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PREFACE 

Unlike many of the larger groups of scientists associated 
.with 'AEC activities, the 'meteorolagists have never been 
'organized under a single division of the Commission. This 

. ' is both natural and appropriate since their functions at 
the various sites differ widely, but it tends to inhibit in- 
formation exchange. It  is therefore doubly important that 
representatives of the-vaio-usgroups have an opportunity 
to meet a t  reasonablzinterv"alTfn%al meetings of AEC 
meteorological people were first held in Washington at  
the instigation of the Division of Biology and Medicine, 
and, partially because of security restrictions, they were 
limited to Commission and contractor personnel. The  two 
most recent meetings, however, have established the prin- 
ciple of rotation of the conference site among the national 
laboratories, each of which has a meteorological staff. The 
first was held at  Hanford in 1960 and this is the second. ... 

The  current meeting departs from previous practice in 
that the list of participants is much more extensive than 
at  earlier conferences. A deliberate at tempt has been 
made to include junior members of the contractors' staffs, 
and a large number of representatives from organizations ' 
other than the.AEC are present, including several from 
foreign countries. 

The  current meeting also represents a departure of 
another sort, since the agenda for the first time formally . . - 
included review of critical subjects as well as descriptions 
of site programs. 
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'l'he Brookhaven Meteorological Program 

The meteorological work a t  Brookhaven has 
developed into&-sg_distinct areas of activity, each 
of which occuples an approkimately equal portion 
of our time and effort. These areas include (1) 
studies of low level atmospheric structure and. 
wind flow, (2) diffusion-deposition experiments, 
and (3) the development of instruments and tech- 
niques required for the foregoing. 

Inasmuch as you will hear more later about 
certain portions of our studies, such as the copper 
and pollen deposition work and our investigations 
of wind profiles, I shall deliberately'emph~size 
portions of the program with which you might not 
otherwise become familiar. I shall also introduce 
the names of the individuals primarily involved, 
so that you can associate the proper people with 
specific subjects. . 

LOW LEVEL WIND STRUCTURE, 
TURBULENCE, AND FLOW PROBLEMS 

The Brookhaven group has long had an interest 
in the vertical wind profile in the lowest 100 meters, 
and within the last year or two (partly in associa- 
tion with Panofsky and Blackadar who have been 
here as summer guests) we have intensified our 
attempts to reach a better understanding of these 
problems. 

The initial requirement for development in this 
area is an extremely good measuring system, a fact 
somtimes ignored in previous investigations. Per- 
haps our most important activity in this area, 
therefore, has been the development of a series of , 

accArate and sensitive anemometers. Our  instru- 
ments were designed to compromise between the 
sensitivity of equipment such as the Beckman and 
Whitley or Climet units and the durability of the 
Aerovane. A unique snap-lock anemometer cup 
design, together with a lot of hard-won accomplish- 
ments in the bearing and transistor areas have 
given us ou; basic piece ofequipment for this work. 
The  instrument will respond to winds of slightly 
less than 1/2 mph but will survive gusts of more 
than 125. It  is possible to match these instruments 

to considerably better than I%, a requirement 
necessary to establish reliable profile information. 
The  recording systems associated with these will 
be described in the final portion of this presenta- 
tion. R.M. Brown, W.A. Tuthill, and M. Smith 
are primarily associated with this work. 

, 

T o  summarize our most recent developments in 
regard to profiles, we are encouraged by the re- 
producibility of our data, but we are intrigued by 
the precise details of the profiles under various 
conditions. There is a strong suspicion at least that 
the time-honored relationship between the neutral 
meteorological conditions and  the simple log- 
arithmic profile may require a much closer investi- 
gation that it h e  had heretofore. 

A second portion of the work on low level wind 
involves a systematic review and development of 
both our ideas and knowledge of atmospheric flow 
and structure. This includes a carehl investigation 
of the simpler types of flow about which we know 

' 

a great deal (those which have been investigated 
thoroughly in the wind tunnel) and.an attempt to 
extend that knowledge into the atmospheric realm 
by detailed consideration of both meteorological 
and fluid-dynamics fundamentals. One  of the 
major concerns is the description of stable atmo- 
spheric flow. We are, of course, equally interested 
in the spectral estimates of various fluctuations in 
the flow. 

A third area of interest involves the effects pro- 
duced by roughness elements and changes in rough- 
ness on low level turbulence and wind profiles. We 
have quite a number of projects in this field in- 
volving the study of the wind within, above, and 
a t  distances from forested areas. I n  this we are . 

making use of three fixed towers; two in relatively 
open terrain, 420 ft and 160 ft high, and a smaller 
tower constructed within the forest itself. Four 
mobile towers are being used in studies of the 
changes in turbulence and profiles as a function of . 

distance from specific roughness elements. 
Another important phase of the work is a study . 

designed to determine the best method of predict- 
ing the variation of wind with height. This is sirn- 



ilar but by no means identical to our interest in a 
better theoretical understanding of the problem. 
The studies of the low level wind are conducted 
primarily by I. Singer, A. Arnold, and J. Frizzola. 

DIFFUSION-DEPOSITION STUDIES 

Our field activity involving C U ~ ~ ,  uranine dye, 
and pollens constitutes a major portion of the ex- 
perimental work. At present we are working in 
several areas. 

An open field (which is being repiped at present) 
is used to study small-scale diffusion and deposi- 
tion over open ground and grass, and in another 
series of experiments we are investigating the pen- 
etration of copper particles in forested areas. This 
work will be discussed at greater length later on in 
the program. The same can be said of the pollen 
project, which is a cooperative effort between 
our group and the New York State Museum and 
Science Service. In this area our studies concen- 
trate on the behavior of various pollens such as 
the 20-p ragweed, 32-p timothy, and 90-p corn. 
G. Raynor and L. Cohen are primarily concerned 
with this in our own group. E. Ogden of the 
New York State Museum and Science Service and 
our consultant, B. Davidson of NYU, have also 
been involved in this work. 

I would like to elaborate on two aspects of the 
diffusion-deposition program which are not likely 
to be discussed at length later on in the program. 
The first is the study of the rise of hot clouds of gas 
created at ground level by the burning of rocket 
&el. Our program was originally cooperative with 
the Atlantic Research Corporation, which has a 
very practical interest in the dispersion of eftiuent 
from solid rockets. ARC developed an aluminum 
analog of its beryllium fuel for testing in this 
program. 

Our initial series of experiments consisted of the 
burning of varying quantities of the fuel to pro- 
duce as quickly as possible high temperature clouds, 
the total heat content of which was deliberately 
varied over a wide range. Fuel amounts burned, 
for example, ranged from 2 to 3 lb to as much as 
400 Ib in ~1 min. 

No tracer was added to the cloud, since combus- 
tion produces a fine smoke of aluminum oxide, 
and all measurements were either photographic or 
visual. In brief, the plan involved estimating such 
parameters as the rate of rise, maximum height of 
rise, and geometric configuration of the cloud by a 

combination of time-lapse photography and per- 
sonal observations on a large tower. Further data 
were obtained from a light aircraft which followed 
the cloud at least to the point where it leveled OK 

In our first series of runs, we were exceedingly 
fortunate in being able to obtain nearly perfect 
examples of all four of the gustiness conditions 
which are representative of typical atmospheric 
conditions here, and the results are quite gratifying. 
These data have been analyzed, and the results 
wiil be presented formally next month.* 

We have found surprisingly close agreement be- 
tween our results and the predictions of Sutton, 
Holland, and Priestley. The last particularly 
seems to represent a most appropriate description 
of the cloud behavior.. 

I regret to add that some of our enthusiasm 
has been damped by the realization that the re- 
sults are not conlpletely reliable. Our  lair^ Jil- 
ficulty with these first runs was that the fuel grains 
did not burn with acccptablc uniformity, so that, 
while it is possible to define the total heat release 
quite accurately, the rates of heat release varied . .. 

far more than we would wish. 
F'ollowing the initial series ofruns, we asked the 

Atlantic Research Corporation to attempt to pre- 
pare a fucl more suitable f0.r this type of work. We 
have just finished testing a viscous liquid fbrm, 
which we spread into a very thin layer of varying 
surface area to o3tain the desired change in heat 
release rate. These new fuel elements will approx- 
imate much more accurately an instantaneous re- 
lease, since we can accomplish the entire burn in 

10 sec. Test experiments indicate that the rate 
of burning is constant fi.om about L/'L see 10 about 
9% sec with a very sharp cutoff when the fuel is 
exhausted. A new series of cloud experiments will 
begin as soon as this conference is completed. 

Since this conference is one in which we are to 
review work in progress and plans as well as ac- 
complishments, I should like to mention a study of 
I'31 which is about to be undertaken. The cooling 
air of the Brookhaven Graphite Research Reactor 
contains, on the average, a small amount of radio- 
iodine which at full reactor power is released at a 
rate of 8 x 10 Ci/sec. Theoretical calculation of 
thc scavcnging of this iodine by precipitation (bascd 
on Chamberlain's work) suggests that we should . 
be able to obtain lncasurable quailtitics with a 

*Singer, I.A., Frizzola, J.A., and Smith, M.E. The prediction 
of the rise of a hot cloud from field experiments, J. Air Pollulion 
Conlrol Assoc. 14, No. 11, 455-8 (1964). 



6-ft-diameter collector, even at rainfall rates & lciw 
as 0.0 1 in./hour. ~ r e l i m i n a r ~  studies of actual- 
deposition at a nearby site indicate that this is 
prulally irue. 

The objectives of this work are twofold. One 
aim is to determine the efficiency of 1131 removal 
from the reactor plume by natural rainfall. In this, 
we are relying on extensive knowledge of the dif- 
fusion characteristics of the plume obtained over 
many years of experiment. We will also assay the 
deposition of the 113' on vegetation accompanying 
the rainfall by means of grass plots grown at the 
sites of the'rainfall collectors. Artificial collectors 
'will be evaluated at the same time. C. ~ a ~ l e  and 
M. Smith are the individuals mainly concerned 
with this study. 

INSTRUMENTS AND TECHNIQUES 

. I have already mentioned our interest in more 
suitable wind equipment, particularly anemom- 
eters. We are also continuing work on the develop- 
ment of a completely digital wind vane output 
suitable for all sorts of automatic summarization. 

As is true of many other groups participating in 
this conference, we are interested in automatic 
systems. A paper tape recording system, in use for 

our main tower installation since 1959, is to be re- 
vised to place the output on magnetic tape so that 
the entire'instrument will be capable of consider- 
ably more rapid sampling speeds. In  addition to 
this, we have stressed the development of inex- 
pensive, integrated recording wind systems, one of 
which uses beam-tube scalers and prints its output 
on cards by means of the inexpensive IBM 526. 
These data require no further processing for com- 
puter use: The other is a highly reliable and very 
simple counting system utilizing Sodeco printing 
counters, suitable for long-term mean studies. 

We also are currently working on the develop 
ment of an inexpensive and adaptable temperature 
sounding system, which I first discussed with R.C. 
Wanta at the Symposium on Air Pollution Mete- 
orological Instrumentation in 1959. The basic 
idea of this is a temperature sensing element con- 
trolling the frequency of a very simple tran- 
sistorized transmitter feeding into a receiver, a 
simple rate meter, and an Esterline Angus recorder 
at the'ground. We hope to keep the transmitter 
small and light enough to make it exceedingly 
easy and cheap to use, and estimates of the cost of 
the ground-based equipment would be of the order 
of $1000 as opposed to many thousands for the 
standard radiosonde. 



The Argonne Meteorology Program 

I will describe our program, and Dr. Strom will - - 
discuss, in the next paper, how we relate results 
obtained with models in the wind tunnel to ex- 
perimental measurements in the field. We have a 
rather small group. It consists of three professional 
meteorologists, two technicians, and a secretary as 
our permanent staff. During the summer we aug- 
ment our group with two or three visiting scien- 
tists and two or three student aides who help with 
data analysis. Our work is divided into several sec- 
tions. O n e  is the-climatology program, another 
deals w ~ t h  atmospheri'c diffusion. We srudy dil- 

L>%-# - 
fusion in two ways: one inGlFZTbtaining data 
on the geometry and height of smoke plumes, the 
other deals with measurements of variations in time 
and height of concentrations of natural radon 
emitted from the ground. We also carry out spe- 
cial studies, which I will describe later. It is inevit- 
able in work of this type that some effort be de- 
voted to instrument development. Later in the 

--=. --- 
program Dr. Paul Frenzen will discuss a low- 
inertia high-torque anemometer he has developed, 
and he will also discuss work we are conducting 
on basic turbulence. Another part of our program, 
at present relatively minor, deals with an  inter- 
disc~plinary area, higkenergy physics arid ~neteo- 
rology: we have beefi loo=g%~to Lhe use ur  ci lligli 
energy proton beam as a meteorological tool. Some 
of the details of our program and a few of our find- 
ings are discussed below. 

CLIMATOLOGY 

As part of our climatological program, we have 
an automatic data processing system to handle 
our data. Information is recorded in three ways: 
(1) teletypewriter, (2) pen and ink traces, a d  (3) 
paper punch tape. All three are needed. The auto- 
matic data processing system records 38 different 
meteorological variables once per hour in this 
way. The following measurements are handled: 

1. Wind speedat 9.38,18.75,37.5,75, and 150ft. 
2. Wind direction at 18.75 and 150 ft. 
3. Dew point at 1.17, 2.34,4.69, 9.38, and 131 ft. 

4. Stability as measured by the temperature dif- 
ference between the top and bottom of 4 atmo- 
speric layers. These layers extend from 5.5 to 
18.75;'5.5 to 37.5; 5.5 to 75; and 5.5 to 144 ft. 

5. Solar and sky radiation on a horizontal sur- 
face 6 ft above the ground. 

6. Net radiation flux at 6 ft above the ground. 
7. Precipitation. 
8. Ail Iciiiperaturc. 
9. Soil temperature at i' depths: 1, 10, 20, 50, 

and 100 cm; and 10 and 29 ft below the surface. 
10. Soil hcat flux at 1, 10, 20, 50, and 100 cm. 
1 1. Soil moisture at 1, 2, and 4 ft. Soil moisture 

soundings car1 be made from 1 to 9 ft bclow the ,  
surface. The measurements are made with a neu- 
tron probe. 

12. Soil temperature at 1 cm below the surface 
under 4x4-ft plots of each of the fbllowing surface 
types: white sand, black dirt, and Kentucky blue 
grass. 

Other measurements not handled by the data 
system are soil density by means of a gamma-ray 
probe, atmospheric pressure, the informatfbn prs- 
vided by two hygrothermographs, and wind direc- 
tion at 9.38, 37.5, and 75 ft. 

In  l he  next few years wc hope to prepare for 
publication our climatological data fnr 15 yea.rs, 
July 1, 1949 through June 90, 19G4. 

At this point it might be well to issue a plea for 
stock-taking concerning the kinds ofclimatologi- 
r.al a.na1yses that have been published by the 
mctcorology groupo at AEC installations. Many nf 
the climatological measurements are quite good, 
but there is room for improvement in the types of 
analyses made. Granted, there are advar~lages to 
differences in data pl~esenlation because of varia- 
C ~ U I I S  in the  climatc at the meteorological sites. 
Nevertheless, guidelines for data presentation 
would be desirable. One group in the AEC which 
requires meteo~.ological data in carrying out its 
functions has indicated to me the inadequacy of 
clinlatolugical sun~nlal*ies publishcd by the mete- 
orology groups. I t  appears desirable that a work- 
ing group be established in the near future con- 



sisting of representatives from all the AEC mete- 
orological groups and other users of meteorologi- 
cal information within the AEC to formulate 
recommendations on the types of climatological 
analyses needed. 

Examples of analyses carried out by Dr. James 
E. Carson of our group, based on our soil measure- 
ments, are shown in the following four figures. 

Figure 1 shows the variation of soil density in 
pounds per cubic foot from 1 to 9 ft below the sur- 
face. It is of interest that the density increases rap- 
idly from 1 to 4 ft below the surface but remains 
relatively constant to 9 ft. The spekific gravity is 

SOlL DENSITY. lbs/ft3 

Figure 1. Soil density profile, 2 Oct 1962. 

slightly less than 2 in the upper layers but slightly 
greater than 2 below 4 ft. 
. - 

In Figure 2 the variation of soil moisture with 
depth is shown for two different days: July 23, 
1963 and August 15, 1962. The July 23 sounding 
shows that the soil was relatively moist through- 
out, near 30% by volume. The August 15, 1962 
sounding shows thatthe 1-ft level was quite dry, 
about 21 %, but that the moisture increased rap- 
idly from 1 to 2 ft and remained quite high for the 
remainder of the sounding. 

Figure 3 shows the variation of soil moisture at 
the three measuring levels during the period Au- 
gust 10, 1963 through April 10, 1964. Daily values 
of precipitation are shown as vertical lines in the 
lower part of this chart. It is to be noted that little 
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change occurs at  the 4-ft level but that marked 
changes occur at  the 1 and 2-ft levels. This chart 
shows the relatively dry conditions at the 1-ft level 
during the summer and the increasing moisture 
during the fall and winter. During these two sea- 
sons the moisture accumulated exceeds that evap- 
orated, which results in a net gain of water in the 
upper levels of the soil. In our radon measure- 
ments this information is of importance, since the 
radon emanation rate is reduced when the soil is 
moist. 

The effect of a heavy rainfall during a 24-hr 
period on soil which was dried out substantially in 
the upper layers is shown in ,Figure 4. O n  Novem- 
ber 22, 1963, for example, it is evident that the 
substantial amounts of rainfall which occurred be- 
tween 1500 and 2200, shown as vertical lines in 
the lower part of the chart, caused a marked in- 
cwase in soil moisture at the 1-ft level and a mea- 
surable amount at the 2-ft level. At 4 ft there was 
no measurable increase during this period. 

30p sJ[> 

20p sec ,. 

Figure 5 .  Ion concentration as a function of height 10, 
20, and 30 psec afer ex~ t  ot proton beam's leading edge. 

ION PAIRS PER cc 

Figure 6. Ion concentration as a function of height YO, 
40, and 80 psec after exit of proton beam's leading edge. 

It is well to point out that the neutron probe 
used for soil moisture measurements is an  instru- 
ment that requires a substantial amount of ser- 
vicing. We have recently discovered that our cali- 
bration for the above 6 months prior to May 1, 
1964 was too low by about 5%. However, the 
instrument can be made reliable by frequent 
calibrations. 

THE PROTON BEAM 
AS A METEOROLOGICAL TOOL 

Dr. Ronald L. Morton, Associate Director of 
our Particle Accelerator Division, asked me, 
"What would happen if we shot a high energy 
proton beam vertically at a thunder cloud?" This 
was an intriguing idea. At Argonne we have a ma- 
chine called the Zero Gradient Synchrotron which 
can accelerate protons to energies of 12,7 BeV. 
About lOI3 protons can be accelerated in a burst 
once every 4 sec. It is possible to take the beam out 
of the machine in 10 pec, or longer if desired. The 
area from which the beam is emitted is 50 sq cm. As 
it comes out into the atmosphere, it would have a 
divergence of 0.4 milliradians. A 12.7-BeV proton 
beam has the capability of ionizing the air from 
the ground all the way up through the atmo- 
sphere, since it takes only about 2 BeV to pass 
through it. . 

Assumlng that it takes 35 eV LO creak UIIC iuil 
pair and a recombination coefficient of 1.6 X 
calculations were made of the atmospheric ioniza- 
tion as a function nf height. These arc. shown in 
Figures 5 and 6, assl.lming that it takes 10 psec for 
the beam to be emitted. Note in Figure 5 that at 
the end of 10 p e c  there would 1:1e 1 012 ion pairs/cc 
near the surface. Figure 6 shows that at 80 psec 
the innixa.tion near the ground is still appreciable, 
10'" ion pnirs/cc, but falls ofirapidly with height. 
This is due to attenuation of the beam by nuclear. 
interactions and by divergence. 

It is intriguing to speculate how a proton bear11 
may be used as a rneteorolugical tool. For exam- 
ple, ruc-11 a hr.arn of s11.ito.bla energy and having an 
appropriate number of particles may be injected 
into stratus or fair weathei- cumulus clouds and 
may thus bring about a rapid redistribution of the 
charges within thcm. Although such clouds are 
formed primarily by the~.modynarnic or hydro- 
dynamic processes, the occurrence of a mcasi~rable 
effect on the cloud circulation pattern such as a 

. .  . 



change in the growth or dissipation rate would 
provide valuable information on cloud dynamics. 

TLe ianization produced by a prptpn beam may 
well create a preferred path for a lightning dis- 
charge. We are not at all sure that this woud h a p  
pen, but there is evidence to indicate that it may. 
If one assumed that a thunderstorm cell has a 
radius of 1 to 2 km, then natural cloud-to-ground 
lightning would occur anywhere in an area of 
about 10 sq km. The advantages for meteorologi- 
cal research that would result from lightning oc- 
curring repeatedly in the same place instead of 
randomly distributed over a sizeable area would 
be substantial. For example, information could be 
obtained on both the areal and temporal distribu- 
tion of rainfall with respect to the location of the 
lightning stroke. 

Moore et al.* have observed increased radar 
echo development followed by heavy rainfall with- 
in a few minutes after a lightning flash occurred 
within a given region. These investigators state 
that the lightning flash probably contributes to the 
formation of the "rain gush" by greatly enhancing 

*C.B. Moore, B. Voxmegut, J.A. Machado, and J.H. Survilas, 
Radar observatio~w of rain gushes following overhead lightning 
strokes, J. Gcophys. Rcs. 67 (I), 207-20 (1962). 

the rate of coalescence of rain droplets. This, in 
turn, modifies the circulation within the storm 
cell. If the Moore-Vonnegut hypothesis is correct, 
and if a proton beam can indeed induce a light- 
ning stroke, then one would expect to find a maxi- 
mum in the isohyetal (rainfall) pattern some dis- 
tance downwind from the proton accelerator. A 
sufficient number of such experiments could es- 
tablish with an acceptable level of statistical sig- 
nificance whether the Moore-Vonnegut hypothe- 
sis is valid. It  if were valid, then one would be 
tempted to argue that a proton beam can indeed 
modify the distribution of rainfall on the ground. 
To establish the magnitude of this effect would 
require careful consideration, but the economic 
value might be substantial. 

SMOKE STUDIES 

At Argonne an  experimental meteorological 
stack is used for conducting smoke studies (Figure 
7). These studies have been concerned primarily 
with relating height of plume rise with meteoro- 
logical conditions. It  is possible to heat the stack 
effluent to about 140°F above ambient tempera- 

Figure 7. Argonne meteorological stack and surrounding terrain. 



ture by means of a furnace coupled to the stack. 
To  date 15 1 runs have been made consisting of 
measurements under neutral stable and unstable 
conditions. Various combinations of stack tem- 
peratures and stack emission rates were used. 
During the experiments stack temperatures were 
set at 30°, 60°, 10O0, or 140" above ambient and 
stack emission rates at 1500, 3000, or 4500 cfm. 

The smoke plume is photographed with two 
Nikon 35-mm cameras. One camera looks at the 
plume from the bottom, and one from the side; 
this allows photogrammetric measurements of 
positions in space of selected points on the smoke 
plume. These measuremests are currently being 
analyzed. 

RADON STUDIES 

We have carried out studies with natural radon 
used as a tracer. We have made two sets of radon 
profile measurements and have conducted another 
series of measurements over a period of about a 
year in which 8-hr samples at 3 ft above the , 

ground were obtained consecutively during the 
working week. These 8-hr samples were taken 
from about 8:00 AM Monday morning until about 
5:00 PM Friday afternoon so that 3 samples per 
day were obtained. An interesting finding, shown 
in Figure 8, was that a snow cover of 4 in. or less 
is an inefficient barrier for the emanation of radon. 
Nevertheless, it is an efficient thermal blanket pre- 
venting heat loss from the soil to the air above. 

In another radon experiment observations of 
temperature, wind speed, and radon were aver- 
aged for 20 min at 90-min intervals, for periods of 
~ 2 4  hr. Wind speed and temperature were mea- 
sured at 0.5, 1, 2,4,8, and 16 m above ground. 
Radon samples were obtained at 1 cm and 0.5, 1, 
4, and 16 m above ground on a portable TV tower 
as shown in Figure 9, and also at 40 m on the 
150-ft meteorological tower. Cassella anemome- 
ters were used for measuring wind speed, and 
copper-constantan thermopiles consisting of 6 
thermocouples each were used for temperature 
I K I B W U ~ ~ I X ~ ~ ~ I I ~ S .  

In Figure 10, wind speed, temperature, and 
radon concentrations are shown as functions of 
time and height in a three-dimensional plot. The 
diurnal variations are clearly shown. Note the rel- 
atively high concentrations of radon accumulated 
near the ground hi the early morning hours of 
July 29, 1960. 

Figures 1 1 and 12 are based on one of the stud- 
ies carried out with these data. In  Figure 11 the 
integrated amount of radon per sq cm over the 
layers 0 to 50 cm, 0 to 1600 cm, and 0 to 4000 cm 
are compared with atmospheric stability as mea- 
sured by the temperature difference between 50 
and 1600 cm. The relationship between stability 
and integrated radon content is clearly shown. In 
Figure 12 the same radon data, but plotted on a 
semilogarithmic scale, are compared with the total 
kinetic energy in the column from 50 to 1600 cm. 
An inverse relationship between these variables is 
clearly evident. If one considers a bulk Richard- 
son's number as related to At/u2 where At repre- 
sents the stability and u the mean kinetic energy of 
the column, it is readily seen that the integrated 
radon concentration is closely related to this 
variable. 

Comparison of the data plotted 011 semiloga- 
rithmic and linear scales shows that the varierti011 
amplitude of the lnwermost layer of integrated 
radon concentration, i.e., surface to 50 cm, is 
greater on the semilogarithmic than on thc linear 
plots. This difference occurs because the semiloga- 
rithmic chart is a ratio chart and brings out the 
percentage variation, while the linear chart brings 
out the incremental changes. It is, therefore, evi- 
dent that the percentage variation of radon con- 
tent is greater in the lowermost layer than in the 
total air column extending h m  either the surface 
to 1600 cm or the surface to 4000 cm; however, 
the variation in actual radon content of the higher 
columns is larger. 

PT.IJh4E RISE SURVEY PAPER 

I spent the past few months in collaboration 
with Professor Gordon H. Strom and Dr. James 
E. Carson in writing a survey paper on smoke 
plume rise. In this paper we have examined as 
many reports as we could find providing plume 
rise measurements. Special emphasis was devoted 
to the three most commonly used formulas, the 
Dnvidson-Bryant, thc Holland, and thc 1951 
Bosanquet formulas. This paper will be published 
in Nuclear Safeety within the next few months. 

A major portion of'the measurements used for 
checking the plume rise equations is quite poor. 
Most of the measurements suEer fkom the fact that 
large-scale eddies cause changes in plume rise by 
a factor of 2 or more within a few minutes. This is 
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Figure 10. Three-dimensional diagram relating height 
and time with the meteorological variables wind speed, 
temperature, and radon concentration. 
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Figure 13. Plume rise as a function of distance based on 
10 runs. Individual symbols and 1 indicate the two 
highest runs and and indicate the two lowest runs. 
Hatching indicates areas where intermediate plume rise 
measurements were obtained. T h e  symbol x indicates 
height calculated from Bosanquet's formula. Data taken 
by Rauch at  Duisburg, Germany, 16 Sept 1959. 

TIME - Sep t  16. 1959 

illustrated in Figure 13, which is based on 10 runs 
by Rauch* at Duisberg, Germany, over a 31-min 
interval. The hatched area represents the region 
within which measurements were made. Also 
shown are the plume rises calculated by the 
Holland, the Davidson-Bryant, and the 1957 
Bosanquet equations. In addition, the Holland 
and Davidson-Bryant estimates are shown with a 
correction factor as proposed by Stumke.** The 
effect of eddies is demonstrated perhaps more 
clearly in Figure 14, which gives the time varia- 
tion of plume rise at a horizontal distance of 450 
m from the stack. It is evident that this effect must 
be taken into account in computing ground con- 
.centrations of contaminants from an elevated con- 
tinuous point source. 

We have concluded from an examination of the 
data that the Holland formula is probably the 
most practical for routine use; however, the fol- 
lowing correction factor, first suggested by Stumke 
and extended by us, is necessary: A factor of 2 
should be used for small stacks, that is, those with 
a diameter of 1 to 2 ft, and which have little buoy- 
ancy; for larger power stacks with diameters ex- 
ceeding 10 ft, where appreciable buoyancy exists, 
a factor of 3 is appropriate. 

WIND PROFILES 

Another study using the wind data obtained 
during the radon measurements involves compar- 
ing the wind profiles with the following three well- 
known profile equations: 

Power law :. z i  = czP 

Logarithmic law: c=- ln 2 (5) 
~ o g  plus linear law: u = - ;[ ln (:)+..I 

In the equations, ti is the average wind speed at 
the level, z, to be investigated; u, is the friction or 
dynamic velocity and equal t o m w h e r e  7 is the 
shearing stress and p the density; z, is the rough- 
ness parameter; k is the von KArmAn constant; p is 
the power law parameter; and B is a constant. A 
least-squares technique was used for fitting each 
of thcsc cquations to thc obscrvcd profiles. 

*H. Rauch, Zur Schornstein-Uberhohoung, Ber. Meteorol. Inst. 
Techn. Hochschule Darmstadl, 1962. 
"*H. Sttlrnke, Zur Berechnung der Aufstiegshohe von Rauch- 

fahnen, VDI-Forschungsh. 483 (Ausgabe B, Bd. 27) 38-43 (1961). 

Figure 14. Time variation of plume rise at  a horizontal 
distancc of 450 m from stack. Data takcn by Rauch at 
Duisburg, Germany, 16 Sept 1959. 



I n  air pollution problems such as determining 
thk height of plume rise as a function of distance 
from a stack or estimating the ground concentra- 
tion of an  effluent at various distances from the 
source, accepted formulas may yield values which 
differ by a factor of 2 or more from those observed. 
This study shows that the wind profile formulas may 
be made to fit measured values much more closely. 

Figure 15 shows a "less than" ogive for values 
of maximum deviation from the fitted regression 
line for each of the three profile equations. It is 
evident that the log plus linear formula provides 
the smallest maximum deviation values, as may 
be expected. However, even the greatest devia- 
tions are relatively small, that is, <0.4 m/sec. Fig- 
ures 16 and 17 show the "less than"' ogives for 
values of the root mean square deviation from the 
regression lines for data obtained during the day 
(0700 to 1800 CST) and during the night (1830 to 
0630 CST). I t  is evident fiom these charts that a 
close good fit is obtained. 

I t  may be pointed out that for the power law, 
98% of the cases had root mean square deviations 
from the fitted equation of <20 cm/sec and 87% 
of the cases had maximum deviations from the 
least-squares line of <20 cm/sec. Corresponding 
percentages for the logarithmic law were 96 and 
87, and for the log plus linear law 100 and 99. 

DISCUSSION 

PACK: In your 20-min sampling of the radon, did you 
have to use high flow rates or did you have additional 
sensitivity in counting so that you could cut your sam- 
pling time so short? 

MOSES: We used 50 to 100 liters in the 20-min period. 
HOLLAND: Concerning the proton beam, what would 

be the minimum usable energy for protons or electrons 
for a meteorological experiment that one might consider 
as a pilot study without golng lmmed~ately to I2  BeV? 

MOSES: I t  takes about 2 BeV to penetrate the entire 
atmosphere. I can give you some numbers from which 
this may be calculated. At relatively high energies the ab- 
sorption rate is 2 MeV/g air. A gram of air is contained 
in a column of 1 sq cm cross section and 8 m high. Thus, 
2 MeV are lost per 8 m, and 20 MeV in 80 m. For a ho- 
mogeneous atmosphere of about 8000 m the absorprlon 
will, therefore, be 2000 MeV, or 2 BeV. 

HOLLAND: That is with the 12-BeV beam? 
MOSES: The  curve relating absorption rate to energy 

has a min~mum at about 2 or 3 BeV. This minimum is at 
an absorption rate of 2 MeV/g per sq cm. Thus, with a 
12-BeV beam the absorption rate would be somewhat 
higher than 2 MeV/g; as a result, with a 12-BeV beam 
there would be greater ionization per unit length tra- 

LOG 

cn 8 0 
W 

PLUS L I N E A R  LAW 

l0F 0700- 1800 CST I 

ROOT M E A N  SOUARE DEVIATION,  c m l s e c  
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versed. In  considering this problem we wondered what 
would happen if a beam was of such low energy that 
it traversed only % or % of the way between the ground 
and the thunderstorm charge center. With such a bcam 
there would be a n  increased amount of ionization near 
its stopping point. This increased ionization might 
be. more effective in triggering a lightning stroke than 
a beam that went all the way through the atmosphere. 

HOLLAND: TO go % of the way through a thunder- 
storm, what sort of energy did you calculate was needed? 

MOSES: Speaking from memory, I think it was about 
500 MeV. 

