varieties, the 
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results summarized in this note deal 

only with the puffs. This summary 

is a much condensed version of a 

paper recently submitted for journal 
ri2~l 

publication.^ ' 

Field measurements of puff 

releases have received little atten­

tion when contrasted with the con­

siderable investigations associated 

with plume releases. The emphasis 

on plumes stems partially from con­

cern with the great number of indus­

trial stacks which emit pollutants 

on a more or less continuous basis. 

Further, field generation and mea­

surement of puffs are technically 

more difficult than the similar pro­

cedures for plumes. Nevertheless, 

there are infrequent or accidental 

pollutant releases which are better 

simulated by tracer puff releases. 

Explosions or rocket launch-pad 

accidents are examples, 
o r 

Eight puffs of Kr were released 

at surface level and permitted to 

drift through the three-dimensional 

field grid of 64 Geiger-Miiller sensors. 

The grid extended to a height of 21 m 

and to a distance of 800 m from the 

source. Concentrations were recorded 

as a series of 4.8-sec duration mean 

concentrations for each of the 

64 sensors. This history of con­

centration at 64 known field loca­

tions , and the accompanying 

meteorology measurements made on 

towers near the source, permitted 

specification of the movement, con­

centration, and dimensions of the 

puffs. 

The effective speed with which 

a puff moved as it intersected the 

plane 1.5 m above the surface 

increased as the distance from source 

(or time following release) increased. 

Since wind speeds increased with 

height, the effective height at which 

the puffs were moved also increased 

with distance (or time). At 800 m, 

the effective transport height was 

greater than 1.5 m in two of seven 

cases. The effect of atmospheric 

stability on the effective height 

was not obvious. 

At the 1.5-m elevation, peak 

values of short-period concentra­

tion, exposure, and crosswind 

integrated concentration increased 

with increasing atmospheric stability. 

Figure 1 presents maximum exposures 

for seven puffs as a function of 

distance from source, and as a func­

tion of travel time. Tests P2 and P8 

were conducted in stable atmospheres. 

Test P7 in an unstable atmosphere, and 

the remainder of the tests in near 

neutral conditions. The shaded area 

on the exposure versus distance por­

tion of the graph embraces the mea­

surements made by other investigators 

as reported in Meteorology and Atomic 

Energy 1968. ̂ •''̂^ 

Measurements made at the 1.5-m 

elevation showed that within 800 m 

of the source and for locations near 

the puff centroid, crosswind inte­

grated concentrations exceeded inte­

grations made in the downwind direction 

regardless of stability. Thus, a 

person who moved rapidly (relative to 

wind speed) crosswind through a puff 

would have breathed a greater amount 

of contaminant than a person moving 

up or downwind. 

The standard deviation (a.,) of 

the concentration distribution through 
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FIGURE 1. Peak Exposure Versus Distance and Versus Travel 
Time 

a puff in the downwind (x), crosswind 

(y), and vertical (z) directions were 

employed to specify puff dimensions. 

The fact that the magnitude of these 

0 y, a J, and a j values was dependent 

upon the plane of measurement in the 

puff suggested that tracer concentra­

tion within the puffs was not trivari-

ant normal in distribution. Even 

though the trivariant normal distri­

bution may have been approximated 

shortly after puff generation, the 

effects of wind speed and direction 

shear deformed the puffs before they 

travelled a distance of 200 meters. 

Regardless of atmospheric stabil­
ity, a-,>a-,>a^ within the 800 m 

•̂  ' xl yl zl 
extent of the field grid. In stable 

atmospheres, the ratio a j/a -. ^ ' yl' xl 
decreased slightly as the puffs 

travelled from 200 m to 800 m - i.e. 

downwind elongation continued. How­

ever, for the single release into 

an unstable atmosphere, the a ^/a -^ 

ratio increased from 0,30 to 0.72 

during puff travel from 200 m to 

800 m. The ratio a„r/a j decreased 
zl xi 

with distance (or time) regardless 

of stability. 

Although it is common practice to 

present diffusion parameters such as 

peak concentration, peak exposure, 

or puff and plume dimensions as 

functions of distance from source, 

Taylor^ ^ and many others have 

employed the concept of travel time 
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as the independent variable. The 

appeal of this approach with the sub­

ject puff data is exemplified in 

Table 1. When puff dimensions are 

considered as functions of distance, 

releases in stable atmospheres are 

seen to result in puff dimensions at 

least as large as those in less stable 

atmospheres. In fact, the wind speeds 

during the stable tests happened to 

be much less than those during the 

less stable tests. Thus the processes 
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6 
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/ ADVANCEMENTS IN CAPABILITIES OF THE HANFORD INERT 

GAS TRACER SYSTEM FOR FIELD DIFFUSION STUDIES 

P. W. Nickola and J. D. Ludwick* 

The Hanford prototype inert gas field diffusion tracer 
system has been improved and the field grid has been extended. 
Sampling previously included 64 field detectors which were 
arrayed to a maximum height of 21 m on 6 towers and to a dis­
tance of 800 m from the tracer release point. The revised 
array of 128 sensors extends to a height of 42 m on 10 towers 
and to a distance of 1600 m. Remotely activated protective 
covers on the field sensors replace the manually removable 
covers of the prototype system. A capability for continually 
recording concentration fluctuations in fine detail replaces 
the intermittent recording with less detail associated with 
the prototype system. 

A Kr field tracer system was 

first installed on the Hanford dif­

fusion grid in 1967. A series of 
Q r 

thirteen Kr releases was made on 

this prototype grid in the summer 

and fall of 1967. Documentations of 

this inert gas tracer system and of 

the results of these prototype 

releases are referenced in the immedi­

ately preceding article** of this an­

nual report. Modifications and addi­

tions to this prototype system are 

nearing completion. These advances 

will enhance the versatility of the 

system and extend the range over 

which measurements can be made. 

Location of sensors on this revised 

field grid is diagrammed schematically 

* Radiological Sciences Department. 

on Figure 1. This revised installation 

is contrasted with the prototype instal­

lation in Table 1. A total of 64 sen­

sors was employed in the prototype 

system, with sampling heights extend­

ing to 21.3 m. The maximum distance 

at which the Geiger counter sensors 

were installed was 800 m from the 

source. The revised installation 

arrays 128 sensors to a height of 42 m 

and to a distance of 1600 m from the 

source. Current plans do not include 

samplers above the 1.5-m basic level 

at 1600 m. 

Each of the 128 field sensors 

requires an individual coaxial cable 

to link it to a programmer located 

in a trailer near the tracer source. 

The sensors added in the revised sys­

tem required about 40 miles of cable 

to accomplish this linking. Early 

experience with the prototype system 

in which coaxial cables were placed 

directly on the ground revealed that 

**P. W. Nickola. "Measurements of 
the Movement, Concentration, and 
Dimensions of Instantaneously Gen­
erated Puffs of an Inert Gas 
Tracer." 
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the Inert Gas Tracer System 
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desert rodents found the cable insula­

tion quite appetizing. To avoid 

cable damage, all cables have been 

suspended from a series of metal fence 

posts. Bridging of vehicle access 

roads on the field grid was necessary 

at six field locations. Although 

these coaxial cables are an unglamorous 

portion of the field system, their 

acquisition and installation repre­

sented a considerable expenditure of 

funds and manpower. 

Leaving the mica windows of the 

Geiger counter field detectors con­

tinually exposed to weathering would 

result in relatively rapid deteriora­

tion and tube failure. The prototype 

field technique entailed replacing 

a plastic cap over each sensor sub­

sequent to each field experiment, 

and removing it again prior to the 

next experiment. This procedure 

was rather time consuming - partic­

ularly with respect to the tower-

mounted sensors. This difficulty 

has been overcome in the revised 

system with the installation of re­

motely activated covers. The primary 

TABLE 1. Comparison of Field Instrumentation on 
Prototype and Revised Field Diffusion Grid 

Prototype Installation Revised Installation 

Sensor Location No. of Sensors Sampling Extent No. of Sensors 

200-m arc at 
1.5-m level 

200-m arc 
on towers 

800-m arc at 
1.5-m level 

800-m arc 
on towers 

1600-m arc at 
1.5-m level 

94° to 132° 

Sampling Extent 

86° to 144° 

4 sensors/tower, 6 sensors/tower, 
3 towers, total of 12 0.8 to 10.7 m 5 towers, total of 30 3 to 27 m 

94° to 132° 

None 

64 sensors 128 sensors 

94° to 134° 

4 sensors/tower, 6 sensors/tower, 
3 towers, total of 12 0.8 to 21.3 m 5 towers, total of 50 5 to 42 m 

106° to 122° 
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component of these covers is an detector equipped with a remotely 

electrically activated valve. A field activated cover is shown on Figure 2, 

Neg 711162-5 

FIGURE 2. Field Detector Equipped with Remotely Activated 
Weather Cap 

The prototype system incorporated 

a 4096 address memory which was pro­

grammed to accept information from 

the 64 field detectors for a total 

of 64 time increments. At the com­

pletion of the 64 time increments, 

the memory was completely filled, 

and had to be read to magnetic tape 

(a procedure requiring about 40 sec) 

before the memory was cleared and 

able to accept additional information. 

So as to avoid loss of tracer concen­

tration data during the memory read­

out process, it was necessary to 



120 BNWL-1551 
Part 1 

estimate the length of time it would 

take for a plume or puff of tracer 

to clear the field array, and to pro­

gram the length of the time incre­

ments accordingly. This procedure 

frequently resulted in the choice 

of time increments of relatively 

long duration (about 40 sec during 

15 min plume releases) and a loss of 

much of the detail of the fluctuating 

concentration within the plume. 

Furthermore, poor estimates of the 

duration of tracer passage sometimes 

resulted in the filling of all 64 

memory time channels before tracer 

had cleared the field grid. 

A marked improvement in recording 

technique is being incorporated into 

the revised system. The prime im­

provement is the addition of a second 

memory unit. Detector signals can 

then be read into one memory unit 

while the second unit is dumping 

stored data to a magnetic tape. 

This procedure will permit uninter­

rupted sampling with short sampling 

time increments for extended periods 

of time. The limiting factor will 

be length of magnetic tape rather 

than number of addresses in the 

memory. 

Data reduction will be facilitated 

by use of computer-compatible tape 

recording procedures. 

-yiECHNOLOGY DEVELOPMENT FOR DUAL ATMOSPHERIC TRACER STUDIES 

ON AN INSTRUMENTED METEOROLOGICAL GRID 

J. D. Ludwick* 

Nuclear techniques are useful in 

studies of air pollution problems 

including the dispersion of material 

from a source and its subsequent dis­

tribution throughout the environment. 

A noble-gas-tracer grid system has 

been developed and used in the 

quantitative measurement on a real 

time basis of the transport and 
8 5 diffusion of Kr released as a puff 

or continuous source out to distances 

of 800 meters. 

^Radiological Sciences Department 

o r 

This developed Kr monitoring 

system has been modified to allow 

continuous recording of real time 

data differentiated into 1 second 

time intervals. Each downwind detec­

tor was modified to include a 

remotely operated cover plate which 

can also be used as an absorber or 

energy discriminator between the 
o r 

Kr beta particles and other air­

borne radionuclides. Thus, it is 

adaptable to the measurement of 

reasonably high and low energy beta 
8 5 emitters in the presence of Kr 

(0.7 MeV). Typically, a high 
energy beta could originate from a 
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radioactive particulate in the 

micron size range where unwanted 

effects from self-absorption would 

be negligible. Two techniques which 

have been considered for the genera­

tion of a 0.1 to 1 micron aerosol 

are the vaporization of a low-boiling 

solid material and the ignition of 

solid propellent-type materials. 

Several factors must be considered 

in dispersing tracer radionuclides 
8 5 

such as Kr to the environment. The 

downwind radiation hazard must be 

reduced to a negligible factor. This 

can be accomplished by using least 

possible quantities of a short-lived 

radioisotope. In addition, the dis­

persal study must be conducted at a 

controlled location insuring that no 

detectable quantities of radiation 

leave the test site. For dual tracer 

experiments the beta energy of the 

particulate must be at least 50% dif­

ferent from that of the 0.7 MeV ^^Kr 

beta particle (or of the 0.35 MeV 
133 

Xe). Several radioisotopes pre­
pared by neutron activation meet this 
criterion; these include Mn, Si, 
64 24 

Cu and Na. Another convenient 

method for the preparation of such 

radioisotope sources would be in the 

use of a long-lived parent, short­

lived daughter combination where a 

daughter of moderate strength could 

be separated from its parent at a 

time convenient to the field experi­

ment needs. 

The field experiments would be 

initiated by vaporization or ignition 

of the particulate tracer at the same 

time as the krypton vial burst. As 

the plumes traveled downwind, each 

monitor station's cover plate would 

be synchronously opened and closed at 

1 second intervals. The thickness of 

the cover plate in the area over the 

detector surface would be adjusted to 

allow passage of only the harder beta 

particle. Thus data accumulated while 

the cover was open would represent the 

total air concentration of both the 

gaseous and the particulate tracer. 

During the closed cycle, however, only 

information from the harder beta 

tracer would be collected. In this 

way, not only would the unique real 

time particulate air concentrations 

be obtained but also, by comparison 

with the simultaneous noble gas con­

centrations measured, a quantitative 

measure of the depleting character of 

the particulate would be available. 
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/<m£ REAL PLUME AND ITS RELATIONSHIP TO THE APPARENT PLUME 

J. V. Ramsdell 

The real plume and its relationship to the time inte­
grated or apparent plume are discussed. The crosswind 
concentration in the real plume is shown to be asymptoti­
cally Gaussian. The variance of the crosswind concentra­
tion distribution of the apparent plume is shown to be 
equal to the sum of the crosswind concentration variance 
and the meander variance of the real plume. The relative 
contributions of the diffusion and meander of a real plume 
to the diffusion of an apparent plume are discussed. 

Until comparatively recently most 

data on diffusion in plumes were ob­

tained using sampling devices which 

integrated the plume behavior over 

relatively long periods of time. By 

the very nature of the averaging inher­

ent in the experimental techniques, 

many details of the diffusion process 

were lost. Thus, the plume described 

by most of the standard diffusion 

models has little resemblance to the 

plume actually observed by the eye. 

For the past 3 years diffusion data 
8 S 

collected at Hanford using the Kr 

Tracer System^ ^ have been analyzed 

in an attempt to fill in some of the 

missing details. During the last 

year attention has been focused on 

description of the real plume and its 

relationship to the plume described by 

previous data. The latter of these 

plumes has been previously termed the 

mean plume but will hencefore be re­

ferred to as the apparent plume. 
85 

The Kr Tracer System was designed 

in such a manner that relatively short 

averaging intervals would be avail­

able for data collection. As a re­

sult, data collected during prototype 

tests for the System are suitable for 

description of real plume charac­

teristics. Data from the 1958 dif­

fusion tests at Round Hill Massa-

chusetts^ ^ were also found to be 

suitable. 

The first four moments of the 

crosswind concentration distribution 

were computed for each real plume 

cross-section. The moments of partic­

ular interest were the third and 

fourth which describe the skew and 

peakedness of the distribution. To 

facilitate determination of the mean 

characteristics of the real plume, 

coefficients of skewness and kurtosis 

were computed and averaged. The ex­

pected coefficient of skewness for a 

symmetrical distribution is zero with 

the probability of positive and nega­

tive values being equal. Therefore, 

arithmetic averaging was used to de­

termine the mean value for real plumes 

On the other hand, the coefficient 

of kurtosis is bounded from below by 

zero. The observed values of the co­

efficient of kurtosis ranged from 
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somewhat less than 2 to well over 10 

with a mode and median of the order 

of 3. To avoid placing excessive 

weight on high values, the mean co­

efficient of kurtosis for the real 

plume was determined using geometric 

averaging. The mean values of these 

coefficients are listed in Table 1. 

None of the coefficient values in 

the table is significantly different 

from the corresponding values for the 

Gaussian distribution, i.e., a co­

efficient of skewness of 0 and coeffi­

cient of kurtosis of 3. The conclusion 

that the mean concentration in the 

real plume is at least asymptotically 

Gaussian follows from this comparison. 

TABLE 1. Average Coefficients of Skewness and Kurtosis for 
the Crosswind Concentration Distribution in Real Plumes 

Location 
Distance Coefficient of Coefficient of Number of 

Tracer (Meters) Skewness Kurtosis Observations 

Hanford. 1967 Kr 

Round Hill. 1958 SO, 

200 

800 

50 

100 

200 

0.02 

-0 .08 

-0.32 

0.09 

0.15 

3.03 

2.79 

3.28 

3.30 

3.46 

70 

67 

10 

12 

7 

Assuming that the concentration 

distribution in the apparent plume 

is also at least asymptotically 

Gaussian leads to the conclusion 

that the variances of the concentra­

tion distributions in the two plumes 
. ( 3 ) are re la ted in following manner: 

~1. 2 2 
Y'^ = D + M 

where, Y is the variance m the ap-
~^ 

parent plume; D is t̂ he variance in 

the real plume, and M is the vari­

ance of distribution of the positions 

of the center of mass of the real 

plume. In effect, D represents 

~7 
true diffusion within and M repre­
sents the meandering of the real 

o r 

plume. During two of the Kr pro­

totype tests sufficient data were ob­

tained at 200 and 800 meters to 

permit direct computation of each of 

the terms in this relationship. 

Figure 1 shows the results of these 

computations as well as some previous 

computations involving somewhat less 
f 41 tenable assumptions.^ ^ 

Accepting the foregoing relation­

ship as correct, attention was directed 

toward determining the relative mag­

nitudes of the contribution of real 

plume diffusion and meander to the 
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FIGURE 1. Comparison of the Standard Deviation of the Cross-
wind Concentration Distribution in the Apparent Plume with an 
Approximation Using Real Plume Measurements. 

diffusion of the apparent plume. 

Figure 2 shows the decrease in the 

ratio of the variances of the cross-

wind concentration distribution as a 

function of the ratio of observation 
o c 

times for one of the Kr plumes. 

T is the time period during which the 

plume was examined and is associated 

with the apparent plume. It is con­

stant. The time t is associated with 

plume segments of shorter duration 

and was variable in length in multiples 

of 38.4 sec up to T. The larger the 

ratio T/t, the closer the approxima-
2 2 

tion of the ratio D /Y . Figure 2 

indicates that the real plume dif­

fusion accounted for about 20 percent 

of the apparent plume diffusion at 

200 meters and about 10 percent at 

800 meters. There is no reason to 

expect that these ratios are universal. 
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FIGURE 2. The Ratio of Diffusion m Plume Segments to Dif­
fusion in the Apparent Plume as a Function of the Ratio 
of Observation Times, where T is the Observation Time 
for the Apparent Plume and t for the Plume Segment 
(t min = 38.4 sec). 

Complete descriptions of the real 

plume and its growth parameters will 

require more data. However, the 

present data do raise the question of 

the advisability of basing hazards 

analysis upon apparent plume 

parameters. 
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\ 1 COMPARISON OF 12-HOUR PROGNOSTIC ISOBARIC TRAJECTORIES 
WITH CALCULATED TRAJECTORIES FROM HANFORD. 
_ . _ _ . . Nc;; 

WASHINGTON FOR OCTOBER 1970̂ ^ 

W. E. Davis and J. M. Thorp 

A comparison of isobaric trajectories, calculated versus 
prognostic, indicated a correlation of 0.78 for distance 
traveled in 12 hours. A similar comparison of calculated 
trajectories versus isobaric trajectories based on persistence 
gave a correlation of 0.92 for a 12-hour movement. However, 
the 12-hour azimuthal difference between trajectory end 
points showed the prognostic trajectory to be superior to 
the persistence trajectory in anticipating the direction 
traveled from Hanford. 

Prognostic trajectories are of 

interest in connection with air pol­

lution problems, since they can indi­

cate where the pollutant is expected 

to go, at what level it will be 

found, as well as where the pollutant 

will be removed from the atmosphere 

by precipitation. This report has 

been addressed in particular to the 

question of how reliable are present-

day prognostic trajectories. 

The isobaric trajectories were 

forecast using the computer results 

of the Primitive Equations (P.E.) 

model^ ^ . These isobaric trajec­

tories were then compared with iso­

baric trajectories calculated on the 

observed 850 mb surface for a 12-hour 



127 BNWL-1551 
Part 1 

period. The 800 mb level, rather 

than the 850 mb level, was provided 

to the authors for use in order to 

lessen the terrain effects inherent 

in the P.E. model. The reason the 

850 mb was used to verify the tra­

jectories was that data were readily 

available at that level. In the 

mean, the two trajectories should 

be similar with 800 mb level trajec­

tories moving at a higher speed. 

Trajectories based on persistence 

were assumed to require the least 

data, construction time and effort 

of any useful method. They have 

been used here as standard trajec­

tories for evaluating the P.E. 

prognostic trajectories. For the 

first six hours, persistence and 

calculated trajectories are approxi­

mately coincident. With this in 

mind, the distances traveled in 12 

hours as prognosticated through the 

P.E. model were correlated with dis­

tances determined from calculated 

trajectories and the distances ex­

pected on a persistence basis were 

also correlated with calculated 

trajectories. Table 1 indicates a 

comparison of distance traveled. 

culated and y is persistence for the 

first column and y prognostic in the 

second column, where r is the corre­

lation coefficient, a slope, b inter­

cept, 0 is variation of the slope, 
3. 

a, is variation of the intercept. 

Instead of increasing with height, 

we see that the distance traveled is 

less for the 800 mb P.E. prognostic 

than the calculated or persistence 

85 0 mb distance. This may to some 

extent be due to smoothing of the 

wind field in the P.E. model, except 

that the same smoothing should also 

occur in the individual trajectories 

for a representative sample. In gen­

eral, the intensity of the wind ap­

pears to be underestimated by about 

3 knots (0.6° latitude in 12 hours) 

if we accept the October 1970 data 

as representative. For the same 

period, the deviations in azimuth 

showed the prognostic trajectory to 

be superior with a standard deviation 

of 16° from the calculated trajectory 

while persistence had a standard 

deviation of 25° from the calculated. 

Table 3 indicates the result of 

comparing the distance separation 

between the calculated versus per­

sistence and calculated versus 

TABLE 1. Mean Travel Distance 
(Degrees of Latitude at 12 Hours) 

Persistence Calculated Prognostic 

3.5 3.5 2.9 

Table 2 indicated linear regression 

results of X = ay + b where x is cal-

TABLE 

r 

a 

b 

a a 

% 

2. Linear Reg: 

Pers istence 

0.92 

0.97 

0.04 

0.04 

0.30 

ression Results 

Prognostic 

0.79 

0.86 

0.01 

0.08 

0.52 
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TABLE 3, A Distances 

Distance from Distance from 
Prognostic to Calculated Persistence to Calculated 

Ad (° lat.) 

0.0-0.4 

0.5-0.9 

1.0-1.4 

1.5-1.9 

2.0-2.4 

2.5-2.9 

3.0-3.4 

N 

2 

10 

9 

6 

5 

S 

1 

Cumulative 
1 

5 

32 

55 

71 

84 

97 

100 

N 

6 

20 

6 

5 

4 

1 

Cumulative 
1 

14 

62 

76 

88 

98 

100 

prognostic where Ad = [(x-, - x,) 
2 1/2 

+ (y-, - Y2) ] • In general, the 

three tables indicate that, at least 

for the Hanford Area, persistence 

trajectories do a better job of fore­

casting distance traveled by air 

parcels at twelve hours. The prog­

nostic P.E. model, however, forecasts 

the angular movement better than per­

sistence. Thus some improvement may 

be readily expected in using the 

P.E. model for angular movement with 

greater reliance on the existing 

isotach patterns for 12-hour trajec­

tories. Consideration is now being 

given to this as well as to using 

isentropic trajectories rather than 

isobaric in an evaluation of the 

prognostic trajectories for the P.E. 

model. The use of isentropic trajec­

tories will give a better evaluation 

of prognostic trajectories since 

vertical movement may be considered 

as part of verification. 