SMITH: IS your accelerator well designed for lightning? 
MOSES: This is a question often asked in connection 

with the proton beam problem. If enclosed in a Faraday 
cage, which may take the form of a thin aluminum hemi- 
sphere, the accelerator is protected. The high energy pro- 
tons from the accelerator would have sufficient energy to 
pass through the aluminum enclosure, but the ions in the 
lightning stroke current would flow to the ground. 

REIFF: HOW do you propose to apply the information 
you have obtained on the soil studies? 

MOSES: It  depends on what you mean by "apply." 
REIFF: I t  is not clear to me what application of the re- 

sulting data you have made with respect to meteorologi- 
cal predictions. For example, can you employ this infor- 
mation for assistance in the location of reactor sites? 

MOSES: First of all I should like to think that  we are 
doing basic research and are making measurements be- 
cause we are interested in.what is happening in nature, 
such as the processes which control the interchange of 
energy between the atmosphere and the surface below. 

Soil measurements such as we are making are applied to 
this kind of problem. I might also indicate that  we give 
soil moisture and soil temperature information to the 
news media, such as radio and 'l'V. Those who conduct 
farm programs are especially interested in this kind of in- 
formation. We feel that we are able to perform a service 
to the public by providing data  on the moisture content 
of the soil a t  1 or 2 ft below the surface. This service re- 
quires very little work on our part and is accomplished 
by a phone call periodically, a t  present only about once 
or twice a month. Information on soil moisture is very 
important for radon studies, since the emanation of radon 
varies with the amount of moisture in the soil. This is an 
example of direct application of this kind of measurement 
to our research. There is no difficulty in justifying this 
program. 

SMITH: I agree that not all these things need an ob- 
vious justification to begin with, but we conducted a very 
similar study - in fact, we used some of Moses' data - 
when the question came up  at  BNL as to how deep we 
should bury the AGS installation in order to achieve ap- 
propriate temperature stability. This of course was ex- 
tremely important to the designers, since they were work- 
ing with an accuracy of a few thousandths of an inch over 
a very large distance. This is the sort of application for 
which studies of this kind are useful. , 

LIBARKIN: YOU mentioned measuring the solar heat' 
flux also. Did you use a solar heat flux plate? 

MOSES: Yes. We used the Beckman and  Whitley net 
radiation flux plate. 

LIBARKIN: Are you still using it? 
MOSES: Yes. We have had no problems with it. 



Scale Model Diffusion Experiments 

GORDON STROM 

The Atomic Energy Commission through the reached where stable and unstable temperature 
Argonne National Laboratory is sponsoring a pro- gradients could be produced without the spurious 
gram of scale model diffusion ex~eriments in the 
U -+---; - - - - - -  
Air Pollution Wind Tun-rtat  New York Univer- 
V g e n e r - c % o f  this program is to 
model in the wind tunnel at appropriate scale 
those motions of the atmosphere significant to dif- 
fusion including convective turbulence. T l ~ c  cl~tiv- 
ities fall into two broad categories. One is the 
development of equipment necessary to achieve 

v--- 

the objective, and the other is the conduct of cor- 
---I 

- r e l ~ e ~ p e r i m e n t s  for evaluation of equipment 
development and to show where improver~~e~lts  
are needed. The correlation experiments are con- 
ducted on a scale model (96: 1 linear scale) of the 
Argonne experimental smoke stack described 
earlier. 

At the time the program was started the New 
York University wind t ~ ~ n  nel had undergone con- 
siderable development in the direction of achiev- 
ing diffusion modeling with thermal control. Low 
speeds needed for Froude number modeling of 
buoyant gas plumes were obtainable under neutral 
thermal conditions. Equipment was available for 
producing vertical temperature gradicnts, but the 
resulting airstream was riut usaLle becnusc of the 
creation of spurious convective air currents. 

The wind tunnel is of the open return type in 
which the air supply is taken from within the 
building and exhausted outsidc through the roof. 
The test section is rectangular in cross sc~tion, 3% 
ft high, 7 ft wide and 40 ft long. One side of the 
test section is glazed for visual and photographic 
observation of smoke plumes. 

Determination of the causes of'the ~p_urious air- --- 
currents was difficult because, as w a s  later dctcr - 
mined, they were generally induced by rather 
small differences in temperature in the various 
parts of the wind tunnel structure exposed to the 
airstream, particularly those parts upstrean1 of the 
test section. Over a period of' time there w a ~  devel- 
oped additional and improved thermal control 
equipment and instrumentation. The point was 

air currents. 
Following the equipment development a series 

of experiments was conducted to determine the . -  - 
convective turbulence characGrist&sf the wind 

--__. - 
Tunnel. ~iffusicnzf ihe smoke plume from a model - - -- 
of the Argonne stark was determined in terms of 
its spreading characteristics. I t  was found that 

L- 
there was very little convective turbulence except 
with quite strong unstable gradients. There was 
also very little difference in diffusion bctwcen neu- 
tral and stable teinperaturc gradients. The bound- 
ary layer in the test section was that which devel- 
oped naturally over the floor on which some 
roughness elements were in place. This layer had 
negligible thickness near the beginning of the test 
section and grew to a depth of 10 to 15 in. 30 ft 
downstream where the model stack was located. 
Only the lower part of the smoke plume was in the 
boundary layer, with part or most of it in the free 
stream wl~ere there was relatively little mechan- 
ical turbulence. 

A series of expe_rinients~as conducted with a 
'XlGitTpr6file induced at the beginning of the 
test section similar in shape to that found in the 
field experiments. This was acco~i~plished by in- 
troducing resistance to air flow in the lower layers 
by a vertical array of strings stretched ho~i~ontally 
across the airstream. This profile changed with 
downwind distance and was quite different at the 
model stack. There w a  some improvcrnent in dif- 
fusion characteristics, but diffusion was smaller 
than that of the field experiments. The conclusion 
dl this point was that the degree of mechanical 
turbl.llencc was inadequate, and that no decision - -- 
could be made on whether convective turbulence 
was adequate until the rncchanical phase was 
improved. 

Increase in airstream turbulence as well as con- 
~1.01 of vclocity profile was accomplished with a set 
of roughness plates located at the beginning of the 

- - -  -. 
test section. These were metal plates placed in a 



vertical array with the plates extending hori- 
zontally across the stream. On  these plates were 
placed, normal to the stream, roughness elements 
which consisted of square or rectangular pieces of 
wood. By varying the size and number of elements 
as well as the spacing of plates, the turbuler~ce and 
velocity profile could be changed. 

Before presentation of experimental data ob- 
tained with the roughness plates, the thinking at 
this time on similarity criteria will be described. ---- 
This has remained subst3htG1ly the same since 
then. Figure 1 shows the variables considered 
significant to diffusion experiments. Smoke plume 
characteristics are expressed in terms of the plume 
height z, and plume width 6, the latter being a 
measure of diffusion. These are considered as 
functions of the 10 variables on the right side of 
the first equation in the figure. The first three are 
linear dimensions as shown in the sketch, with 8 
as the boundary layer thickness. p, and p are 
plume and ambient air densities, respectively. 
A(dp/dz)  is the difference between actual air 
density gradient and the adiabati~ '~radient .  g is 
acceleration due to gravity. By dimensional analy- 
sis the second equation can be formed. Here the 
boundary layer thickness is taken as the reference 
dimension, although another dimension could be 
used. With this scheme of variables, proper model- 
ing requires that the 7 dimensionless products on 
the right side of the second equation must have 
the same values in the model as in the prototype. 
It has not been established whether all are im- 
portant, but experience has shown that all are 
potentially important. At the present state of 
development some cannot be produced in the 

Figure 1. Variables used i r ~  similarity criteria 

model and may never be. There should also be 
added another variable which gives a measure of 
the airstream turbulence. One difficulty in achiev- 
ing the above similarity criteria is that they are 
not all independent. For example, velocity profile, 
density gradient, and turbulence are inter- 
dependent. 

The first two of three dimensionless products 
require geometric similarity between model and 

ANL Field Experiments 
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Figure 2. Plume half-width in horizontal plane foi mdde~ 
and prototype at  downwind distance of 50 m. 
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Figure 3. Plume half-width in vertical plane for model 
and prototype at  downwind distance of 100'm. 



prototype. GA(dp/dz) /p  can be expressed in terms 
/of the airstream temperature gradient. V Z / G g  is 

-'.. Froude number. The density gradient require- 
ment together with Froude number are equivalent 
to Richardson number. Some have proposed or 
used Richardson number as a sufficient modeling - 
requirement in place of the other two, but experi- 
ence with this program indicates that it may not 
be sufficient. More needs to be done on this subject. 

Plume characteristics-pbtained in the last two 
.--c- 

series 6f e x p e r l m e n t E s h o w n  in the remaining 
figures with prototype field data in three of them. 
Velocity and temperature profiles were also mea- 

. sured. These remained nearly constant with dis- 
tance. Shown in Figures 2 and 3 is the diffusion uf . 

the plume as measured by the half-width in the 
horizontal and vertical planes. 'L'hese were ob- 
tained from multiple exposure photographs of the 
type disci~ssed by Mr., Moses in the preceding 
presentation. The model test results are expressed 
in terms of the full scale variables calculated by 
the similarity criteria given earlier. These have 
been analyzed in terms of stability ratio and tem- 
perature gradient. The stability ratio form is shown 
here because it appears slightly better than the 
temperature gradient form. dO/dt  is the potential 

Series AI,OF. 

4. I l l  GO 

temperature gradient and u is the wind speed at 
approximately plume level. While the model re- 
sults have a trend similar to those of the prototype, 
the magnitude is less. This suggests that at  least 
the mechanical turbulence is deficient. 

Plume rise, which is the height of the plume 
centerline above stack top, is shown for the two 
series of experiments in Figure 4. The downwind 
distance is 60 m, which was selected because of the 
availability of field data at this location. Plume 
rise is plotted against V, /u ,  a ratio on which it is 
strongly dependent. The model plume is composed 
of a mixture of helium and air in a proportion 
necessary to give the desired density. At is the dif- 
ference in tcmpcrature between stack effluent and 
ambient air which would give an all air plume the 
same density as the rnudel p l u ~ ~ i z .  It may. br: a 
little premature to present these data as their 
analysis has not bee11 completed. It is evident that 
series ITI shows larger plu~llt: ~ i s c  values. Thc test 
data do not show the reason for the difference. 
One series was conducted during the winter and 
 he other during the summcr. This produces a 
difference in thermal conditions within the build- 
ing which may havc had a n  influence. It is felt 
that because of improved equipment and addi- 

I I I I I I I I I I I I I 
Y - - 

- - 
X .  

- 
X 

0 - O X - 
X 

- - 
X x 'AA A 

0 X 

- X , , X  1( v V 

0 xb x 
0.f ." A x = 60 m. - - 

x x  n X 

- x fi00 x X .  - 
0 X 

- 2: - 

)( All Loads - ANL t ~ e l o  txperlrnenir 
- - 

00 
A Full Load - 

3,4Load NYU wind Tunnel Exps. m 
i I I I I I I I I I I I I I ,  

Velocity Ratio, Vs/u Velocity Ratio, V,/u 
Figure 4. Pl~lrne rise obtairied in series I11 and 
IV scale model experiments at full load ( V ,  = Figure 5 .  Plume rise for model (series IV) and prototype 
12.2 m/sec) and downwind distance of 60 m. at 60-m downwind distance. 



tional experience, series IV gave the more reliable 
results. 

Comparison of model and prototype is shown 
in Figure 5. Only At= 60°F data are shown as this 
is close to the prototype condition. Three-quarter 
load is also included as some of the prototype data 
are under this condition. 

The  next series of experiments will be con- 
ducted with a greater amoun-t of mechanical 
turbulence. Under construction is a moving ceil- 
ing made of chain belts over rollers. This is being 
added to reduce or eliminate the ceiling boundary 
layer and improve the constancy of velocity pro- 
file with downwind distance. Turbulence measure- 
ments will be made with a hot wire anemometer. 

DISCUSSION 

MCCORMICK: A few years ago Cermak from Colorado 
State reported a t  a meeting in New Orleans some experi- 
ments he had conducted on the diffusion,of a plume in a 
wind tunnel, I believe with SO,, but that is not too im- 
portant. T h e  floor of the wind tunnel was heated, and in 
one series of experiments he kept the floor smooth and in 
others he put in roughness elements. H e  reported orally 
a very intriguing result, that when the floor of the tunnel 
was rough the apparent diffusion of the plume was less 
than when the floor was smooth. Have you performed 
any experiments on this,'and, even if you haven't, would 
you comment on it? 

STRUM: I am not aware of encountering such a result 
in our wind tunnel. We have conducted a number of scale 
model experiments in which roughness of the surface 
played a n  important part, but we have not made a sys- 
tematic study of the effect of changing the degree of 
roughness. Increase in roughness as caused by more 
rugged terrain or more and larger structures certainly 
causes greater diffusion. I imagine that in the Colorado 
State experiments the degree of roughness was quite 
small. T h e  rangc of tcst variables was probably quite 
different. We ,are modeling with Froude number, which 
requires extremely low wind speeds for models of atmo- 
spheric winds. I believe our highest wind speeds are lower. 
than the lowest used in the Colorado State experiments. 
Our  temperature gradients are also smaller, since at  our 
low speeds large temperature gradients are not needed.to 
obtain the convection motions we are  trying to model. 
In the diffusion experiments I described earlier, we used 
floor roughness as a means of controlling the velocity pro- 
file. The roughness plates are adjusted to give the desired 

profile a t  the beginning of the test section. By adjustment 
of floor roughness the lower part of the profile which en- 
velops the plume can be made substantially constant with 
distaiice. 

MCCORMICK: H e  offered the tentativk hypothesis that 
in the case of a smooth boundary the diffusion was by 
buoyant bubbles or cells, but the roughness would break 
up discrete cells, so it was less apparent. 

STROM: Dr. ~ e f m a k ' s  group has conducted funda- 
mental studies on heated and cooled boundary layers and 
may have been looking for characteristics of this type. - 

MCCORMICK: H e  reported this orally several years ago 
and to my knowledge hasn't published it. 

STROM: They are in the process of building a new 
laboratory out there. 

GIFFORD: I don't believe you mentioned the time of 
averaging that you used in making the photographs. 

STROM: In  the prototype 16 exposures were made at  
15-sec intervals to give a total elapsed time of 4 min. For 
the model the same number of exposures was made but 
a t  5-sec intervals, which is the shortest we could obtain 
with the electronic flash equipment we were using. I be- 
lieve that if all the exposures were taken in a few seconds 
we would find substantially the same results.. 

GIFFORD: We find - I think many people have found - 
that in taking time-exposure photographs of plumes, as 
the time over which exposures are  taken is increased, of 
course, the appearance of the plume smooths out. This 
simply means that  a t  the point where the plume looks 
quite smooth and doesn't wiggle except in response per- 
haps to gross changes in the wind direction, the length of 
time involved will be characteristic in some sense of the 
turbulent fluctuations. I was curious as to what exposure 
time periods are required to reach this invariantstatus in 
the atmosphere and in the wind tunnel. You say in the 
wind tunnel it is perhaps a few seconds. We find at 
Brookhaven that under type A or type B conditions it is 
several minutes a t  least. 

STROM: The confinement of the airstream by the walls 
of the wind tunnel test section prevents the formation of 
long-period fluctuations. I don't see how turbulence can 
be produced with wavelengths substantially larger than a 
cross section dimension or length of the test section. 

GIFFORD: NO. My point is that time-exposure photog- 
raphy is a good way to determine this characteristic time 
scalp.. 

STROM: T h e  4-min period for the prototype photo- 
graphs is longer than necessary to cover the range of 
fluctuations obtained in the wind tunnel but was needed 
to get a good plume outline. Perhaps a t  a future date 
someone will develop methods for obtaining the longer- 
period effects in  the model by artificial means or by a 
computation which superposes results for a range of 
directibns and speeds. 



The Oak Ridge Meteorological Program 

WILLIAM F. HILSMEIER 

The meteorology facility at Oak Ridge is under 
the administration of the U.S. Weather Bureau. 
The meteorological activities are in the same gen- 
eral areas as at the other facilities represented at 
this meeting. We also have conducted, on a 
limited basis-diffusion -- experimen!kThese -.- - .+- were 
done in August and September of 1963 using 
uranine dye as the tracer. We wcrc fortunate in 
having the Experimental Gas Cooled Reactor 
facilities, located in Melton Valley, Oak Ridge, as 
a base of operation from which to release the dye. 
Alongside the reactor containment shell rises a 
200-ft stack equipped with outside stairs. We were 
able to release 160 g of dye at a height approxi- 
mately halfway up the containment shell or 70 ft 
above the ground. - 

Some interesting results, which have not been 
published and perliaps will not be published until 
further verified, were obtained from this particular 
experiment. It was noted that the Halitsky model 
for di6lsinn frnm the reactor shell did not apply 
in this case. The deficiency was that the K, or the 
distribution filnrtion, values which we determined 
experimentally in the wind tunnel did rlul +ply 
to the whole complex ot bulldings near our sal~plc: 
points, which were located a few hundred meters 
from the buildings and also from the source. 
Another interesting point, diffusion calculations 
using the Pasquill curves of a, and a, and the 
Gaussian fbrmula worked very well oul lo a dis- 
tance of ~371111 m. However, ball~pies takcn at 
5000 m revealed a higher concentration than pre- 
dicted. Perhaps the Valley was restricting the 
plume diffusion in the horizontal as the plume 
traveled down the Valley. This has not been fur- 
ther verified, but it is the only explar~allur~ we can 
offer at this time. The uranine dye was dispersed 
in the usual manner, with the exception that the 
dispersal nozzle was a paint spray gun of the type 
used for very fine touch-up, almost llke an artist's 

I would like to describe briefly our ---- climatologi- 
cal network in Oak Ridge. Some stations-hi"e &.*-- - ---- -<--.- s 

be& maintained since 1949. Since 1950 we have 
had a minimum of 5 stations on our telemetering 
system and a rnaxi~~iulli of 9. The nctwork of sta- 
tions has standardized more or less to 7 sites cover- 
ing 59,000 acres. The oldest stations in the area 
are flie Oak Ridgc Wcathcr Bureau office in the  
town itself, sometimes known as Public Works arld 
Townsite in the early publications and data, and 
X-10, now ORNL, Oak Ridge National Labora- 
tory. These stations were installed in January 
1949 and have been operated contir~uously. All 
stations provide temperature, wind velocity, wind 
direction, and dew point data automatically. The 
Townsite station also provides precipitation read- 
ings automatically, while the other 6 stations have 
weighing rain gages for obtaining precipitation 
data. All statiorls except Townsite provide tem- 
perature gradient readings. A new limited data 
station is contemplated for the network. It  will be 
at the Experimental Gas Cooled Reac~ur . W i d  
equipment has been installed and will supplement 
a two-stage tempera.ti~re gradient sensor. For his- 
torical and length-of-recnrd advantages plus the 
advantage of a wide-area rnvera.ge for climatologi- 
cal purposes, I invite you to use our data, which 
have been published in ORO-99 and its rcvision 
and supplement, ORO- 199. 

Work in instn.lmentation has led to the develop- 
'mcat of n wind otati~tics system, knnwn as the 

-.--.-.._..__,.l _.- 

Theta-N system. Mr. Cul~~owiiIliy-'ilescri1,ed the 
system, which uses an Optisyn* shaft augle en- 
coder, at the 8th AEC Air Clearling Confcrcncc 
in October 1963. Briefly, this is an optical system 
elapluying a. mnirfi fringe of light and dark sectors 
on a circle which send out sine waves as the shaft 
rotates. The logic system determines whether the 
rotation is clockwise or counterclockwise and 
shapes thc resulting output into square waves on 

air brush. We were able to reduce the deposition 
*Optisyn Miniature Optical Shaft Encoder, Dynamics 

rate of Fhe cm/sec, as as we Research Corporation, 38 Montrale Avenue, Stoneharn, 
determine. Massachusetts. 



the appropriate clockwise or counterclockwise 
channel. The square waves or pulses are operated 
on by simple sum and difference circuits. The big 
advantage is that, whereas other wind statistics 
systems observe the direction first and then obtain 
the differential value, the shaft encoder system de- 
tects the diffcrential first, permitting other pa- 
rameters, such as direction, to be obtained by 
integration. 

The Theta-N concept, which was worked out 
by R.A. McCormick of Cincinnati, is based on 

where M is mean wind vane travel per oscillation, 
A0 is the degrees traveled per "nit time, and N is 
the number of oscillations per unit time. The stan- 
dard deviation of a Gaussian distribution is related 
to the modulus mean, M, by 

From this very simple concept we are able to get 
the extent of deviation, with which many of us like 
to work directly. 

An improved and less expensive ___ Theta-N _ system . 
has been developed at Oak Ridge which uses 
an Incrosyn* shaft increment encoder. Whereas 
Optisyn is an optical encoder, Incrosyn is a mag- 
netic encoder. Thc Incrosyn generates 1024 equally 
spaced pulses in a single turn of the input shaft. By 
operating logically on the output of the two read- 
out heads and accumulating these pulses, both 
angular travel and direction of rotation can be de- 
termined. For bidirectional operation, two output 
lines are provided to read out clockwise and 
counterclockwise pulses separately. The logic cir- 
cuit reduces the 1024 pulses to 360, giving a very 
high resolution. The theta values and the N 
counters reduce the counts to pulses or steps which 
for our purposes are recorded on a strip chart. The 
standard deviation for a given period of time is 
found by dividing 8 by N.  This factor of 0.3 is re- 
duced to 0.6 because we count both left and right 
reversals. Therefore we use a 0.6. modulus mean 
for determining a. Literature on the Incrosyn en- 
coder is available. 

Finally, I would like to discuss thqNuclear 
Safety information Center. I hope that Ger~one- 
C_7_ - 

'Incrosyn Increment Encoder, Data Tech, 127 College Hill 
Rnad, Watertown, Massachusetts, 02172. 

has heard of the Center by now, but it is difficult 
in the early stages to get people to use such cen- 
ters, so I am here partially as a salesman. The 
primary way the Center can be of benefit is 
through use. The Nuclear Safety Information 
Center is located at  the Y-12 Section, which is 
very convenient to Oak Ridge. It is open to every- 
one. Brochures describing it are available. Briefly, 
the functions of the Center are as follows. 

It selects information pertinent to the areas of 
interest from many diverse sources. The areas of 
interest include: 

Containment of nuclear facilities. 
Fission-product release, transport, and removal. 
Meteorological considerations. 
Nuclear instrumentation, control, and safety 
sysems. 

Radioactive effluent control, monitoring, move- 
ment, and dosage. 

Reactor transients, kinetics, and stability. . 

This Center was an  outgrowth of the Nuclear 
Safeety Journal. The Center stores the pertinent in- 
formation so that it is rapidly retrievable. It differs 
from other centers in that you can actually go into 
the Center, look up a word or a subject, and pick 
out the card with the particular subject that you 
are interested in. You can read briefly about that 
subject, and if you w.ish to pursue the references 
further, they are available at the Center. 

The staff also publishes studies for the nuclear 
community, and is available to answer questions 
on a time-permitted basis for anyone who visits 
the Center. A Quarterly Progress Review is published. 

In working at the Center, I have noticed that 
many writers in their abstracts just say what the 
paper is about. An abstract should do more than 
that. We rely a great deal on abstracts for putting 
information together at the Center. Of cniirse we 
go through the entire paper using the conclusions 
to advantage. But the abstracts, which are the first 
approach in processing the backlog of reports, will 
be more useful, the more information they contain. 

DISCUSSION 

WEBSTER: In LIIC comparison of measured and calcu- 
lated concentration at 5000 rn, what were the stability 
conditiol.~~? Wcrc i.hey unsrable? 

HILSMEIER: Yes. The condition was Pasquill's type B. 
PACK: Will the Nuclear Saftey Information Center 

answer inquiries by mail? 
HILSMEIER: Yes. 



Continuous Point Source Diffusion in the Surface Layer 

FRANK A. GIFFORD, JR. 

For about the last 40 years. theories of atmo- 
spheric diffusion have developed along two dis- 
tinct lines: (a) G.I. Taylor's well-known theory of 
dzffusion by continuous movements, which was developed 
into a practical, working tool by Sutton, Frenkiel, 
and many others culminating with Pasquill's re- 
cent work; and (b) the gradient-transport theory, or 
FT-?henry; which is based on the supposition that 
the transport of'a property is proportional to its 
space-gra.rlient, the coefficient of' proportionality 
being the eddy diffusivity, K. Among the many 
names associated with this approach must be men- 
tioned O.F.T. Roberts and K. Calder. 

Recause of both intrinsic interest and the re- 
quirements of practical applications to various air 
pollution and weapons problems, a tremendous 
amount of development of these two theories, for 
the particular case of a continuous point source 
located at  or near the earth's surface, has been 
attempted. Despite these widespread and in many 
cases rather successful applications, however, it 
has long been recognized that, as a purely theoretical 
m.ntter, neither of these two models can possibly be 
expected toapply -----. strictly in the case to which they 
a.re usually applied; namel'y, to the case of con- 
t~niini~s pnint source diffusiur~ ill llle alr.~.~ospl~cric 
surface layer. Th-,~g_~for this are the rullowing. 

Taylor's theory assumes'homogeneous l u ~ . l ~ u -  
lence, and therefore does not apply to diffusion in 
a turbulent shear zone such as the atmospheric 
surface, or constant stress layer. The K-theory, on 
the other hand,  assumes thal  diffusion is con- 
trolled by an eddy diffus~vity that, to account fur 
shear, can vary with height. This height vari- 
ability is usually assumed to follow some specified 
hnction, for example a power law; but since the 
height variability of eddy-diffusivity is a physical 
consequence of ver~ical nlurnelltu~n diffusion, this 
amounts to building the result into the theory. 
Moreover there is no apriori reason (other than 
limited agreement with data), as various writers 
including, for example, P r i e ~ t l e ~ ' ~  have remarked, 
to expect the simple gradient-transport hypothesis 
to apply at  all in the atmosphere. Corrsin has 
aptly summed up the position on the K-theory by 

pointing out that this method is not useful in 
principle, but only in practice. 

Largely for these reasons, a remark made by 
Batdhelor1 at the 1958 Oxford symposium on 
atmospheric turbulence and diffusion, to the effect 
that the hypothesis of Lagrangian similarity 

-C" -- --4-- 

should provide an  approach to the problerr~ of 
a ~ o ~ ~ h . e r i d . s u r f a ~ e J a ~ ~  diffusion, seemed to me 

- - - - t ~  . ,, 
c e r t a i ~ ~  to provokc a trcmendous amount of in- 
terest. New theoretical app~,uacl.~ts to this difficult - - 
problem do not grow on trees, and the practical 
diffusion pruLle~lls are still vcry much with us. It 
cannot however be said that events have proved 
the correctness of this opinion. Batchelor2 and 
independently Ellison'aapplicd the Lagrangian 
similarity idea to the case of continuuus, point 
source diffusion in the adiabatic surface layer, 
the former in an  unpublished note and the latter 
in the midst of a review article. Gifford5 attempted 
to extend this work to the diabatic case and ob- 
tained good agreement wilh data, and morc rc- 
cently Cermak3 has applied the foregoing results to 
diffusion in a variable-density wind tunnel bound- 
ary layer. At the moment the problem rests there. 

Mr. Calder recently called my attention, in a 
privatc communication, to a w e a k  pnint in the 
argumcnt for thecJiaLatic case~and  thc object nf -.- 
lklis papcr is to preoent an alternative dcAvat~nn 
a i c h  avoids the difficulty. At the same time, I 
hope to bring this new aproach to an old prob1t.111 
to the attention of some of you who may hereto- 
fore have overlooked it. 

T l ~ e  idea qf Lagfanginn oimilarit~Lfollows 
naturally from'that of' Eulerian similarity which 
has been applied to the problem of the wind dis- 
tribution in the surface layer by Monin and 
Obukhov9 and later by many other writers; and 
to ~ h s  proble~ri rjl t l ~ c  shnpc of ~mnlre plumes by 
Kazansky and Monin7 and by Kao.= ~ccord ing  
to the hypothesis of'Eulerian similarity, the wind 
profile in the surface layer, fur. exarnplc, is dctcr- 
milled entirely by thc roughness length, z,, the 
friction velocity, u,, and the Lettau-Obukhov 
stability lcngth, L, a parameter that incorpora.tes 
the heat flux, and plays a part similar to that of 



the more familiar Richardson's number. If the 
flow properties in the surface layer are everywhere 
similar on the average, differing in their statistical 
properties from point to point only in the scales 
of length and. velocity, then it follows from ordi- 
nary principles of dimensional analysis that 

From these variables, three dimerisionless ratios, 
i.e., the number of quantities (5) minus the num- 
ber of dimensions (2), can be formed: 

Solving for the dimensionless variable containing 
zi, we obtain 

We know, from other reasoning, that in the 
adiabatic case (L= co), 

where k is a universal constant, von KBrmBn's 
constant. Therefore it is reasonable to write 
Equation (3) in the form 

where f is a universal function, since the diabatic, 
wind profile must satisfy a similar boundary 
condition. 

Now consider the Lagrangian problem, for 
which particles are emitted from the coordinate 
origin. Let the mean position of a particle be f(t ), 
j ( t  ), ,t(t ). (If we choose the downwind direction 
to coincide. with f ,  thenjE0:)  It is reasonablc.to 
suppose that 

dqdt = C(E ) , (6) 

i.e., that  at  any point the particle moves hori- 
zontally with the average wind speed. Following 
a siinilar dimensional line of reasoning, we can 
also conclude that the mean vertical velocity of a 
particle, 8, will be given by 

'I'lit urliversal functions f and 9 are expected to 
coincide with those having the same symbols that 
were discussed by Kazansky and Monin.' 

Now let us apply dimensional reasoning to the 
problem of delermining the probability that a 

particle will reach some distance r = (x2 +y2 +z~)'/~ 
from the particle mean position, (2, 0, 2 ). This is 
the same as inquiring what is the average con- 
centration distribution, x,, due to an instanta- 
neous point release. If Q ,  is the instantaneous 
source strength, it is seen that the relevant vari- 
ables are: the displacements, x -2, y - j  =y, z -2; the 
parameters characteiizing the turbulence, v., z,, and L; 
and time, t, xi,  and Q,. 

Since the function of z, is only, as Ellison has 
pointed out, to translate the entire flow bodily 
by a small amount, to can be deleted from the 
above list. For the case of the axial concentration, 
y =z  = O  also. From the remaining variables we 
can form the following: 

x,f3 X-f 2 
u*t) = 0 F , ( ~  - - - z ' L ' L  

Solving for the ratio containing x,, we find 

- x-x z u*t $, = f .F., [i, i,,T] . 

To find the continuous point source concentration, 
following the ordinary practice, this equation 
would have to be integrated w.r.t. time, from 0 to ' 
co. Since all the remaining dimensionless ratios 
are functions of time, this presents quite a problem. 

In the a2iabatic case, for which L = oo and 
+ = 1, the integration is readily performed after 
certain changes of the integration variable have 
been made. In the diabatic case, a similar pro- 
cedure will work except that it must be assumed 
that F, is not a strong function of the ratios z/L 
and v.t/L, since these can no longer be.expected to 
disappear so conveniently. 

The writer has been m0t.ivate.d by correspon- 
dence with Mr. Calder about this point to propose 

-the f o l l o , w ~ , g ~ ~ e ~ n ~ t i ~ p , r ~ ~ e ~ d ~ ,  which avoids 
the-dCfi6lG. The approach i s  to consider a dif- 
ferent, and at first seemingly more complicated, 
problem. Let us define a time interval, 7, as the 
time required for a. particle to travel from the 
origin of coordinates, (0,0, O), to any mean posi- 
tion (I, 0,Z). In other words, 7 is the particular 
value oft  that corresponds to the average travel 
time, or dispersion time of a particle. Then, clearly, 
f = f ( ~ )  and 2=2(7). As before, let t represent real 
time, and consider a receptor located at  point 
(f, 0, 0), downwind .from a source. Let Q (t ) be the 
strength of a finite, time-dependent source, such tha.t 
Q (0) =O,-and Q (t ) =constant, t >O. In other 
words, let a uniform source, of strength Q units/sec, 



be started at time t=O. What is the resulting finite- 
source concentration distribution, ~ ( x ,  y, z, t )? 
This will clearly be a function of: the displace- 
ments, x -2, y, and z -2; the characteristic tur- 
bulence parameters, v, and L (we are, as before, 
ignoring dependence on 2,); and also of r, t, and' 
Q. In  addition, it appears that the particle con- 
centration at any point will depend on the mean 
horizontal particle flux there, and hence, on the 
mean wind speed, ii(i). (We provisionally will ig- 
nore, by comparison, the corresponding vertical 
flux due to Z). Tallying up the parameters and 
variables involved, it is seen that two additional 
ones have been introduced in order to set up this 
new problem; namely, fi and 7. Even for the axial, 
ground-concentration case, where y = z = 0, the 
va.riables involved in this problem are nine in 
number: X, Q,x-x, i ,L,v . , t , r , i i .  Since there 
are three basic dimensions, we seek to equate to 
zero an  unknown function of six dimensionless 
products. Comparing this with the four t.hat were 
involved in the preceding problem, it is not yet 
clear that any real progress has been made. 