REFERENCE 

1. J. Heffter. Unpublished data, 
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X RADIATIONAL COOLING OF AIR PARCELS FOLLOWING THE EFFLUENT 

OF PHOEBUS IB EP-IV. FEBRUARY 24, 1967 

W. E. Davis and B. C. Scott 

An updated radiational cooling model predicted diabatic 
results consistent with airplane measurements of plume 
height. The computer model produced diabatic cooling 
results which were in approximate agreement with results 
derived from previous hand calculations. 

Prior to 1970, the authors have com- batic trajectories, utilizing data 

puted radiational cooling through the from the updated radiational model, 

use of the Elsasser diagram.^ ^ Since were then constructed and found to be 

these computations were time consum- in close agreement with the observed 

ing, a computer program was developed trajectories of the effluent.^ ^ 

by Scott.'•-' Table 1 presents the cumulative 

Computed values of radiational cool- radiational cooling effects in the 

ing in a partially cloudy atmosphere cloudy atmosphere along the effluent' 

were then utilized in a diabatic tra- path. The initially predicted values 

jectory analysis of the effluent re- (OLD) of radiative change showed a 

leased from a Phoebus IB reactor test. cumulative heating while the actual 

Comparisons between the measured plume was observed to be cooling, 

effluent path and the computed path The updated values of radiational 

suggested that the values of radia- cooling were found to be consistent 

tional cooling incorporated into the with previously obtained values from 

trajectory analysis were erroneous. an Elsasser diagram, thus lending 

The radiation computer program was further support for the accuracy of 

reevaluated and improved. New dia- the present numerical model. 

TABLE 1. Cumulative Cooling with Clouds 

Sky Cover for 
February Elsasser Updated Old A9* the Plume Elsasser 

°C 

-0.4 
-0.7 
-1.1 
-1.4 
-2.0 

Scott 
Updated Old 

°C °C 

-0.4 
-0.8 
-1.5 
-2.5 
-3.5 

+ 0.5 
+ 1.0 
+ 1.2 
No 
data 

Me 
Derived 
asurements 

AG* 

°C 

-0.5 
-1.2 
-1.7 

23 22Z-24 12Z -0.4 -0.4 +0.5 -0.5 overcast 
24 12Z-25 OOZ -0.7 -0.8 +1.0 -1.2 overcast 
25 OOZ-25 12Z -1.1 -1.5 +1.2 -1.7 clear to overcast 
25 12Z-26 OOZ -1.4 -2.5 No clear to overcast 
26 OOZ-26 12Z -2.0 -3.5 data clear to overcast 

^Averaged from aircraft measurements. 
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In general, the radiational model 

yielded higher cooling rates than the 

hand calculations on an Elsasser 

diagram for times greater than H 

+ 21:30 hours, and thus enabled the 

centerline of the predicted plume 

path'- ^ to be lowered to an altitude 

near where the actual plume was 

measured. Aircraft measurements indi­

cated a "hot spot"'-"̂ -' at H + 32 hours 

with the potential temperature (9) of 

the plume approximately 1/2 °C cooler 

than the 9 predicted for the center 

of plume by the diabatic trajectory. 

However, there is no indication that 

the aircraft actually measured the 

center of the plume since a vertical 

temperature and concentration sound­

ing was not taken at this time. 

To summarize, the updated numerical 

model appears to describe accurately 

the radiational cooling in a cloudy 

atmosphere and will thus enable its 

incorporation into a real time dia­

batic trajectory analysis scheme. 
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)( PROJECT BOMEX STUDIES OF ATMOSPHERIC AND OCEANIC MIXING AND AIR-

S'EA INTERCHANGE USING RADIOACTIVE TRACERS 

J. A. Young and W. B. Silker* 

7 

The activities of cosmogenic Be 

and several bomb-produced radionu­

clides were measured in air, sea-

water, and rain samples during the 

Barbados Oceanographic and Meteoro­

logical Experiment (BOMEX). Because 

^Radiological Sciences Department 

of its relatively short 53 day half-
7 

life. Be was confined primarily to 

the top 50 meters of the sea, so its 

inventory in the sea could be deter­

mined from samples collected between 

the surface and 100 meters. The in-
7 

ventories of Be and the other radio­
nuclides in the sea varied by a fac­
tor of about 2.5 during BOMEX, with 
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most of the variation occurring in 

the top 30 meters. The observed 

changes were not due to rain, since 
7 

the addition of Be by rainfall dur­
ing the experimental period was only 

7 
10 to 15% of the Be decay in the 

sea. The rapid variations in concen­

tration were probably caused by hori­

zontal transport of water masses of 

different activities through the 

BOMEX array (Figure 1) . 

3.0 

2.6 -

2.2 -

1.0 

• FLIP 

^ ROCKAWAY 

o DISCOVERER 

D DISCOVERER, 
1968 

CALCULATED 
INVENTORY 

, - ^ - - -
^ - . . 

I 

MAY JUNE JULY AUGUST 

Neg 710080-3 
7 2 

FIGURE 1. Be Inventory in a 1 cm Column of Seawater 

During the second two weeks of May 

large amounts of fresh water, pre­

sumably Amazon River water, entered 

the southeast corner of the BOMEX 

array. Measured surface salinities 

decreased from around 35% at the 

usees Rockaway during the first two 

weeks of May to as low as 31% at the 

USCGS Discoverer during the last two 

weeks of June, indicating the pres­

ence of around 12% fresh water. The 

7 
large changes in Be activity could 

have been caused by intrusions of 
7 

river waters having high Be activity. 

Beryllium-7 activities were generally 

higher when salinities were low. 
7 

However, the Be activity was not 

directly proportional to the amount 

of fresh water present, so the intru­

sion of fresh water was probably not 

the only cause of the variation in 
7 
Be activity. The variations in 
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activity may indicate that Be ac­

tivities in the ocean are generally 

not uniform over large horizontal 

areas, due to differences in the 
7 

amount of Be transferred across the 

sea at different locations resulting 

from different rainfall patterns, 

air concentrations, and wind speeds. 

Air filter samples have been col­

lected on the Island of Barbados 

since May 1969 (Figure 2). These 

samples indicate that the air concen-
7 

tration of Be varies seasonally by 

an order of magnitude at this location, 

with maximum concentrations occurring 

around May and June and minimum con­

centrations occurring in November and 
7 

December. Therefore, Be inventories 
in the sea should also change with 

the time of year. If one assumes 

that the rate of transfer of Be 

across the sea surface is propor­

tional only to the air concentration, 

one can calculate the variation of 

seawater inventory with time by 

choosing the proportionality constant 

so that the calculated inventories 

agree with the measured inventories. 

A rate of transfer of 9.52 atoms of 
7 2 
Be/cm of sea surface/day/dpm of 
7 3 
Be m 10 standard cubic meters 

(SCM) of air gives calculated sea­

water inventories which agree with 

measured inventories. These calcu­

lations indicate that the maximum and 

the minimum in the seawater inventory 

should both occur 2 or 3 months after 

the maximum and the minimum in the 

air concentration. 
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7 
During the BOMEX period the Be 

inventory in the sea was increasing, 
-2 

on the average, by 0.010 atom cm 

sec" . The rate of addition to the 

sea was 35% greater than the rate of 

decay in the sea. Dividing the rate 

of addition by the average atmo­

spheric concentration gives a value 

of 0.7 cm sec for the deposition 

velocity. The vertical diffusion 

coefficients in the surface layers 

of the ocean can be calculated from 

the flux across the sea surface and 

the vertical concentration gradient. 

The vertical profile measured on 

May 11, 1969 gives the following 

values for the vertical diffusion 

coefficient, K„. 

Depth, 
meters 

0-15 

15-30 

30-50 

75-100 

cm̂ sec'-L 

4.3 

4.8 

0.82 

0.60 

7 
The activities of Be and the 

nuclear-weapons-produced radionu­

clides in air filter samples col­

lected by aircraft during BOMEX did 

not increase significantly between 

0.3 and 9.1 km altitude. On the 

average there was a minimum in the 

activity of the radionuclides at 

1.5 km, probably because of rainout. 

Many of the vertical profiles showed 

a minimum for the activity of the 

bomb-produced radionuclides but not 
7 

for Be at some altitude, often 

9.1 km. These minimums probably 

resulted from intrusions of southern 

hemispheric air, since the activities 

of the bomb-produced radionuclides 

were considerably lower in the south­
ern hemisphere at this time, but the 
7 
Be activity should be about the same 

in the two hemispheres. Other pro-
7 

files showed minimums in both Be 

and the bomb-produced radionuclides 

at around 9 km and were therefore not 

due to intrusions of southern hemi­

spheric air. Probably these minimums 

resulted from recent precipitation 

scavenging of the air. It is possible 

that air which was scavenged in the 

cumulonimbus of the intertropical con­

vergence zone moved northward into 

the BOMEX array. 

Often there were large increases 

in radionuclide activity with time 

at some altitude and location. The 

increases at 12 km during the first 

2 weeks of June were particularly 

large. Back trajectories were cal­

culated for many of the air masses 

showing high radionuclide activities. 

It was found that these air masses 

had originated within the previous 

few days at latitudes of 30° N or 
7 

greater. Activities of Be and the 

bomb-produced radionuclides are gen­

erally considerably greater at these 

higher latitudes. 

During the BOMEX experiment, air 

samples were collected at five ele­

vations from 1 ft to 70 ft above the 

sea surface aboard Flip, the Rockway 

and the Discoverer. Many of these 

profiles showed increasing radionu­

clide activities with height, due to 

the removal of the radionuclides at 

the sea surface. On some of the pro­

files, however, the increase in ac­

tivity with height was too small to 

be measured. When the vertical eddy 

diffusion coefficients measured by 
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other investigators become available 
7 

the rate of transfer of Be and other 
radionuclides across the sea surface 

as a function of time will be calcu­

lated to determine the effect of 

meteorological parameters such as 

As reported previously,'~"̂ '' the 

Atmospheric Resources Department 

(ARD) of BNW and the Department of 

Oceanography, Florida State Univer­

sity (FSU), jointly undertook the 

preparation, deployment and opera­

tion of the TRITON spar buoy for 

the Barbados Oceanographic and 

Meteorological Experiment in 1969. 

BNW's major efforts were in the de­

velopment, testing and operation of 

a high capacity thermoelectric 

generator power source and a sensor 

and data recording system for measur­

ing the turbulent fluctuations of the 

wind vector, moisture and heat. 

A Geodyne digital data recording 

system (Model 985) was selected as 

the data recorder because it satis­

fied the data recording requirements 

wind speed upon the flux across the 

sea surface. The calculated fluxes 

will also be compared with the aver­

age fluxes determined from the mea­

sured seawater inventories. 

and the requirement for interface 

compatibility with existing buoy re­

cording equipment operated by FSU. 

BOMEX was the first experiment in 

which the ARD has used digital field 

recorders for the acquisition of tur­

bulence data. Previous recording has 

been done using analog recorders. 

This situation has required the de­

velopment of a digital data process­

ing system analogous to that cur­

rently used for processing analog 

recorded turbulence data collected 

for other purposes. 

That which follows briefly dis­

cusses the steps that have been and 

are being taken to complete the Geo­

dyne digital data recording and pro­

cessing capability and specifically 

for processing the data collected 

"̂  VHE DEVELOPMENT OF A SYSTEM FOR PROCESSING DIGITAL TURBULENCE 

DATA OBSERVED DURING BOMEX AND TEST DATA RESULTS 

R. K. Woodruff 

Participation in the Barbados Oceanographic and Meteorologi­
cal Experiment required the development of a digital data 
processing capability for the turbulence data collected. Hard­
ware modifications have been accomplished and software developed 
to permit reading data on field tapes directly into a computer. 
Additional programs have been written to restore the continuity 
of the data series, scale and edit the data and determine gross 
statistics. Test results from data collected from Barbados are 
comparable with oceanic data collected elsewhere by other 
investigators. 
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from the TRITON buoy and the island 

of Barbados as part of the BOMEX. 

The processing of the Geodyne re­

corder data is being accomplished in 

the following steps: 

1) Cassette Tape Reader Modifica­

tion and Translation Software 

Development, 

2) Data Processing Software 

Development, 

3) Software Interfacing. 

CASSETTE TAPE READER MODIFICATION AND 

TRANSLATION SOFTWARE DEVELOPMENT 

can be entered at a later time and 

the continuity of the real-time data 

series maintained. Each of these 

blank record position is, of course, 

flagged such that it can be relocated 

for appropriate processing. A count 

of the number of distorted records is 

printed out for approximately every 

4 minutes of real-time data. This 

makes it possible to determine sec­

tions of a data tape that are not 

suitable for processing because of 

recording malfunctions. Normally, 

this would not be a necessary func­

tion; however, it was included in the 

initial translation process as it was 

known that recording transients caused 

some malfunctions during the at-sea 

phases of the BOMEX operation. 

Future improvements or expansion 

of this translation process will in­

clude expansion of the error checking 

function by including a parity check 

for each data word. This has not been 

done to date as the Geodyne recorder 

did not initially record parity. 

This feature is being added to upgrade 

recording quality. 

The translator system hardware 

modification and software development 

was accomplished by personnel of the 

BNW Computer Systems Development Sec­

tion. The hardware modification in­

volved the replacement of pulse return-

to-zero logic recording circuits with 

circuitry for reading data recorded 

with the nonreturn-to-zero phase 

shift logic of the Geodyne recorder. 

These modifications are the subject 

of BNW Computer Systems Development 

Memorandum 71-1, dated January 1971. 

The Geodyne tape recorder uses 

one-quarter inch magnetic tape 

cassettes holding 1200 feet of con­

tinuous loop tape. These cassettes 

are convenient for field use; how­

ever, before the data can be pro­

cessed they must be translated into 

IBM standard format and placed on 

one-half inch tape. 

Although a commercial translator 

was available, considerations of ex­

pense and versatility led to modifi­

cation of a less expensive model and 

its direct interfacing with the BNW 

SEL 840A computer. This will allow 

more extensive error checking proce­

dures to be undertaken than are 

normally available. Generally, trans­

lators provided only for the tape-to-

tape translation and a gross 

accumulation of record bit count 

errors. In the present system each 

480-bit data record (32 words of 

15 bits each) is checked for the cor­

rect bit count. If the record is 

distorted its data are voided, but 

its position is maintained such that 

an interpolated or substitute record 
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DATA PROCESSING SOFTWARE DEVELOPMENT 

Programs have been written to read 

the half-inch IBM standard tape gener­

ated by the translation process, per­

form various conversions, editing and 

statistical summarization functions 

and write the edited data on magnetic 

tape for more detailed analyses. 

These programs accomplish the follow­

ing operations in the order listed: 

1) Missing data substitution, 

2) Conversion to engineering units, 

calibration scaling, and the 

determination of x, y and z wind 

components, 

3) Raw data statistics calculation, 

4) Reasonableness editing, and 

5) Statistical summarization of 

edited data. 

The first function of the data 

processing software is to restore the 

continuity of the data series by 

placing representative data in the 

data records that were found by the 

translation software to be distorted. 

This is accomplished by substituting 

a good data record that was observed 

a short time (a few seconds) before 

or after the missing data record. If 

the data are distorted continuously 

for 10 seconds real time, a data dis­

continuity is noted such that these 

sections of a record can be avoided 

in subsequent detailed analyses. 

When the continuity of the data 

series has been restored, the decimal 

equivalents of the octal numbers rep­

resenting the data are converted to 

the appropriate engineering units and 

scaled according to the sensor cali­

brations. The wind vectors measured 

by the two wind turbulence sensors 

are orthogonalized to common x, y 

and z components. 

The following raw data statistics 

are determined for each parameter: 

1) 5-minute real-time means; 

2) For the total run length: 

(a) Standard deviations and 

means, and 

(b) Standard deviation and mean 

of the population of succes­

sive sample differences. 

The reasonableness editing logic 

assumes that the data populations are 

Gaussian and utilizes the raw data 

statistics to establish criteria for 

rejection of individual data values. 

Data points are rejected if they do 

not satisfy either of the following 

criteria: 

1) The point does not appear to be 

a member of the population of 

raw data points as determined 

from the calculated statistics 

of that population, and 

2) The difference between the value 

of the point in question and the 

previous one does not appear to 

be a member of the population of 

successive difference values de­

termined from the raw data. If 

the data point fails either test 

its value is reduced until it 

satisfies the above criteria. 

With the completion of the reason­

ableness editing, the means and stan­

dard deviations for successive five-

minute real time intervals are 

determined. These statistics can 
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tnen be used to determine which sec­

tions of the data satisfy the require­

ments for various types of special 

analyses. 

SOFTWARE INTERFACING 

At this point in the programming 

sequence, the data will be put into a 

format compatible with programs which 

have been previously developed for 

the analysis of turbulence data on a 

UNIVAC 1108 as part of other ARD 

research efforts. This will provide 

access to a library of several useful 

statistical analyses such as power, 

cross, and bi-spectra, auto and cross-

correlation functions, second, third 

and fourth moments of the individual 

distributions and the second and third 

moments of joint distributions. 

TEST DATA RESULTS 

With the completion of a basic 

data processing system, it is neces­

sary to verify the reasonableness of 

the final output before further pro­

cessing. This was accomplished with 

a data tape collected on the island 

of Barbados. 

By virtue of the close proximity 

of the observation location to the 

shoreline and the persistent onshore 

winds, it would appear most reason­

able to compare the observed data to 

data typical of oceanic conditions. 

Table 1 compares some statistics by 
f 2̂  Miyake, et al. (1970)^ ' University 

of British Columbia with one set of 

test data. 

It is expected that stability con­

ditions were reasonably similar in 

both cases. The times over which the 

statistics were determined, however, 

should contribute to some small dif­

ferences in the data. The UBC statis­

tics were determined for periods of 

33-63 minutes while the BNW statis­

tics are for 5-minute periods. The 

comparison obtained, however, is suf­

ficient to demonstrate the reasonable­

ness of the data and reinforces the 

initial assumption that the data ob­

served at the island location may be 

representative of oceanic conditions. 

The verification of other data sets 

will be accomplished in the future, as 

well as the comparison of the power 

spectra obtained with those of other 

oceanic data before more extensive 

analysis is initiated. 

TABLE 1. Comparison of Data 

0 0 a 
u 

cm/sec 

UBC 

Max 74 

Mean 52 

Min 32 

BNW 

a 
V 

cm/sec 

w 
cm/sec 

UBC BNW UBC BNW 

t 
°C 

UBC BNW 

65 

42 

27 

64 

44 

29 

51 

33 

19 

42 

26 

17 

42 

25 

17 

0.21 

0.15 

0.07 

0.73 

0.30 

0.19 
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y; MODELING OF WIND COMPONENT SPECTRA 
C. E. Elderkin, D. C. Powell and T. W. Horst 

Modeling of turbulence spectra in neutral conditions shows a 
linear scaling with height to at least 60 meters for the verti­
cal component with the normalized frequency of the peak some­
what higher than previously reported. The longitudinal component 
spectra also scale proportional to height above a frequency of 
0.01 hertz and exhibit a second, low frequency peak, which does 
not depend on height. The low frequency portion of the lateral 
component shows no consistent modeling characteristics. The 
inertial subrange was found above 7.5 meters in the normalized 
frequency range above a value of about one. The expected -5/3 
power dependence on frequency and the 4/3 ratio between either 
vertical or lateral component spectra and the longitudinal 
spectra are reasonably well demonstrated. The theoretical 
nondimensional form of the inertial subrange was closely fol­
lowed when the generally accepted value of 0.146 for Kolmogoroff's 
constant and the recently adjusted value of 0.35 for Von Karman's 
constant are used. 

An understanding of the spectral 

structure of atmospheric turbulence 

is important in developing dependable 

methods for estimating diffusion of 

pollutants released to the atmosphere. 

Consequently, spectral models for the 

turbulent fluctuations of each wind 

component under various conditions of 

wind speed, atmospheric stability, and 

height are of interest. Efforts in 

this direction are represented by the 

summary of turbulence spectral results 

presented by Busch and Panofsky, ̂  -' 

which show that, for the vertical 

velocity component, the Monin-Obukhov 

similarity theory is followed with 

good agreement between spectra from 

Hanford, Round Hill, and Cedar Hill. 

The spectra are scaled directly pro­

portional to height up to about 

50 meters. 

The longitudinal spectra, however, 

show less agreement between the three 

sites at lower frequencies. There 
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appears to be a scaling of the spectra 

which is not directly proportional to 

height and strict agreement between 

sites for the frequency of maximum 

energy was not found. 

It is clear that additional high 

quality turbulence data from towers 

are needed to adequately model tur­

bulence spectral structure. Experi­

ments were conducted during the sum­

mer of 1970 at Hanford to measure 

turbulence with sonic anemometers 

simultaneously at three levels: 

7 1/2 meters, 15 meters and 60 meters; 

and Gill three-propeller anemometers 

at three other heights: 1 7/8 meters, 

3 3/4 meters and 30 meters. Twelve 

experiments were conducted in un­

stable, near neutral, and stable 

conditions as well as transitional 

states. Data from three tests, 

originally recorded on analog magnetic 

tape recorders, have been digitized 

and processed on the UNIVAC 1108 

computer yielding moments, Reynolds 

stresses, heat flux, spectral, and 

cross spectral distributions. 

VERTICAL COMPONENT SPECTRA 

One 55-minute period of neutral 

data was analyzed. The recording was 

from 1910 to 2005 P.S.T., July 28, 

1970. The three spectra for w' from 

the sonic anemometers at 60, 15 and 

7.5 meters, respectively, follow the 

nondimensional scheme very well. The 

maximum nondimensional spectral value 

was found to be 0.46 at the nondimen­

sional frequency 0.46. The frequency 

is somewhat higher than the value. 

0.32, given by Busch and Panofsky (1) 

to using U, the mean longitudinal com­

ponent, in normalizing the frequency 

in the present work, whereas the mean 

horizontal wind speed was used in the 

studies cited by Busch and Panofsky. 

An analytical expression of the 
2 

form used by Fichtl and McVehil was 

used to model the Hanford spectra 

for w'. The form used by Busch and 

Panofsky 

nS^(n) 1.075(g-^) 

1 * i-sfo^) 

573"' (1) 

a special case of the more complicated 

Fichtl and McVehil form, is simpler 

and was found to fit the Hanford 

spectra as well when the constants 

determining the predicted value for 

maximum energy and the predicted fre­

quency of maximum energy were appro­

priately adjusted. The expression 

fitting the Hanford spectra is 

1-15(0746^ 

1 ^ I - 5 ^ O : T 6 ^ 

"S73 (2) 

Values from this expression may be 

compared to those from a theoretical 

expression for the inertial subrange, 

based on Kolmogoroff's similarity 

theory and the further assumption 

that the dissipation is equal to the 

mechanical production. This expres­

sion is 

nS (n) 
w ' iAk-2/3 (^ 

U 

•2/3 
(3) 

The difference may, in part, be due 

where A is the Kolmogoroff constant, 

generally accepted as 0.146, and k 

is the Von Karman's constant, recently 

re-evaluated at 0.35. In the inertial 
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subrange, the values from (3) are be­

tween those of (1) and (2); the dif­

ference between expression (2) and (3) 

is about 15%, as seen in Figure 1. 

To assure that the conditions asso­

ciated with the assumption of neutral 

stability were met, the energy budget 

was analyzed for the same data which 

indicated that there was negligible 

convection and flux divergence at 

7.5 meters and at 15.0 meters. But 

between 30 and 60 meters, slight in­

stability and a small positive flux 

divergence are noted. 

1.0 

0.001 

A 60 METERS 

o 15 METERS 

D 7.5 METERS 

J I I I l l l l l I I I I I ml I I I I I ml I I I I I ml i i i I i i i i 

0.01 ai 1.0 10 100 

Neg 711160-5 

FIGURE 1. Nondimensional w Spectra for 3 Heights - Neutral Case 

HORIZONTAL COMPONENT SPECTRA 

Previous difficulty in defining the 

frequency of maximum energy for the 

longitudinal component may be due to 

interference by mesoscale turbulence, 

which may differ significantly from 

one site to another, or even from one 

data collection period to another. 