Evidently r/t and v,/ii are two of the required 
dimensionless products, and we may also select 
(x - f ) / i  and L/v,t, based on experience with the 
original problem. A little additional experimenta- 
tion provides the other products and verifies that 
we may write 

xiz2 x-f v* L i T ) = ~  
(10) 

as the unknown function. 'rhe six arguments of F5 
are independent, i.e., no single product can be 
formed by multiplying together powers of any of 
the others. Therefore, provided we have included 
all the relevant dimensional quantities of the prob- 
lem, the above set of six products is a complete one. 
This may be proved formally, by the standard ma- 
trix method, but is equally evident on inspection. 

Now let us determine the steady-state, down- 
wind, continuous point source concentration, x,,,, 
by letting t become very large. We may write 

x-f v* L ~ . . l - ~ ~ ~ ( ~ ' ) - 1 ~ , ( -  - - - - 
Q - 1 4 ,  

(11) 
Z ' li ' 7l,t' v*t '  t 

or, in the limit, 
x-x u &-(--2 -1 

Q - 7 , ) (12) 

Q now being a constant. At a sufficient distance 
from the source, ii>>v.; under these same condi- 

Figure 1. Dimensionless axial concentration values 
xu.L2/Q k plotted as a function of dimensionless down- 
wind distance 151 = kbi/L for the case of unstable conditions. 

Figure 2. Dimensionless axial concentration values 
xu.L2/Q k plulteJ as a function of dimensionless down- 
wind distance 5 = kba/L, for i l ~ e  case of stablc conditions. 

tions we may also imagine the probabilily distri- 
bution associated with the displacement of'the 
particle from its mean position to be swept very 
rapidly past the downwind point, so that x z f .  
Since this assumption also has to be made in in- 
icglating x,,,, it i3 not n new elen~ellt in thr 
demonstration. The upshot is that 

xc,s/Q a (='>-I (14) 

which.is the desired result. 



Table 1 

Comparison of Observed Point Source Concentration 
Power Law Index m With Theoretically Derived Values 

Stability SO f ,  m m, obs. m, calc. 

Very stable +0.1 100-200 
400-800 

Moderately + 0.01 50-100 
stable 400-800 

Near neutral 20.001 50-100 
400-800 

Moderately - 0.01 50-100 
unstable 400-800 

Very unstable - 0.1 50-100 
400-800 

Since C and .Z can, even in the diabatic case, be 
obtained from Equations ( 5 ) ,  (6), and (7), as has 
been described previou~ly,~ the numerical results 
of that paper follow equally from the present one. 
They are summarized for representative values of 
the parameters in Figures 1 and 2 and in Table 1. 
The latter, a comparison of the downwind con- 
centration distribution predicted by Equation (14) 
with the Prairie Grass diffusion data as analyzed 
by Cramer," shows good agreement. In particular, 
the prediction of an increasing negative value of 
the exponent, m, of the curve describing ground- 
level concentration as a function of distance down- 
wind in unstable atmospheric conditions is verified. 

Acknowledgment: This work was completed under 
aa agreement between the U.S. Weather Bureau 
and the U.S. Atomic Energy Commission. 
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DISCUSSION 

PACK: Mr. Hilsmeier mentioned the K's (Halitsky's 
model). Were they larger or smaller than in these 
theories? 

HILSMEIER: The.K's were larger. 
PACK: As expected. 
BADGLEY: It worries me in looking at your dimensional 

analysis that by the removal of one dimensional param- 
eter, namely 1, you can strike out three dimensionless 
quantities, whereas I would think that by a strict applica- 
tion of dimensional analysis you could remove only one. 
Perhaps there is some physical reason behind the strike- 
offs. It doesn't appear to be right. 

GIFFORD: YOU are hitting at  the root of the problem of 
approaching any complex phenomenon by dimensional 
analysis and in particular by a dimensional analysis un- 
aided by other hypotheses, aside from the one concerning 
L. We don't have a differential equation by which we can 
approach this. The  thing is that t is a very convenient 
parameter in that it does permit simplification of this 
very complicated problem. 

I can only rationalize by saying we are seeking an  
answer which is independent oft.  Clearly, the steady 
state is independent of t .  The answer must also'have the 
property that it reduces to the known result for the 
adiabatic case. That  is the only other principle that I 
can invoke, and my solution has that property. I feel that 
the dimensional approach must be used with a strong 
dose of intuition, and certainly one must give a lot of 
thought to a principle that will permit justification of 
what one has found. Dimensional analysis is not some- 
thing that will work all by itself. It needs physical intui- 
tion and also, if they are available, other mathematical 
facts to use. And when there are 9 parameters to begin 
with, one does not lightly ignore the possibility of elimi- 
nating 3 of them. 

HOLLAND: YOU mentioned getting some information 
on the right-hand side of your last proportionality from 
what is available on the structure of the boundary layers. 
I can see getting the ti information this way, but where do 
you get the information about i? 

GIFFORD: d f / d t  is proportional to v., for which one can 
write an  expression' involving a universal function, 

[ ( ,? /L)  - (z,/L)]. Similarly, for d i / d t  one can write an 
expression proportional to w., which is similar to u,  but 
is relared to vertical motion. (Incidentally, this is a char- 
acteristic difference from the Lagrangian approach, in 
which there is a positive mean vertical motion of the par- 
ticles involving another function, +[,? (L - I)].) Dividing 
the first of these equations by the second gives an equa- 
tion for d i / &  that La11 be integrated numerically. 



The Meteorology Program at the Hanford Atomic Products Operation 

At a meeting at Hanford in June 1960 we re- Meteorology, I w i l l a t  review them in detail. The 
ported on th tracer technology we were trying to values of peak exposure and the standard devia- 

- L 
calibrate, but we had no specific results yet. Since tions are presented in the Journal - paper - -~-- for 46 ex- 
then we have completed calibration of the system periments with a ground source, covering the 
and have conducted more than 100 diffusion ex- broad range of atmospheric stability from very 

. periments over the extensive horizontal and verti- unstable to very stable. The exposu_re were 
- ,- .A 
cal sampllng grids at Hanford. In a d d ~ t ~ o n  we found ro order very well with thc atmoopheric 
have conducted or participated in a total of 185 stability when plotted as a function of travel time. 
experiments in cooperation with the Air Force at The cross-wind variance of the exposure distribu- 
Cape Kennedy, Florida, and Vandenberg Air tions was also expressed in terms of'travel time and 
Fnrr.~ Hase, California. The data and the clescrip- was plottcd tbr vjrious values of the product or [.he 
tion of the techniques of these iatter experiments standard dev~ation of wlnd dl~.ecilul~ i iu~lu~l id i l .3  
were documented jointly with personnel of thc Air and thc wind speed at rclease height n,fi, as sug- 
Force Cambridge Research Laboratories. The gested in Taylor's work in 1921 (see Figure 1). 
Hanford report is The Ocean Breeze and Dry Gulch Prediction methods developed from these con- ,- 
D z f i i o n  Programs, HW-67435, July 13, 1963. ..-.-- 

cepts permlt extrapolation of the results obtained 
Since the Hanford experiments have been re- from short releases to mud1 lu113e1. ~,eleasc p~i.iods. 

ported at meetings, and __ a paper _ _-- entitled "Predic- We found good agreement between predicted and 
tion ot'.E:nvironmental Exposures Fro111 Sources observed exposure distributions in a test of these 
Near t h e a u n d ,  Based on Hanford Experimental models, using independent data. These develop- 
Data," will soon'appear in the Journal ofdppl ied ments have also been applied i ~ i  the evaluation of 

the consequences of reaclur accidc~lls, whcrc thc 
period of release is particularly protracted, as in 

l o 4  
t h e  case of containment or confinement leakage. 

At pre"se.r?t the major emphasis in the Hanford 
program is nn diffiisinn from elevated sources, 

- 
m 

which Mr. Elderkin will discuss. Or. Engelmann 
ti will summarize sorne vT 1.1 is precipitation scaveng- 
w I 0 3  ing work. 
+ 
w To cnntinue with our over-all program activity, 
Z - we have =pared -.. .... .---- a cornpas.ison of the results d l  
,. major U.S. field programs using sourc~s  near 
b ground level conducted over the past 10 years, for 

102 
- -.-7- 
wh~ch we could get data. This comparison is pub- 
lished in the P~uct.edi?~gs o . f l / ~ e  Eighth Akr Clcanzng 
Cor$ersttc(, 00nlc .Ridge, O ~ t o b ~ r  1963. These rrs~.llts 
embrace 340~iff_u&n-experiments utilizing ground 
sources encompassing a wide range of at~nospheric 

10 stabilities a r ~ d  a variety of traccr materials. The 
1 0  I 02 lo3  lo4  

T I M E  ( S E C O N D S )  
lo5 peak exposurc normalized for wind speed and 

source srrength, w11e11 plottcd against travel time, 

Figure 1. Standard deviation of plume width shows a stratification, when stability and growth 
as a function of time and wind variability. parameters were factored into the analysis. Differ- 



ences in results among sites were greatly reduced 
when diffusion was considered time-dependent 
rather than being plotted as distance-dependent. 

In our work on tracer technology, we have been 
trying to d e v e l ~ l i i 7 i T c ~ o r  multicolor - 
systems, using two colors of zinc sulfide i ~ i  co111bi- 
nation with other tracers such as fluorescein, etc. 
So far the fluorescein and zinc sulfide combina- 
tions seem to work well together, but our efforts to 
discriminate between colors of zinc sulfide have 
not shown the desired precision. We have also 
tried to increase the release rate of the zinc sulfide 
by using trichloroethane as a carrier in place of 
water. This permits the extension of measure- 
ments to larger distances - up 'to 20 miles - during 
unstable conditions from elevated source releases. 
For sampling at these larger distances, we are 
equipping a light aircraft with bulk samplers and 
with a so-called real-time sampler, which mea- 
sures the nearly instantaneous value of the zinc 
sulfide concentration as a function of time of 
travel past the sampler, and also integrates the 
signal to provide the total dosage. 

In addition, we have made one release of 113', 
again over the extensive vertical-horizontal sample 
grids with special sampling equipment. Mr. Sirnp- 
son will give further details on that work. We plan 

to make several releases with 1131 in order to study 
the dispersion and deposition of the various forms . 
of iodine. We will also cooperate with the biologist 
at Hanford in contaminating a pasture area, graz- 
ing cows on it, and determining the 1131 in the milk. 

DISCUSSION 

SMITH: 1 would like to straighten out one bit of termi- 
nology. In  your study of the ground-level sources, when 
you use the term "peak exposure," don't you mean the 
centerline exposure rather than the peak during some 
very brief time? 

FUQUAY: I mean centerline exposure actually at  the 
sampler he.ight, which in thk horizontal system is a t  1% m, 
and this does not mean the peak in the total plume 
distribution. 

SMITH: I wanted to clarify that because other people 
have used "peak" to mean that little top of the curve that 
occurs for a few seconds. 

FUQUAY: YOU mean in the plume itself? 
SMITH: Yes. 
HOLLAND: IS your travel time any different from dis- 

tance divided by c? 
FUQUAY: This has been a real puzzle to us. 
HOLLAND: HOW do you actually determine travel time 

in ordering the data? You say using it reduces the scatter 
as compared with using the distance. How do you ac- 
tually get a travel time in the experimental setup? 

FUQUAY: By using the mean wind speed and distance, 
which is essentially a direct conversion. 



Diffusion From Elevated Sources 

Since 1962 we have been performing diffusion ex- which dominate the plume growth were not sam- 
periments from elevated continuous-em& sources, 
with the releases made from 56 m on our meteo- 
rology tower at Hanford, mostly for aperiod of 1 hr 
but ranging down to '/4 hr. The diffusion grid is a 
surface grid only, consisting of 9 sampling arcs at 
distances of 100 to 1600 m from the meteorology 
tower and concentric about it. The arcs extend 
over 120" to 140" of azimuth, and the sampler 
spacing is 4", 3", and 2" on the arcs. Recent ex- 
pansion of the sampling course includes an arc at 
3200 m and an additional 3 arcs within the 1600-m 
distance. At each of the sampling positions, the 
~ m ~ i n ~ g _ r a t e _ d _ c o n c e n ~ -  the exposure, as 
we call it - is measured. 

pled adequately. . 

Figure 2 shows the peak exposures normalized 
with the source strength and the wind speed at 
200 ft, again plotted against travel time. There is 
gene;al agreement in the occurrence of the max- 
imum values at  around 80 sec traLel time. The 
peak values range over a factor of about k 2  from 
the midvalue. m he results of the second series of 
tests are fairly well contained within the envelope 
of these, with the maxirrlurrl values again at about 
80 sec travel time and distributed over a factor of 
. 2 2  in magnitude. The' slope of the centerline 
values beyond the maximum point is about - 2 to 
- 2.5 on this log-log plot. The curves in this tirne- 

The resylts to be shown are from the 8 best tests dependence plot show no clear-cut dependence - ' 

durikg 1962. Analysis of the data from a second upon stability. We hope eventually to measure the -- 
series of simllar tests conducted in 1963 is under vertical fluctuations of the wind at the source and 
way, and the results are in general agreement 
with the 1962 results. The  data seem to be well 
organized as a. function of travel time in spite of 
the inhomogeneities in the atmosphere, and are so - 
presented in the figures. 

Figure 1 shows n,, the standard deviation of the 
plume exposure distribution measured ar: the sur- 
face, versus travel time calculated from the inem 
wind speed at 200 f't at the point of release. &a- 
erally speaking, the curves show a power function 
relationship with time, with the striking exception 
oftest No. 10, which deviates strongly from a 
power function. Nostability dependeynce 6 s  riuled 
among this small group of' o, versus t-dbrves, nor 
was any stability dependence shown in a plot of a, 
versus distance. However, the individual runs do 
separate according to the or the a& used to 
estimate p. 

' 1 ' 2  Hay-Pasquill tech.riigu~fpr estirrlaiir~~ ~lle 
lateral sgrea(iT& of the plume, using the running 
average of the wind measurements, gives19d- 
agreement with the measured results. For these 8 
tests the agreement with the measured values was 
within 2076, except for test No. 17, which involved 
a very short release. The length of the wind data 
was short enough that I think the very low periods 

possibly to relate the time of occurrence of the 
maximum to the vertical turbulence. 

Figure 3 shows the normalized crosswind- 
integrated exposure versus the travel time. Hcrc 
the maximum values occur at around 100 sec 
travel time. The iecond series of test results (not 
3hobvn) aloo are grouped around the same general 
nrca as shown by t h e ~ e  curves. The  maximum 
valucs of normalized croc~wind-integrated ex- 
posure also range over a factor of about 2 2 .  

DISCUSSION 

TURPIER: When you analyzed wind directinn traws ' 

accurclil~g to the IIay-Pasquill tcchniquc, they agreed 
quite well with the plume distribution in the horizontal. 
What value of /3 did you use to get this agreement? 

ELDERKIN: One. Actually we didn't use the wind direc- 
tion only. We used the u' componeilts, calculated fru111 ihe 
20-sec averayes 1-4 wi~?d di~cction and spcr.d at thr: source. 
The slope was about 0.9 for.the log-log plot of a, versus 
time, for hnth the observed and the calculated values. 

SMITH: YOU said the data showed no dependence on 
stability. Could you give some indication of the range of 
conditions undcr which the tests were made? 

ELDERI<IPI: The taets were performed in nel.itral tn 
strongly unstable conditions only; no stable conditions 
were included. Tests of the latter sort will be pertbrmed 
later, and I suppose stability dependence will be noted. 



Time (seconds) 

Figure 1. Standard deviation of cross wind exposure 
distributions versus time for elevated source releases. 

Time (seconds) 

Figure 2. Normalized peak exposure;E,ti/Q ,, 
versus time for clcvated sourse releases. 

Time (seconds) 

Figure 3. Normalized crosswind-integratd cxpnsure 
versus time for elevated source releases. 



Precipitation Scavenging 

The problem of precipitation scavenging is 
divided grossly into two portions: the repeated 
scavenging of material within the cloud as the 
cloud evaporates and re-forms, and the scavenging 
or washout that occursbeneath the cloud. The lat- 
P 

t&, since it is closer to the ground and can be 
sampled with ground sources, is more amenable 
to study. This is the research that we have been 
doing at Hanfnrd. 

Concerning the washout by a raindrop ---- - falling 
=-_---A _ 

through a plume, the histoTical work on this be- 
gins with Albrecht and Sell, who either measured 
the flow about cylinders, splieres or traps, or cal- 
culated it from potential and viscous flow patterns. 
Using these flow patterns and the nonlinear equa- 
tion of motion of a particle within this flow as it 
attempts to go around the obstacle, successive in- 
crements of position were calculated. These trajec- 
tories were 11se.d to determine the target efficiencies 
of the particles on these obstacles. We underifaid 
that target efficiencies are computed, and they are 
not necessarily the same as the observed efficie~l- 
cies of'the obstacles. 

In the forties, T.,angmuir and Blodgett were fac- 
ing the problem of predicting icing on aircraft, 
and they had available an early form of differen- 
tial analyzer which they used to calculate more ac- 
c~irate trajectories for viscous and potential flows. 
T,angmuir later introduced an interpolation for- 
mula Lct~vccn viocous and pntential flow f ~ r  inter- 
mediate raindrop sizes. Tl~esc cfficicncics of' Lang- 
mllir and Rlodgett are what are currently used in 
scavenging predictions. Somewhat more accurate 
target efficiencies have since been computed by 
others, such as Fonda and Herne, but they are 
substantially the same as those of Langmuir and 
Blodgett. This nonlinear equation of the path of a 
particle around an obstacle is complicated further 
by the introduction of electrical forces. Cochet in 
France calculated the target efficiencies for a 
single charge on a raindrop, a rather weak chargc 
with neutral cloud dropleu. Kraemcr and John- 
stone left out the inertia terms and considered only 

electrical effects in their calculations. Of course 
these are incomplete for application in the atmo- 
sphere. 

Laboratory experiments have been performed 
on scavenging, utilizing both cylinders and 
spheres. These generally confirm predicted target 
efficiencies, but there are exceptions, such as those 
of Kinzer and Cobb in 1956 and 1958, in which a 
maximum efficiency was observed with a sphere 
or raindrop of about 0.5-mm clia~iieter actually 
falling through a water cloud in the laboratory 
rather than about 1.2 mm as predicted by Lang- 
muir's formula. 

Deviations from predictions were also observed 
by McCully et al. in more elaborate experiments 
on the West Coast. In a series of something like 20 
experimer~ls chosen from a much larger number, 
with two tracers, each in axdifferent set of experi- 
ments, they fni~nd that the zinc sulfide 2210 scav- 
enging efficiency was about 0.2, and thc cfficiency 
uf 2330 was on the ~rder 'of  1.5, considerably more 
thail 100%. The differences were explained by 
McCully, after some laboratory work on the 
bounce-off of glass beads from droplets suspended 
on wires, as being due to differences in wettability. 
(The target efficiency is multiplied by the reten- 
tion to get the scavengi~~g efficiency.) Pemberton 
went on in theoretical work to show that there 
should be a difference in thc scavenging between 
wettable and rlunwettable particles. Lately Dr. 
Rerg has shuwn that charges on particles 1tla.y Le 
very irifluential in terms of wettability, hy showing 
w ~ t h  high-speed pl~utog~apkly that tho ooalescencc 
time of water droplets is a function of potential 
differences. (However, these times are very small, 
and it is debatable whether the coalescence rate 
really makes much difference.) 

Therefore, the subject is very open, and field 
experiments are. needed. There have been very 
few. May did an experinlent in an  actual rain, 
using radioactive spores over very short distances. 
He may have had some confusion with dry deposi- 
tion. He obtained washout coefficients that in gen- 



era1 agreed with those he computed by using 
Langmuir's predictions and rain spectra summa- 
rized by Best. However, May's experiment would 
have been mote valuable had l a h  spectra been 
observed at the same time. 

At Hanford we are also doing some outdoo~ 
<xer@ments in scavenging, using one of our dif- -- 

hsion towers at 200 m distance. This tower is ac- 
tually an 88-ft-high pole, fitted with filters used to 
determine the concentration of zinc sulfide parti- 
cles in a plume going past it. At the top of the pole 
is a standard lawn sprinkler to provide artificial 
rain, which falls through the plume to special rain 
samplers below. From the samplers we can get the 
sizes of individual raindrops and their individual 

Figure 1 .  Measured raindrop scavenging efficiencies for 
zinc sulfide particles, compared with Langmuir's pre- 
dictions. Also shown is an example of the rain samples 
collected in the field tests. 

collections, which we can later view through a 
microscope. 

Figure 1 (left) shows a sample of our sensitive 
paper. Thiq i s  actilally a blueprint paper but is 
also water-sensitive. It shows spots which we have 
calibrated to raindrop size. If we magnify one 
spot, we see something like the picture in the u p  
per right of Figure 1, which is from a drop that 
originally had about a l-mm-equivalent diam- 
eter. In the center are some green zinc sulfide par- 
ticles that can be individually counted and sized, 
and outside the drop is some of the dry deposition 
that we subtract out. The result of the several ex- 
periments that we ran is shown in the lower right. 
The theoretical limits according to Langmuir and 
Blodgett are indicated by the shaded area, and the 
measured efficiencies for three drop sizes are 
shown by the three curves. 

From these curves, the 0.4-mm d r o ~ m e a r s  to 
be the best s c a v e n a  No inconsistencies with this 



result were observed in any of our other experi- 
ments. The smaller drop was always found to be a 
better scavenger. The larger drop is also found to 
be better than the intermediate size. The scaveng- 
ing efficiency for small particles is on the order of 
0.2, as found by McCully, and we also find effi- 
ciencies well in excess of 1, such as he found for the 
larger 2330 particles. Each curve applies to 2210 
tracer, or a combination of both 2210 and 2330, 
and we, therefore, find it difficult to explain these 
curves on the basis of wettability differences. 

There is some risk that the curves for the larger 
particle size have been elevated because of aniso- 
kinetic ,erroy of our filters. Duct work is being done 
at Hanford to determine the efficiencies of our fil- 
ters ar different air speeds, and preliminary data 
&om this work were used to correct the scavenging 
efficiencies; this slide should have been corrected 
for anisokinetic error. The duct work is presenting 
difficulties and is still in progress. 

Another complication is the uncertainty- of the 
charge on the raindrops. We can calculate as well 
as we are able the charge on these artificial rain- 
drops and show that it would not influence greatly 
the target efficiency on the leading side of the 
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drop. However, we have a theory that particles 
that just missed the drop could be entrained in its 
wake, and here weak electrical charges might 
have a significant effect. Perhaps the 1.5 efficiency 
found by McCully could express the electrical in- 
fluence in the West Coast rains. This leads to study 
of natural rains, which we would like to do this 
winter, to determine natural electrical charges. We 
hope to obtain equipment to measure the charges 
on ra41drops similar to that used in 1949 by Gunn. 

It is also_lmssible to design an experiment that 
does not r e w t f i e  measurement of concentra- 
tion of the plume in the air or of the source 
strength. It does have the stipulation that the 
plume not contact the ground, and for this rea.wn 
we look forward eagerly to the arrival of our air- 
craft. We can determine the washn~rt hy sttch an 
experiment over distances of, say, 4 to 40 miles. 
Also, wmuld  study snow, which has been largely 
overlooked in-the research; it presents consider- 
able complications but might be very important. 
We require for these experiments a rather large 
volume source, and these are not easily obtained 
with dry dusters. (We have had great difficulties 
with this in the past years.) 

Time (seconds) 

Figure D-1. Normalized peak exposure, E,,li/Q ,, versus Figure D-2. Normalized peak exposure, E,ii/4 ,, versus 
distance for diffusion.tests with differing conditions of time for diffusion tests with diicring conditions of atmo- 
atmospheric stability. spheric stability. 



As Mr. Fuquay mentioned, we are working 
with a trichloroethane suspension of the zinc sul- 
fide, which gives pmmise We a re  sampling dry 
deposition on the ground with the Diazo paper 
(shown on the left of Figure I), which is very ver- 
satile. We have found it to be among the best 
means of measuring raindrop sizes, provided the 
wind is not too strong. This summer we are reduc- 
ing rain spectra gathered at Hanford to a form 
usable for sampling predictions. 

DISCUSSION 

CHAMBERLAIN: In the calculation of the raindrop size, 
do you correct for the evaporation factor in the fall? 

ENGELMANN: We calculated it and found it to be small. 
The droplet falls only on the order of 20 m through the 
plume, a id  for a 0.3-Am drop, the change in &miter  is 
10%. 
CHAMBERLAIN: At the time you analyzed the raindrops 

did you also analyze the particle size? 
ENGELMANN: Yes. It is a very tedious process. 
CHAMBERLAIN: YOU mentioned that the efficiency var- 

ied as a function of raindrop size. Did you get any corre- 
sponding function of particle size? 

loe 10' 
Time (seconds) 

Figure D-3. No# peak exposure, 
E,a /Q ,  versus time. 

ENCELMANN: The a b s c i i  on the graph in Figure 1 is 
particle size, and the curves are for three raindrop sizes. 
Each particle size was corrected for its own ionization, 
according to the preliminary applications to the ducted 
area. 

SIMPSON: We got some data on zinc sulfide puffs mea- 
sured by the real-time sampler an& tound that-ate- 
rial arrived at 200 m about twice as fast as the mean wind 
speed, and the tail end of the material arrived at about 
one-half the mean wind speed. The mean wind speed is 
the average speed over the release period of 10 sec at the 
site of emission. 

GIPFORD: What was the height of the real-time 
samplers? 

SIMPSON: It was 1% m. The height of the release was 
about 1% to 2 m. 

Gmom: How high would you have to go to find the 
mean wind at twice the speed of that at 1 % m? 

SIMPSON: About 4 or 5 m. In Figure D 1 E, the maxi- 
mum exposure normalized for m e d d  speed and 
source strength, is plotted as a function of distance. These 
data represent thr& actual field tests, and it is very sur- 
prising that the very stable run has lower exposures than 
the slightly stable, and at two distances lower exposures 
than the very unstable. Figure D-2 is from the same rum, 
but instead of b e i i  plotted a z g  distance, the exposure 
is plotted against the travel time, given by the travel dis- 
tance divided by the mean wind speed at 1% m over the 
time of the emission. Here we are getting the proper sepa- 
ration and the proper order. Since these runs all showed 
about the same amount of lateral growth, this relation- 
ship between peak exposure and travel time must be in 
most part due to vertical growth differences. These are 
selec&d experiments and show the relationship very 
nicely, but all the Hanford data show this, and when we 
compared various sites, for example, Hanford with 
Prairie Grass, we obtained a much better comparison by 
using the same travel time. The diffefences are very large 
in comparisons using travel distance. This is the effect we 
have been noticing, and it seems physically reasonable. 

GIPFORD: How about gradients in the vertical at the 
sampling distance, for example, in the very stable case? 

SIMPSON: ORhand I can only say that it is very stable. 
The plume was contained within the tower network be- 
low 200 ft. 

GIFFORD: What I am really trying to understand is 
whether or not there was an actual stratification taking 
place, so that what you happen to measure at 1 % m may 
be quite unlike that at, say, 25 cm or 50 cm. 

SIMPSON: We were working near the peak in a very 
stable case. Our relearn were near the ground at 1 %! to 2 
m, and the peak exposure was very close to 1 % t % m. 
The variation over % m might be 10 or 15%. 

GWFOKD: And the mean wind? 
SIMPSON: The mean wind speed for a very stable case 

was in the order of 1 or 2 m/sec, and in the unstable case 
probably 3 to 5 m/sec. The effect of that is seen by run- 
ning through the transformation of x / l .  A comparison in 
ten& of wind speed brings about the stratification that is 
not seen in a comparison in terms of travel distance. 
When we got involved in this program, we started out 



naturally in terms of travel distance, because that is the 
way one normally thinks of the data. When we plotted 
against the travel time and got the stratifications, we were 
encouraged to go ahead, and we have studied in this way 
data &om Hanford, NRTS, Ocean Breeze, Vandenberg, 
Prairie Grass, and Dugway. We have seen this trend to 
some degree in all these data, that we do better in terms 
of travel time than in terms of travel distance. The travel 
time data as a whole look more reasonable. 

CHAMBERLAIN: IS there not an artificial separation of 
the lines plotted in terms of elapse time, since the elapse 
time depends on wind speed, which is correlated with sta- 
bility? It seems to me that your original observation, 
where you plotted the results in terms of distance and 
showed no effect of stability, was very important, and that 
the method using elapse time is doing violence to your 
data 

BADGLEY: I do not agree; it seems to me that it is valu- 
able to look at it both ways. Seeing the data in this form, 
one realizes that the traditional results are perhaps In- 
valid. Seeing it in the former, one gets some insight as to 
why they are invalid. 

SIMPSON: F i g u r e D - o w s  a summary of all Hanford 
data in terms cQhisStr~el.-ncept. The three 
shaded areas on the rlght ar~kfelbstB-BT+~o?iaitions. 
They vary according to the differences in plume width. 
The spread of the shaded areas exceeds an order of mag- 
nitude and appproaches two orders of magnitude in some 
cases. Yet when exposure is plotted against travel time 
and further separated in terms of lateral growth, the 
limits are very well defined. The upper curve is for very 
unstable conditions with a small plume. The 111idd1e 

curve is for very stable conditions with a moderate plume. 
The third curve is for stable conditions with a wide 
plume. The last curve is for unstable conditions. Thus, 
this is a very useful concept, and I find it difficult to be- 
lieve that with this kind of stratification, with data from 
46 experiments, one would get this kind of separation if 
there were not an underlying physical basis for it. 

MCCORMICK: I think wind speed is a very unreliable in- 
dicator of stability. Taking the extreme case, Brookhaven 
experience shows that the same winds can be associated 
with either very unstable or very stable conditions. 

GIFFORD: I approve of this method, and it puzzles 
me that there should be any great objection. The only 
thing in favor of plotting the distance is that it has been 
done a few times. What you regard as traditional depends 
on how far back you go. The original formulation of the 
problem was as a time problem, because it is Lagrangian, 
and certainly that seems to me a natural way to present 
the d a h  correctly. 

SLADE: Plrst, regarding stability, Ifobl makes the as- 
sumption that seems fairly popular today, that wind 
fluctuation is in some way related to the spreading of the 
plume, then under very stable conditions one may get a 
very narrow plume with small fluctuation, and under 
other stable conditions, a very large plume. Secoud, wl~en 
Fuquay mentioned thii a year or two ago, I didn't believe 
him, so I took just about all the data he has used a l~d  
quite independently did much the same thing; and I 
found the stratification he discusses. If distance is used 
things don't work out: the result is just a broad smear of 
data points. Thus, stability itself is perhaps not the best 
of stratification agents. 



The U.S. Weather Bureau Meteorology Program 

The work Dr. Angel1 and I will be reporting 
and some of the work Dr. Gifford and Mr. Hils- 
meier have reported are part of an integrated pro- 
gram of the Weather Bureau under the direction 
of Lester Machta of the Air Resources Laboratory 
on transport and difFusio_n in the at_mosphere, cov- 
-Y---- 
ering a range osi2iGs from theoretical micro- 
meteorology in the boundary layer to meso-scale 
dispersion. As Mr. Holland mentioned this morn- 
ing, we are conce- ~r imargy  on smaller- 
scale transport and dispersion. The global scales 
will not be covered per se in these reports. Our own 
group in Washington handles a variety of things: 
research, operational support, and some admin- 
istrative matters. 

For this tation we have selected indi- 
vl-might seem like a rather 
heterogeneous conglomeration but actually are all 
motivated by our desire to predict the character- 
istics of atmospheric transport and dispersion. 
Each of these topics is related to our interest in the 
atmosphere and to the interests of the AEC and 
the Public Health Service. We will emphasize pri- 
marily very small-scale and.meso-scale studies. 

As s h z h i s  morning, prim>y by the discus- 
sions of the Hanford group, we are doing rather 
well on predictions of diffusion over relatively 
flat terrain at medium distances, say up to perhaps 
10 miles. However, there are a number of fascinat- 
ing problems connected with the larger scales that 
are also of considerable practical interest in ap- 
plications to nuclear rockets, nuclear reactors, and 
urban pollution, and we will concentrate on these. 

RADON 

The work on the measurement of radon prod- 
ucts is being done by Mr. Charles Hosler. A paper 
describing the counting techniques and the theo- 
retical development of the use of radon daughters 
in determining radon concentration will appear 
shortly in the Journal ojdMeteorological Research. Fig- 
ure 1 shows a filter and a timer. The tube at the 

upper left runs to the outside. Down below is a 
pump with a flow rate meter that measures the 
amount of air passing through the filter. This is 
the setup for measuring radon daughter products 
alternately at 1 and 15 m at the Observational 
Test and Development Center, Sterling, Virginia. 
A similar setup, but with much longer tubes, is 
now installed on a communications tower in Vir- 
ginia to measure the differential daughter product 
concentrations at 1 and 91 m. 

Figure 2 shows the counting setup, a lead jug 
and a Nuclear Chicago check counter. The count- 
ing technique depends on the timing of the counts. 
It is the meteorological aspects that are of interest 
here. The idea is to determine the differential con- 
centrations of radon daughter products over 
height z at two different levels, to relate these to 
the radon concentration, and from this, during 
steady state conditions, to derive the vertical dif- 
fusion coefficient, K. A second strong motivation is 
to make the profile measurements during condi- 
tions of extensive meteorological stagnation in 
conjunction with the forecasts on stagnation issued 
by McCorrnickYs group in Cincinnati. We would 
like to confirm that radon is a good vertical tracer 
during these conditions. 

The counting scheme is based on determining 
the departure from equilibrium of the daughter 
products in relation to the parent radon. The com- 
parison between the concentrations of daughter 
products and actual radon was made by taking 
grab samples of the air in steel flasks and sending 
them to the AEC New York Operations Office for 
analysis for their radon content. The analysis is 
stated to be accurate to within 210%. Table 1 
shows the results of a large number of determina- 
tions comparing the radon and the radium B 
counter measurements and the standard devia- 
tions. Considering that the radon is not measured 
to better than lo%, it appears that one can have 
some confidence in the use of the radium B mea- 
surements, particularly the differential radium B 



Figure 1. Air intake and filter system. 

r igure 2. RaB counting apparatus. 

Table 1 

Summary of Calibration Data Comparing Filter Results With Direct Analyses of Radon 

Counting No. of Mean wncenmtion Standard 
interval, min Site Height, m wmparative runs ratio RaB/I(n deviation 

t(25,27) Stmlhg, Va. 1 
t(21, 31) Sterling, Va. 1 
t(21, 31) Tysons Corner, Va. 1 

91 

There is a discussion in Hosler's paper of the 
problem of the contribution of radium A, and one of 
the significant t h i i  is that, in a hypothetical case 
at least twice as bad as anything that has been 
seen, he found that the radium A contribution 
could not cause more than 10% error. Further- 
more, in Dr. Lockhart's work, we are not finding 
any radium A in the filters. He is doing some 
alpha counting. This problem leads to the inter- 
esting questions of whether the radium A is not 
filtered, whether it is not attached to particles, and 
other characteristics of its physical behavior in the 
atmosphere. These remain to be resolved and will 
be worked on in the next year or so, 

Figure 3 shows some examples of the types of 
differential radium C/B ratios and inferred radon 
concentrations. This is an inversion case, and we 
find, as expected, much higher concentrations 

near the ground and lower concentrations aloft. 
We will ignore for the time being the radium C/B 
ratio, which incidentally provides a qualitative 
indication, although not an absolute one, of the 
departure from equilibrium between the daughter 
products and the radon. Of interest in this figure 
is the sudden drop in inferred radon concentration 
after a peaking of the wind speed. We have only 
begun to study the correlation between meteoro- 
logical conditions and radon concentration. Figure 
4, also from an inversion case, is drawn to a little 
better scale. It again shows the peak in the wind 
speed and the drop in the radon concentration. 
From this one can compute K 's, as will be dis- 
cussed below. Figure 5 is fiom the daytime case 
and shows, as expected, good mixing and essen- 
tially no difference between the radon daughter 
products. 
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Table 2 

Vertical Diffusivity (K,, cm2/sec) Estimates From Radon Concentration Measurements 
Over a 300-ft Height Interval During Steady State Conditions at Tysons Corner, Virginia 

ti= wind speed (knots) at 100-ft elevation; At/A z= temperature gradient (" F), 300-6 ft. 

Superadiabatic (< - 1.6OF) Neutral (- 1.6<0.0°F) Inversion (>O.O°F) 

Kz ti At/Az K. fi At/Az Kc ti At/Az 
- - 

3 
3 
3 

14 
12 
17 
8 
8 

10 
13 
7 

19 
5 
2 
5 
6 

Average 

6 

KI a ~ ~ . ~ ~  

Recently we have begun to concentrate pri- 
marily on work with a greater height difference. 
Table 2, prepared by Mr. Hosler, lists 44 cases of 
steady state conditions. Steady state means at 
least 1 hr of no significant change in the radon 
daughter product profile; in some cases, this con- 
tinued for 3 hr or more. The 44 cases are divided 
into three classes, superadiabatic. neutral, and 
inversion, as measured with the temperature gra- 
dient equipment for the height interval of 1 
to 9 1 m. The interesting thing is the variety of K 
values found, and I think one should realize that 
when using a 20-min collection period, or, as was 
done in a number of these cases, three 20-min col- 
lection periods (possibly slightly longer), we are 
getting what amounts to a vertical diffusion coef- 
ficient that represents an area. The minimum area 
for the wind speeds used is of the order of 3 to 4 
miles in horizontal extent. The maximum is about 
30 miles and would represent the mixing brought 
about by the thermal and the roughness conditions 
upwind of this particular tower. 

To  summarize, in these cases we found that 
under superadiabatic canditiaas K was roughly 
4x10" cm2/sec; under neutral conditions, 3X 10"; 
and under inversion conditions, 4X lo3. Thus they 
behaved in appropriate fashion. Within each 
stability class, however, there was quite a range. 
Tt turns out that  Kz is proportional to xl.lT under 
superadiabatic mnditiom and to 20.92 i~nder stahl~ 
conditions, the average, of course, being near z. 

Much work remains to be done both in radio- 
chexnistry and in the relationship of the various 
daughter products to the parent radon, and also 
in the meteorology. We are now making bivane 
measurements at one level, the top of the tower, 
and the few that we have made have not shown 
any correlation between the vertical standard 
deviation and appropriate K values. This is not 
surprising when one considers the wind directions 
at the top, middle, and bottom of the tower, be- 
cause the top of the tower may sh0.w almost no 
vertical variation, the middle may show a slight 
bit, and the bottom quite a bit, and the question is 



at what level one should measure vertical motions 
in order to characterize the K that would pertain 
to a given depth of atmosphere. 

If air pollution stagnation episodes occur this 
fall, we will probably also have radon daughter 
measurements that can be correlated with these 
episodes. Measurement of the daughter products, 
at least near the surface, is easy and relatively 
inexpensive. 

In our work on trajectories and dispersion on 
the meso-scale, we are using constant volume bal- 
loons. We started in about 1958 with the idea that 
it was time to try to reach out beyond 10 miles. 
We would like to explore the turbulence and the 
trajectories over distances of the order of 100 miles 
from the source. The first year and a half or so of 

experimentation was completely hitless. Later on 
we obtained some very interesting data. This tech- 
nique will be mentioned in many of the later pre- 
sentations, as it has been applied in both research 
and operations at some of the other offices. 

Figure 6 is the familiar picture of the tetrahe- 
dral balloon with a radar beacon or trans~onder 
attached. The balloons are made of 2-mil Mylar 
plastic. Although they do expand slightly with 
superpressure, they maintain a volume of ~1 
cubic meter. Internal superpressure must exceed 
about 100 millibars for the balloon to change vol- 
ume radically. 

Figure 7 shows the details of the radar beacon, 
the transponder that is currently being used. This 
was manufactured for us by the Cordin Company. 
The total length is roughly 10 in. without antenna. 
The weight is 12 1 g. The battery pack weighs 130 g. 
We have flown these and tracked them continu- 

n and transponder. 

u -a 
Figure 7. Transponder (with and without weatl~erprodhg). 
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Figure 8. Tetroon-transponder tracking system. 
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Figure 9. Tetroon trajectories, Hatteras, 
North Carolina (tracked by SP-1M). 
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Figure 10. Tetroon trajectories, 
Las Vegas, Nevada (tracked by M-33). 

ously for at least 21 hr, and the maximum range 
we have so far obtained, using a WSR-57 radar, is 
100 statute miles. The current models of this tran- 
sponder can be triggered by 3-cm or 10-cm radar. 
They transmit a return signal at a nominal 400 
megacycles, which does not interfere with any 
other radars. The power output is roughly 500 
milliwatts. 

Figure 8 is a schematic drawing of the system, 
showing how the signal is obtained. The radar 
triggers the transponder, which transmits a 403- 
Mc signal that is received by a separate antenna 
system and funneled back to the radar console so 
that range, azimuth, and elevation are displayed. 

The first successful experiment was made at 
Hatteras, North Carolina, with tracking by an 
SP- 1 radar. Figure 9 shows the series of trajectories 
obtained. The scale is somewhat too small to show 
details, but iL is irlLemsting that we skin-tracked, 
obviously over the horizon, to about 110 miles. 
This was during a time when a hurricane was 
coming up the coast. Although this run was suc- 
cessful, in our next experiment we used FPS-16 
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Figure 11. Simultaneous tetroon trajectories, 
Cincinnati, Ohio (transponder tracking by WSR-57). 

and SCR-584 radar, with the cooperation of 
NASA at Wallops Island. The ranges here were 
somewhat less, primarily because we were not 
allowed overtime. 

The next experiment was done at Yucca Flats 
with M-33 military radar provided by Phil Allen 
of Los Angeles. The trajectories obtained are 
shown in Figure 10. Of particular interest here 
is the turning of the trajectories with time. The 
trajectories with higher numbers were progres-e 
sively later in the day. Nos. 1 to 5 moved from 
west to east, probably because - although one 
can't be sure of this - in the earlier part of the day 
the hills to the left of the average trajectory were 
heated, but by afternoon the hills on the right side 
were heated, and the winds turned. The final 
trajectory, No. 6, took place at night. These mea- 
surements were the first that showed any evidence 
of helical circulations in the trajectories; more will 
be said about that later. 

Figure 11 illustrates our first attempt to use 
transponders. This schematic drawing shows dual 
release of two tetroons at Cincinnati. Of interest 
here is the crossing of the trajectories. The iso- 
chromes show how the balloons overtook one 
another. More will be said about this dual flight 
later. Subsequently Dr. Angell, on a year's ex- 
change with the British Meteorological Office, 
did a rather extensive series of trackings at  Car- 
dington, England, which will be described later. 
Our final series of tracks was made in May 1963 
in the Los Angeles area. Figure 12 shows a family 





of trajectories in the Long Beach area. It  shows 
the wide coverage of a series of releases in a com- 
plicated flow such as that near Los Angeles. Two 
of the trajectories, about which more will be said 
later, indicated sea breeze reversal and provided 
some extremely interesting data. 

Some types of data other than trajectories have 
been acquired from these experiments. Figure 13 
shows height versus time after release at Las 
Vegas. We were extremely impressed with the 
6500-ft vertical oscillations shown here, but these 
have been eclipsed by the many later runs by the 
Las Vegas personnel, in which this typical day- 
time behavior has been repeated again and again. 
It is interesting to note the contrast in the lowest 
height trace a t  the bottom, which was made at 

night and displays a-difference of several orders 
of magnitude in the vertical velocity. 

Figure 14 is from the dual tetroon release at 
Cincinnati, and shows contra-rotating helices. Al- 
though not at the identical time, the two balloons 
are making helical motions in opposite directions. 
It  would be interesting to do this type of exper- 
iment over absolutely flat terrain. The data shown 
here are very similar both in the geometry and in the 
absolute values to the helical circulation observed 
by Woodcock in the soaring of sea gulls, and they 
have certain implications with respect to the 
transfer of eddy kinetic energy in shear flow. A.A. 
Townsend has made some speculations in this 
area, but unfortunately we do not have enough 
data for a detailed analysis. 

Figure 13. Tetroon vertical motions, Las Vegas; Nevada. 
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Figure 14. Contra-rotating helices measured by two-tetroon flight, Cincinnati, Ohio. 
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Figure ' l5  shows a 5-hr dual tetroon run 
launched from Marineland in Los Angeles. The 
interesting thing is that this represents a two- 
particle measurement of relative dispersion. These 
flights were ballasted wlth extreme care, and the 
average height versus time patterns were almost 
identical. The section of the trajectory in the 
radar shadow behind Palos Verdes was not ob- 
tained. Later the two balloons crossed 5 times. 
They obviously were not spreading very fast. They . 

were much closer together at the end of 5 hr than 
after 1% hr. Unforunately one of these balloons 
was brought down by a police helicopter because 
of a report of flying saucers. , 

Currently we are using tetroons in both research 
and operations at Las Vegas with M-33 radar for 

, tracking from installations on mountain tops and 
nearer sea level. We are also attempting to use 
existing radar facilities, the Air. Defense Command 
and FAA radar net, in this case skin-tracking 
rather than using transponders. At the National 
Reactor Testing Station at Idaho Falls the tet- 
roons have been used in at least two operational 
roles, the SNAP test and the SPERT test; they are 
also used in research, particularly in the develop- 
ment of thetechniques of radar use in this work. 
At ~ inc inna t i ,  McCormick's group is using the 
WSR-57, the standard Weather Bureau radar, 
and releasing particulate tracers at the same 
time the tetroons arc released; t l~ey are getting 
some of the more interesting data on the use of 
tetroons in actual practice. 

Last Tuesday we tried to find out if an aircraft 
could be used in lieu of gound-based radar in 
order to extend the tracking range. Considera- 
tion of the number of radars, the number of crews, 
and the cost of setting up facilities to obtain tra- 
jectories over, say, 1000 miles around a given 
point at  any time indicates that 'the number of 
radars 'increases exponentially, and the budget 
goes up even faster. Use of the Weather Bureau's 

Research Flight Facility appeared to offer a way 
around this. This aircraft, a DC-6, is equipped 
with a 2-MW, 10-cm airborne radar originally de- 
signed for Airborne Search a,nd n e t ~ r t i o n .  The 
research flight people were interested in trying 
this technique. 

, Last Tuesday we launched two tetroons from the 
Florida Keys. We found that we could indeed trig- 
ger the transponders with the airborne radar. It was 
possible to receive the signal on the aircraft radar- 
scope and to position the tetroons relative to the air- 
craft and continue to track them. The maximum 
range we were able to obtain in this essentially ad 
hoc experiment was ~ 7 0  miles from the aircraft. 

We hope to improve both the range and the 
possibilities of what can be accomplished. I think 
this, is of as much interest to meso-scale meteorol- 
ogy in regard to convection as it is to atmospheric 
transport and dispersion. It would be nice to stand 
off from a large cumulonimbus and try to trace 
the various vertical and horizontal motions from 
the aircraft. We plan further developmental work 
both in the acquisition of data and in the develop- 
ment of the system. We have learned that it is pos- 
sible to transistorize the current 403-Mc tran- 
sponder so that the weight can be reduced by z'h, 
the battery weight can be reduced by. > %, and 
the lifetime can be extended by at least a factor of 3. 
We also plan some balloon research, particularly 
on the nature of the response of the tetroons to 
at'mospheric motion. 

So far as data collection is concerned, we are 
now planning a study of the sea breeze at  Atlantic 
City, which we hope to carry out in, July 1964. 
This will be a corollary to the study in Los Angeles, 
but in a less restricted flow area. We hope also to 
improve on the ~ e s e a r c h  Flight Facility approach 
so that we can track transponders over a rather 
wide area, we hope tn the limit of the aircraft's 
flight range of z 14 hr, in order to trace trajectories 
over rather long distances. 



Aerospace Meteorological Problems and Diffusion Climatology 

AEROSPACE METEOROLOGICAL PROBLEMS 

The research program of our group in the 
Weather Bureau covers scales in motion from 
micrometeorological motions to meso-scale mo- 
tions. I would like to discuss what I call aerospace 
meteorological problems. At first blush, it would 
appear that these problems would involve global- 
scale motions, but we must remember that the 
space vehicles which we control have to be 
launched from the planet earth, and therein lies 
the problem on which I am going to concentrate. 

The Division of Reactor Development of the 
AEC, through the Office of Nuclear Safety and 
through the Space Nuclear Propulsion Ofice, has 
been supporting our group in investigations will1 
regard to the transport and diffusion of nuclear --- > - _  
~ffl ients or nuclear materials as a result of a launch 
paLabort of a missile which has a nuclear powered 
stage o; component. This is not to say that we can't 
have mishaps in space. However, if yuu are in- 
terested in global dispersion and diffusion, we 
have other experts here from the Weather Bureau 
and from the AEC, who can discuss that aspect 
of it. 

As a typical postulated mishap at or near the 
launch pad, we envision the simultaneous occur- 
rence of what we will call a nuclear excursion or 
some sort of nuclear emission and the explosion of 
the rocket propellant, because usually these mis- 
siles are a combination of rocket stages and the 
nuclear stage. In order to assess the downwind 
concentrations of the radioactivity, we have con- 
centrated on three problem areas, although these 

- 
are not the o r o n e s .  The fiz problem 1s the 
height of rise. of the fireball that results from the 
propellant explosion and possibly has nuclear 
debr~s  ilnbeddcd in ir. The secu~~cl prublcm con- 
cerns the effects of meso-scale motions (by which I 
mean sea-breeze type motions) on the dispersion 
of this cloud, which moves downwind, t h a ~  is,  lie 

are seacoast areas and have typical motions of 
this type. The &$problem area is the diffusion 
out to tens of miles of essentially a puff rather than 
a plume. 

With regard to the first problem, concerning 
the height of rise, we act as a clearinghouse for 
our sponsors, the AEC Division of Reactor Devel- 
opment, for information on height analyses of 
rocket propellant explosions. Obviously we are 
much interested in the work being done here at 
Brookhaven, on which some reports will soon be 
iss1.1ed. * 

We have taken on the responsibility for the 
meteorological analysis and the cloud height 
analysis for the joint NASA-Air Force propellar~l 
burn tests at Edwards Air Force Base, California, 
called Project, Pyro. The burns involve a series of *+. -- . . ,~,>. 

explosions with 200 to 25,000 lb of rocket propel- 
lant. This is approaching the orders of magnitude 
in which we are interested, considering that rockets 
of the future may contain a.s milch as a million 
pounds of propellant. 

Arrangements have been made at Edwards to 
obtain micrometeorological data, temperature 
structure, and wind structure from the 100-ft 
tower and from a 200-ft tower a few miles away, 
and also to get phototheodolite tracking of the 
cloud as it develops. The goal of our analysis is a 
prediction model for cloud height of rise from the 
energy content of the explosion and the pertinent 
meteorological parameters. We hope that the 
NASA-AF group will give us some idea of the 
energy content. At least we know the type of pro- 
pellants, which will give. 11s the energy input. The 
tests are scheduled to start June 1, 1964, and con- 
tinue for a year. 

O n  th~second~p_robJem,the effect on effluent 
transport ofthe-sea-breeze circulatioris, we art: 
running experiments in Atlantic City, as Mr. Pack 
mentioned. We hope also to do some at Cape 

effect of the horizontal and vertical extent of these 
*SINGER, I.A., FRIZZOLA, J.A. A N D  SMITH, M.E., The predic- 

motions On the transport of the 'loud. O u r  lwu  tion of the rise of a hot cloud tiom field expeflments, J. A h  Pul- 
launch areas at Vandenberg and Cape Kennedy ltttion Control Assoc. 14, NO. I I ,  455-8 (1964). 



Kennedy. The Air Force has already done some 
work on this under the direction of Colonel Peter 
Romo. Last year they used a network of surface- 
bascd ancinljiiiclels lu i1.y to delineate inland 
penetration of the sea breeze. This year they are 
also going to use radar following spherical neu- 
tral balloons to aid in deline&ing the motions. 
We will be interested in the results. 

Our  activity with regard to the third-problem 
/ area, that is, diffusion outward to tens of miles of 

essentially puffs, is currently concentrated on a 
demonstration of an atmospheric tracer technique 
involving neutron activation of the appropriate 
gaseous - I emphasize the gaseous - and partic- 
ulate matter, which is tagged with an IlZ9 isotopic 
tracer. This work is being done by the Nuclear 
Science & Engineering Company, under contract 
to the AEC Division of Reactor Development. 
Laboratory development of the tracer and of the 
techniques of emission, collection, and analysis is 
about complete, and we are now almost ready for 
a field demonstration, which we hope to accom- 

plish at the Weather Bureau Research Station at  
Idaho Falls in July 1964. 

This is not an inexpensive way to trace motions 
of the atmosphere, but our primary goals are 
initially twofold. One is the quantitative detection 
of a continuous point source a t  distances of some 
tens of miles under good diffusion conditions. The 
other is to compare a truly gaseous, inert tracer 
with the more commonly used aerosol or sub- 
micron particulate type. Looking into the future, 
we think that  because of the method's extreme 
sensitivity (the Company is hopeful of being able 
to detect 10-'%r 10-l4 g of this material) we (or 
someone else) might be able to simulate instan- 
taneous puff-type sources. Since the half-life of 
IlZ9 is some millions of years, it can be stored with- 
out problems of decay. One of the advantages of 
the method is to be able to make runs and analyze 
them not immediately but when it is convenient. 

Most of the work on aerospace meteorological . 
problems that  I have discussed is a t  the stage of 
more future plans than results: 
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DIFFUSION CLIMATOLOGY 

Because of our Weather Bureau group's associa- 
tion with the AEC Division of Reactor Develop- 
ment and Division of Reactor Licensing, we have 
been very active in both the preparation and re- 
view of hazard reports for nuclear reactor sites or 
any site where a nuclear emission is anticipated. 
Consequently, considerable attention is currently 
being given to the regional and climatological de- 
scription of atmospheric measurements relating 
to the diffusive quality of the atmosphere within, 
say, the first few thousand feet of the surface. 

A member of our group, Charles Hosler, in 1961 
did a study4f low level inversion b the contiguous 
United States,* in attempting to quantify on a 
geographical basis the inhibiting effects of this 
nighttime inversion. As an example of his results, 
Figure 1 shows low level inversion in percent fre- 
quency during the fall season. Note that there is 
an area in the southeast that shows a maximum 
and also an area in the southwest with a maximum. 
This is essentially a nighttime phenomenon. It is 
an inversion below 5000 ft, associated with surface 
cooling, and it is not unusual to find the maximum 
in the desert areas of the southwest where there is 
extreme radiation during the nighttime. Along 
the coast there are essentially areas of minimum 
where the wind speeds are expected to be a little 
higher. 

A companion workt along this line for the day- 
time type of index for diffusion in lower layers is 
Holzworth's study on mean mixing depths, which 
is an attempt to index the -i32'iTGion in 
the daytime and to index a layer in which dif- 
h i o n  will not be inhibited. Figure 2 shows roughly 
how this wit4 determined. One assumes that the 
radiosonde! observation for the previous night de- 
scribes the upper portion of the current lapse rate. 
The lower section is determined by extending a 
straight line having the slope of dry adiabatic 
lapse rate from the afternoon maximum tempera- 
ture to the point where it intersects the earlier 
radiosonde trace. The height of this point is called 
the daytime mixed layer. 

Figure 3, like Figure 1, shows data for the fall 
season. Note here that in the southwest there is an 
- 

*HOSLBR, C.R., Low level inversion liquency in the contiguous 
United States, Monfhb Weather Rm. 89, No. 9,319-39 (1961). 

~HOUWORTH, G.C., &timates of mean maximum mixing 
depths in the contiguous United States, Monthlg Weather Rev. 92, 
No. 5,235-42 (1964). 

;- ' -&limited area as far as vertical mixing goes; again, 
. this is not unreasonable since desert areas typ- 
ically show extremes in temperature both at night 

' and in the daytime. This study was an attempt at 
L l  ; 

4 a broad scale assessment of dilution capacity 
,' - which will serve as useful information for siting 
< and engineering of nuclear facilities, especially if ?+ more routine emission of effluents is anticipated. 

Among the other techniques we use is to infer 
diffusion regimes - from conventional meteorological 
observations. We have used the technique sug- 
gested by Pasquill, which is based on wind speed, 

dr+j cloud amount, and cloud height, and a further 
F-: adaptation by Turner, using the sun elevation 
""Jangle. For example a diffusion frequency study 

was made on 18 months of data from Cape Ken- 
pedy. ( ~ h e s g  'are usually- hourly observations 
which are readily available on punched cards or 
punched tapes from Asheville.) Figure 4 shows 
the type of analysis we have done. Along the ab- 
scissa is time of day, and along the ordinate is 
cumulative frequency. The conditions are the 
types explained by Pasquill, A through G. 

.I I Note that during the wintertime there is quite 
a great percent frequency of neutral stability, 
with not an overly great amount of bad diffusion 
conditions and not too great an area of good dif- 
fusion conditions. In comparison, the summer 

i -,data show a rapid transition from good diffusion 
$2 to poor diffusion. For choosing a site, if only rou- 

t \  

I ,  tine data were available, this would give a sort of 
i idea of the percent frequency of diffusion types. 

t -'The analysis has been carried a little further by 
--r 

, 11. relating the diffusion indices to the standard de- 
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viation of the crosswb,d and vertical cloud distri- 
butions, which are two parameters in the Gaus- 
sian diffusion equation for computing downwind 
concentrations. 

In the emission of radioactive effluents over long 
periods of time (for example, an accident occur- 
ring over 72 hr) an important question is, how 
persistent is the wind? This is a form of turbulence, - 
although it is over a much longer time scale than - 
we are accustomed to. We made a persistence 
analysis of 5 years of data on hourly wind direc- 
tion from 64 stations over the United States. These 
data have shortcomings in that the wind direction 
is recorded on the hour, and what happened in 
between is unknown. For our analysis, if the wind 
was from a certain compass point and stayed 
within a sector of 22?h0, 67%", or 112%' ( l ,3 ,  
and 5 points of a 16-point compass) we counted 
the number of hours it stayed in that sector. 

This analysis is still in process, but we have 
made plots for the individual stations. For ex- 
ample, Figure 5 shows a comparison between the 
wind persistence at Denver and at Laredo. Along 
the abscissa are plotted the wind directions and 
along the ordinate the duration in hours. The 
dashed curve is for 10% probability, and the solid 
curve is for the maximum observed in a certain 
sector. At Laredo there is a peak persistence in the 
southeast, which is not unusual since Lfle situation 
there is of the southeast sea-breeze type; this also 
is typified by the maximum observed for the 5 
years of data, some 40 or 50 hr. This SOI.L of esti- 
mate of wind persistence can be useful in reactor 
siting 

We have just about completed one more type of 
diffusion climatology ---- study. Because of the rapid 
growth of population and industry i n  Southern _ 
California, the AEC has asked us to compile and 

evaluate the available meteorological data per- 
taining to diffusion for use in siting nuclear reactors 
in that area. Figures 6 and 7 illustrate the kind of 
information in our report, which is almost ready 
for pripting. Figure 6 shows surface stream lines, 
averaged over the month during a certain period 
of the day, and is an example of a typical sea- 
breeze type of situation. Note the various con- 
vergence zones that occur around the San Fer- 
nando Valley and Palos Verdes hills. Figure 7 
shows the situation in the nighttime. It  indicates 
that the seaward flow is not nearly so strong as in 
the daytime and does not appear to extend very 
far over the ocean. 

DISCUSSION 

SIMIXL~UN: 111 the experiments you have planned for 
Idaho, what are the source heights? 

VAN DER HOVEN: Surface. 
SMITH: Did you say this is a costly tracer technique? 
VAN DER HOVEN: Yes. 
FUQUAY: Could you indicatc thc cost of activation? 
VAN DER HOVEN: We asked the contractor but have 

not gotten a definite answer. It is of the order of $100. 
There are possibilities of using this in conjunction with 
more conventional techniques. However, if there is no 
other way of getting diffusion out to 50 miles in lapse 
condition, you may or may not want to spend $100 per 
sample. Hopcfully the cost will come down with more 
general use. 

CHAMBERLAIN: What would happen with the use of a 
more conservative tracer, one whose source strength is 
smaller with distance? 

VAN DER HOVEN: This is a fluorinated methane, an mn- 
active gas, tagged with 1'''. 'I'he particulate tracer a a di- 
iodolluurescein, which i s  aldo inert. Thus the rracer is a 
gaseous and a particulate compound tagged with IlZ9. 
The gas is mixed with air and emitted under pressure. 
The particulate will be emitted in very much the same 
way as the uranine dyes are emitted. 



Turbulence Characteristics Near the Ground and Sonic Anemometry 

Turbulence characteristics near the ground 
and sonic anemometry are not really two sep- 
arate topics. They are two aspects of one portion 
of our research program. We have a rather modest 
effort in the area generally called micjometeo- 
rology. Gary Herbert, who has been working on 
sonic anemometry, and I are working on this. 
Most of the work on sonic anemometry so far has 
hinged on learning just what the technique can 
do, and I will limit my remarks on that topic to 
showing where it fits into our program. 

First I would like to show where our work fits in 
the whole scheme of things. If we visualize a plume 
diffusing from a continuous point source, the con- 
centration isopleths have the familiar cigarlike 
shape. If, now, we visualize a line or an area source, 
and if this source is sufficiently large, there is a re- 
gion in the middle of the plume where the iso- 
pleths are parallel to the source. If we now rotate 
the whole picture through 90°, so that the source 
lies in the plane of the ground, we have the usual 
micrometeorological picture, in which the iso- 
pleths parallel the earth's surface. So in a sense the 
diffusing plume and the micrometeorological situ- 

xtremes of the same general 
problem, one where t h m e  is a point, the other 
where the source is infinite in extent and in a 
horizontal plane. The atmospheric diffusion 
process affecting both situations is the same, and - 
the ultimate hope of all people working in this 
field is to come up with a physical model that will 
satisfactorily describe both these extreme cases. 

The work that we are doing is basic research, 
in the sense that we are trying to approach this 
ultimate solution - not that we think we will reach 
it, but we will take a few steps along that path - 
and cansequently we are not concerned with prac- 
tical techniques for predicting plume concentra- 
tinns or predicting prafiles as much as we are with 
the development o m p h y s i c a l  model. .-- 

The approach that we are uslng makes use of . . 

the dimensional analysis, and in dimensional 
* Y-- 
analysis one &f~s-out-with a certain physical 

situation and somewhere along the line makes 
certain assumptions. The assumptions made in 
talking about the diffusing plume are a little dif- 
ferent f r m  those made in the micrometeorological 
problem. This is partly because of the difference 
between the point source and the infinite area 
source, but is largely because in the diffusing 
plume the mean flux is along the mean wind while 
in the micrometeorological problem the mean flux 
is perpendicular to the mean wind. In the diffusing 
plume the downwind fluctuations are usually 
neglected, whereas in the micrometeorological 
problem downwind and crosswind fluctuations 
are neglected and only those in the vertical are 
considered. 

In pursuing the dimensional analysis path, it is 
important to impose certain checks, as has been 
mentioned before. For instance, if the wind profile 
is known to be logarithmic then, under neutral 
conditions, any solution must reduce to the log- 
arithmic law for neutral conditions; similarly; in 
view of the relationship between the micromete- 
orological problem and the diffusing plume, any 
truly basic model derived from micrometeorolog- 
ical considerations must be consistent with what is 
known of diffusing plumes. We are trying to keep 
these things in mind in the work we do. 

Dimensional analysis is something that different 
----... -- . . 

people have di'ffGent feelings ab0ut.J-thinknfLas 
- - 

a simple "black .-=-= box" <=- technique, whereby oAe -_- ' ' 

makes a 1st of all the relevant variables in a prob- 
lem, puts it into a "black box," and gets out a list 
of dimensionless products, which are then mea- 
sured and plotted on a graph in order to show 
something about what is really going on. Thus 
there are three primary parts to the dimensional 
procedure: choosing the complete and proper set 
of relevant variables to put into the "black box"; 
performing an experiment or carrying out a mea- 
suring program to allow calculation of'the various 
dimensionless products; and analyzing the obser- 
vations, not merely by plotting something as a 
function of something else, but by doing so in a 



way designed to clarify the physical process under 
study in terms of known physical laws. 

I have gone through a little exercise --- - in dimen- 
sional analysis which I will not go intoin detail 
now. I will simply mention it briefly to show the . . 

direction in which we are trying to go and some of 
the problems that we are running into. In fact, I 
will throw out some questions and hope that the 
audience will provide some answers instead of 
doing it the other way around. 

The exercise I have gone through deals with the - - 
relationship between t k f l x  and profile of any - 
general prcp.erty-that meets the usual require- 
ments b-fdbeing conservative, etc. Basically it con- - 
sists of a generalization ofwork that has been done 
previously for the profiles of wind speed and tem- 
perature. One of the interesting results of this 
exercise is that the Monin and Obukhov parame- 
ter L, which appears . . in the dimensionless ratio z/L 
in considering the wind and temperature profiles, 
does not arise in the more general analysis. Instead 
of z/L one finds the flux form of the Richardson 
number. The flux Richardson number can be 
written z/P, thus defining a variable /3 which is 
somewhat analogous to L except that it varies with 
height. It seems reasonable to suppose that the 
variation of /3 with height is closely related to the 
more usually studied aspects of turbulent struc- 
ture, and we hope to investigate this more closely. 