The longitudinal spectra for the 

present Hanford neutral data show 

two peaks separated by a trough at 

about 0.01 hertz. Other data col­

lected at Hanford for TOLCAT analy­

sis^ ^ have shown the same feature. 

One of the peaks is scaled frequency-

wise as a linear function of height, 

and the other peak is at the same 

frequency at all heights (see 

Figure 2). 
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FIGURE 2. Dimensional u Spectra for 4 Heights Neutral Case 

The higher frequency peak, modeled 

proportional to height, shows maximum 

energy occurring at a frequency about 

an order of magnitude lower than for 

the w' spectra, and exhibits the 

-2/3 slope in the inertial sub-range. 

The 4/3 ratio expected between the 

energy in the two components in the 

inertial subrange is reasonably well 

verified, being observed as 3 to 2, 

rather than 4 to 3, as predicted by 

theory. An empirical expression 

derived to match the u' spectra in 

the high frequency peak is 

f , 
nS (n) 

u^ ^ 
3.00 ( 0.056 

1 + 1.5(7 
"5/3 (4) 

•0.056 

and is shown in Figure 3. 

The agreement between this ex­

pression and the theoretical expres­

sion for the inertial subrange is 

excellent, being within 1%. The 

theoretical expression is given by 

(3) with the 4/3 factor removed. 

The spectra for the lateral 

velocity component also show a 

reasonable verification of the iner­

tial subrange for normalized frequen­

cies greater than about f = 1 above 

the 7.5 meter height. Both the -2/3 

slope and the 4/3 ratio are fairly 

well approximated. At 7.5 meters, 

however, the lateral component spec­

trum did not exceed the longitudinal 

spectrum throughout the highest 

decade of frequencies measured show­

ing that the inertial subrange does 
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not truly exist there. At lower fre­

quencies, below the inertial subrange, 

the lateral component also does not 

demonstrate a constant spectral shape 

suitable for good modeling. The low­

est frequency portion of the lateral 

spectra does not appear to scale 

according to height, to show a peak at 

a common frequency, or to show a gap a 

a common frequency for the different 

heights. Additional data will be re­

quired to define the best model of 

the lateral spectra and to show the 

scatter to be expected. 

10 
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FIGURE 3. Nondimensional u Spectra for 3 Heights - Neutral Case 
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DIABATIC EFFECTS ON ATMOSPHERIC TURBULENCE SPECTRA 

C. E. Elderkin 

The turbulence spectrum for the vertical velocity compo­
nent in diabatia conditions is shifted in frequency from the 
spectrum for the neutral case. The data for unstable condi­
tions are shifted to lower frequencies and the data for stable 
conditions to higher frequencies. When stability is included 
in the scaling of the nondimensional frequency, as predicted 
in the inertial subrange by Kolmogoroffs expression with the 
dissipation determined through the turbulent energy budget 
equation, the spectra are all reasonably coincident and agree­
ment with the inertial subrange theory was generally within 
107(1. This was accomplished by assuming that aonvective pro­
duction equals the flux divergence of turbulent energy. The 
assumption that the flux divergence is zero, used in earlier 
spectral modeling work, does not organize the data so well. 
In addition, direct evaluation of the flux divergence demon­
strates that it Was definitely nonzero. However, it also 
does not precisely balance the oonveotive production and ap­
pears to lag in its adjustment from one stability condition 
to another. 

It has previously been shown from 

turbulence results at various sites 

(see Busch § Panofsky)^ ^ that for the 

vertical wind component, in addition 

to being scaled proportional to height, 

the spectra exhibit a stability depen­

dence. For stable conditions, the 

spectra are shifted to higher fre­

quencies than for neutral and unstable 

conditions. It was concluded in that 

study that the stability dependence 

observed appeared to be consistent 

with the results suggested in the 

inertial subrange of the longitudinal 

component spectra, that the dissipa­

tion of turbulent energy is balanced 

by the total production, i.e., mechan­

ical plus convective. This implies 

that the divergence of the turbulent 

energy flux is approximately zero. 

However, recent results of very 

comprehensive turbulence experiments 

performed by AFCRL (Haugen, et al.)^ ^ 

were analyzed and reported by Wyn-

gaard and Cote,^ •' which showed that 

the flux divergence was not negligible 

Indeed, direct measurements of this 

quantity appeared to approximately 

balance the convective production. 

However, the dissipation was not bal­

anced by the mechanical production 

alone and possibly the unmeasured 

pressure transport term is 

s ignifleant. 

Recently, improved turbulence mea­

surements in diabatic conditions have 

been possible at Hanford. Parti­

cularly, more definitive information 

is available on the stability and 

Reynolds stress and their variations 

with height than with those data in­

cluded in the summary cited above and 

evaluated in previous studies at 

Hanford. (̂̂^ 
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Sonic anemometer data from 7.5, 15 

and 60-meter heights were analyzed for 

two almost adjacent 28-minute periods 

of unstable data. The periods investi­

gated were 1537-1605, July 20, 1970 

and 1619-1647, July 20, 1970, 

These data were from the most sta­

tionary periods within the 70-minute 

interval under consideration. The 

Reynolds stress, which was relatively 

constant across the vertical space of 

the array during neutral conditions in 

the same series of tests, decreased 

significantly with height during the 

two unstable periods considered here 

- more so during the first than during 

the second. The comparison is shown 

as below: 

TABLE 1. 

-u'w' (mps)' 

H e i g h t , m 

6 0 . 0 0 

3 0 . 0 0 

1 5 . 0 0 

7 . 5 0 

3 . 7 5 

N e u t r a l 

0 . 1 9 

0 . 2 3 

0 . 2 3 

0 . 2 2 

0 . 2 1 

c a s e 1 s t u n s t a b l e 

0 . 0 7 

0 . 1 9 

0 . 3 7 

0 . 4 8 

0 . 4 0 

c a s e 2nd u n s t a b l e c a s e 

0 . 3 1 

0 . 4 6 

0 . 5 1 

0 . 4 0 

0 . 3 6 

Because of the large change through 

the vertical profile of the Reynolds 

stress, it is surprising that the ver­

tical component spectra for the unsta­

ble cases model as a function of height 

as well as they do. This resulted, 

however, only when a single, near sur-

face value of û,, , was used to normal­

ize spectra from all heights. Ratios 

across the span of values for 
2 

nS^(n)/u* were seldom greater than 

1.6 at any given frequency within the 

inertial subrange. However, some 

stratification according to height (or 

according to the stability, varying as 

a function of height) was still 

detectable. 

When the stability dependence is 

included in the scaling of the spec­

trum for the vertical component, 

within the inertial subrange (see 

C. E. Elderkin),'- -* the theoretical 

description takes the form 

n S (n) w^ ̂  i--'''i.i% 
•2/3 

(1) 

where <j) is the normalized dissipation. 

(2) 
^ u^^/kz 
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It has been assumed by Busch and Pan­

ofsky and in previous work at Han­

ford , that 

M̂ 
(3) 

where the nondimensional form of the 

turbulent energy budget equation has 

been used with the flux divergence 

of turbulent energy set equal to zero. 

Here <t)w is the dimens ionless wind 

shear and L the Monin-Obukhov stabil­

ity lengthy scale. Averaging together 

the measurements from 7.5 meters and 

from 15.0 meters, the representative 

values of L for the two periods con­

sidered in the present analysis were 

calculated to be -98 meters and 

-225 meters. 

At the 60-meter height, the first 

period was therefore considerably 

more unstable than those cases in­

cluded in the studies referenced 

above and a better evaluation could 

be made of the assumption that dis­

sipation equals the sum of mechanical 

and convective energy inputs. It was 

clear that this assumption, when used 

in Equation (1), did not produce as 

good a comparison with the spectral 

data within the inertial subrange as 

would the assumption that convective 

energy production and flux divergence 

are equal. With the latter assumption, 

the spectral wave lengths are scaled 

not only by height but also by the 

dimensionless wind shear (as proposed 

earlier by Berman^ -̂ ) , i.e., in 

Equation (1) , we let (p = if lu • 

Therefore, the spectral estimates 

of the vertical component for the two 
2 

unstable periods, normalized to û ^ 

determined near the surface, are 

plotted in Figure 1 as a function of 
.tu T • J J: 1 n z 

the normalized frequency, x^ ?̂ --

These are compared with the theoreti­

cally expected curve in the inertial 

subrange (the dashed line) and the 

empirical curve determined from the 

spectral data for neutral stability 

(where (})̂  = 1) . 

The modeled expression for neutral 

conditions is appropriate here if the 

dependent variable is further normal­

ized by dividing f by <^^ as specified 

by Busch and Panofsky;(1) however, we 

assume here that tk = &>,, where d),, is 

determined from the KEYPS formulation 

of the diabatic wind profile. 

The expression for the neutral case, 

given in a complementary Annual Report 

discussion,*- -' with the additional 

normalization becomes 

n Ŝ (̂n) 1.15 (f/0.46 (j)̂) 

1 + 1.5 (f/0.46 <p^) 

V, r nz where f = — 

573 

(4) 
U 

It can be seen from Figure 1 that 

there is a slight shift to lower fre­

quencies for the unstable cases but 

the shape of the spectrum is reason­

ably well preserved. It is also ap­

parent that for the two unstable cases 

plotted there is no distinction be­

tween them when their respective sta­

bilities are incorporated into the 

scaling through <() = <!)„. In addition, 

the slight separation of the data for 

different heights has now disappeared 

as the varying stability with height 

has been taken into account. The com­

parison with the theoretical curve 

within the inertial subrange is even 
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FIGURE 1. Nondimensional w Spectra for 3 Heights - Two 
Unstable Cases 

more striking, the data being gener­

ally less than 10% lower. 

Similarly for the stable case 

shown in Figure 2, in the inertial 

subrange, the theoretical expression 

is virtually coincident with the 

data (from an experiment on 

July 23, 1970 at 2143 to 2238 PST) 

when frequency is scaled inversely 

proportional to However, 

these data were only very slightly 

stable, with L = 4400, so that data 

with greater stability must be ob­

tained for this evaluation. Never­

theless, it can be seen that for the 

greater stability at the 60-meter 

level, the low frequency end of the 

spectrum is considerably lower than 

the model for neutral conditions, sug­

gesting that the neutral spectral 

shape may not be appropriate, through 

a simple stability scaling, to the 

stable case. 

Much of the uncertainty in model­

ing diabatic turbulence is in under­

standing the energy budget, particu­

larly the magnitude of the vertical 

flux divergence of turbulent energy. 

The analysis of the two 28-minute 

periods of unstable data (separated 

by 14 minutes) shows the magnitude 

of the flux divergence to be defi­

nitely nonzero. However, a one-to-one 

relationship with -z/L was not found. 

Although -L was half as great in 

the first 28-minute period as in the 

last period (and, therefore, -z/L 

greater in the first period), the 

flux divergence increased sharply 

with height during the last period. 
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being less than -z/L through the low­

est half of the tower and greater 

than -z/L in the upper portion. Dur­

ing the first period, there was a 

consistent increase in the divergence 

with height up to about 11 meters, and 

no increase from 11 meters to 45 

meters, dropping below -z/L in the 

upper portion. It appears that adjust­

ments in the flux divergence term to 

stationary values do not occur in phase 

with nor as rapidly as in the energy 

levels themselves and would conse­

quently complicate the modeling of the 

diabatic spectra. 

1.0 

HEIGHT 

A 60 METERS 

o 15 METERS 

D 7.5 METERS 

aooi I—2J—1 I I I ml I I I I I ml i i i I n i i l i i i I i ml i i i I i m 
0.01 0.1 1.0 

J_ _nz_ 
100 

Neg 711160-4 

FIGURE 2. Nondimensional w Spectra for 3 Heights - Stable 
Case 
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When the temperature lapse rate 

across the atmospheric boundary layer 

is unstable, the physical character­

istics of the turbulence are known to 

exhibit a certain transition with 

height - the transition from so-called 

mechanical turbulence to so-called 

convective turbulence. The two cor­

relations that are characteristic of 

these two types, but not in the same 

way, are u'w"*" and w 'T ' , respectively. 