The analysis I have performed has led me to 
conside~aby-ps~hezistJhat says that for any varia- 
ble S, the ratio y w s ~ s / ~ a s / a z )  should not depend ---- -- - 

upon stability. To evaluate this ratio one must 
h&e, ih addition to measurements of the mean 
gradient of S, values for the correlation coefficient 
and the standard deviation, which means that 
rapid-response measurements are needed. What I 
have done so far is to examine the three sets of ex- - - J_ - _. 
peciments for which such measurTments are avail- 
ableTthe experiments carried out by thG~ustra-  - 0 

lians at Edithvale in 1951-1952, and the two 
O'Neill experiments. I have not been able to use 
the more recent Australian work since in these ex- 
periments the standard deviations and correlation 
coefficients were not determined. Unfortunately, 
my analysis of these data did not lead to any con- 
clusion. The reason for this Gthat  the mea$ure- 
ments made in these programs were not adequate . - 

for the determination of the shearing stress and g,. 
'The Australians have shown that a drag co- 

efficient defined as the ratio of u, to t h x s p e e d  

at some low level, such as 95 m, does not vary with 
stability. Yet when this ratio, as measured in these - -- 
experiments, is plotted against the Richardson 
number, a marked variation is found, the ratio 
being large under neutral conditions and decreas- 
ing as one departs from neutral on both the stable 
and unstable sides. I think that the explanation for 
this is simple. These early experiments used aver- 
aging times of about 1 sec and sampling times 
ranging from.5 to 20 min. Under unstable condi- 
tions, a major contribution to the u-w cospectrum 
lies in the low frequency range, and the relatively 
short sampling period is unable to detect it. Under 
stable conditions, a major portion of the eddy en- 
ergy lies in the high frequency range, and the 
averaging period is too long to detect this. It seems 
that under neutral conditions these losses at each 
end of the spectrum are minimized, although in 
all likelihood the values measured under these 
conditions are also smaller than they . ~ h ~ u l d  he, 

It is easy to correct for this underestimation by 
assuming a constant value for the drag coefficient - 
say the value measured under neutral conditions - 
and recalculating the stress. Then one is faced 
with the problem of determining y,,a,. Since the 
shearing stress may be written as the product of 
the correlation coefficient r,,, a,, and a,, this.is 
equivalent to asking how the error'in the stress is 
apportioned among these variables, and I don't 
know of any way to answer this question. What I 
have done is to look at the way these three varia- 
bles behave with stability, by assuming the varia- 
ble to be measured correctly, and also by as- 
suming that all the error in thestress lies in that 
one variable. I assume that the true beha.vior lies 
somewhere in between. I find that t h ~ r r e l g i o n  
coefficient, r,,,,, as measured, is greatest under neu- --- - 

tral conditions and decreases with stability and 
instability. If I assume that a, and a,, are mea- 
sured correctly, and therefore only r,, is in error, 
and I correct it accordingly, I find that it is 
smallest under unstable conditions and greatest 
under'stable conditions. Is this a reasonable sort of 
behavior for the correlation coefficient? I don't 
know. I would be interested In any reactions from 
the audience. 

I have also plotted the gustiness ratios, a,/u and 
-. -.- ..- 

a,/C, and I find that they show a sljght increase - 
with increasing instability, but nowhere near as 
great an increase as previous investigators, namely 
Panofsky and Deacon, would lead one to expect. 



There are many ways of juggling and "cor- 
recting" these data, but one does not have much 
confidence in the results. The ratio y,,a,/(zau/at), 
which the theory says should he independent of 
stability, actually shows a marked increase in 
going from stable to unstable conditions. If, how- 
ever, we assume: that all the error in the stress lies 
in a,, and we make the appropriate correction, it 
becomes more nearly constant, except under con- 
ditions of extreme stability, where it shows a strong 
increase. Thus it does not seek to be a constant, 
and although this may 'well mean that my hy- 
pothesis is wrong, it suggests that. I have . ---.--== to learn = -a. 

m s a b o u t  the behavior of the standard devia- 
tions and correlation coefficients before I can draw 
a firm conclusion. 

In order to do this, we need two things - an ex- 
perimental program of our own, with adequate 
sampling and averaging times, and an analysis 
procedure designed to shed light on the specific 
questions we are asking. In terms of the analysis, 

' 

we have several things in mind. One of them is to. 
incorporate into our spectral analysis an examina- 
tion of the correlation coefficient as a function of' 
spectral frequency. This will1 give us information 
not generally available from the usual coherence 
analysis. Another thing we want to do is to look 
for a stability index more suitable than the Rich- 
ardson number. We have thought of using the de- 
gree of departure of the wind profile from loga- . 

rithmic 'as a stability index; this would be ideal, in . 

principle, but may prove impossible in practice 
since it involves ratios of wind differences and may 
well be beyond, the limits of accuracy of a cup ane- 
mometer system. 

In planning an experimental RtogrFgq,-we have -- # ---- 
a nuzber  of%ings in mind. We do not want to 
make the usual assumption that fluxes are con- 
stant with height, because strictly speaking this is 
not so; the stress, for example, is not constant with 
height as long as the wind is not geostrophic. I 
think that this assumption has been made in the- 
past because it is not terribly bad, and no one has 
been in a position to measure the variation of the 
flux with height. We hope ultimately to be able to 
measure this, Another thing we havr in mind ill- 
volves the determination of steady state conditions. 
Everybody doing a meteorological expcri- 
ment recognizes that he needs a steady state, but 

7 . .-=: -- 
so far as I know, no one has devlsed a way of mea- 
suring quantitatively just how steady a. steady 

state he has. There are many possible approaches 
to this problem, such as seeing how long a period 
is needed to get a value of a, that does not vary 
from oiic ro the next. We intend to try to 
quantify our data in some way that will provide 
this information. Another point is that in planning 
our experimental program we are thinking of 
studying wind and temperature profiles. We will 
do this, not because these are the profiles in which 
we are really interested, but because these are pro- 
files we can measure. In looking for the ideal con- 
servative property to study, we would choose 
something which is completelyinert, something 
which isn't subject to pressure forces, as the wind 
is, something which doesn't have a built-in tend- 
ency toward an upward flux, as has the heat flux 
because of its relation to buoyancy forces. We 
would much rather look at the flux of water vapor 
or some other such property. But there we would 
run into severe measurement problems, so we will, 
at the beginning at least, look at wind profiles, but 
this is not what we would really prefer to deal with. 

Our plans for experimental work hinge on use - 
of the sonic anemo*met_e.r.. This will be a device 

- -1_1- 
work-the $rlnclple that Dr. Badgley referred 
to, very similar to the one being developed by the 
people at AFCKL. My associate has been working 
on this. So far he has been using a vertically ori- 
ented sonic anemometer which measures vertical 
velocity only, and he has been studying the char- 
acteristics of the instrument. He plans to develop 
in addition a horizontal system so that he can 
measure all three components of the wind, u, u, 
and w, and we hope to be ready for a field trial 
with this system something like a year from now. 

I would be quite interested in hearing com- 
nlents as to what one might expect in terms of the 
stability dependence of the correlation coefficient 
bctwccn w a11J u and the gustiness ratios a,/u and 
a , / i  The data I have analyzed are old,.and there 
have been many advances both in instrument 
technology and in the state of our knowledge, but 
there are a few things about these data that puzzle 
me a113 need to be explained. For instance, in the 
Prairie Grass experiments measurements were 
rrladc at 5 diilerent points, all at the same height, 
and although the values of 1, a,, and a, are fre- 
q~~rr l t ly  nearly the same at all 5 points, the values 
of the shearing stress vary considerably. I am not 
certain how to interpret this. Does this mean that 
a, and a, are currect, but that the covariance is 



wrong, or does it mean that the u measurements 
are correct while those of w are wrong? If anyone 
can shedj any light on this, I would appreciate it. 

i .  

DISCUSSION 

GIFFORD: Neither L nor the Richardson number were 
originally supposed to be stability indices. One is a crite- 
rion and the other is a length, although they are  both re- 
lated to stability. As you point out, many useful indices.of 
stability can be devised. T h e  reason L is a useful length 
for characterizing the aspects of the boundary layer prob- 
lem related to the vertical heat flux and the stability of 
the temperature gradients is essentially that  it combines 
the fixed parameters of the Aow, whereas the Richardson 
number is a function of height. This makes the latter awk- 
ward to use, although they are both related and could be 
used interchangeably. Would you care to comment on 
this? 

BERNSTEIN: T h e  dimensionless product that  usually 
arises is the ratio z /L ,  and the question is, what does this 

represent physically? T h e  only answer I have heard is 
that it represents the ratio of the contribution to turbu- 
lence from buoyancy to the contribution from mechanical 
effects, and  it really represents this only when the wind 
profile is logarithmic, which happens only when the 
buoyancy effects are zero. The  flux Richardson number, 
on the other hand, represents this ratio all the time. 
Therefore I don't see why L should enter the problem. 
We don't want to introduce something that is convenient 
in that it doesn't vary with height if the price we have to 
pay is not to know what it means. I achieve my dimen- 
sional result not by simply writing down such things as 
the shearing stress and the heat flux, but by asking what 
physical thing I really want, and then writing down the 
appropriate expression. Thus I argue that  the reason I 
need the heat flux is because I must account for the contri- 
bution of buoyancy to the turbulence, and then I write 
down what I know is the correct expression for this, 
namely, gH/c,T. Similarly, I need the shearing stress to 
represent mechanical turbulence, so I write down the cor- 
rect expression, ~ a u / a z .  Then  L doesn't arise at  all, but 
the flux Richardson numbcr does. 



Revision of Meteorology -. and Atomic Energy' 

DAVID H .  SLADE 

T h e  decision to revise the manual was made 
about 5 years ago. Originally the plan was to re- 
vise 12 or 13 chapters, but it soon became obvious 
that the topics should be reorganized into 8 chap- 
ters. The  book deals primarily with low level 
meteorological diffusion turbulence, that is, it is 
restricted to the planetary boundary layer. It  con- 
tains very little on the bomb type of meteorology, 
fall-off and high level transport and diffusion. 
This type of meteorology belongs in a separate 
companion work because it is quite different from 
that at the lower levels. About 80% of the revision 
is completed and will soon be sent out for review. 

The first chapter is a general introduction and 
deals'with the air pollution aspects of the nuclear 
energy industry and the role of the meteorologist; 
the history of diffusion theory and experiments; 
and sensors and working techniques for diffusion 
estimates. There is some discussion of advances in 
general meteorology and of the impdct of nuclear 
technology on meteorological studies. 

The  second chapter is a broad survey of mete- 
orological fundamentals for atmospheric transport 
and diffusion studies and touches on many of the 
topics extended later in the book. In  general, it 
covers the physical basis oflocal climate; weather 
systems, including the hierarchy of organized mo- 
tions and the smaller-scale chaotic motions, from 
the large scale down to microsystems; turbulence 
and the atmosphere's temperature structure; local 
wind structure; mean vertical structure of the 
horizontal wind; temporal fluctuations of the hori- 
zontal wind; spatial fluctuations of the horizontal 
wind and the vertical compone,nt of the horizontal 
wind; atmospheric diffusion; various source types 
in a continuous line area, etc.; and meteorological - 
time and space series. 

The  third chapter deals with the theory of 
a~mospheric tu~.buler.it diflusior~, divorced frorri 
washout and fallout - this is the turbulence de- 
pletion mechanism. There is a discussion of the 
mean state of the atmosphere: composition, verti- 
cal temperature structures, the mean vertical 
structure of the lower layers, etc., the fikman 

spiral, structure of the adiabatic surface layer, etc. 
The next section presents theories of turbulent dis- 
persion; Fickian diffusion; the K-theory; and sta- 
tistical theories of turbulent diffusion. Another sec- 
tion deals with dispersion models such as the 
Gaussian plume model and a fluctuating plume 
model; estimation of dispersion coefficients; quan- 
titative use of smoke observations; and special dis- 
persion formulas, including cross-wind integrated 
concentration, volume source, fumigation, long- 
period averages, and various working techniques. 

The  fourth chapter describes the experimental 
determination of dispersion processes. Here there 
will 'be quite a change from the first volume, 
which came out in 1955, because of the large 
number of experiments that have been carried out 
since then. There will be sections on elevated 
sources, surface sources, peak to average concen- 
trations, area within an isopleth, speed and direc- 
tion of travel, dispersion over nonhomogeneous 
terrain, constant level balloon flights, deviations 
from a Gaussian model, long-period average air 
concentration measurements, diffusion from an 
instantaneous source, estimates of deviation from 
routine data, and much other experimental infor- 
mation that serves either to verify the theories or 
to cast some doubts. 

The  fifth chapter will be essentially non-mete- 
orological, a discussion of radioactive dosage cal- 
culations. I t  will begin with basic information: re- 
lation to receptor, exposure time, short and long- 
term effects, uncertainties, exposure paths. There 
will be a discussion of radiological concepts: 
alpha, beta, and gamma radiation, radition units, 
radiation measurements, and radiation effects. 
Various types of sources such as reactors, separa- 
tion plants, and nuclear devices will be discussed. 
Finally, there will be four sections on dosage: ex- 
ternal beta radiation, external gamma radiation, 
inhaled and ingested materials, and internal and 
external dosages. 

The sixth chapter, on applications of meteorol- 
ogy to nuclear energy problems, will contain the 
nonturbulent diffusion aspects of' cloud diminution 



such as cloud rise, aerodynamics, deposition, re- 
suspension, washout, and chemical and physical 
changes. It will also contain discussions of various 
as,pects of data, such as collection, transmission, 
storage, summaries, and applications. 

The seventh chapter, on environmental safety 
analysis, essentially refers to the AEC require- 
ments for hazard analysis and is a fairly thorough 

discussion of types of analysis, sample calculations, 
reactor accidents, various types of routine stack re- 
lease limits and their calculation, and applications 
of meteorological information to acute nonnuclear 
toxicity problems. 

Finally, the eighth chapter deals with instru- 
ments.and equipment and covers the entii-e range 
of measuring and other devices used. 



Program Review and Summary of Recent Accomplishments at NRTS 

REVIEW OF PREVIOUS DIFFUSION STUDIES 

At the time of the last meeting on AEC mete- 
orological activities at Hanford, Washington, in 
1960, this office reported on the preliminary re- 
sults of diffusion studies from an elevated source. 
Since that time, additional conclusions have been 
drawn from the elevated source studies, and ex- 
tensive experimental work has been done with the 
ground-level continuous point source. The results 
of both the elevated and ground-level source stud- 
ies have been p u b l i ~ h e d . ~ - ~  I will 
the main results from these studies before discuss- 
ing the present program and some of its prelimi- 
nary findings and expected goals. 

Elevated Source Studies 

A. series of 16 releases of fluorescent tracer, 
uranine dye in solution, were carried out in un- 
stable atmospheres from a 45-m source height and 
analyzed. Techniques of dispensing, collecting, 
and analyzing the uranine dye tracer have been 
published and are fairly well known. The sam- 
pling grid extended to 3200 m from the source 
with arcs 60" wide spaced at 100, 200,400,800, 

1600, and 3200 m from the apex. Meteorological 
instrumentation was used for gustiness measure- 
ments from bivanes, temperature lapse informa- 
tion, and wind profiles from three cup anemom- 
eters spaced at barious levels on a 45-m tower. Re- 
leases were conducted for 30-min periods over a 
test site which was fairly flat with desert-type 
characteristics. Some of the main results of these 
elevated source studies are as follows: 

1. ~ a t e r a l  particle standard deviation, a,, at the 
ground was closely related to the standard devia- 
tion of the horizontal wind direction, a,, at source- 
height level. The bivane data were averaged by 
eye for 5-sec periods to eliminate the effects of 
bivane inertia and errors in reading the higher fre- 
quencies. The relation of a, and a, at source 
heights is shown in Figure I .  

2. Distance to maximum concentration on the 
ground was found to be inversely proportional to 
the vertical wind direction standard deviation, a@, 
in which the vertical wind data were also aver- 
aged for 5-sec periods. These results are shown in 
Figure 2, which also shows the predicted relation- 

fi (METERS)  DEGREES ( 5 -see.  means ) 

Figure 1. Comparison of measured ground-level horizon- Figure 2. Distance to maximum ground-level air concen- 
tal particle standard deviation, o,, with the horizontal tration versus the standard deviation of vertical wind 
wind-direction standard deviation, 0,. direction from 5-sec-averaged wind data. 
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air concentration for each arc (mean of all 16 tests). 
Figure 1. Measured lateral particle standard deviation 

versus downwind distance. 
ship assuming that the vertical profile of concen- 
tration is ~ a u s s i a n  in form andthat  the vertical 
distribution parameter, a,, can be related to a, by 
a form similar to that shown in Figure 1 for the 
horizontal particle spread. The value of the regres- 
sion coefficient, b, shown in the plot in Figure 2 is 
the same as was derived from the horizontal dis- 
persion data show11 in Figure 1. 

3. There was good agreement between the mea- 
sured centerline concentrations on the grourlcl and 
those computed from the Gaussian interpolation 
formula assuming the symmetrical forms for the 
lateral and vertical particle standard deviatior~s, 
a, and a,, given from Figi.~res 1 and 2 in terms of 
ad and a,. The mean of these comparisons for all 
16 tests is shown in Figure 3. The agreement is 
good out to about 1000 to 2000 111, but there ap- 
pears to be a departure from the simplified model 
beyond this d' ~sta.ncc, 

Ground-Levcl Source Studies 

Studies similar to the elevated-source study dis- 
cussed above were conducted at the NRTS during 
stable and unstable conclilions to 3200 m over the 
same sampl ing  grid. Tn addition, a row of 30-m 
towers equipped with air samplers was used at 
either 20C or 400 m from the source to clelernline 
tracer depletion due to deposition and to attempt 
to verify the Gaussian assumption of the vertical 
profile of corlcelltl-ations at that one distance. 
About 40 releases for 60-min periods were carried 
out, and gustiness data from bivanes were once 
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Figure 5. Measured versus predicted lateral particle 
standard deviation for lapse cases (P=5).  

again obtained. In addition, deposition measure- 
ments on flat plates were also attempted out to 
200 m from the source for comparison with conti- 
nuity data. Some of the main results of these stud- 
ies are as follows: 

1. The 60-min lateral particle standard devia- 
tion did not classify well by stability, and because 
of apparent plume meander the a, values in stable 
atmospheres approachcd those values measured in 
unstable atmospheres (see Figure 4). 

2. The lateral dispersion was closely related to 
the lateral wind direction fluctuation, 08, ~n ' sev- 



loZ 10' d 
DISTANCE DOWNWIND (meters) 

Figure 7. Vertical dispersion estimates. 
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Figure 6. Nomogram of concentration versus 
distance from NRTS data. 

era1 ways. With use of the Hay-Pasquill hypoth- 
esis of similar shapes for Lagrangian and Eulerian 
autocorrelation functions, an a.verage value of 5 
and a most frequent value of 3 for P was found 
from simultaneous tracer and bivane measure- 
ments. A plot of the measured versus computed a, 
using an average value of 5 for p for lapse condi- 
tions is shown in Figure 5. However, a, was almost 
as well correlated to the linear form used for ele- 
vated source data in Figure 1, and to the inter- 
polation form.ula used by Cramer,' a, = aaexP. It 
appears for distances of 2 miles during unstable 
conditions that all three methods of using horizon- 
tal wind data give equally satisfactory results. In 
addition, empirical curves of concentration versus 
distance sorted by different ranges of a@ also ap- 
pear useful. The results of this sort of an approach 
from NRTS data are shown in Figure 6. The re- 
lationship between ae and vertical temperature 
lapse rate was poor. 

3. A subjective criterion, such as wind speed 
and insolation, for the sampling times involved, 60 
min, was found to be a good classifier for axial 
concentrations. 

4. The variation of vertical dispersion with sta- 
bility is shown nicely in Figure 7. It should be re- 

membered that the a, values in Figure 7 were 
computed from ground-level concentrations and 
measured lateral dispersion by using the Gaussian 
interpolation formula. The accuracy of this can- 
not be resolved at this time because of the lack of 
direct vertical dispersion measurements. 

5. Vertical dispersion measured at one distance 
on the 30-m towers was in fair agreement with 
vertical gustiness data assuming a p of 5 with the 
vertical bivane trace. However, the measured 0,'s 
from this technique were considerably smaller 
than those computed from the Gaussian interpola- 
tion formula at this distance: The latter, on the 
average, were a factor of 2 to 3 too large. 

6. Axial concentrations computed from the 
Gaussian interpolation formula, using horizontal 
and vertical wind direction standard deviations in 
the manner used for the elevated source, were un- 
successful. Computed concentrations were too 
high. A correction for deposition seemed to be 
necessary. 

7. Tracer depletion from continuity measure- 
ments on the tower suggested values of 20 to 50% 
loss to 400-m distance. The deposition velocities 
needed to account fbr this tracer loss, and also to 
bring predicted and measured concentrations into 
agreement, were a factor of 10 higher than .those 
measured on the flat plates. For lapse conditions 
the average flat-plate deposition velocity varied 
between 0.02 and 0.3 cm/sec, whereas an average 



velocity of 5 cm/sec was indicated from the tracer 
continuity and axial concentration data. It ap- 
pears that the effect of the ground upon the verti- 
cal profiles of air concentration due to reflection, 
deposition, and wind shear still are not perfectly 
underitobd. Therefore, empirical curves of axial 
concentrations may be drastically in error if ex- 
tended out to, say, tens of miles without further 
modification. 

PRESENT EMPHASIS - RESEARCH 

Meso-Scale Transport (10 to 50 Miles) Using Radar 

The complex transport problems at the NRTS 
that are often experienced due to the apparent 
complicated interaction between pressure gradient 

and topographical factors have not yie1ded:suc- I . - .  

cessfully to measurements from fixed stations or 
soundings of temperature and winds. The density 
of stations required to study three-dimensional 
flow under such conditions is prohibitive. An M- 
33 radar with tetroon-transponder capability sirni- 
lar to that described by Pack and Ange115 in their 
work at the Los Angeles basin has been developed. 
The light-weight transponder easily&rne aloft 

, by the tetroon has given ranges >50 miles, which -- 
is the present limitation of the radar plotting 
board. The transponder is now being mass pro- 
duced for delivery in large quantities, and a large- 
scale program is being initiated. Several interest- , 

ing trajectories showing the retreat and the onset 
of drainage winds off the high mnl.intains north of 
the NRTS are shown in Figure 8. 



Reactor Destruct Tests 

Four reactor destruct tests have been conducted 
in the last 18 months at the NRTS with heavy 
meteorological support both for safety purposes 
-C-- 
and also to & E i i i ~ h ~  relationship between the 
dispersion and transport of airborne radioactive 
material and meteorological parameters. Tran- 
sient tests, in which the reactor was violated and 
fission products were released to the atmosphere, 
were conducted with respect to the SPERT (Special 
Power Excursion Reactor Test) and the SNAP (Sys- 
tems for Nuclear Applied Power). It was found, 
apparently because of the water in the reactor sys- 
tem that sometimes spurted out in the form ofa 
geyser during the excursion, that virtually no 
iodine was detected in the airborne effluent. The 
airborne effluent consisted largely of daughter 
products of noble gases, krypton and xenon. Cal- 
culations of the source were made from the radio- 
activity data in the field, using precise measure- 
ments of gustiness with bivanes and anemometers 
supplemented by Lagrangian-type data from the 
radar-transponder tracks. The SPERT released 
< 1 % of the fission products formed in the excur- 
sion from the reactor despite extensive damage to 
the core in one case and minor damage in two 
other tests. The SNAP destruct resulted in complete 
destruction of the reactor with 5% excursion prod- 
ucts released into the air. The amounts of noble 
gases released were such that radioactive material 
suitable for meteorological analyses extended only 
to several miles from the source. It was found that 
the plume dispersion parameters such as cross- 
wind and downwind particle variances were given 
quite well by bivane data in the manner pre- 
scribed by the uranine dye studies discussed before. 

Waste Calciner - Long Period Diffusion 

Operation of the Waste Calciner, a process to 
convert liquid to solid radioactive waste, results in 
the evolution of ruthenium- 106,for long periods -- 
of time at a fairly steady rate. This source of op- 
portunity, which has a 1-year half-life, appears to 
be ideal for studying long-period average d i h -  
sion, say for weeks or months. A ring of 12 air sarn- 
pling stations was placed around the Waste Cal- 
cirler 250-f~-high stack at a distance of l mile. 
Weekly averages of the RulOG concentration were 
collected and compiled in 2-month averages. The 
mean concentration in each direction sector is 
compared with the predicted value using the Gaus- 

Table 1 

Measured Versus Calculated Concentration for 7 Days 
at 1 Mile From 250-ft Source 

x, mCi-sec/m3 
Wind 

direction Measured Calculated 

N 
NNE 
NE 
ENE 
E 
ESE 
SE 
SSE 
S 
SSW 
SW 
WSW 
W 
WNW 
NW 
NNW 

sian model and the apportionment of the source 
by the observed wind direction frequency at the 
200-ft level. Lapse conditions only were consid- 
ered, since little contribution to the Ru106 concen- 
tration during stable conditions would be ex- 
pected at that distance. Table 1 shows the results 
for 7 days. It can be seen that this crude extension 
of the Gaussian model for longer periods of time 
by the observed wind direction and stability fea- , 
tures is fairly adequate. 

A 2-month period of snow cover with virtually 
no melting was in existence for the months of De- 
cember and January. The long half-life of Ru'OG 
allowed the vertical snow depth sample to be a 
good meaasurement of the rate of deposition of 
RuloG for that length of time. A mean deposition 
velocity of 0.5 cm/sec was computed from the ob- 
served RulOG concentration and snow deposition 
for the 2-month period. Since the RuloG is in a 
very small particulate form on leaving the stack, 
mass median diameter of 0.01 p, these numbers are 
in agreement with those observed by other investi- 
gators. These studies are continuing, and it is 
hoped that long-period average concentration re- 
lationships for summer can be obtained. 

CERT (Controlled Environmental Radioiodine Test) 

The CERT project consists of a series of planned 
releases of radioiodine over different vegetation 



under various meteorological conditions, a final 
objective being to measure the amount of iodine 
through the &getation-cow-milk-hum~ 
ghain. TheA~~exper iment  over a natural crested 
wheatgrass pasture has been conducted. About 1 
curie of iodine- 13 1 gas was released for a 30-min - 
period in a moderately unstable atmosphere over- 
a small pasture, 150 X 300 m in size. The crested 
wheatgrass covered about 15% of the total plot, 
the remaining surface between plants being soil 
covered. Figure 9 is a sketch of the experimental 
site, showing a hot pasture where 6 cows were 
grazed on successive strips, moving inward daily 
from the outer strips towards the source. A cold 
pasture which was uncontaminated was used for 
background studies and to acclimate the cows to 
the vegetation. A line of 5 iodine generators was 
formed to make an even distribution of 1'" across 
the pasture. Meteorological measurements con- 
sisted of gustiness and stability on a 16;-m tower 
located near the hot pasture. Human volunteers 
were allowed to drink the milk on a daily basis to 
determine the uptake of iodine in the thyroid. The 
following results were found: .. - ...- .- -... : - 

1. Deposition velocities on the grass varied be- 
tween 0.4 and 0.8 cm/sec with an  average value 
of 0.6. Soil deposition velocities were quite similar 
in magnitude, but there was some uncertainty as 

Legend. 

1 Figure 9. A sketch of the I"' release site 
and meteorological installations. 

to the accuracy of results because of difficulties 
in the process of soil analysis. 

2. Several type of plates were used to compare 
deposition on artificial collectors with that on the 
natural vegetation. It was found that a fallout 
plate covered with carbon gave velocities quite 
similar to those found on grass and soil. Flat plates 
using sticky paper or sand had lower deposition 
velocities than the carbon by factors of 3 and 4 re- 
spectively. The 113' was of either gaseous or very 
small particulate form, since most of the material 
was collected on a carbon trap in the air sampler 
behind a prefilter. The prefilter is used to scrub 
out particles in the micron range. 

3. The effective half-life of the 113' on the grass 
was about 3.5 days. 

4. The average ratio of activity of milk to that of 
grass was about 240 (picocuries per liter/pico- 
curies per gram). 'l'he average thyroid uptake of' 
ingested 1'" in milk was 19%. 'l'hyroid doses to the 
volunteers averaged 0.39 rad. -----=- 

Attempts to relate measured deposition to com- 
putations employing either vertical gustiness, fric- 
tion velocity, or vertical Austausch were not suc- 
cessful. Computations were from bivane and ane- 
mometer data from 1 to 16-m heights and greatly 
overpredicted deposition. 

Additional tests over a more unifbrm irrigated 
pasture are planned with cnnsidera.hle refinement 
i ~ i  sullir. uf l l ~ t  taptl ililental techniques. Siiblima; 
tion or suspension of the 113' into the air from the 
grass will also be studied. 

Boundary Layer Turbulence and Diffusion 

It is planned to investigate the features of the 
vertical profile of concentration in stable or neu- 
tral atmospheres on a 200-ft tower. Air samplers 
have been installed on this tower tw measure the 
cffccts of thc ground surfacc upon thc vcrticnl dis- 
tribution of tracer-for at least one distance. 'l'he 
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releases would be at distances of 1 to 2 miles up- 
wind if it is determined that the top of the plume 
can be effectively sampled from those distances. 
Apparcnt p!umc rise, due to cither the reflecting 
effect of the ground or deposition, as well as the 
efhect of' wind direction shear, would be investi- 
gated. It is also planned to release the tracer in a 
line source froin a moving vehicle over some 1 to 2 
miles in an attempt to determine differences of 
shcar cffcct upon a linc sourcc comparcd with a 
point source. The apparent twisting of the plume 



from wind direction shear from a point source 
such as was found in the Green-Glow studies 
may be eliminated by a line source approach, so 
that aon-Gaussian appearances of vertical parti- 
cl; distribution may be attributed to deposition or 
ground reflection effects. - 

A multiple-tracer capability is b e i ~ ~ g  investi- 
gated by the Analysis Branch of Idaho Opera- 
tions. Multiple fluorescent tracers such as uranine 
dye and rhodamine B were discarded, since there 
is too much overlap in their emission spectra. Be- 
cause of the availability of facilities for irradiation 
and a 256-channel gamma analyzer, more promis- 
ing techniques using activation procedures are be- 
ing explored. Particles would be disseminated 
originally in nonradioactive form, collected on fil- 
ter media in the air, and irradiated in the MTR 
reactor. Elements which have suitable half-lives 
after irradiation, and different energy levels for 
easy separation and detection on the 256-channel 
gamma analyzer, will be selected. Preliminary 
tests indicate that copper would be useful at short 
range only because of large amounts of this mate- 
rial in natural background. Manganese, indium, 
and iridium are also being explored by the Anal- 
ysis Branch. If this multi-tracer capability proves 
feasible in the laboratory, as well as in prototype 
runs in the field, simultaneous tracer releases at 
different upwind distances fro111 the Luwer can be 
made. In this manner the variation of vertical dis- 
persion with distance may be obtained. 

Boundary-layer turbulence and wind profiles 
and stability will be obtained from high-speed 
transducers placed on several levels on the 200-fi 
rcsearch tower. Bivanes with proven responses of' 
0.5 sec at winds of 5 miles/hr or more, Beckman 
and Whitley anemometers, and temperature ele- 
ments will be used to measure the variation of gusti- 
ness and the stability length, L, with height. Inter- 
pretations of the vertical dispersion versus wind 
shear will also be made. A 10-channel high-speed 
digital system is available to record the analog in- 
puts on punched paper tape for computer process- 
ing on an IBM 1620 or an IBM 704 computer. 

OPERATIONS AND SERVICE 

An extensive operational and service effort is 
performed by the U.S. Weather Bureau in sup- 
port of reactor tests and associated activities. Be- 
fore a reactor experiment in which significant 

amounts of radioactive materials may be released 
into the atmosphere is undertaken, an appropriate 
set of diffusion weather conditions is selected by 
the Weather Bureau from long periods of record. 
These conditions are selected such that health and 
safety controls are adequate and the objectives of 
the test experirrient can be realized without exces- 
sive delays. A practice forecasting program is 
usually initiated before the test so that maximum 
accuracy and minimum delays in getting the test 
off are possible. Forecasts of the expected diffusion 
conditions are given in weather briefings to con- 
tractor and AEC personnel for the conduct of the 
test. During the test meteorological conditions are 
monitored by extensive telemetry systems so that 
quick computations of streamlines, centerline tra- 
jectory, and plume parameters can. be made. 
These are radioed to mobile and aerial monitoring 
teams for optimum sampling of the reactor 
effluent. 

Nuclear events, including major accidents such 
as the SL-1 accident, and routine releases of radio- 
active material useful for diffusion studies are doc- 
umented. Efforts are made to use the ma.te.ria1 for 
studying any departures of the transport and dis- 
persion of radioactive material from that mea- 
sured in greater detail with fluorescent tracers. If 
significant information is available, special reports 
such as that issued for the SL-1 accident are pre- 
pared. Meteorological records are studied to ex- 
plain any unusual rise in levels of environmental 
activity, particularly to determine if the source is 
local or extraneous to the NRTS. 