The first correlation is intrinsically 

6. C. E. Elderkin, D. C. Powell and 
T. W. Horst. Pacific Northwest 
Laboratory Annual Report for 1970 
to the USAEC Division of Biology 
and Medicine, BNWL 1551, Part 1 
(To be published in 1971). 

associated with the vertical shear of 

the mean wind, which is caused by the 

presence of the boundary. The second 

correlation is intrinsically associated 

with the unstable temperature lapse 

rate. This correlation induces rota­

tional movements internally and 

locally, which may be of a scale com­

parable with the scale of the eddies 

or mechanical turbulence, or may be 

of a larger scale. 

^DIA BATIC EFFECTS ON PROFILES OF THE SHEAR STRESS 

D. C. Powell 

Analysis of two periods of unstable data show the Reynolds 
stress correlation, -u 'w ', to vary markedly with height 
across the layer commonly designated as the constant flux 
layer for the neutral case. Vertical similarity is exhibited 
when the profiles are plotted versus z/L. By deleting Von 
Karman's constant from L, a new length, L^ = kL, was 
defined because L^ seemed to be a better measure of the 
approximate height at which the transition from mechanical 
turbulence to convective turbulence takes place. Since none 
of the terms in the standard equation of mean motion were 
found to be of sufficient magnitude to balance the observed 
decrease of height of the Reynolds stress, the inclusion of 
large order adveative correlations, in particular, wdU/ds is 
proposed. In the layer immediately adjacent to the surface 
roughness elements where the Reynolds stress was observed to 
increase with height, the distinction between the mean flow 
and the turbulence deteriorates. Therefore, the applicabil­
ity of the above equation to this type of turbulence is 
questioned. 
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Consider a low level in the turbu­

lent boundary layer - low enough that 

-u'w' is at or near its maximum 

absolute value, but high enough that 

the mean wind U is at least an order 

of magnitude greater thanv^u'w'. At 

this level, we assume that the value 

of -u'w' is characteristic and call it 
2 

u* . Now, at this level the ratio of 
2 

the magnitudes of w'T' and u* will 

vary, and obviously the greater the 

ratio when the first is compared to 

the second, the shorter the vertical 

span required for the transition from 

mechanical to convective turbulence. 

A length, L, containing these two 

terms is found in the buoyancy term 

of the nondimensional turbulence energy 

equation: 

kzg/T-(^) =_ I ^^^ 

where k is Von Karman's constant, z is 

the height, g is gravity, and T is the 

mean temperature. The L is the Monin-

Obukhov length. The purpose of this 

paper is to examine the variation with 

L of the profile of u' w''~. Admittedly, 

the data sample analyzed is not large 

enough to make the conclusions more 

than tentative. Therefore, future 

analysis will test the same ideas. 

PHYSICAL DISCUSSION OF L 

Physically, it makes sense to 

expect the magnitude of L to be such 

that most of the transition takes place 

across the layer where z and L are of 

the same order of magnitude. In order 

to bring this about, it was found 

necessary to redefine L without Von 

Karman's constant. 

3 
-u^ 

L* = = kL (2) 
(g/T) ^PT^ 

This appears physically justifiable 

for the following reason. The simples 

boundary layer equation containing k 

applies strictly to mechanical 

turbulence: 

dtr ̂  "* 
dz FF (3) 

which simply states that the change of 

mean wind speed with height is the 

quotient of a characteristic turbu­

lence velocity by a characteristic 

length. Now, which quantity does k 

belong with - with z or with û ?̂ If 

it belongs with z, its place in L 

seems inappropriate since L is not a 

function of z. On the other hand, if 

it belongs with u^, inclusion of k to 

the minus third power in L seems ap­

propriate, since u^ is in L. By 

using the former assumption, L* of the 

desired physical characteristics is 

obtained. 

MEASUREMENT ARRAY 

The data from which the following 

analysis was taken were recorded from 

five logarithmically spaced sensors 

mounted on one tower, at heights of 
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60, 30, IS, 7.5 and 3.75 meters. The 

instruments at 60, 15 and 7.5 meters 

were sonic anemometers. Stress cal­

culations from the Gill anemometer 

data have been reconciled with deter­

minations from sonic anemometer data 

in other studies. 

ANALYSIS OF THE DATA 

The data were recorded in two almost 

consecutive 28-minute periods: 

1st period 1537-1605, 20 July 1970 
2nd period 1619-1647, 20 July 1970 

The sky was clear, the temperature in 

the upper nineties, and the mean wind 

speed at 7.5 meters about 8 mps. The 

periods chosen were the most station­

ary periods over the 70-minute interval 

of the most unstable data available. 

Richardson numbers for the two 

periods were about -0.3 and -0.1, 

respectively. 

meters differ markedly from the 1st to 

the 2nd period (Table 1). 

z 

60.00 

30.00 

15.00 

7.50 

3.75 

TABLE 1. 

-u'w' (mps)" 
1st period 

0.07 

0.19 

0.37 

0.48 

0.40 

-u'w' (mps) 
2nd period 

0.31 

0.46 

0.51 

0.40 

0.36 

When -u'w' is given by height for 

each period, the values at 30 and 60 

Better correspondence may be 

achieved if the values are plotted as 

functions of z/L*. The values of L* 

for the two periods turn out to be 

-34 meters and -79 meters, respectively 

(Table 2). 

TABLE 2. 

Period 1st 1st 2nd 1st 2nd 1st 2nd 1st 2nd 2nd 

-z/L* 1.75 0.87 0.76 0.44 0.38 0.22 0.19 0.11 0.10 0.05 
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The curve for each period is shown in 

Figure 1. 

From Table 2 and the Figure 1, 

we note the following: 

1. The change of the correlation 

takes place over the height 

range where z and L* are of the 

same order of magnitude, 

2. The two curves showing the cor­

relation as a function of z/L* 

for each period are strikingly 

similar. 

The correlation is greater during 

the period of less instability. 

Since the mean wind speed is also 

about a half mps greater during 

the less unstable period, the 

result implies that the insta­

bility may interfere with both the 

mean wind speed and the -u'w' 

correlation. 

ao 

1.8 

1.6 

L4 

L2 

y- 1.0 

0.8 

0.6 

0.4 

0.2 

L*=-34 METERS 

L *= -79 METERS 

Neg 7 1 1 1 6 0 - 6 

FIGURE 1. Shear Stress as a Function of z/L 
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APPLICATION OF THE EQUATION OF MOTION u(t) - u(t^) 

The change of height of u'w' 

is one of the terms in the equation 

of the mean motion in the longitudinal 

direction. Since none of the terms 

in this equation contain any heat flux 

quantities, explicitly, the arguments 

of the preceding section must be re­

viewed in connection with this 

equation. 

The derivation of the usual equa­

tion for the mean flow containing the 

Reynolds stresses requires assuming 

that there is no correlation between 

the variation of the mean flow and 

the variation of the turbulence 

fluctuation. Otherwise, additional 

terms would appear in the equation. 

The assumption is usually taken to 

mean that the variation of the two 

parts of the flow is over vastly dif­

ferent time scales. 

Using this assumption and also 

assuming incompressible flow in a 

nonrotational system, and ignoring the 

diffusion term, the equation of mean 

motion in integrated form may be 

written: 

![ t¥" = - / ; ¥§ 8y 3z 

p 3x k ("̂ ]̂ dt (4) 

where the total instantaneous velocity 

U.(t) has been divided into two uncor-

related components, U-(t) + u.'(t); 

i = 1, 2, 3. This may be rewritten: 

= - u. 
8U 
3x 

,3U 
9y 'Sz 

1 3P_ 
p 8x 3z u'w' (5) 

where the overscore is a time average 

over a time period considerably 

greater than that of the turbulent 

fluctuations. 

The decrease with height of the 

Reynolds stress (-u'w') has been com­

pared numerically with the accelera­

tion term on the left and with the 

pressure gradient term. For the two 

28-minute periods, the acceleration 

term was calculated to be roughtly 

-0.54 X 10""̂  and -1.44 x lO"^ m sec' . 

Since the wind direction was approxi­

mately from 320°, the pressure term 

was computed by selecting stations 

roughly northwest and southeast of 

Hanford and using pressure figures on 

surface maps for the nearest time. 

This calculation yielded a pressure 

gradient term on the order of 
- 3 - 2 

1.0 X 10 m sec . Comparing these 

numbers with values of the decrease 

with height of the stress term, from 

Table 1, it is found that values for 

the latter for the first period are 
- -5 

as great as -12 x 10 and 
- 3 - 2 

-15 X 10 m sec . The greatest 
value from the second period data is 

- 3 - 2 
-5 X 10 m sec . Clearly, at least 
during the first period, when the in­

stability was the greatest, conditions 

prevailed that are inconsistent with 

the assumptions used in deriving 

Equation (5). 
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The apparent trouble lies in the 

assumption that the physics can be 

meaningfully explained by dividing 

the total flow into a mean flow and 

a turbulent flow which are not cor­

related. The instability could very 

well induce correlatir-n between the 

scales of the mean motion and those 

of the turbulent motions such as 

w 3U/3z. Physically this term would 

refer to intermediate scale bursts 

of positive w that stretch the profile 

and are thus correlated with lower 

values of 3U/3z. Therefore the term, 

-w3U/3z, added to the right side of 

Equation (5), should make a positive 

contribution to the acceleration term 

on the left, and this could be the 

necessary convective balance for the 

change of height of the Reynolds 

stress. 

Plots of the velocities also show 

considerable meandering of the lateral 

component during the first period. If 

this is correlated with 3U/3y, the 

term v3U/3y could also be important. 

Figure 1 shows that near the sur­

face the Reynolds stress increases 

with height up to a certain level. 

Physically, this can be associated 

with the increase of the vertical 

variance with height through the 

same layer; however, the vertical 

variance is not one of the terms in 

the equation of mean motion (5). 

In this case the inadequacies of 

Equation (5) seem even greater than 

for the layers above, where the 

Reynolds stress was decreasing with 

height. This equation, and in fact 

all classical boundary layer turbu­

lence equations, are derived by as­

suming that the total flow consists 

of two characteristic velocities that 

remain physically distinct, and also 

distinct, magnitude-wise. These are 

the advective velocity, U, and a 

characteristic turbulence velocity, u* 

As a boundary consisting of thickly 

scattered sagebrush plants (not a 

canopy) on the order of one-meter 

height is approached, there is a level 

at which the two velocities are no 

longer distinct. This description ap­

pears to apply particularly to the 

unstable case. 

Two conclusions, both tentative, 

may be drawn from the analysis of the 

data. 

1. The Reynolds stress, -u'w', is not 

constant over a constant flux 

layer during periods of marked in­

stability. The height at which 

the deterioration of the correla­

tion takes place is related to the 

Monin-Obukov L, but is much better 

approximated by L* = kL, where k 

is Von Karman's constant. 

2. The change of height of the 

Reynolds stress for the most un­

stable case is not balanced by 

the appropriate component of the 

pressure gradient term nor by the 

acceleration term. Therefore, an 

equation of mean motion derived 

by dividing the total motion into 

a rapidly varying motion super­

imposed over a slowly varying 

motion is not applicable when 

further assumption is made that 

the motions in the two scales 

are uncorrelated. 
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/ v/i NEW EXPRESSION FOR THE LOGARITHMIC WIND LAW 

D. C. Powell 

The logarithmic wind profi 
interactions between the mean 
turbulence, characterized by 
expressed by the logarithmic 
of view the equation is somew 
terms in it are of a form app 
interaction. Seemingly this 
stant is physically regarded 
function is proposed and pres 
lytical justification of the 

le law is the physical result of 
flow, characterized by U, and the 

u*. Although this is mathematically 
wind equation, from a physical point 
hat unsatisfying because none of the 
ropriate to express the physical 
can be remedied if Von Karman's con-
as a function of U and u*. Such a 
ented in this paper although ana-
idea has not been completed. 