Safety analysis reports for siting and hazard 
studies are reviewed for all reactors planned for 
the NRTS. Evaluations of the effects to the en- 
vironment from both accidental and planned re- 
leases are made for Idaho Operations. An exten- 
sive observational program is conducted so that 
the ,meteorological statistics needed for reactor 
safety and siting purposes as well as planning for 
special tests are available. This information is 
digested into reports at intervals. 
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The Meteorology Program at the Nevada Test Site 

PHILIP W. ALLEN 

The Weather Bureau Research Station in Las 
Vegas is oriented primarily towardpeso-space 
andmacro-scales of meteorology, and toward 
operations applications. It pursues little that can 
be termed micrometeorological research. This is . 

a su- the AEC Nevada Operations 
-- Office,-particularly the Operational Safety Divi- 

sion. Some of the staff actually have a staff func- 
tion in the Nevada operations, planning and as- 
sisting in the carrying out of nuclear tests as well 
as being a service agency to the Nevada Test Site. 
The Nevada Operations Office manages, and 
therefore we support, all United States tests of 
nuclear explosives in the weapons development 
program, the DASA* weapons effects program, 
the AEC civil effects program, the ARPA* * Vela 
Uniform program for the long-range detection of 
underground explosions, and the Plowshare pro- 
gram for the application of nuclear explosives to 
peaceful purposes. 

Under an international treaty banning atmo- 
spheric tests, all these programs are at present 
limited to contained underground explosions. The 
possibility of conducting nuclear explosions to 
produce craters and to perform other earth- 
moving tasks for peaceful purposes within the 
treaty is under study at  the top levels of govern- 
ment. Such explosions tend to vent only small 
fractions of their fission products to the atmosphere 
if they are used efficiently. The Research Station 
also provides meteorological support to the Nu- 
clear Rocket Development Station in Jackass 
Flats. This facility is under the management of 
the Space Nuclear Propulsion Office, a joint 
NASA-AEC management organization. 

There is no nuclear laboratory as such at the 
Nevada Test Site. All or most of the tests per- 
formed there would have been held elsewhere if it 
were not for the radiation or explosive hazard. 
Therefore, perhaps some ofko~pro_bhms are more 
interesting than our solutions. Among the deci- 

'Defense Atomic Support Agency. 
**Advanced Research Projects Agency. 

sions influenced by the weather are the following: 
First, the selection of sites for experiments and for 
installations. Site selection has been a major prob- 
lem in several cases, perhaps the best known be- 
ing the various Plowshare tests. For the SCHOONER 

event, which was supposed to be a large-scale 
cratering experiment, the site was selected on the 
basis of geology, but it became necessary to move 
it at least partially on the basis of meteorological 
considerations. The frequency of occurrence of 
winds potentially carrying fallout or clouds of de- 
bris away from populated areas has to be high 
enough to be operationakly useful. This was not 
the case at the initial SCHOONER site, and at the re- 
vised location it was satisfactory but not good. The 
SCHOONER event has since been indefinitely 
delayed. 

The dilution rates are dependent on vertical 
temperature structure, shear, and other factors. 
These should be consistent with distance down- 
wind to which high concentrations of radioactive 
material can be permitted. This involves a study 
of the inversion frequency, inversion depth, height 
to the inversion, depth of the mixing layer, etc. 
The frequencies of clouds, rains, and snows should 
be low enough not to present undue likelihood of 
hot-spot hazard or otherwise seriously limit neces- 
sary activities. Trajectories from the site should not- 
tend too frequently to cross a radiation-sensitive 
area so that an individual event is delayed, or to 
cross the same area with such frequency that ac- 
cumulated dosages would exceed permissible 
limits for a n  entire series if multiple events are 
scheduled. Although this is not usually a prob- 
lem in southern Nevada, trajectories from other 
radiation sources should not cross those from the 
new site with very high freql~ency. 

We assist also in the design of s e y  facilities; for 
example, the orientzizn of the exhaust plumes 
from some of the nuclear rocket engine test stands 
in the Rocket Engine Development Station was 
designed on the basis of our climatological data. 
The engineering design of experimental facilities 



involves such things as wind loading, thermal ex- 
pansion problems, humidity effects, evaporation 
rate, and so forth. Like most sites, we aid in the 
scheduling of construction activities of support 
services. We are involved in the design of some 
technical experiments; for example, in the ROLLER 

COASTER experiment, a series of small tests involv- 
ing the dispersion of radioactive particles done 
about a year ago, the meteorological criteria were 
very strict. 

Our primary responsibility is in th=che$u&g= 
of events. ~ o n s ~ f c l i m a t o l o g y  (wind or -. . 
w z T h a v e  entered into the scheduling of 
numerous experiments and have resulted in sched- 
ule modification in a few cases in recent years, 
e.g., the SMALLBOY nuclear explosion, the ROLLER 

COASTER series, and the SWET test, which is a sim- 
ulated water entry test designed under the aero- 
space program. In scheduling these, the conflict 
between the meteorology and the technical re- 
quirements had' to be resolved. Atmospheric nu- 
clear detonations and power runs of nuclear 
engines have frequently been delayed for hours, 
days, or weeks in order to take advantage of wind 
and weather conditions that would provide ade- 
quate safety with respect to fallout or blast. Pre- 
dictions of rainfall as far away as the Mississippi 
River and as much as 3 days in advance were 
considered in the final decision to fire one nuclear 
cratering shot about 2 years ago, project SEDAN. 

Connected with the scheduling of nuclear events 
is t h ~ l & w o ~ k _ a r e a s  and camp areas within 

-A 

the confines of the Nevada ~ e s a i t e .  Prior to each 
event from which significant radioactive effluent is 
expected (such as engine tests) or is possible (such 
as underground explosions) controls are set up 
governing the movement and access of people to 
work and camp areas based to a large extent on 
predictions of radiological hazard, wind, and dilu- 
tion rate in the atmosphere. The radius of concern 
varies from the order of 2 miles in the case of a 
small underground nuclear explosion to 50 miles 
or more.. 

Also of concern to us are the safety of off-site 
populations and public relations. The decision to 
proceed with the nuclear phase of each experi- 
ment is made upon assurance from meteorological 
predictions and measurements that people off site 
will not be subjected to more than an acceptable 
amount of radiation or blast. To further assilre 
safety, actions are usually taken to verify the 

amount of radiation, if any, in the atmosphere, to 
veriEj the blast levels, and, if appropriate, to set up 
emergency procedures, based on the predicted in- 
tensities in the case of blast. The latter is done by 
Reid's group at the Sandia Corporation, from 
meteorological soundings taken by the Weather 
Bureau up to the maximum or burst height of the 
normal radiosonde, and from meteorological 
rocket information taken by the Sandia Corpora- 
tion at the nearby Altoona test range up through 
the ozonosphere. To further verify blast predic- 
tions, they set off small high explosive detonations 
and check the blast received in various directions 
to assure that the transmission of blast will not in- 
clude serious focusing. 

With regard to safety, the predicted and mea- 
sured trajectories of radioactive effluent are also 
considered. Prior to each nuclear event, trajec- 
tories are predicted out to at least 24 hr and often 
to several days beyond. The pre-event predictions 
and the post-event measurements of particle 
deposition and residual radiation dosage - i.e., 
fallout - are taken into account. The predicted * 

diffusion rate of suspended materials and the re- 
sulting external radiation dosage from passage will 
be further discussed below. The possibility of hot 
spots at long range due to rain-out is considcrcd, 
and after the event everything that has happened 
in the atmosphere is documented to the best of our 
ability. The trajectories of air parcels at a number 
of altitudes out to varying lengths of time are fol- 
lowed and become part of the permanent record of 
the event. These trajectories are checked for radio- 
active material in the atmosphere hy aircraft 
flying the patterns and taking samples. 

The Sta.tion also provides meteorological sup- 
port to some technical programs. Many events re- 
quire measurements of atmospheric pressure, 
tempcra.ture, wind, humidity at various altitudes, 
etc.; soundings or surface instrumentation are used 
as required. When atmospheric testing was being 
done, we supported the fallout measurement pro- 
grams in considerable delail. We supplir.cl rrlete- 

orological information to Holland's grnilp in cnn- 
nection with the measurement and study of the 
fallout in the SMALLBOY event 2 years ago. We 
provide an advisory service for meteorological 
problems to all the agencies that use the Nevada 
Test Site. A number of studies are in progress re- 
lated to their nuclear operations; some of these 
are described below. 



First, we are continually developing the radia- 
tion models for underground nuclear events. One - 

'normal characteristic of nuclear experiments is 
that the source term is unknown or at best uncer- 
tain for radioactive contamination of the atmo- 
sphere. In the case of venting of underground tests, 
the source strength in curies is never known within 
a factor of 10 - it is predicted and designed to be 
zero - so that the problem of prediction is not an 
easy one. No two ventings are sufficiently alike to 
be compared. However, we have come to expect 
certain kinds of trouble in certain test configura- 
tions. The maximum venting experienced from 
each configuration thus becomes a model for the 
next test having the same possible weakness. 

The process of collecting and analyzing the 
radiation data from these events has become a 
long-term task of some-difficulty. Venting always - .- . -- 
seems to occur during an awkward situation: the 
wind has just changed, leaving monitors on the 
wrong side of the valley; or the wind is blowing 
across inaccessibly rough terrain, where monitors 
and equipment cannot get; or the samplers are out 
of order because the generators stopped or the gas 
tanks we111 dry; or for some reason the monitors 
have not recently calibrated their instruments; or 
some other difficulty comes up. The data are al- 
ways too sparse, even if everybody gets in the right 
place at the: right time, and they are frequently 
suspect; the analysis of these data and putting 
them into proper context through meteorology is 
a difficult and long task. 

Once a consistent picture is produced of surface 
dose rates from cloud passage, surface dose rates 
from particle deposition, and (one hopes) dose 
rates in the cloud from aircraft reports, this infor- 
mation becomes a model which may be used for 
h t u r e  similar tests. The radiation patterns are 
adjusted for predicted differences in cloud height 
obtained from the predicted temperature sound- 
ing; for the differences ill mean wind speed and 
wind shear; for differences in the efficient yield of 
the device; for possible inclusion of induced activ- 
ities from thermonuclear devices; and so forth. 
Quite a checklist of items must be covered in pro- 
ducing a predicted radiation pattern. The final 
prediction can be called neither the expected 
radiation hazard becnusc none is ever cztpecled 
from underground tests - nor the maximum cred- - 
ible, because we never know when some worse 
form of venting may uccur. It is simply a guide on 

which the test manager and his advisers may take 
action in the interests of safety. 

We also predict the radiation - -- levels versus dis- 
tances fo~nuc lea r  rocket e~gines .  since our ex- 
perience with the release of large volume sources 
of debris is rather limited (only 7 KIWI and 2 TORY 
tests), we have used dual approaches in the pre- 
diction of radiation levels downstream. One has 
been the Van der Hoven diffusion-deposition (or 
tilted plume) calculation, which utilizes classi- 
cal approaches. The other has been to attempt 
to predict by comparison with the first KIWI test, 
which was well documented and produced signifi- 
cant amounts of radiation downstream so that it 
provides a good model. We use the same scaling 
procedures as in the underground tests. We adjust 
for the integrated power levels to get the dose for a 
normal run, and we adjust for the presence in the 
pattern of the order of lo5 curies at hour H plus 
one to get the dose for the maximum credible ac- 
cident. This number of curies is a variable depend- 
ing on the total length of time that the reactor has 
been run and the total amount of fission products 
accumulated within it. 

These estimates are always for three different 
kinds of prediction: (1) the surface deposition of 
particles, the residual radiation or fallout; (2) the 
concentration that would be observed at  the sur- 
face; (3) the external exposure of a man standing 
in the path of the passing cloud. The standard 
diffusion techniques are difficult to apply to these 
cases, because we are interested in dilution out to 
many tens of miles since the areas close to the test 
cell are cleared of people, and in some cases the 
terrain is very rough and difficult to reach. An- 
other difficulty is that the clouds from upward 
firing reactors rise to many thousands of feet. The 
momentum from the initial force of air or hydro- 
gen propellant upward through the reactor tends 
to carry the material up to 1000 or 2000 ft, and 
then there still is buoyancy left in the remaining 
plume so that it tends to rise higher and to diffuse 
as the atmosphere permits. Thus the total cloud 
heights may be of the order of 4000 ft (the lowest 
we have had was about 3500 ft) up to a maximum 
as high as 12,000 or 15,000 ft above the surface. 

At such altitudes the clouds encounter several 
different meteorological conditions involving sev- 
eral diffusion constants and several layers of wind 
direction, so there is plenty of directional shear in 
many cases. The scaling approach can handle 



these shears for the particular fallout, but not until 
the more recent tests have we been able to get - 
good information on the concentrations of activity 
within the cloud. We hope that we can now begin 
to check out the diffusion approaches at the higher 
altitudes. I t  is important that better verification 
information be obtained so that we will not have 
to hedge estimates on the high side. It will become 
more and more difficult to get public acceptance 
of the release of radioactive materials, and it does 
not help to overestimate the levels to be expected. 

Among our other current projects is a study of 
the lower atmosphere using tetroons. Howard 
Booth has a file of information on some 180 tetroon 
releases during September 1963 and January and 
February 1964. We have early detailed lapse rate 
information to go along with the releases, and the 
tetroons were tracked carefully by radar. Booth 
and his associates have been developing the tetroon 
inflation technique to the greatest possible ac- 
curacy in order to be able to program a tetroon to 
fly at the desired altitude. They are also involved 
in a study of desert valley winds and temperatures 
and have made several cross sections through the 
Jackass Flats, which is a relatively broad, elongated 
valley, fairly typical of southern Nevada. The kinds 
of information desired here are slope winds as a 
hnction of the incidence of sunsl~ine; the effccts of 
pressure gradient winds on the slope winds; the size, 
duration, and movement of eddies; and the projec- 
tion of particles under so-called typical flow. 

Another project concerns the use of numerical 
methods to forecast the winds in the lower atmo- 
sphere. The prediction of wind direction is our 
biggest problem, to the extent that it overshadows 
our present capability to predict the levels of radi- 
ation downstream. Our ability to predict radiation 
is better than our ability to predict wind direction. 
Much of our future effort will go into this one 
problem. 

The last project to be described is a study of 
trajectory techniques. Some of the actions we are 
taking to improve our ability to predict trajectories 
are as follows: (1) More careful measurement of 
the meteorological conditions at the source of a 
release. (2) Use of long-range tracking of tetroons. 
(3) Making measurements and analyses of meteor- 
ological conditions at the samplers that the various 
radiation people have downstream. This is related 
to the radioiodine programs described here today. 
The Public Health Service has special equipment 
around the test site to sample radioiodine, and 
they are planting farm plots with alfalfa, samples 
of which will be analyzed. We will provide the 
meteorological instrumentation to determine how 
the material got on the alfalfa. (4) Making mea- 
surements and analyses of the previous meteor- 
ological conditions of the alfalfa plots. 

Most of our other small stiidies are oriented 
strictly toward the solution of immediate problems 
at the test site. 



The U.S. Public Health Service Meteorology Program 

I am representing t h e w h e r  B.ureaueResearch 
S e z t h e  Robert A. Taft Sanitary Engineer- 
ing Center in Cincinnati. We function as the 
Meteorology Section of the Laboratory of Engi- 
neering and Physical Sciences of the_D.ision of 

ir Pollution of the Public Health Service. There 4--+- 
is an arrangement whereby meteorological com- 
petence for-the Public ~ e a l t h  Service is provided 
through transfer of funds to the Weather Bureau. 
We are the only meteorological group within the . - 

Division and therefore provide meteorological as- - 
sistance not only to the Laboratory of Engineer- 
ing and Physical Sciences but also to other branches 
in the Division. Three major project activities 

.<- - = 

comprise the wor- 

TECHNICAL ASSISTANCE 

Technical assistance to other branches of the 
Division of Air Pollution is an important and 
growing activity. We have a total of 11 meteorol- 
ogists on our staff, and 3 of them are engaged in 
this. The services performed are always provided 
through the Technical Assistance Branch or Field 
Studies Branch of the Division of Air Pollution to 
states and local communities. They involve vari- 
ous activities such as helping to prepare meteoro- 
logical portions of air pollution surveys or studies, 
or giving specific advice and consultation to states 
and communities in connection with local prob- 
lems. For example, a company may wish to put a 
power plant at  a given location, or another com- - 
pany may wish to test rocket motors containing 
beryllium or other toxic fuels. These companies 
will try to get the approval of the local air pollu- 
tion or health agency, and generally the local 
agencies are not set up to handle the meteoro- 
logical aspects of such problems. Their technical 
staffs are usually very limited, so that we must act, 
as thc ''l"cchnica1 Assistancc Branch must oftcn act, 
as consultants or advisors to the local agency on 
the technical problems. 

We have one meteorologist assigned to the 
Field Studies Branch of the Division of Air Pollu- 

tion. He provides the meteorological competence 
in the epidemiological studies, helping to interpret 
the data. One of the most interesting problems in 
which he is now involved is the investigation of 
"New Orleans asthma." This problem is very seri- 
ous. On an average night 10 to 12 persons are ad- 
mitted to Charity Hospital, a part of Tulane Uni- 
versity, suffering from acute asthma attacks. But 
some nights the hospital is flooded with as many as 
100 or more patients suffering from acute asth- 
matic distress, some of them terminal cases. The 
cause is unknown at present. A great deal of cir- 
cumstantial evidence points to air pollution as a 
factor, but beyond that the problem is quite un- 
solved, and a great deal of detective work will be 
required by medical men and meteorological en- 
gineers. 'l'he clinical symptoms are quite similar 
to those of the "Yokohama asthma" which afflicts 
many of our Service men and their families in 
Japan. Asthma is also a problem in certain sea- 
coast cities of the Netherlands. 

TRAINING PROGRAM 

Another of our major activities is the training 
program. We are one of the few groups repre- 
sented here who have an organized, regularly 
scheduled training program to teach both mete- 
orologists and non-meteorologists the meteoro- 
logical aspects of air pollution. I have the agendae 
available of two of the courses. One is aimed pri- 
marily at non-meteorologists, although several 
meteorologists have taken it, and the other is a 
course for meteorologists on air pollution transport 
and dispersion. Our staff is responsible for the 
presentation ot' both courses. One meteorologist is 
on this duty full time. We also get invaluable aid 
from outside guest lecturcrs. 

AIR POLLUTION FORECASTING 

Our third major activity is the air pollution po- 
tential forecasting program, a service which we 
are .now providing to the entire 48 contiguous 



states. This program began 4 or 5 years ago on in 
experimental basis. T h e  forecast da ta  were first 
issued on a regular basis to the public, or at  least 
to Weather Bureau stations, some years ago for 
the eastern two-thirds of the United States, and in 
October 1963 this service was extended to include 
the western states. 

Most of our 11 meteorologists have individual 
research projects for which they are responsible, 
and I would like to describe four of these. 

* 

ST. LOUIS DIFFUSION EXPERIMENTS 

Francis Pooler is the project meteorologist for 
these experiments. Their specific purpose is, by 
means of a number of series of diffusion experi- 
ments aver a 2-year period, increasing in com- 
plexity and  instrumental sophistication as our 
experience and knowledge grow, to investigate 
gross dispersion characteristics of' continuous point 
sources in an urban setting under a representative 
variety of weather conditions. We have hundreds 
if not thousands of simiar diffusion experiments 
over level terrain, in Salisbury Downs, the Great 
Plains, etc., but I don't believe there has been re- 
ported even one single continuous point source 
quantitative diffusion experiment conducted in an 
urban setting. 

We are using zinc cadmium sulfide particles as 
the tracer. This is the standard fluorescent mate- 
rial, No. 2267 prepared by the U.S. Kadium 
Corporation, fluidized, sized,.and assayed for us 
by the Metronics Group. The rate of release ranges 
from 30 g/min under stable conditions with light 
winds to 150 g/min under unstable conditions 
with moderate winds, normally for 1-hr periods. 

Figure 1 shows the arrangement of the two dis- 
pensing sites and the sampler sites. One dispensing 
site is in the southeast corner of Forest Park located 
at ground level. Its distance from the river is ~5 
miles. T h e  second site is on the roof of the three- 
story Knights of Columbus Building, south of the 
main business district of St. Louis. T h e  sampler 
sites are on concentric arcs. The  arcs for the Park 
site are at  distances of %, 2, and 5 miles, roughly 
extending through 180". From the K of C Build- 
ing site, the distances are 2, 4, and 8 km, and we 
are setting up another arc at  1 b; km. 'The original 
spacing of the sampler sites on these arcs was 60°, 
but this was found to be inadequate under all 

meteorological conditions other t h a n  quite un- 
stable; therefore, the spacing is now being in- 
creased to 3" in the two outer arcs. We have about 
100 pieces of sampling equipment: 10 drum sam- 
plers, each with 100 effective positions on each 
drum, with time interval settings of 30 sec or 1,2, 
or 4 min.; 30 membrane filter samplers; and 60- 
odd "roto-rods" with 12 balloon cable mounts for 
positioning the roto-rods in the vertical. 

For the meteorological input the standard data 
are available from the Weather Bureau Airport 
Station (WBAS on Figure 1). At Hazelwood and 
Lindberg High Schools and at a Police radio sta- 
tion are located aerovanes plus hygrothermo- 
graphs in standard shelters. O n  the KMOX tower 
downtown are located the following: at  the 486-ft 
level an  odometer, aerovane, and thermohm; at 
393 ft an  odometer; at  249 ft an odometer, aero- 
vane, and thermohm; and at  12 1 ft an  odometer, 
aerovane, and thermohm, and a bivane will soon 
be added at this level. O n  the roof of the Federal 
Building downtown we have facilities for taking 
radiosonde observations, both the normal free- 
ascent type and also by means of a modified radio- - 

sonde (which is aspirated) lifted by a tethered 
balloon. 



We have 6 aerokites of about 100-cu ft capacity 
which can be used to lift the roto-rods. In a recent 
test we were able to raise 3 roto-rods on one of the 
aerokites. A WSR-57 radar is located at  the 
Weather Bureau Airport Station. During each ex- 
periment involving the release of F.P. (fluorescent 
pigment), a tetroon is also released from the dis- 
semination site, to float a t  about 500 to 1000 ft, 
and tracked with the radar. We are alsogetting a 
Barnes I R  thermometer for use in the next series 
of experiments to make areal surveys over the 
city to map heat sources and sinks. 

We have run 4 series of experiments, in May, 
July, and September, 1963, and April, 1964. Of 
the total of 18 runs, one was a dry run, two were 
aborts, and 15 gave usable results. At least 10 were 
under unstable conditions, 4 were under stable 
conditions, and one was under neutral conditions. 
So far, of course, the results are tentative. First, 
during unstable conditions, the mean wind indi- 
cated by the tetroon appears to be the actual 
transport wind, both in direction and speed. Sec- 
ond, the crosswind particle distribution statistics 
appear to be describable from the tetroon crosswind 
displacement statistics. Third, relative to results 
reported in the literature on lateral diffusion rates 
from continuous point sources in unstable condi- 
tions over open terrain, at distances <2 miles the 
St. Louis dispersion rates are greater and a t  dis- 
tances >2 miles they are comparable. This ap- 
plies only to unstable conditions, as we have far 
too few stable cases for comparison. 

SO2 DIFFUSION PROJECT 

'l'he purpose of this project, under Bruce 
Turner, is to extend to another city, St. Louis, 
with certain improvements, the diffusion modeling 
effort begun in Nashville, Tennessee (J. Appl. 
Meteorol., Feb. 1964.). Figure 2 shows the sampling 
net for the SO, sampling sites which will be avail- 
able in St. Louis. There will be 40 24-hr SO, sam- 
pling locations; at 10 of these 2-hr SO, data will 
also be obtained. One of the greatest improve- 
ments over the Nashville study will be an increase 
in the sensitivity of the SO, analytical techniques 
by a factor of 5, to 7 pg/m3 SO,. 

This study will operate for 3 months during the 
winter of 1964-5. In 1'363-4, 29 stations operated 
for 3 months, December through February, on a 
preliminary or pilot basis. The SO, source inven- 
tory will be more comprehensive than for Nash- 

ville because we can now get Census Bureau data 
on fuel use practices, domestic, residential, and in- 
dustrial, by census tracks. The inventory work-up 
will be by square sections, 5000 ft on a side, shown 
in Figure 2, as in Nashville. We hope to take into 
account the effect of local sources more adequately 
than was done in the Nashville model, and the 
initial diffusion parameters for 2-hr intervals will 
be somewhat larger. 

URBAN POLLUTANTS 

The third project, which has been carried on by 
John Clark, is the development of a simplified 
model for estimating urban pollutant concentra- 
tions. The  purpose is, with use of Continuous Air 
Monitoring Program data for validation and eval- 
uation, to develop a diffusion model which can be 
worked out by means of a desk calculator to esti- 
mate the time variation of a n  air pollutant at a 
given point. This is quite similar to the pioneering 
work which Frenkiel undertook in Los Angeles 
some years ago. The  source inventory methodol- 
ogy has been developed by other units of our 
Laboratory, and it took only about 10 weeks to 
work it up for Cincinnati. For verification we are 
using data from the CAMP station located in the 
center of Figure 3. This work was reported by 
Clark at  the 1963 APCA meeting in Detroit and 
will be published in theJournal of the Air Pollution 
Control Association. Standard Weather Bureau 
meteorological data are utilized in this model, and 
diffusion parameters are determined from Turner's 
interpretation of Pasquill's stability classification 
system in terms of cloud travel time rather than 
distance. 

The results to date are as follows: For SO, (24- 
hr data) the correlation coefficient between com- 
puted and observed concentrations is 0.71, and for 
oxides of nitrogen it is 0.67. The  model has been 
tested for applicability at another location in Cin- 
cinnati, Kettering Laboratory, where the corre- 
lation coefficient between computed and observed 
values of oxides of nitrogen was 0.8 1, a consider- 
able and encouraging improvement. No SO, data 
were available at  Kettering. It  is gratifying that 
the same model seems to work for SO, and the ox- 
ides of nitrogen, since the major sources of the two 
are quite different, the SO, coming primarily from 
elevated sources and the oxides of nitrogen pri- 
marily from automobiles and other ground-level 
sources. We are going to try to apply this model to 
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Figure 2. Interstate air pollution study, St. Louis-East St. Louis. 



Figure 3. 

Washington, D.C., and a source inventory is now 
beirig made. 

VERTICAL EXCHANGE COEFFICIENTS 

My own project is concerned with investigations 
of the magnitude of the effective vertical exchange 

\coefficients for heat and aerosol matter over a city. - . - .- - ---.-. - ---- 
The experimental arrangements are s ~ ~ r h  that we 
take helicopter soundings of atmosphere turbidity 
and temperature upwind of Cincinnati up to 
heights of about 2000 ft. When a sounding is 
about half finished, a tetroon is released at the site 
to float at between 500 and 1000 ft. After complet- 
ing its sounding, the helicopter follows the tetroon, 
i.e., follows the motion of air as it goes over Cin- 
cinnati. When the tetroon arrives over one of our 
35 or 40 locations over Cincinnati which has been 
cleared beforehand so that thc helicopter can be 
landed (in "dirty" air), another sounding of both 
ternperature and turbidity is made. The change of 
turbidity at  comparable levels is proportional to 
the vertical flux of aerosol through the level per 
unit time. From the turbidity soundings the verti- 

Table 1 

Frequency Distribution of KA(z) 

Height, 0.1 5.1 10.1 No. of 
rn to 5.0 to 10.0 to 15.0 > 15.0 observations 

600 4 3 2 0 9 
500 5 3 1 1 10 
400 9 3 1 1 14 
300 9 5 1 1 16 
200 1 1  8 1 1 2 1 
100 1 1  8 1 1 2 1 

Comparison of KA(lOO) and K,,(O) 

Experiment K . ~ ( ~ o o ) x  lo-5, M O ) X  lo-5, 
No. . crn2/sec cmz/sec 

cal gradient or aerosol material can be deter- 
mined. Hence, division of the flux by the gradient 
gives the effective vertical coefficient for aerosol. 
From the temperature soundings, we can also de- 
termine the heat flux at the surface of the earth 
and the vertical gradient of potential temperature. 
Again, division of the flux by the gradient gives 
the vertical exchange coefficient for sensible heat. 

The results are shown in Table 1 in terms of kc- 
quency distribution of the K, at 100-m levels. In 
the majority of thc 21 obse~ vations, the K.4 range 
between 0.5 x lo5 and 5.0 x lo5 cm2/sec. In one 
anomalous case il, was about 40 x lo5 cm2/sec. 
The KA's generally decreases with height. These 
cases are all under unstable conditions. According 
to the textbooks, the KA are supposed to increase 
according to the ?4 power of the height under un- 
stable conditions, but these cases are outside the 
range of the textbook conditions. 

K., and K,, are compared in the lower part of 
Table 1. We were able to determine the K, in only 
7 cases; in thc other C ~ X S  r he heat flux could not 
be uniquely determined from the soundings. Con- 
sidering that we are dealing with effective vertical 
exchange coefficients, and that the methods of de- 
termining the K, and K,, were completely inde- 
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. . 
pendent, I think the agreement is really quite re- 
markable. The experimental data indicate that we 
are now able to get direct information on what the 
proper order. of magnitude of these effective coeffi- 
cients should be over urban areas. 

DISCUSSION 

ALLEN: HOW high did you fly the samplers in the St. 
Louis vertical studies? 

MCCORMICK: At 350, 250, and  150 ft. We can go as 
high as 2000 ft over St. Louis, however. 

MOSES: Is there any other country where studies of 
urban diffusion are  being made? 

PACK: NO tracer tests that I could find out about. A 
number of people are trying to use sources of oppor- 
tunity - sulfur dioxide and so forth. The Viennese are do- 
ing quite a bit of w.ork.on turbidity, very similar to 
McCormick's. Unless it is being done in Russia, I am not 
aware of European controlled tracer studies in an urban 
environment. . 

SLADE: IS there any comparatiye urban work, similar 
to the St. Louis experiment, showing the meteorological 
differences between cities as compared to the diffusion 
differences? 

MCCORMICK: None that I am aware of. 
HOLLAND: YOU mentioned some differences between 

t l ~ e  diffusion at  St. Louis and over level country. Do you . 
find corresponding differences in the wind traces showing 
horizontal wind direction? 

MCCORMICK: Tha t  has not yet' been investigated. 



The Meteorology Program at the Air Force Cambridge Research Laboratories 

I will describe several different programs of the 
Boundary Layer Branch of the Air Force Cam- 
bridge Research Laboratories. 

OCEAN BREEZE-DRY GULCH PROGRAM 

The Ocean Breeze-Dry Gulch program, which 
Mr. Fuquay mentioned yesterday, has been de- 
scribed in a recent two-volume AFCRL Research 
Report, the first volume ofwhich is a joint AFCRL- 
Hanford publication and contains descriptions of 
the experimental techniques and the experimental 
data. The second volume contains a description of 
the analysis and engineering effort at AFCRL ac- 
complished in answer to the_~1TAN 11 L ' to~ i~ i ty  

roblem" at Cape Kennzdy, apci_ygnd5*berg 5- ------- -'L;sp 

AFB ntil a month or so ago, Volume 11 was re- -- 
stricted in its distribution, but we are now per- 
mitted to distribute it to anyone interested. 

The Ocean Breeze-Dry Gulch program was 
motivated by the fact that the TITAN 11 missile con- 
tains toxic fuels. Range safety officials had ruled 
that the missile could not be launched or fueled 
under on-shore wind conditions in order to pre- 
clude air pollution incidents which could arise 
from launch-pad accidents. The amount of time of 
off-shore winds at Cape Kennedy is so small that 
the TITAN 11 test schedule was greatly restricted. It 
was then decided that a "quantitative" determi- 
nation of safe launch conditions be made by the 
TITAN 11 Weapons System office, at which time 
Range Safety would reconsider its "off-shore 
wind" ruling. It was at this stage that we at 
AFCRL were asked to work on this problem. 

We were asked to provide an  "operationally 
useful" solution to the problem that could be used 
on a 24-hr basis, 7 days a week, as a tool for Range 
Sattty people to decide whether the operation 
would be safe within predefined limits. We felt 
that there was a need for actual diffusion experi- 

-m-both at the Cape and at vandenberg and a 
need for a continual monitoring system which 
would monitor the meteorological conditions 
which we felt to be important. 

The diffusion experiments were accomplished 
only by being able to work with the people at the 
Hanford Laboratories, Richland, Washington, 
who really did an excellent job. We alerted them 
about the problem in late November of 1960, and 
asked for their assistance. By May 1961, the dif- 
hsion course had been completely instrumented at 
the Cape, all the field equipment had been bought, 
including the engines and vacuum pumps, and a 
complete course had been laid out for conducting 
the experiments. 

What I would like to discuss is the type of pre- - -.- 
diction=-that we came up with and some 
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of the reasons for t h e a p p r o a c h w e  took. We 
wanted to start out with essentially the Gaussian 
diffusion model, but we wanted to go a little h r -  
ther than that if' possible in order to provide the 
type of solution required. As usual, with this ap- 
proach, one starts with a, as a function of a(8) and 
a, as a function of a(+) where a, and a, are the 
standard deviation of concentration distribution 
about the centerline in the horizontal and vertical, 
respectively;.a(8) is the standard deviation of wind 
direction fluctuations; and a($) is the standard 
deviation of wind elevation angle fluctuations. 

We were a little reluctant to measure something 
like a(+) in an operational system and decided to 
use instead a bulk parameter of some sort to indi- 
cate thermal stability. Furthermore, we made the 
decision even before we conducted any experi- 
ments that we would try to develop an empirical 
prediction equation using statistical techniques. 
We started by choosing as predictors a(8); 0 ,  the 
mean wind speed; and a stability ratio for the bulk 
stability parameter. The predictand was the nor- 
malized centerline concentration where normali- 
zation was accomplished as usual by using the 
mean wind speed and the source strength. 

We soon had to abandon this approach, pri- 
marily because we had wind speed entering in 
three places: as a normalization parameter of the 
predictand, as a predictor, and as a parameter in 
the stability ratio. We therefore embarked upon a 
statistical analysis using a(@, AT, and 0 as simple 



predictors. Normalization was accomplished only 
by the source strength. The thought was to let the 
actual statistical techniques determine the relative 
importance of the meteorological parameters. 
(The bulk stability parameter, AT, was defined to 
be the temperature difference between 54 and 6 ft.) 

We began our analysis by taking one parameter 
at a time in order to determine the relative impor- 
tance of the various parameters. The most impor- 
tant parameter, not surprisingly, is the downwind 
travel distance X. The data we used are the 69 

Prairie Grass experiments, with emission timk of 
10 min, SO, as the tracer, and travel distance up 
to 1/2 mile; the 76 Ocean Breeze experiments from 
Cape Kennedy; and the 109 Dry Gulch experi- 
ments from Vandenberg AFB. We divided these 
data into two sets, using as a dividing parameter 
the stability index or AT, which gave us two data 
samples of 321 values of normalized centerline 
concentration, C,/ Q, in -1e. Prediction L-\ 
equatl&developed on one data set and 
tested on the other. 

( C p  s e c / m 3  

Figure 1 .  Observed vs predicted C,/Qas a function of distance. 



Our results are summarized in Figures 1 
through 7 which are scatter diagrams of ob- 
served vs pkdicted values of C,/Q. The dashed 
line in thz center of each diagram represents per- - 
feet prediction. The two lines on each side of it 
show a variation by a factor of 2; i.e., the pre- 
dicted value within 50% to 200% of the observed 
value, and the outside set of lines is for a factor of 
4, where the predicted value is between 25% and 
400% of the observed value. 

We used a factor of 2 and a factor of 4 to test the 
prediction equation accuracy because we found 
the normal way of trying to choose the best equa- 
tion of fit by percent reduction of error did not 
work very well for our purpose. The reason it did 
not work very well is that the linear regression 
analysis techniques we used were applied to the 
logarithms of the predictors and the predictand, 
whereas we were interested in the prediction ac- 
curacy of the quantity C,/Q. The nonlinear trans- 



formation of logarithms and antilogarithms led to 
many frustrations in using percent reduction of 
error as a goodness of fit parameter. Such things 
as negative percent reductions, for example, oc- 
curred on occasion, although no significant differ- 
ences could be found in scatter diagrams with 
negative and positive percent reductions. We 
therefore chose, somewhat arbitrarily, to use per- 
cent of cases observed versus predicted within a 
factor of 2 and a factor of 4 as a criterion to decide 

which equation would be the most operationally 
valuable and most operationally suitable. 

Figure 1 is a scatter diagram using only distance 
as a predictor. Note that 36% of the cases fall with- . 

in a factor of 2 and 78% within a factor of 4. This 
figure is interesting in that it provides a statistical 
summary of how well one can do with no meteoro- 
logical predictors at all. It gives, in a sense, the 
base from which improvements must be made by 
adding meteorological parameters. 

-+\. 

Figure 3. Observed vs predicted C,/Q as a function of distance, AT, and a(@). 



T h e _ m e t e o r o l o g ~ a ~ p a r a m ~ e  found o f s t -  
importance in trying to improve prediction accu- 
racy is AT, thebulk stabilkyYp-.-This pa- 
rameter is unquestionably much more important 
than either a(8) or u. In fact, under many con- 
ceivable operational circumstances, a stability pa- 
rameter could be the only meteorological parame- 
ter required for quantitative prediction of C,/Q 
Figure 2 is the scatter diagram using AT as the 
only meteorological predictor. The number 10 is 

added to AT to prevent raising a negative number 
to a power. We now have 65% of the cases within 
a factor of 2 and 94% within a factor of 4. 

. The next most important meteorological pa- 
rameter was a(8). Use of AT and a(8) as predic- 
tors gives the results summarized in Figure 3. We 
now have 72% of the cases within a factor of 2 and 
97% within a factor of 4. 

I might emphasize that in the course of this 
analysis we used a multiple regression program 

Figure 4. Observed vs predicted C , / ~ Z _  as function of distance, AT, o(B), and. 0. , 
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Figure 5. Observed vs predicted C,/Qas a function of distance, AT, 
and a(@; Prairie Grass independent data test (see Figure 3 also). 

which took each predictor in turn, so when I say 
AT was best, we had also tried using a(8) as the 
only meteorological predictor, and then only 0, 
only to conclude that AT contributed most to pre- 
diction accuracy. 

Figure 4 is the scatter diagram obtained using 
all three meteorological predictors, AT, a(8), and 
0. It shows no improvement at all. We now have 
7 1% of the cases within a factor of 2 and 96% with- 
in a factor of 4. Our results were actually slightly 
(albeit not significantly) better using only ATand 
a(8) as predictors. We were surprised and puzzled 
by this result and offer the following explanation. 

In  addition to the diffusion experiments of the 
Cape and Vandenberg, there were also data col- 
lection efforts to measure AT, 0, and a(8) four 

times a day a.t 6-hr intervals. This observational 
program was carried out between the series of dif- 
fusion experiments and provided da.ta for periods 
of several months. Analysis of these data disclosed, 
among other things, a very systematic, although 
complex, relationship between u and AT. Thus, 
with the use of AT as a predictor, no increase in 
prediction accuracy was obtained by adding u as 
a predictor. We found no such relationship be- 
tween AT and a(8), which is consistent with an im- 
provement in accuracy when a(8) is added is a 
predictor. 

1 would like to comment on another feature of 
these data, viz., the value of the index on X, the 
downwind travel distance. Note that in Figures.:! 
through 4, it has a value of about - 2.0. Before we 



OCEAN B R E E Z E  DRY GULCH 

Figure 6. Observed vs predicted Cp/Q as a function of Figure 7 .  Observed vs predicted Cp/Q as a function of 
distance, AT, and ~ ( 0 ) ;  Ocean Breeze independent data distance, AT, and 4 0 ) ;  Dry Gulch independent data test 

' 

test (see Figure 3 also). (see Figure 3 also). 

had conducted all the experiments at Cape Ken- 
nedy and Vandenberg, we developed a prediction 
equation using only the Prairie Grass data. One 
approach we took at this time was to characterize 
the Prairie Grass data as very stable, moderately 
stable, moderately unstable, and very unstable, 
and then to use only a(8) and X as predictors for 
each stability category. We found that the index 
on X changed as one would expect. For the very 
stable category we obtained a value of - 1.4 
which varied systematically with stability to a 
,value of -2.25 for the very unstable category. 
When we took all the Prairie Grass data and used 
AT and a(8) as predictors, we obtaind a value of 
the index of about - 1.8, the value normally 
found for the near neutral stability condition. 
Thus, with one regression equation fitted to all 
the Prairie Grass data, we obtained an index 
which can be interpreted as saying that the neu- 
tral condition represents the average of all condi- 
tions encountered during Prairie Grass. However, 
we find that with the data presented in Figures 2 
through 4 the value of the index on A' is near 
- 2.0. This, we feel, is a direct result of the bias 
which exists in the'ocean Breeze and Dry Gulch 
data towards experiments conducted under pre- 
dominantly unstable conditions. 

Figures 5 through 7 show what sort of accuracies 
we obtained for the three individual sets of data. 
Figure 5 shows the Prairie Grass data. Prediction 
accuracies are within a factor of 2, 69% of the 
time; a factor of 4,96% of the time. Figure 6 shows 
the Ocean Breeze data. Here we have 79% of the 
cases within a factor of 2,97% within a factor of 4. 
Figure 7 shows the Dry Gulch data, with 76% of 
the cases wlthin a factor of 2, 97% within a factor 
of 4. 

Although it is not noted explicitly on these 
graphs, in our computation of u(8) we used a 
"running average" 15-sec filter, to filter out pe- 
riods of 15 sec or shorter before compuring ~ ( 8 ) .  
We found in a rather detailed correlation study of 
what filter width to use that it really made very little 
difference what the value was, anywhere from some- 
thing like 8 sec to a 64-sec or 128-sec filter. We 
chose a filter width ot 15 sec, therefore, for reasons 
of computational ease in the computer-controlled 
meteorological data acquisition and processing 
system installed at the Cape and at Vandenberg. 

SAND STORM P R O G U M  

The SAND STORM program, under the direc- 
tion of Lt. Colonel John Taylor, is in the process 



of being finished up. This effort is related in part 
t o ~ o ~ K X ~ c o r m i c k  mentioned, having 
to do with testing rocket motors having beryllium - - .  
fuel additives. A number of people in the country 
are developing research rocket engines of this type 

. - 

and would like to test them. Since the rocket ex- 
hausts are toxic, the Air Force Rocket Propulsion 
Laboratory at Edwards AFB is considering estab- 
lishing a national test range for testing all research 

\ --.--- .- 
encines that are developed uslng tox~c  fuels and/ 
or havingf~x~c~exhausts.  

T h e  SAND STORM experiments were conducted 
between March an2 0ctobkr 1963 with actual 
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rocket motors and sampling of the exhayst prod- 
u?GcluwrGind. About 43 experiments were con- 
ducted, all under unstable conditions.. The  firing 
time of these motors is in the order of 2 or 3 to 5 
sec, thus providing essentially a n  instantaneous 
volume source. 1 will not discuss the experimental 
details of'the program, since Colonel Taylor will 
soon have finished the preliminary report, and the 
final report is expected in late fall, 1964. 

It  should perhaps be emphasized that these ex- 
periments were conducted over a desert floor un- 
der unstable conditions which were conducive to 
low-frequency vertical oscillations in the turbulent 
wind field; i.e., the so-called convective currents. 
These oscillations of course carried the puff or vol- 
unle 01' exhaust products through vertically me- 
andering paths, whereas the sampling course was 
laid out in a horizontal plane with all samplers 1.5 
111 above ground. For this reason primarily, use of 

the Smith-Hay approach to handle the instanta- 
neous source in terms of actually predicting or 
specifying centerline concentrations on the ground 
was very unsatisfactory, and what has been done 
instead is simply to make probability statements as 
to what was observed. 

Figure.8 shows the type of result found to be 
most useful'for the SAND STORM data. The center- 
line exposures, normalized by source strength, are 
plotted against downwind travel distance. The 
curves on the graph are regression lines which 
have been fitted to the 50, 75, 90, and 95% level 
of observed normalized centerline exposures at 
each travel distance. This summary of our SAND 

STORM results IS submitted as the most realistic and 
meaningful summary of low-level diffusion data 
that can be obtained for an instantaneous vnli~me 
source. 

VERTICAL COMPONENT OF WIND 

In August of 1963, Dr. Kaimal of our group 
took four continuous-wave sonic anemometers 
down to the T V  tower near Dallas, Texas, where 
he measured-the vertical component of'the wind 
at four different levels, 150, 450, 750, a n d  1050 ft. 
Nine runs were made during this experiment with 
joint airplane "fly-bys" with a plane controlled by 
Flight Dynamics Laboratory, Wright-Patterson 
AFB, Dayton, Ohio, also instrumented to mea- 
sure the vertical component of the wind. These 
latter runs were of 30-min duration. Dr. Kaimal 
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Figure 8. Probability levels of normalized centerline exposure vs distance, project SAND STORM. 



- obtained a total of 29 runs, separate from the joint 
airplane experiments, with sampling times varying 

, / from 1 to 10 hr for a total of 50 hours of data. (T These data are now in the proGess of being aria; 

r $yze.d<Dr. Kaimal plans to present s q r -  
i ;ions of this work at the AMS Meeting on Micro- 

meteorology at Salt Lake City in October 1964. 

COMPUTER-CONTROLLED MICRO- 

METEOROLOGICAL OBSERVATION SYSTEM 

Another current activity in our group, the so- 
called Kansas expedition, is an  attempt to put 
together a computer-controlled micrometeorologi- 
cal observation system. 

All the electronic equipment will be housed in a 
truck trailer; only a tower will be permanently lo-. 
cated at the site. The objectives and methods are 
summarized in Table 1. We will measure the 
usual things: wind speed and direction profiles, 
temperature profiles, moisture profiles. We want 
to measure net radiation profiles and soil tempera- 
ture profiles, the normal micrometeorological pa- 
rameters. O n  our first cxpcdition wc cxpect to be 
prepared to measure only wind and temperature 
profiles. The fast-response measurements of wind 
fluctuations at three levels on the tower we hope to 
be able to do with sonic anemometer equipment 
being developed by Dr. Kaimal. Measurements of 
Reynolds' fluxes of momentum are all that we are 
planning to attempt on the first expedition. 

The  computer system has been designed on 
paper for some time. We have put a large portion 
of the system together and are now waiting for de- 
livery of certain key components. We do not have 
a sitc as yct, but wc think it .will bc in south- 
western Kansas, near Liberal, which is about 5 
miles north of the Oklahoma border. We are in 
terested in joint experiments, with some qualifica- 
tions, and anyone interested should contact us as 
soon as possible. 

DISCUSSION 

CRAMER: The  disappearance of from the equations 
probably is as much due to the fact that it is highly corre- 
lated with o(A), variant of instability, as that it is related 
to AT 

HAUGEN: W found a very strong relationship between 
a(0) and u with the Prairie Grass data. However, we 
found no such relationship with the Ocean Breeze and 
Dry Gulch data. I think this might be partly because both 
at  the Cape and at  Vandenberg most of the data  were 

Table 1 

Description of Micrometeorological Observational System 

Purpose: Study of transport of heat, momentum, and 
water vapor to and from the earth's surface. 

Quantities to be measured: 
1. Wind speed and direction profiles. 
2. Temperature profiles. 
3. Moisture profiles. 
4. Net radiation profiles. 
5. Soil temperature profiles. 
6. Fast-response (1 to 50 cps) measurement of wind, 

temperature, and moisture fluctuations at  3 levels on 
tower. 

7. Advection of heat, momentum, and water vapor over 
a 1-mile grid. 

Levels of instrumentation on tower: . 
1. 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 m for pro- 

file measurement. 
2. 6.0,12.0, and 24.0 m for fast-response instrumentation. 

Scan rate of system: 
1. Once per sec for profile data. 
2. 10 to 50 times per sec for fast-response instrumentation. 

Total number of data channels: 96 

Basic concepts ot'system operation: 
1. Direct digital data-logging on magnetic tape. 
2. Analog recording on strip charts. 
3. Error log on IBM typewriter. 
4. Calibration checks under computer control. 

much biased toward one meteorological situation, the 
sea-breeze situation. In other words, we did not get a very 
wide variation in u and a(6) for the experiments. 

HOLLAND: The probability lines at  Edwards all seem 
to have the same slope. Was this done on purpose, or did 
it just turn out that way? 

HAUGEN: What we did was to take the 50% level, for 
example, a t  each of the distances and fit a straight line, 
the best fit straight line, through the various arcs. They 
do not really have the same slope; they are  all a little 
different. 

HOLLAND: What kind of slopes did you get? 
HAUGEN: Something in the order of - 1.50. 
CRAMER: 'l'he problem you have at  Edwards with con- 

vection being very active would be fairly difficult because 
one is not really dealing with a system that is regular in 
the sense that convection itself is time and space depen- 
dent. I think you have indicated this. As I recall from our 
experience in Prairie Grass and other tests, in this situ- 
ation we do expect extreme variability near ground level, 
and occasionally, certainly, the cloud does lift off the 
ground, in fact, may disappear entirely; and I think the 
low values you have measured probably are real. 

HAUGEN: We think they are real, but we do not have 
much confidence in their experimental accuracy. 

CRAMER: Of course they are low, and operationally I 
don't know what this means to you, but there probably is 



no problem. But I think it is a very difficult modeling sit- 
uation. In  terms of working out a n  operational problem, 
the thing you have to worry about is that if you set your 
predicted level too high or  too low, there is 'always the 
question of whether there is a comparable down-wash of 
material in concentrated blobs. We know that  the up- 
draft's take it a n d  disperse it very widely in the vertical. 
Apparently you haven't found indications of, say, hot 
spots of material. 
, HAUGEN: W e  have, indeed, but this was rather rare, 

perhaps because the source was "thermally hot." The ex- 
haust product of a rocket contains a lot of thermal energy 
that causes it to rise quickly, and by the time it leveled out 
to some equilibrium with the atmosphere, the arc spacing 
was wide enough that we may have missed some of the 
things that were there. From the point of view of answer- 
ing the problem for the Edwards people as to whether or 
not firing a n  engine of a certain size was feasible within 
the amount of terrain that they had to work with, I think 
we answered this in a.limited sense..We a re  able to say 
that  the contamination is no worse than a certain level, 
but it is not particularly satisfying to me personally to be 
able to say no more than that. . 

PACK: In terms of possible low frequency contributions 
during convection, will Taylor be able to correlate the 

bivane data with the firing time to see whether the rockets 
* 

went off with any consistent departure from the horizon-. 
tal? That  is, were they fir.ed when there was a consistent 
up-draft for a few seconds or a consistent down-draft, so 
that one could'find some correlations? 

HAUGEN: I d o  not know that he has done this. I doubt 
it, because the machine computations were made at  Ed- 
wards. I do not think he has seen the basic data  charts. 

PACK: DO YOU have the feeling that this might be 
significant? 

HAUGEN: I think it is probably worth looking into. I 
was surprised to see the amount of energy these little.en- 
gines could have. I suspect that as'a result of this energy, 
the thermal impulse to the exhaust overcomes the partic- 
ular vertical motion field at  the time of firing. 

MOSES: You show the regression equation for C,/Q, 
where you took all three sets of data, Dry Gulch, Ocean 
Breeze, and Prairie Grass. Did you use two sets of data to 
calculate your regression equation and use the third set as 
a test? 

HAUGEN: No. The data of Prairie Grass, Ocean Breeze, 
and Dry Gulch were divided up  into "Dry Prairie Breeze" 
and "Ocean Gulch Grass." Each data set was divided in 
half. Then half of each set formed one data  sample; the 
other half of each set, the other data sample. 



. . 
The Meteorological Program at Fort Huachuca 

Our program has developed gradually since its 
inception in 1958, when the meteorology group at 
Fort Huachuca was assigned i-esponsibilities for 
basic research in micrometeorology for the Army. - 
The objective o f z P r o g r a m  is to obtain new 
knowledge which will contribute to a better un- 
derstanding of the physical processes of the lower - - .  
atmosphere and the earth-air interface. Our ulti- - s--.~-<-. -- 
mate goal is to develop physical and mathematical 
models which will predict the four-dimensional 
state oEhe atmosphere in the boundary layer. 
Granted, this is a rather ambitious goal. If we had 
a perfect model which contained ;ll the terms, it 
would be a monster. However, we feel that if we 
learn enough about the processes, we can decide 
which ones can be safel; omitted for particular 
applications, and then we can reduce the equa- 
tions to a usable system. 

Our over-all approach to the problem can be 
stated'briefly as follows: First, we recognize that 
our main problem is understanding the processes 
of the atmospheric boundary layer. To solve any 

'X .-- 
equations representing these processes, we & U S ~  

specify initial and boundary conditions. The ini- 
tial and upper boundary conditions we leave to 
the larger-scale meteorologists. We are especially 
concerned with factors which control energy, 
mass, and radiative transfer in the boundary 
layer, and with the energy balance processes of 
the surface and subsurface which determine the 
lower boundary condition for the atmospheric 
processes. 

The larger share of the research is conducted by 
external groupz-hrough contracts, grants, or cross- 
service orders. These groups specialize in the sin- 
gle or interacting processes which best fit their 
particular irlterests and capabilities. Internally, 
we have a small ,qoup which monitors the e c  - - 
nal effort and works to integrate all thc results. 
Once each year we have meetings similar to this 
one, to exchange information. We feel that this is 
a necessity because we have several discipli~ies in- 
volved. It tvok two such meetings for the meteorol- 

ogists, engineers, soil scientists, and plant physiolo- 
gists to understand each other. First let us look at 
our external effort. The tables will show where 
e z h  grouTisG5irking, and 1 will discuss very 
briefly some of the experiments they are conduct-. 
ing. 

Probably the most extensive research is the 
work at the University of Wisconsin under Dr. 
Lettau, who has a large group of graduate stu- 
dents (Table 1). The principal effort is the study 
of the effects of horizontal variation in the surface 
and of its effect on the atmospheric boundary 
layer structure. They are carrying on theoretical 
investigations of the wind structure and are testing 
theoretical models, using synoptic and experi- 
mental data. Most interesting is their experimen- 
tal program. Lake Mendota, adjacent to the 
campus, is a convenient site for collecting data. 
In summer, they cruise the lake on a specially in- 
strumented barge, and in the winter these rugged 
individuals vary the aerodynamic roughness of the 
frozen lake surface by using various arrays o f '  
bushel baskets and Christmas trees. Also of inter- 
est is the airborne program of measuring the verti- 
cal velocities in the boundary layer and the albedo 
and temperature of the underlying surface. They 
are also trying to add an auxiliary system to ob- 
tain the heat flux and the Reynolds stresses with 
the airborne system. 

The MIT Round Hill group has been. active in 
the field of turbulence measutement'for several 

Table 1 

TITLE: Studies of the Effects of Variations in Boundary 
Conditions on the Atmospheric Boundary Layer 
Structure 

CONTRACTOR: University of Wisconsin 

PRINCIPAL INVESTIGATOR: Dr. Heinz H. Lettau 

PURPOSE: T O  develop a theory relating the behavior of 
the atmospheric boundary layer to definable changes 
in the physical characteristics of the underlying 
earth's surface. 



Table 2 

TITLE: Partitioning of Turbulent Energy in the Lower 
Layers of the Atmosphere 

GRANTEE: Massachusetts Institute of Technology 

PRINCIPAL INVESTIGATORS: Dr. H.E. Cramer and Dr. F.A. 
Record 

PURPOSE: TO establish the characteristic features of en- 
ergy spectra associated with turbulent transport of 
characteristic air properties and momentum, sensible , 

heat, and water vapor for the layer extending from 
10 to 100 m above the ground. 

Table 3 

TITLE: Energy, Momentum, and Mass 'l'ransfers Near 
the Ground 

GRANTEE: University of California (Davis) 

PRINCIPAL INVESTIGATORS: Dr. F.A. Brooks and Mr. 
W.O. Pruitt 

PURPOSE: TO investigate simultaneous relationships be- 
tween energy and mass transfers from below the 
earth's surface up to 8 m above the surface under 
various conditions of atmospheric stability. 

Table 4 

TITLE: Wind Tunnel Research 

GRANTEE: Colorado State University 

PRINCIPAL INVESTIGATORS: Dr. ,J. Cermak and Mr. E. 
Plate 

PURPOSE: TO study the structure and dynamics of turbu- 
lent shear flow in a wind tunnel under a variety of 
carefully controlled experiments, and to interpret 
wind tunnel results in terms of structure and be- 
havior of the atmospheric boundary laycr. 

years (Table 2), and we are planning to publish 
the energy spectra computations from a compre- 
hensive set of their observations. These include 
some 75 one-hour observation periods with tem- 
perature and wind component measurements 
taken approximately once a second, simulta- 
neously at  two levels. Fifty runs were taken at 
16 and 40 m, and the remainder were divided be- 
tween50and 150ftarad150and.700fi. 

The  objective at the University of California at 
Davis (Table 3) is to try to pin down some of the 
fundamental relationships of the transfer coeffi- 
cients fbr heat, water vapor, and momentum. They 
have a large instrumented site and are approach- 
ing the problem by replicate measurements. The 
installation includes several lysimeters, which mea- 

sure the evaporative flux, and a sheer stress lysirn- 
eter for determining the momentum flux directly. 
An Australian eddy correlation meter is being ob- 
tained for an independent measure of the sensible 
heat flux. Profiles of wind, temperature, and hu- 
midity, as well as soil heat flux, and radiation 
measurements, are collected for aerodynamic 
computations; and soil heat flux and radiation 
measurements are made to round out the energy 
balance computations. These independent mea- 
surements of the fluxes allow them to check the 
many theories which have been reported on flux- 
gradient relationships. 

Table 4 refers to our wind-tunnel research. 
Anyolie wl~u has a~~el r ip ted  a microineteorology 
program knows that Mother Nature is not an 
ideal laboratory assistant. Seldom do all the de- 
sired experimenta.1 conditions appear at one time. 
Early in our micrometorological program we rec- 
ognized the desirability of conducting controlled 
laboratory-type experiments; we therefore spon- 
sored the construction of a large low-speed wind 
tunnel at Colorado State University, Fort Collins, 
Colorado. After the usual construction delays and 
another year to calibrdte, the tunnel is ready for 
operation. This is a recirculating-type tunnel, 
though it can be modificd for opcn-circuit opera- 
tion. The test section is nearly 90 ft long with a 6~ 6- 
ft square cross section. The  very long test scction 
was designed to achieve very thick boundary 
layers. With a roughened floor, boundary layer 
thicknesses up  to 2, ft have heen attained. For mi- 
crulire~ewrological expeririientation, the outstand- 
ing feature is th.e climate control. Air temperatures 
can be controlled to within + 1 "C over the range 
0" to 90". A 40-ft section of the floor can be con- 
trolled to within +2" over the range from - 10" 
to + 180°C. Air velocities can be controlled to 
within + 1 m/sec over the range fi-om 1 .to 40 
111/sec. 

The Army and other government agencies are 
sponsoring a variety of wind tunnel tests. In par- 
ticular, our micrometeorological program is spon- 
soring studies uT the b a ~ i c  structure of thc turbii- . 

lent boundary layer. This includes work with 
stable, neutral, and lapse stratifications and flows 
over smooth and rough boundaries. Since most of 
the effort to date has gone into the development of 
instrumentation and the design of experiments, I 
have no results to'report at this time. However, a 
temperature probe with response characteristics 



Table 5 

Cross Service 0 1  Jel Will1 Ag~;~ulliiral Riscnrch Scrvicc (USDA) 

Plant, Soil and Nutrition Laboratory 
Ithaca, New York 
Dr. E. Lemon - Mr. W. Covey 

U.S. Water Conservation Laboratory 
Tempe, Arizona 
Dr. C. van Bavel - Dr. L. Fritschen 

U.S. Salinity Laboratory 
Riverside, California 
Dr. L. Richards - Dr. W. Gardner 

Turbulent Transfer Characteristics of Vegetative 
Canopies 

Surface Energy Balance Studies 

Effect of Soil Properties and Plant Characteristics on 
Water Transfer From Earth to the Atmosphere 

Southern Piedmont Soil Conservation Field Station Plant Transpiration Studies 
Watkinsville, Georgia 
Dr. A. Bertrand - Dr. J. Pallas 

Table 6 

Small Grants 

University of Washington Study of Convective Elements 
Dr. J. Businger 

University of Wisconsin 
Dr. C. Tanner 

Direct Measurements of Reynolds Stresses 

University of California Physical Processes of Soil Water Movement 
Dr. D. Nielsen 

University of Arizona 
Dr. E. Titt 

University of Hawaii 
Dr. M. Estoque 

Application of Numerical Method in Micrometeorology 

Boundary Layer Model Solutions 

comparable to those of a hot-wire anemometer has 
been developed. 

Perhaps the most serious criticism of wind tun- 
nel programs in general is that it has not yet been 
quantitatively demonstrated that wind tunnel re- 
sults are applicable to the atmosphere.' But we are 
pressing ahead with this program because, if mod- 
eling criteria can be developed, we will save an 
enormous amount of time and  money on micro- 
meteorological experiments. 

Since we found a t  the start of our program that 
the Agricultural Research Service of'the U .S. De- 
partment of Agriculture is interested in many of 
the same problems with which we are confronted 
for the lower boundary condition of the atmo- 
spheric model, some aspects of the external pro- 
gram are handled under a cross-service order with 
the Department of Agriculture (Table 5). At 

Ithaca, New York, they are making measure- 
ments and analyzing data from different vegeta- 
tive canopies. Their objective is to determine the 
representative momentum, moisture, and heat 
source or sink distributions within the  canopies. 
At the U.S. Water Conservation, Laboratory, 
Tempe, Arizona, they are attempting to establish 
relationships between the moisture balance of 
vegetation and pertinent meteorological parame- 
ters. Dr. Gardner at the U.S. Salinity Laboratory, 
Riverside, California, is working on the develop 
ment of a n  over-all descriptive theory uf waler 
transfer from the earth to the atmosphere, based 
on measurable characteristics of the soil, plants, 
and  environment. At Watkinsville, Georgia, a 
critical evaluation is being made of the role of 
plants in regulating the transfer of water from the 
soil to the atmosphere. 



We have a number of small grants, as shown in 
Table 6. Dr. Businger at the University of Wash- 
ington is making case studies of convective ele- 
ments using a sonic anemometer. His equipment 
is a portable continuous-wave type anemometer 
with a path length of 50 cm. So far, he has col- 
lected data at Round Hill, Fort Huachuca, several 
locations in the State of Washington, and over the 
Indian Ocean. He will use data from these case 
studies to develop a model to describe the be- 
havior of the convective elements in the lower 
atmosphere. 

Dr. Tanner, at the University of Wisconsin, is 
developing a system to measure the Reynolds 
stress directly. Essentially, he is coupling the 
anemoclinometer with sensitive pressure trans- 
ducers to measure the small pressure difference 
between the ports. 

At California, Dr. Nielsen is comparing experi- 
mental data w ~ t h  present mathematical descrip 
tions of the processes involved in soil water move- 
ments and hopes to develop a more comprehensive 
and accurate model of the problem. 

In our internal effort we ran into trouble when 
we tried to use the cookbook approach to obtain 
numerical solutions to nonlinear partial differen- 
tial equations. To help us out of this dilemma we 
had the University of Arizona give a course in 
numerical methods. Through this contact, Dr. 
Titt became interested in some of our problems, 
and we are now receiving help from him through 
a grant. He is working on the diffusion equation 
and the nonsteady-state boundary layer equatinns. 
He has,just finished a computer program for the 
steady-state diffusion from an infinite line source. 
The method can handle arbitrary height distribu- 
tions of wind speed and eddy viscosity and could 
be modified to account for the apparent growth sf 
K with distance. The computer solution takes <,3 
min on an IBM 7020 to reach out to about 1600 
m. A report on his approach with a series of soh- 
tions using wind speed and eddy viscosity profiles 
derived from our neutral steady-state model 
should be out shortly. These solutions show t.ha.t. 
the, patterns are sensitive to the height of the 
source in relation to the maximum K and very 
sensitive to the ratio of the eddy viscosity and the 
wind speed in the element neaiest the boundary. 

Last on the external program is Dr. Estoque of 
the University of Hawaii. He has just joined the 
program and will undertake to update, his work in 

numerical solution of the boundary with relation- 
ships related to our program. 

Turning to the internal part of our program, we 
have been &orking on solutions of equations for 
the boundary layer and the vegetative canopy, 
and some investigations have been made on the 
characteristics of turbulent fluctuations. 

We have completed some numerical solutions 
for the distribution of wind in the planetary 
boundary layer, starting with the basic equations 
of motion modified to incorporate the mixing- 
length hypothesis of Prandtl. This relates the tur- 
bulent stresses to mean flow characteristics. For an 
adiabatic, baratropic steady-state boundary layer, 
we propose a mixing-length increase with height 
at a rate given by a constant, but with a linear 
reedback which prevents unbounded growth. This 
can be expressed by the differential equation 

At the top of the boundary layer, the flow be- 
haves more like free turbulence than wall turbu- 
lence, so that one would expect a nearly constant 
mixing length; whereas down near the lower 
boundary it is more like wall turbulence, and the 
mixing length can be expressed as kZ. With these 
boundary conditions, the solution of the equation 
is 

where 1,/L is equal to von KArmGn's constant. 
This is the expression we usc for mixing-length 
rlistribltion. Figure 1 shows the oomparison of this 
expression with the mixing length computed from 
the Leipzig wind profile, and the agreement is 
fairly good until the upper part, where the small 
~ r ~ l n r i t y  derivatives make the mixing length corn- 
pi~tstions rather useless. 

Using this relationship, we evolved the set af 
equations for numerous boundary conditions. To 
find out which one of these solutions was applica- 
ble to the boundary layer, we invoked the idea of 
similarity. We mumed that thc Rcynolds number 
of the boundary is so large that there exists a uni- 
versal equilibrium structure for turbulent eddies. 
We also assumed that the scale of eddies as mea- 
sured by the mixing length is uniquely related to 
the gross scale or depth of the boundary layer. The 
limiting mixing length, lo, is adequate to charac- 
terize the eddy structure, and we selected the 
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Figure 3. Wind velocity hodograph. 

Figure 4. Relative eddy viscosity. 

gradient wind level to characterize the gross scale 
of the boundary layer. 