The simplest meteorological phenom­

enon resulting from the interaction 

between boundary layer turbulence and 

the mean flow is the logarithmic wind 

profile. The differential equation 

expressing this is 

dU ^ 
dz 

* (1) 

where U is the mean wind speed; u* is 

a characteristic velocity of the tur­

bulence, assumed invariant across the 

vertical span to which the law ap­

plies; z is a height within this 

range, and k is Von Karman's constant. 

By using basic boundary layer theory, 

it can be shown that U and u* are 

separated by at least one order of 

magnitude. 

Spectral models of turbulence in 

the neutral boundary layer show the 

turbulence scaling as a linear func­

tion of height. Physically, this 

means that the characteristic length 

of the turbulence at height z is 

directly proportional to z. Therefore, 

the right side of the logarithmic wind 

equation expresses the shear as the 

quotient of the characteristic veloc­

ity of the turbulence by the charac­

teristic length of the turbulence, 

adjusted by what appears to be an 

empirical scaling factor. 

Using u* and z in this manner on 

the right provides a dimensionally 

correct equation from the simplest 

possible arrangement of characteris­

tic values of identical dimension to 

the dimensional quantities on the left. 

The physics of the situation is such 

that the simplest dimensional arrange­

ment suffices. But, from a physical 

point of view, there must also be a 

term expressing the physical inter­

action between the mean flow and the 

turbulence, without which there would 

be no logarithmic wind profile. 

Mathematically, such a term must be 

dimensionless. All this is obviously 

present, mathematically it is 

Von Karman's constant, which is var­

iously evaluated in the neighborhood 

of 0.35 to 0.40. 

The purpose of this paper is to 

propose a replacement for Von Karmah's 

constant that has the following 

properties: 

t 
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1. The expression is a dimension­

less function of U and u*. 

2. The expression is of the 

appropriate form to express in­

teraction between the flows 

characterized by the two veloc­

ity scales. 

3. The expression is either con­

stant or quasi-constant even 

though the quantity u*/U is a 

function of height. 

4. The expression, which will be 

in the numerator, will have a 

numerical value that is in­

cluded in the range of the re­

ciprocals of 0.35 and 0.40. 

That is, the numerical value 

should be from 2.50 to 2.86. 

Such an expression is readily avail­

able. Mathematically the requirement 

that U and u* remain separated by at 

least one order of magnitude is 

equivalent to requiring 

U -1- u* 
2.59 < (—=3—-

U 

U/u^ 

<e <2.72 (2) 

This expression meets all the above 

requirements. Perhaps, no more than 

numerical coincidence is involved, 

but, on the other hand, there may be 

some physical reason why the logarith­

mic wind law may be written: 

dU _ ,U + u^ 
U/u, 

tf - ( - r^) c-̂ 3 (3) 

On the right, the dimensionality 

is given by the simplest possible 

arrangement of characteristic 

values, and the physical interaction 

is expressed by a classical function 

of contrasting magnitudes (in this 

case scales of motion) associated with 

a mathematical limit. The whole ex­

pression appears quite fundamental, 

and, if it were known a priori, there 

would be temptation to look for a 

physical process to which it corre­

sponds. The equation predicts a min­

imum value of 0.368 for Von Karman's 

constant, and a maximum value less 

than 0.40. As such it is, of course, 

empirically verifiable. 

Further heuristic attempts to 

justify the equation can be made. In 

boundary layer flow fluid is subjected 

to two opposing tendencies. It is re­

quired to obey the no-slip boundary 

condition at the boundary and to fol­

low a free-stream velocity at some 

height above the friction layer. The 

primary expression of the adjustment 

is the sheared profile of the mean 

wind, dU/dz. However, when the tur­

bulent motions are considered, the 

instantaneous wind profile is found 

to consist not only of the primary 

shear, but also of secondary shears 

on a much smaller scale corresponding 

to the largest scale of the turbulence, 

But these secondary patterns may also 

break into tertiary patterns of tur­

bulence on a still smaller scale, also 

contributing to the shear. Physi­

cally, there is a limit to how many 

such smaller scales can be formed, 

and this limit is imposed by the vis­

cosity of the fluid, which damps out 

motions smaller than a certain scale. 

In turbulent flows, the effective 

viscosity is not the molecular vis­

cosity, but is the eddy viscosity, 

which is a function of u*, i.e., is 

a function of the turbulence. 

Now look once more at Equation 

(3). The formation of several suc­

ceeding smaller scales of motion with 

smaller characteristic velocities 
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corresponds mathematically to the 

successive powers of u*/U generated 

by expanding the interaction term. 

The limit to such expansion, imposed 

by the eddy viscosity, corresponds to 

the exponent, U/u*. Appropriately 

the exponent decreases as the turbu­

lence becomes of greater magnitude. 

Since no real proof has been 

offered, counter-examples must be 

sought. It may be argued that the 

ratio U/u* may become arbitrarily 

large, in which case the fluid may no 

longer be regarded as turbulent. 

Mathematically, this is true. But 

physically, the onset of turbulence 

is known to occur with the breaking 

of the flow into large eddies, which 

in turn break into smaller ones as 

the Reynolds number of the flow is 

increased. Batchelor^ ^ writing about 

homogeneous turbulence states: 

"In the early stages of the genera­

tion of a field of turbulence of what­

ever kind, only the smaller wave-

numbers of the eventual spectral 

distribution of energy are excited. 

These smaller wave-numbers are those 

which are of the order of magnitude 

of the reciprocal of the various 

linear dimensions of the mechanical 

system generating the turbulence.... 

Then, as we have seen, the action of 

the inertia force is to transfer 

energy to other (and, in general 

higher) wave numbers and to direct it 

to the sink provided by viscous 

dissipation." 

This statement means that the tur­

bulence phenomenon itself places an 

upper limit on the ratio U/u*, which 

complements the lower limit earlier 

cited. 

Finally, it may be remarked that 

the height at which the correlation 
2 

-u'w' drops significantly below u* 

may be expected to be the height 

beyond which the logarithmic law no 

longer holds. Also, if at some 

intermediate height, z , in the con­

stant flux layer, the ratio U(Z(-)/u* 

is considered, this ratio is seen 

to suggest a quotient of inertial 

forces by viscous forces, and sug­

gests a new form of Reynolds number 

that is a function of eddy viscosity 

rather than molecular viscosity. 
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RADIOISOTOPES AS PARTICLES AND VOLATILES 

An objective of this research is to establish the capability to predict 

particle deposition velocities for atmospheric conditions. This capability 

is presently being established by measuring particle behavior in the control­

lable conditions in a wind tunnel. Theory and experiments are leading to the 

development of models which correctly relate the variables influencing particle 

deposition. 
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• y ClEPOSITION VELOCITIES 

G. A. Sehmel and L. C. Schwendiman 

Deposition velocities of monodispersed particles were measured 
for deposition onto a 0. 7 cm high plastic grass surface and a 
smooth electrically grounded brass surface. These deposition velo­
cities range from 0.06 to 12 cm/sea and show a rapid increase with 
particle diameter. The velocities are a function of the type of 
deposition surface as well as particle diameter (2 to 28 \im) and 
friction velocity (11 to 144 cm/seo). The average air velocity does 
not correlate the deposition velocities, but as a first approximation 
the deposition velocities are correlated by the friction velocity. 

Wind tunnel studies were conducted 

to measure the deposition velocity of 

uniform diameter particles from tur­

bulent air flow. The deposition 

velocity is defined as the particle 

deposition flux to a surface divided 

by the concentration above the surface. 

The initial deposition surfaces, a 

plastic grass 0.7 cm high and an elec­

trically grounded, smooth brass shim 

stock, were placed on the floor of 

the 2 ft X 2 ft cross-section wind 

tunnel. These surfaces were initially 

chosen because of their uniformity, 

difference in surface roughness, dif, 

ference in electrical properties, 

and the ease with which the material 

deposited on them could be determined. 

An important objective of this 

work is to determine the diffusional 

contribution to particle transport 

across the boundary layer region 

near the surface. Particle diffusion 

can cause the deposition velocity for 

a smooth surface to be either much 

greater than or equal to the particle 

terminal settling velocity. If the 

surface were rough, the deposition 

would be even greater than for the 

smooth surface. This increase for 

the rough surface would be attribut­

able to particle interception by the 

protruding elements of surface rough­

ness as well as the increased eddy 

diffusion. Consequently, the deposi­

tion velocity to the smooth surface i 

considered to be the lower limit for 

particle transport rates from the at­

mosphere to earth surfaces. 

The deposition velocities of mono-

dispersed uranine particles from 2 to 

28 )jm in diameter were measured at 

nominal air velocities of 5, 15 and 

30 mph. As shown in Table 1, these 

velocities yield much different fric­

tion velocities, u*, for the two dif­

ferent surfaces. The friction veloc­

ity, an important index to turbulence 

conditions near the surface, is 

derived from the velocity profile 

near the surface. It is defined by 

the expression 

u = T— In k (1) 
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m which k is Von Karman's constant 

of 0.4, y is an experimentally de­

termined roughness height, and y is 

the height above the surface at which 

the velocity, u, is measured. 

TABLE 

Air Veloci 
mph 

5 

15 

30 

J,. 

ty 

Friction Velocities 

Friction Velocity, cm/sec 
Grass Smooth Brass 

19 11 

70 34 

144 73 

Deposition velocities, K,, are de­

fined as the particle deposition flux 

divided by the airborne particle con­

centration 1 cm above the surface. 

The experimental deposition velocities 

range from 0.06 to 12 cm/sec. The 

deposition velocities are compared 

for the two different surfaces in 

Figure 1. The average deposition 

velocities for the grass surface are 

represented by the solid curves while 

the deposition velocities for the 

smooth brass surface are represented 

by the non-solid line curves. Con­

clusions drawn from this comparison 

are the following: 

1. The increase in the deposition 

velocity over the terminal 

settling velocity, v , is 

caused by eddy diffusion for 

the smooth surface and both 

eddy diffusion plus impaction 

for the grass surface. A com­

parison of the ratio of K,/v 

would show that K,/v is a 

function of surface type as 

well as of particle diameter. 

The maxima in this ratio form 

"bumps" in the curves. As will 

be discussed in the next sec­

tion, these "bumps" are caused 

by the relative importance of 

eddy diffusion and the terminal 

settling velocity. 

2. The deposition velocity is not 

simply correlated by the 

average air velocity. 

3. The deposition velocity as a 

first approximation can be cor­

related by the friction veloc­

ity, u^. 

4. Particle re-entrainment was not 

observed for the grass surface 

since the deposition velocity 

continuously increased with 

both friction velocity and 

particle diameter. 

5. Particle re-entrainment did 

occur from the smooth brass 

surface for the 28 ym diameter 

particles, but not for the 

14 ym diameter particles, at a 

friction velocity of 73 cm/sec. 

Indeed, the resulting deposi­

tion velocities are even less 

than would be predicted by the 

terminal settling velocity. 
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Uô = 73 cm/sec (30 mph) 

U^= 34 cm/sec (15 mph) 

U^: U cm/sec (5 mph) 

10" _i L_L 

TERMINAL SEHLING 
VELOCITY, 

_] I I I I I I I J I I I ' I I I 

10" 1 10 

PARTIClf DIAMETER, pim 

102 

Neg 710293-1 

FIGURE 1. Comparison of Experimental Deposition Velocities 
to Surfaces with Different Roughness 
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' / P A R T I C L E EDDY D I F F U S I V I T I E S 

G. A. Sehmel and L. C. Schwendiman 

Particle effective eddy diffusion coefficients, e/v, [(Inertial 
+ diffusion)/viscous forces], were calculated from experimental 
deposition fluxes to a smooth horizontal surface. The e/v values 
are a function of both particle inertia (i+), the distance from 
the surface (y'^), and the air friction velocity (u^) which is con­
tained in both dimensionless terms. These e/v values are greater 
than those for particle deposition along a vertical surface. 
Deposition velocities predicted from the correlation show minima 
of 1.8 X 10'^ to 7.7 X 10'^ cm/sec for particle sizes from 0.066 
to 0.54 \im. The minima as well as all deposition velocities are 
equal to or much greater than predicted from gravitational settling. 

A model was developed and evaluated 

to predict deposition velocities for 

the lower limit of deposition veloci­

ties which might be expected in the 

atmosphere. This is the case of depo­

sition onto a smooth surface. We have 

chosen cold rolled brass to represent 

this surface. The model states that 

the particle deposition flux, N, is 

defined by 

N = -(e/v ^ D/v) u* ^ - v^C, (2) 
dy 

in which e is the particle dif-

fusivity, D is the Brownian diffusiv-

ity, V is the kinematic viscosity of 

air, y = yUĵ /v is the dimensionless 

distance above the surface, and v is 

the terminal settling velocity. Pre­

viously, the problem in using this 

equation was that the particle eddy 

diffusivity could not be predicted. 

The current research progress now 

permits particle eddy diffusivities to 

be predicted for the non-isotropic 

turbulence conditions in the boundary 

layer over a smooth surface. 

Particle eddy diffusivities at a 

1 cm height above the grass were cal­

culated using a rearranged form of 

Equation (2) in which the diffusivi-

ties are a function of the experimental 

particle concentration profile and the 

experimental deposition flux. The re­

sulting diffusivity ratios, e/v, show 

data scatter, but can be represented 

reasonably well by a constant c/v 

= 140 for y"̂  > 350. These e/v values 

are similar to those for air momentum 

transfer. 

For heights of less than 1 cm, 

particle effective eddy diffusion 

coefficients, c/v, [(inertial •̂  eddy 

diffusion)/viscous forces], were calcu­

lated from the experimental deposi­

tion velocities to the smooth brass 

surface. For the calculation. 

Equation (2) was rearranged and in­

tegrated to predict deposition veloci­

ties from an explicit correlation of 

the unknown eddy diffusivities. The 

adjustable parameters in this explicit 

correlation were adjusted to minimize 



162 BNWL-1551 
Part 1 

the sum of squares between the pre­

dicted and experimental deposition 

velocities. As a test of the final 

explicit correlation for eddy diffu-

sivities, the predicted deposition 

velocities are compared with the ex­

perimental deposition velocities in 

Figure 1. The comparison shows that 

the data fall along the solid line 

which would indicate perfect agree­

ment. These experimental deposition 

velocities cover a wide range from 

0.06 to 5 cm/sec and represent ura­

nine particle diameters from 2 to 

14 ym. The friction velocities were 

11, 34 and 73 cm/sec which correspond 

to nominal air velocities of 5, 15 and 

30 mph in the center of the wind 

tunnel over the smooth brass surface. 

u*. 
A 

a 
o 

cm/sec 

11 

34 

73 

EXPERIMENTAL DEPOSITION VELOCITY, K j , cm/sec 

Neg 710273-7 

FIGURE 1. Comparison of Predicted and Experimental Deposition 
Velocities Over a Smooth Horizontal Surface 
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The correlation for the effective 

eddy diffusivities is 

^ 2.0 , 1.7 
e/v = 0.018 (y ) (x ) . (3) 

The effective eddy diffusivities are 

thus a function of both particle 

inertia (x ), the distance from the 

surface (y ), and the air friction 

velocity which is contained in both 

dimensionless terms. The dimension­

less term x is equal to (pd /18y) 
2 

(u«/v) in which p is the particle 

density, d is the particle diameter, 

and y is the air viscosity. These 

e/v values are greater than the pre­

viously reported e/v values for 

particle deposition along a vertical 

surface. Both correlations show that 

particle eddy diffusion coefficients 

are much greater than the eddy dif­

fusion of air momentum for distances 

from the surface of y < 20. 

The eddy diffusivity correlation 

has been used in Equation (2) to pre­

dict particle deposition velocities 
- 3 2 

for particle sizes from 10 to 10 ym 

diameter and for particle densities 
3 

from 0.5 to 10 g/cm . The results 

show that the deposition velocities 

can be controlled by either diffusion 

or the terminal settling velocity. 

These regions have been identified. 

For instance, in Figure 1 (see page 160) 

the deposition velocities first increase 

rapidly with particle size and then 

form a "bump" in which the increase 

is less rapid. This "bump" is caused 

by a decreasing influence of diffu­

sion and a subsequently more control­

ling influence of the terminal settling 

velocity. 

Deposition velocities have been 

known to exhibit an ill-defined 

minimum region. These minimum deposi­

tion velocities are now defined in 

Figure 2 as a function of friction 

velocity and particle density. These 

minimum deposition velocities range 

from 1.8 X 10'^ to 7.7 x lo'^ cm/sec 

for particle diameters from 0.066 to 

0.54 ym. An extrapolation beyond the 

friction velocity curve for 145 cm/ 

sec is interpreted to indicate that 

about a 0.3 ym diameter particle 

would have minimum deposition at 

even greater friction velocities. 
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ECOLOGICAL MICROMETEOROLOGY AND CLIMATOLOGY 

Energy from the sun penetrates the earth's atmosphere in a spectrum 

of wave lengths. A portion of this energy is reflected and re-

radiated back to space; a portion is absorbed by the soil and a por­

tion is transferred to the atmosphere from soil and vegetation through 

processes of vegetative transpiration, and turbulent heat and moisture 

exchange. The interactions between soil, vegetation and atmosphere 

provide a controlling factor in ecosystem developmentt and phonological 

responses. Micrometeorological investigations attempt to define quantita­

tively some of these basic interactions. 

The interaction between atmosphere and ecological systems can be 

investigated in a broader sense through the regional climatology. Once 

the small scale micrometeorological and microclimatological relationships 

are understood it becomes possible to relate the general input of precipita­

tion, temperature, evaporation and radiation to ecological responses. 

Micrometeorological and climatological investigations continue to probe 

the effect of atmospheric processes on the ecosystems of the Arid Lands 

Ecology Reserve. 
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PRECIPITATION PATTERNS ON THE ALE RESERVE 

W. T. Hinds* and J. M. Thorp' 

A network of 26 rain gages was 

placed on the ALE Reserve in 1968. 

During the past bioyear (the mois­

ture accumulation and growth season, 

from October through May), the gages 

were visited regularly, leading to 

the pattern of total rainfall and 

snowfall (in centimeters) on the 

Reserve shown in Figure 1. The 

precipitation is strongly influenced 

by the crosswind obstruction of 

Rattlesnake Hills, leading to a pro­

nounced maximum in total precipita­

tion below the crest. It is not 

known at this time whether this 

maximum is artificially introduced 

by wind errors, or is in fact real. 

Likewise, it is not known whether a 

similar maximum exists on the wind­

ward slopes of the Rattlesnake Hills, 

where successful wheat and grazing 

operations are numerous. 

*Eoosystems Department 
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FIGURE 1. Pattern of Total Rainfall and Snowfall on the 
ALE Reserve, October 1969 Through May 1970, in cm of Water 
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PRECIPITATION ON THE_ALE RESERVE FROM A SUMMER 

THUNDERTTORM SERIES 

J. M. Thorp 

A climatological measurement period 

during the summer of 1970 coincided 

with a period in which the only pre­

cipitation falling on the Arid Lands 

Ecology (ALE) Reserve was from a 

series of thunderstorms, thus offer­

ing the possibility of a study of 

precipitation distribution from a 

thunderstorm. 

During the period June 25 to 

July 14, 1970, weather observers at 

the Hanford Meteorology Station, 

located 4 1/2 miles north of the ALE 

Reserve northern boundary, reported 

thundershowers over the ALE Reserve 

on June 26, July 4 and July 13. 

Precipitation data collected from the 

ALE network of climatological stations 

on July 14 have been plotted to show 

the distribution of total precipita­

tion for the period (Figure 1). 

Total precipitation for the same 

period at the Hanford Meteorology 

Station was less than 0.01 inch. 

It is a common observation at the 

Meteorology Station that the majority 

of thunderstorms passing over the 

Hanford Project approach from the 

southwest quadrant and move off in the 

northeast quadrant. The thunderstorms 

originating over these semiarid steppe 

lands are smaller in dimension, have 

shorter lives and release smaller 

amounts of precipitation than the 

typical midwestern thunderstorm. 

Isohyets drawn on Figure 1 show that 

the precipitation swath from all 

three thunderstorms can easily be 

delineated by the ALE climatology 

network, thus permitting an estimate 

of thunderstorm cell diameter of 3 to 

6 miles. The angular shape of the 

isohyet pattern suggests that two 

primary storm tracks are responsible 

for the precipitation pattern. These 

probable tracks (shown by arrows on 

Figure 1) agree very well with the 

thunderstorm observations recorded by 

the duty forecaster at the Meteorology 

Station. 

Though 5 per cent or more of the 

total annual precipitation on the 

ALE Reserve (see "Precipitation 

Patterns on the ALE Reserve," Hinds 

and Thorp, in this publication) may 

fall in a single thundershower, wetted 

areas are so limited, evaporation 

rates are so great and showery periods 

so infrequent during the summer months 

that available soil moisture from such 

showers can remain only a few days. 

Thus, it is doubtful that plants on 

the ALE Reserve can make significant 

use of precipitation from summer 

thundershowers. 



169 

Neg 710613-1 

BNWL-1551 
Part 1 

FIGURE 1. Thunderstorm Track<̂  anH D 
on the ALE Reserve, aune"2 5 t^ JuVl'rfs^o!"" ''" ches of Water) 

t 



170 BNWL-1551 
Part 1 

EVAPORATION FROM BARE AND VEGETATED LYSIMETERS 

AT DIFFERENT ELEVATIONS 

W. T. Hinds* 

Small weighing lysimeters, 137 cm'̂  

in area and 60 cm deep, were placed 

in two old fields, at elevations of 

600 and 1700 ft. At each elevation 

33 lysimeters were installed: 21 

planted to cheatgrass, and 12 bare. 

The lysimeters were emplaced 

February 27, 1970, and weighed at 

weekly or semiweekly intervals, 

allowing estimation of evaporation 

and transpiration between weighings. 

The results, shown as cumulative 

totals in Figure 1, indicate a sub­

stantial and important difference in 

cumulative moisture use between the 

two elevations. At the 1700 ft ele­

vation, more moisture was lost from 

bare soil than at the 600 ft eleva­

tion; but, for most of the spring 

growing season, a higher rate of 

transpiration was observed at 600 ft 

than at 1700 ft. Only after the 

•death of the plants at 600 ft did 

the transpiration at 1700 ft ele­

vations surpass the lower. The 

higher evaporation from the bare soil 

at 1700 ft indicates that at least 

part of the precipitation excess at 

the higher elevation (relative to the 

lower) was biologically unavailable, 

even during the growing season. A 

further point noted was that a larger 

proportion of soil moisture was 

transpired at the lower elevation 

(about 37%) than at the higher eleva­

tion (about 23%). Thus, these data 

indicate that the lower elevation 

provided a more efficient environment 

for moisture usage by cheatgrass than 

the higher elevation, partially off­

setting the advantages of the higher 

precipitation totals measured at the 

higher elevations. 

*E<2osys terns Department 
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FIGURE 1. Moisture Use of Bare Soil and Cheatgrass 
Lysimeter Study, Spring 1970. 

CLIMATOLOGICAL INSTRUMENTATION ON THE ALE RESERVE 1970 

J. M. Thorp and W. T. Hinds* 

The initial climatological network 

on the Arid Lands Ecology (ALE) Re­

serve was described in the 1968 Annual 

Report. Several additions to the net­

work were made in 1970. 

Two-point soil thermographs and 

strip chart hygrothermographs are 

now in operation at 600 feet, 1600 

feet, 2900 feet and 3400 feet (all 

heights MSL). Propane-heated re-

^Eaosystems Department 

cording precipitation gages have 

been placed at the eastern and west­

ern extremities of a drainage basin. 

Other propane gages are at 660 feet 

and 3400 feet. A standard Weather 

Bureau type precipitation gage has 

been placed at 2900 feet. Two port­

able anemometers with recorders and 

a portable short wave pyranometer 

are available for short term micro-

meteorological and microclimatological 

investigations. 
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