According to our notion ofsimilarity, the ratio of 
the gross length scale of the boundary layer to the 
length scale of the eddy structure is a universal 
constant. To  determine this constant, we resorted 
to the Leipzig wind profile, and with this constant 
the solution we believe adaptable to the boundary 
layer could then be selected, and from this solution 
we could determine relationships between the 
limiting mixing length and surface Rossby num- 
ber, which is the geostrophic wind divided by the - 
Coriolis parameter times the surface roughness. 

We can examine some of the features of the 
model. Two of these are the angle between the sur- 
face wind and the geostrophic wind, and the drag 
coefficients. In Figure 2 these are shown as func- 
tions of the surface Rossby number, along with all 
the known observations that we could find. 

Figure 3 shows in arbitrary units the wind 
spiral. The units at the top are Z/1,. T o  find the 
geostrophic wind for a given Rossby number, a 
line is drawn from the Z/l, to the origin. That is a 
unit geostrophic wind. Any wind along this spiral 
can be found by drawing a n  arrow from the 
roughness to the proper height. 

Figure 4 shows the vertical distribution of the 
rclative eddy viscosity. The maximum occurs at 
Z% the height of the gradient wind level, and it is 
q ~ i l c  silliilar to the profile adopted by Kossby arid 
Montgomery many years ago. 

Wc have alsv studied the turbulent translkr of 
momentum within .a vegetative canopy. We had 
hoped to develop the model to express the aerody- 
namic roughness effects in terms of height, density, 
and drag characteristics in an idealized canopy of 



uniform vertical and areal distribution. Theoreti- 
cal development indicated that the mixing length 
should be constant, and wind speed should be ex- 
ponential with height. Using wind profile data 
collected in a mature cornfield, we solved for the 
mixing length and found it to be nearly constant. 
This has been confirmed with wheat by Lemon, 
Inoue, and Denmead. They also found that the 
wind was exponential with height. This was also 
confirmed at Wisconsin in the work with Christ- 
mas trees on the ice. 

Of course, there is a lot of canopy data that. does 
not agree, but we feel this is a start in the right 
direction, and the concept can be used in vegeta- 

tion that is fairly uniform both vertically and 
horizontally. 

We realize that the mixing-length hypothesis is 
in disfavor, since it is based on intuition rather 
than fundamentals, but the approach. has been 
successhl in some areasof turbulence, and it is the 
only practical approach to prediction models that 
we know of at this time. 

DISCUSSION 

VAUGHAN: What is L? 
APPLEBY: It  is a constant. Note that in the Leipzig wind 

profile it turned out to be 80. I t  varies with the surface 
Rossby number, geostrophic wind, and.latitude. 



The kleteorology Program at'l>ugway Proving Grour~cl 

Dugway Proving Ground is an Army installa- 
tion with the assigned responsibility of testing 
chemical and biological weapons systems and 
equipment, and we in meteorology at Dugway 
providepperational SUE= to the Proving Ground 
and also conduct a,program on turbulence and-, 
$iffision. Our primary responsibility in this area is 
to provide prediction capabilities for the weapons 
systems. The source geometries we work with are 
those associated with the chemical and biologjcal 

---c. 
weapons systems; 5% the requiremezsxthese  *._.---- 
prediction techniques are for all terrain, vegeta- 
tion, and climate situations. 

We also have a modeling program at Dugway. -- -I_C 

The accuracy rGquirements for a complex terrain 
and vegetation program are not too stringent, as 
we are using forecasted meteorological inputs ofthe 
critical variables in the model for this program. 
For the in-house program the requirements for 
modeling are more stringent than with this pro- 
gram, and we are using measured meteorological 
inputs. The approach to the problem at Dugway 
is to provide testing economies by using prediction 
methods to reduce the number of tests required for 
evaluatingaged weapons systems and to provide 
better information for test designs, and also to give 
us b e ~ ~ e r .  u ~ ~ d c r s t a i ~ d i i ~ g  'of the diffusion proc- 
esses. We feel - and we are getting a lot of support 
at Dugway - that the use of' modeling can intro- 
duce good economies in the testing program. 

We have two contractors working with us in the - 
in-house program at Dugway: Geophysics Cor- 
poration of America, with Dr. Cramer as the proj- 
ect officer, and Metronics'Associates, under Dr. 
Perkins. 

Dr. Vaughan will describe an elevated line 
source problem at Dugway and an F.P. elevated 
line source modeling program. We use the F.P. tech- 
nique in a-ork, and it is the only trace sys- 
tem we are using now. We have done considerable 
work in this area in cooperation with Metronics 
Associates, and we are using the F.P. technique for 
all our model verification and model development 
work. 

I would .like to review briefly the complex train- 
ing programs since 1960, on which reports have 
already been issued. The first is the Dallas Tower 
Program, carried out by .Meteorology Research, 
Inc., utilizing the Dallas Tower that was instru- 
mented by the Air Force Cambridge Research 
Laboratories. On this program, we made 38 ele- 
vated line source F.P. releases upwind of the 
tower. We augmented the tower instrumentation 
with 5 bivanes, a vertical sampling, and F.P. sam- 
pling on the tower, and we also employed a 30- 
mile downwind sampling line. 

We sponsored, with NRI Research, Inc., doing 
the field work and the analysis, the elevated line 
source program in a variety of terrain situations. 
A downwind sampling system was employed with 
an F.P. vertical 100-ft temperature gradient and 
bivane measurements on the tower augmented 
with aircraft soundings and aircraft turbulence 
measurements. The sites for this work were near 
Corpus Christi, Texas; Cushing, Oklahoma; 
Tacoma, Washington; and in Nevada. 

We supported work done by Bendix on tropical 
rain forest vegetative canopy. This was a n  ele- 
vated line source problem, with F.P. released up- 
wind of a forested area. The site was in Colombia, 
South America. 

Our present program includes four projects in 
the area of complex terrain and vegetation. The 
I -  

first is a mountainous terrain project, more ofa + 

flow problem than a diffusion problem. This work 
is being done at  the 29 Palms Marine Base. 
An elevated line source is released upwind ofa 
mountain-valley complex. Nine trials have been 
completed. We are using two colors and two levels 
of releases. The data samplers are being counted, 
and the data analysis has been started, but we 
have no results as yet. 

The second is the deciduous forest project in 
'Northern Minnesota, in which both the line 
source and the point source are used, with two 
colors at the point, one color being underneath the 
canopy, in the line of the canopy. We are testing 
with leaves in the summer and without leaves in 



the winter in order to determine the effects of the 
leaf canopy. The winter phase has been com- 
pleted. The samplers are being counted now, but 
the results are not yet ready to report. This work is 
being done by what was formerly General Mills in 
Minneapolis; their Air-Space Division has been 
bought by Litton Industries. 

The third problem in the complex terrain area' 
is a n  urb.an_p-f0b1em..~An elevated line source is 
released upwind of an  urban complex. The work 
is being done by Travelers Research Center under 
Dr. 'Hilst, and the site selected is Fort Wayne, 
Indiana. The first test is scheduled for this month. 
We have attempted some tests, but so far without 
success. We have three or four balloons, but the 
field operations are not simple. We have four 
verticle sampling balloons upwind and downwind 
of the city, and we were sampling both a rural 
area alongside the city and the urban complex it- 
self, trying to determine the exact eflects of'the 
urban complex in this problem. 

The fourth project is concerned with the prob- 
lem of a point source in a tropical rain forest 
canopy. This work is being done by Me1 Parr, 
the site selected is in the Wombat Swamp Area 
of South Carolina, and the testing is scheduled for 
next month. 

Our plans for complex terrain studies for fiscal -.- ..-_ ---I 

1965 are'in t h e s i r e l i n e  complex area: offshore 
releases with modeling prediction; prediction of 
downwind dosages inland; and some work with the 
10 to 100- .~  particle size range, which will involve 
both fallout and diffusion. 

Our  i n - h o x p r o g r a m  at Dugway includes 
work onkodeling problems and support to the 
installation. One program, started about 1% years 
ago, concerns a turbulence climatology problem. 
We have collected data for about 9 months. We 
plan to operate a 300-ft tower with three bivanes 
for temperature gradient and wind profile. 

Another in-house program just starting is a 
forecasting study utilizing the Barnes aircraft in- 
frared radiometer. We are attempting to forecast 
local winds at  our grids, with our higher source 
temperature and ground temperature measure- 

ments, and attempting to forecast the drainage 
lines. 

The third in-house matter I would like to dis- 
cuss briefly is the modernization of the data collec- 
tion portion of o instrumentation system. The K -- system is quite large, as we have toTKaracterize 
the meteorology over fairly large areas at the 
Proving Ground. With some sources we are in- 
terested only in a distance of 200 m or so, and with 
others, 40 miles or more. Since we have to main- 
tain flexibility in the field, we are installing a com- 
puter controlled digital system with a radio- 
frequency link to bring the data into our building. 

We have the capability of real-time computa- 
tions. We now make ca.lc~~lations by hand for 
safety pllrpnses, and we will be able to do this on 
a computer. We are hooking up our pilot balloon 
network to the computer t.o ha.ve the data calcu- 
lated a.nd recnrded nn ma'gnctic. tape. 

We are using three displays: a vector display for 
the flow situation, which is scanned for the instan- 
taneous measurements so that we know whether 
we are within the limits prescribed in the test 
plans for the meteorological variables; and a two- 
trend recorder that will also be computing, up- 
dating every 20 sec on each individual recorder of 
the K recorder system. We also have a typewriter 
output for air logging. 

To indicate the speed of this system, it has a 
capability of 600 interrogations per second .with 
the maximum configuration, utilizing six of our 
remote stations; and about 300 if we are using 
only one remote station. The system can be pro- 
grammed for different data rates. We are planning 
to digitize our bivane data 10 times per second 
initially for some of our point source problems. 

This system will be installed and operating by 
February 1965. We will have immediately only 
the basic prngrams fnr data rprpipt and for some - - 
of our real-time calculations and analysis problems. 
We plan to conduct many programs later on, but 
programming is a big job with this system. 

We have a good field laboratory and a consid- 
erahle a.mnllnt of dosage data. We use all the tests 
at Dugway to improve our modeling. 



Elcvatcd Line Source Programs 

The first nine tracer studies in this series have 
been published in a technical report available 
through ASTIA. Others have been summarized 
briefly in our Dugway monthly reports. Briefly, 
the test consists of approximately simultaneous 
_releases from small aircraft, L-23 and L-20, of two 
colors of F.P., green ana;iYellow. The two aircraft 
do not have the same speed, but they try at  least 
to reach the center of the line at the same time at 
two different heights over a range from 100 to 400 
ft. These tests have been conducted under a variety 
of stability conditions, with ground sampling at 
one-mile intervals out to 15 miles. 

For vertical sampling of the aerial release, line 
samplers are mounted on a 300-ft tower and on 
100-ft towers at four positions downwind, and bal- 
loon-mounted samplers are provided at these s m c  
positions. These vertical distributions are unique 
in providing so much vertical sampling. This is 
one of the things which may be of interest to 
others, because one can actually see the displace- 
ments of the centers of the clouds themselves in 
terms of the dosage patterns observed; and with 
two simultaneous releases, at least under moder- 
ately stable conditions such that the clouds are 
bounded by the sampling array, these displace- 
ments are well correlated. We have made efforts 
to match these displacements with the potential 
temperature contours, a cross section of potential 
temperature down the sampling line; when the 
trajectories are gnnrl rnniigh, this gives a fair indi 
cation of where the centroid of the cloud will be. 

Concerning the expansion of the cloud, which is 
of course essentially an instantaneous line source 
with a finite dimension, the estimates of the verti- 
cal standard deviation in the calibration trials 
average ~ 2 0  ft at the 300-ft tower, which is =I00 
yards downwind from the rcleaue line itsell: This 
would provide an opportunity to test the Smith- 
Hay eq~lation, for instance, but in thc initial stages 
we didn't have adequate turbulence measure- 
ments available. Initially, we suggested using the 
Beckman and Whitley standard direction vane, 
turned on its side. This gave us an indication but 

not a good estimate of what the vertical a should 
be, although later I did make some estimates 
based on the ranges reported for these fluctua- 
tions. In the initial nine trials, at least, the anal- 
ysis was done on the basis of a diffusivity de- 
rived from estimates of the vertical heat flux, 
which, since it was not measured directly, I esti- 
mated from the integrated rate of change of tem- 
perature through the air. This estimate of d i h -  
sivity is subject to a considerable degree of uncer- 
tainty, and yet the agreement with observed d i h -  
sion was not too bad, considering the fact that it is 
an estimate of a long-term average dispersal co- 
efficient which is to be correlated with diffusion 
hom an instantaneous source. 

In the later trials some bivane measurements 
were ~ l ~ a d e ,  at least up to 100 ft, and I have made 
some calculations using the computed a values, 
and then from some of the spectral estimates ob- 
tained at Dugway I estimated the time and length 
scale of the turbulence. For those particular trials, 
the length scale was on the order of 30 m, and the 
time scale roughly on the order of 3 or 4 sec. 

Probably the greatest value of this type of ex- 
periment using multiple tracers and extensive ver- 
tical sampling is the possibility of replicating trials. 
Instead of using two heights as we have been 
doing, one could run successive trials at the same 
elevation with different colored particles of a com- 
parable tracer and at a little more cost get several 
d i f i s i o ~ ~  Lesls at the same time. 

The roto-rod s a m p k  can be reversed as well. 
At l 3 S h e y  were not set up so that this could 
be done, because each one was mounted indepen- 
dently and could not be switched either by direct 
wire or otherwise; the whole unit was complete in- 
cluding power supply. In the later trials we had as 
many as 20 samplers on one balloon, quite an ex- 
tensive array. 

The above should give some idea of the type of 
work we are doing on elevated line sources. We 
have been analyzing these trials and will publish 
a more complete sunlrnary when we finish the 
analysis. 



DISCUSSION 

GIFFORD: Concerning the several attempts described 
a t  verifying or comparing experimental da ta  with the 

' Smith-Hay instantaneous source diffusion model for an 
inhomogeneous isotropic turbulence field, I suppose if you 
compared this model with the data  that the data  would 
have to be appropriate to  such a field; the point is that 
this is not a minor restriction. 

VAUGHAN: NO. Certainly it isn't on this scale. 
GIFFORD: I t  doesn't make  sense to  make  all the at- 

tempts we d o  to characterize the inhomogeneity of the 
turbulence field and then to make a comparison of a ho- 
mogeneous model with something that occurs in such a 
field. 

VAUGHAN: I agree. This  is a n  idealized model, and 
comparisons.are rather restrictive on it. 

BARAD: NOW that Metronics and the Dugway people 
have had a n ~ ~ m b e r  of years of experience with t h ~ r o t o -  
rod sampler,.can you give us some idea of how accurate it 

4.- a and how useful it is as a measure of the air concentra- 
tion? What sort of variability would you get, for example, 
if you put two roto-rods into the same rnediu1.11 a1 tlle 
same concentration? 

WEBSTER: After a series of experiments with the roto- 
rods, we have come to the conclusion that  the roto-rod 
sampler is the more accurate device, a t  least for sampling 
in the 1 to 5-p range compared with a number of filters. 
T h e  procedure for checking the roto-rod is to set up  an 
array of 4 roto-rod samplers completely surounded with 
an array of about 9 membrane filters in fairly close prox- 
imity, and  then c o n d ~ ~ c t  a series of competitive experi- 
ments. With a base material of closely known character- 
istics, as I recall, with one particular lot of matcrial the 
roto-rod would show some 70% collection efficiency with 
a coefficient of variation of <lo% over 96 sets of mea- 
surements. T h e  membrane filter data  collected simul- 
taneously showed a coefficient of variation on individual 
dosages in the neighborhood 01' 14 to 15%. Because of the 
uneyplainahle va.riations in.filter dosages, we have been 

-concentrating on the filters themselves and trying to re- 
duce this coefficient of variation, but our  feeling is that 
the roto-rod operated in the proper manner is a much nlu1.e 
accurate measuring device than the membrane filters. 

SMITH. Wha,t did you use the basis for the actual air 
concentration' Was the mean value derived Tlum the 

membiane filter used as the standard of true air concen- 
tration? 

WEBSTER: We had a diamond-shaped cluster of 9 
filters completely surrounding our roto-rod stoppers, and 
took the mean values from the 9 filters as the yardstick. 
We have also used groups of 3 and 6. 

SIMPSON: Have you studied the wind variations in 
these 96 cases, comparing the samplers with roto-rods? 

WEBSTER: Yes. T h e  range of winds has been from 
about 2 to 3 miles/hr up  to about 20, and so far we 
don't see any definite variation with that range of wind 
speed. W e  are planning t o  run a test on the ridge of a 
mountain to try to get a wind in the 35 or 40-kile/hr , 

region. We had thought that possibly we would get a 
much bigger variation, but so far, generally, the higher 
the wind speed, the smaller the variation. It  is practically 
constant over the entire range of wind. 

CRAMER: Without knowing the geometry of your ex- 
periment, isn't there a pussibility that bccause of the wider 
spatial separatio~i uf tile mcn~brancs, you may be mea- 
suring a spatial variable factor? 

WEBSTER: Tha t  is a good point, but tests with various 
ranges don't seem to givc any basis Tur variation duc to 
thc upucing. Two filtcrs right beside each other. will some- + 

times show much greater variation than the roto-rod 
samplers on the outside uf the array. 

CRAMER: What do you conclude from that? 
WEBSTER: There is1.1't a n  obvious differential in com- 

position across the array. 
RAYNOR: HOW does this 70% efficiency compare with 

the theoretical efficiency for the size? 
WEBSTER: We have never been able to determine the 

actual theoretical efficiency, because we are working with 
different particle sixes. About a ycnr ago, calculatiuris 
were a ~ t r m p t c d ,  T hclicvc, with about 1;5 to 2 p;  with 
this size the efficiency should be close to 10076, and then 
it tapers off. 

ENGELMANN: We should remark hcrc that in micro- 
scopic counting of particles there is a variation of pcrhnps 
10% '6etwi;cil persons, a n d  aloo on ~uccessivn days with 
a given individual. Then, I would like to ask, how do you 
determine and measure Llle flaw l'ares on ~hcuc l,espcc~ivt: 
filters? 

WBDSTPR: They  are measured j i l s t  I>eTore and after 
the experiment with a Howmeter directly at  the filter, 
and, iii aclditiul~, tlic przssurc diffcrcntials ore maintained 
constant durlng the experimenr. 



'l'echnical Areas in the Field of ~ e t e o r o l o ~ ~  That Are Limiting Progress 
in the Nuclear Industry 

This topic is of interest not to scientific research- . this as turning the problem over to the systems 
ers, who are interested in their own specific prob- people.) Obviously, the answer is, no. I would like 
lems, but to<esearch administrators, who are to present four points which lead me to the con- 
interested in the entiZTfiZ1X-I would like, how- clusionqhat we must continue to supply the re- - -  . 
ever, to limit my considerations, as we all have at search on atmospheric transport and diffusion and -. 
this conference, to the nonglobal aspects of the related quest~ons wliiZhThe atomic energy indus- 
question, that is, to short- to-mediumIrange, low- try needs for protecting the health and safety of 

-.-I 
level problems. ~ o r G m p l e ,  reactor site select~on. the public. 

A- 
. . 

-hazard analysis, and related problems cre- First, our present capability to predict concen- 
ated by chemical processing plants; or the prob- 
lems relating to cratering shots (mentioned yester- 
day) including nuclear excavations, and relevant 
rocket problems such as static tests and launch 
pad aborts but not re-entry burnup. 

My basic opinion is that within this g r m p  of 
problems meteorology as such is %limiting prog- 
ress in the nuclear industry. 

One must recognize that meteorology is one of a 
large number of relevant special disciplines whose 
specific lypes of information are used by the nu- 
clear industry to assess the problem of dispersion 
of material in the biosphere. But it is only one of 
them, and with relation to this kind of problem, 
meteorology has been in comparatively good 
shape. Our ability to predict and to describe the 
concentration and distribution and transport of 
material, although it is obviously limited (this is 
clear from the previous presentations at this con- 
ference), exceeds our ability (or other people's) to 
define the source term. This was made clear, for 
example, in Allen's presentation by what he had 
to say about cratering shots and, to a certain ex- 
tent, rocket tests. Therefore we have been able to 
present our products, that is, the computations of 
atmospheric dispersion, with some confidence, 
knowing that although it is not perfect from our 
standpoint it is probably adequate for what the 
atomic energy industry needs and has needed for 
many years. 

Does this mean we should now stop doing re- 
search and just coast along on the current state of 
the art? (In the Weather Bureau we would refer to 

trations, although it may in many respects be ade- 
quate, certainly has some major gaps. Some of 
these will be indicated in subsequent presenta- 
tions. For example, we are in pretty good shape 
with regard to short-range dispersion, somewhat 
less so with rcgard to- long-range dis- --- 
persion. The problem of dispersiFnfrorn sources 
L- 

other ~ h a n  continuous point sources is clear from 
previous discussions and will also be discussed h r -  
ther, including the effect of the time of emission - 
finite time sources. Deposition, which will also be 
discussed later, and its converse, free resuspension 
or levitation, which is probably less significant, 
certainly are parts of the problem. The effect on 
dispersion of various kinds of topography - land- 
water effects such as sea breeze, etc. - and also the 
effect of cities on dispersion and vice versa are 
important. These problems will be discussed by 
experts, but I want to say that our methods for 
dealing with thcm as far d b  the end product, the 
prediction of concentration, is concerned, as well as 
the degree of our physical understanding of them, 
suffer considerably by comparison with our ability 
to estimate the average dispersal from a continu- 
ous point source over level ground. Since almost 
no power reactor sites are located in an  ideal 
situatiur~ (I can think of only one), we need, as a 
practical matter, to be more concerned about 
somc of thesc l~oriideal location effects. , 

Second, we can't expect that the present situa- 
tion with respect to the lack of knowledge of the 
source strength (Q) will continue indefinitely. The 
AEC is spending millions of dollars each year on a 



complex, well-planned reactor safety research pro- 
gram, one of its principal objectives being to solve 
problems related to the spgfication of source 
s ~ e n g t h .  _ _-- At Oak Ridge we h a v e T i c l e a r  s a f e 7  
p i l z  plant, and fission product release studies are 
being done at Oak Ridge and also here at  Brook- 
haven. These and other related studies are all 
attempting to define the source strength better 
under conditions approximating real reactor 
accidents. At Idaho Falls, as we heard yesterday, 
reactors are intentionally destroyed in full-scale 
reactor accident simulation, one of the objectives 
being to inquire into the source strength. As these 
and other related studies come to fruition, igno- 
rance ofthe source term will decrease, and we will 
no longer find ourselves ahead of the game in this 
respect. It seems to me that h i s  alone makes it 
mandatory that we continue researcll and dc- 
velopment programs on the various problems 
mentioned, that are designed to improve our abil- 
ity to predict dispersion in the atmosphere. It 
does not make sense to invest millions of dollars in 
attempts to define one term in the equation with- 
out continuing a related attempt to define the 
other terr~~s.  

The third factor has to do with the legal aspects of - -.- _/ nulear facilities - nuclear reactors, chemical proc- 
essing plants, etc. From the early s l a p  ia which 
safety was evaluated on an informal, in-house 
basis, the surveillance of the health and safety of 
the public as it relates to nuclear facilities has de- 
veloped into a complex formal and legalistic 
licensing and regulation procedure. The various 
steps are hedged about with safety requirements of 
various kinds, starting with the initial design con- 
siderations and site selection, extending through 
the construction and initial operation, and termi- 
nating only with old age, as the licenses are issued 
for a period of4U years. Meteorological cui~sidcld- 
tions enter at various stages of this process. 1 par- 
ticularly want to emphasize two: consideration of 
the effects of possible accidents to reactors, and the 
determination of permissible levels of routine 
gaseous emission. 

The accident problem is subject to a federal reg- 
ulation, I0 CFR Part ,100, which specifies what 
might loosely be called ase.p.table conditions for ---. __.._I 

an accident - no accident is entirely acceptable, 
of colirse, in any sense. The conditions are speci- 
fied under which a reactor can be granted a 
license for construction and operation in terms of 
location relative to concentrations of population, 

and taking due account, among other things 
again, of the meteorological factors involved. 
Meteoro10,gy is taken into account in Part 100 and -. 

in the related technical information document, 
TZD-14844, by a discussion of a highly simplified 
hypothetical accident with very restrictive as- 
sumptions used for lack of more certain knowl- 
edge, for example, with the assumption of a point 
source, steady wind, and average poor dispersion, 
that is, meteorological dispersion parameters that 
would be relevant to average poor dispersion and 
other conditions. These assumptions are made for 
lack of ability to be more realistic; for example, if 
we could introduce the effect of the initial volume 
source, this would tend to reduce concentrations, 
as would introduction of the effects of meandering 
and wind s11ir1.s. Also, for a particular locatinn 
(and there. is at least one aitual example) the 
average pour dispcrsion conditions assumed may 
be too pessimistic. If such things could be taken 
ir~lo account, the requirements on the amount of 
real estate arourld a reactor could perhaps be re- 
laxed. On the other hand, some of the effects work 
the other way, for example, the stabilizing effect 
on the dispersion of an over-water trajectory: many 
reactors are located close to bodies of water, and 
this would lead to an 11ndu1y optimistic prediction 
if one followed closely  he proccdure used for haz- 
ard calculations assuming land trajectories. 

The intent of Pu7.t 100 is that reactor operators 
and designers make the best use of existing knowl- 
edge for handling safety problems, including mete- 
orology where applicable. At present, the pattern 
ul' hazard analysi~ is frozen into the stereotype of 
111e le~linical information document mentioned 
above, but I hope and believe that, especially as 
meleurological understanding and capability in 
the AEC's Licensing Division builds up, the trend 
will be t o ~ v a r d s  the most realistic hazard assess- 
ment L ~ I H ~  ~ N P  AIT. cspablc of. Obviously this will 
pay off in increased safety, and in many cases it 
may pay off in reduced cost of the site and the re- 
quired engineering safeguards. However, this will 
clearly require somewhat rrlore sophisticated 
~cteorulugical  arlnlysin hnoed On better 1.1nder- 
standing of some of the factors that will be dis- 
cussed later, and this in turn obviously is relatcd 
to our own research plugram. 

Concernir~g tlie routinc cmission problem, at 
present the amocnt of r a d i u a c t i w h a t  an op- 
erator is allowed to release to the atmosphere on a 
routine basis is usually the subject of negotiation, 



sometimes bitter, between the operator and the 
AEC's Licensing Division, often during the later 
stages of the licensing process. The dilution factor 
agreed upon depends on dispersion and climatol- 
ogy, and includes many concrete reactor design 
features, particularly off-gas systems; the same re- 
marks a b u u l  meteorological eifects apply as in the 
case of accidents. The potential pay-off in the rou- 
tine case is in the relaxation of design require- 
ments before greater emission rates can be justi- 
fied, or, conversely, the assurance of safety where 
a greater emission is contemplated. 

My fourth and last point is difficult to phrase. 
Our present capability in the field of atmospheric 
dispersion is rooted in the early English chemical 
warfare work:From this heritage we have been 
able to carry on, to develop other methods to a 
very considerable extent over the years, under the 
enlightened sponsorship of the AEC, as is amply 
reflected by this meeting. There is in this area 
other capability in the United States than that 
sponsored by the AEC, but the AEC's sponsorship 
under its mission objective of protecting the health 
and safety of the public accounts for a major part 
of the national effort in rescarch and development 
on atmospheric turbulence and diffusion. Without 
this, our total national program in the area would 
be seriously curtailed. 

It seems to me that it is our clear duty as re- 
sponsible research workers to respond in the most 
efficient way we can to the needs of the atomic en- 
ergy industry for the best current atmospheric 
transport and dispersion information, but that the 
burden must also be laid on our sponsor of real- 
izing that he too has a responsibility to the future of 
research in this area, to support at a reasonable 
level those research programs needed to improve 
our ability to predict atmospheric dispersion and 
related phennme~a. This will providc not only f o ~  
needs that are now seen or clearly foreshadowed 
but also for needs that are not as yet perceived. 

DISCUSSION 

SMITH: YOU have said that you think for the most part 
the application of the meteorological estimates to major 
hazard problems by licensing and regulation people is 
pretty much a routine affair. 

CIIIFORD: I think it vcllics a good deal, according to the 
interest of the applicant and the capability he may have 
built up  over the years. Some people are old hands in the 
reactor business, and others are just getting into it with a 
particular reactor. T h e  classical pattern fbr reactor haz- 

ard analysis was, in my opinion, established by Holland's 
analyses in the early 1950's a t  Oak Ridge. This pattern is 
still being followed to a considerable degree, although the 
results of current research programs are factored in at  a 
fairly steady rate. 

The  significant thing that has occurred is the formula- 
tion of Part 100 and the accompanying technical informa- ' 
tion document. This sets up  a prototype reactor hazard 
calculation. a straw man to be knocked down. But the 
straw man, in some respects, a t  least over about the past 
couple of years, has gotten to be pretty.durable and now 
serves as a standard against which some of the - one might 
say - less enlightened applicants for licenses judge entirely 
their meteorological problem. The  meteorological capa- 
bility of the AEC's Licensing Division is building up, 
judging by the number of contacts I have with meteorolo- 
gists and others who are not meteorologists but have an 
active interest in meteorology. They are there to see that 
the meteorological analysis of the hazard is not merely 
an exercise, but has some real meaning, and I think in the 
long run we will not suffer from the fact that a regulation 
quite specific in terms of such things as diffusion coeffi- 
cients has been set down. The regulation clearly states that 
these things a re  meant  to be taken not as a n  absolute 
but as a 

What can we do? We can continue our studies. We can 
continue in our contacts with reactor people to attempt to 
influence them towards more realistic hazard analyses. 
At the same time, the AEC Licensing Division can con- 
tinue to study the applications it receives and to make 
sure that these conform to reality, for example, that they 
don't follow a particular fixed format of analysis when it 
obviously does not apply because the reactor is located on 
the edge of a body of water or in the middle of a deep, 
narrow valley, etc. I anticipate that the meteorological 
analyses of reactor hazards will become more and more 
realistic during the current epoch. 

SMITH: I take it you are suggesting, among other things, 
that a t  least a significant number of the applications have 
been rather stereotyped in the application of these 
principles. 

CIFFORD: T h a t  is right. There was a period when 
people seemed to tremble at any variation from this tech- 
nical information document in spite of the fact that it was 
never intended to be more than a guide. Reactor hazard 
meteorological studies should be essentially neat but not 
gaudy, that is, they should address themselves to the real 
problems and not try to blind the reader with irrelevan- 
cies, nor should they indicate that the writer does not 
really understand the problem involved. 

WATERFIELD: I would like to echo the last statement 
that it is a good idea to direct the meteorological analysis 
to the problem. Not too many people are really familiar 
with this T I D  document, and we are going to discuss it 
tomorrow. 

HOLLAND: Would you comment on the following: Do 
your remarks apply with regard to the general adequacy 
of the available meteorology in relation to the other un- 
certainties of the reactor hazard problem? Do they apply 
essentially to the numerical bulk of applications which 
are submitted? Do they a.pply essentially equally across 
the board, or is the situation very different in some im- 



' portant way between reactors that  might be character- . 
' 

ized relatively as small, of a well-known type, located in 
a conservative location, a n d  reactors of a novel type or 
very large or located near a population center or having a 
high power level? Do the people who d o  the hazard and 
accident calculation and those who d o  the meteorology 
have a period of worrying whether their answers have 
been duly conservative or  whether they can shave a bit 
off the cost or justify a lower estimate ofconcentration; or 
does this fall ou t  of the calculations a n d  allow them to 
sleep easily during the course of the analysis and its sub- 
mission and  while the plant goes into operation? Isn't 
there a difference between 90% or more of the applica- 
tions and those few that a re  trying to push the frontier 
ahead? 

GIFFORD: Turning your questions into answers, I agree. 
Certainly the depth to which meteorological analysis goes 
(which T emphasize as ane of several special analyses that 
accompany the engineering and technical details of the 
hazard report) will be strongly influenced by the novelty 
of a particular reactor. T o  give a concrete example, the 
Enrico Fermi reactor is a fast reactor of somewhat novel 
engineering design, and there has been a fair amount of 
controversy about its nuclear concept and execution. In 
addition to many details on other aspects of the hazards, 
a number of special ~netcorological studies and other 
special environmental studies were done which certainly 
would not have been appropriate to a more conventional 
,reactor. I think this sort of effort does produce more en- 
lightenment. 

HOLLAND: If YOU think only of the licensing responsi- 
bility, especially in a statistical sense, it may be that the 
job can  be done to a great extent with existing knowl- 
edge; but if you think of the o t l ~ e r  n~ission of the AEC, 
which is to develop the uses of atomic energy, particularly 
for peaceful purposes, then the problelr~s that arisc with 
the novel and proposed applications, even for the distant 
future, are just as important. These may represent a small 
minority of the applications and reports coming in to the 
licensing people today, hut the problem of the meceorul- 
ogist that will arise in conrieccion with i l ~ v c l  applicotiom 
have to be faced early, and  if we don't know enough to 
answer the questions, we have to be doing the research 
now. 

GIFFORD: I would carry that one-step further and say 
that the AEC ha? snme resp~nsibility for problems that 
haven't yet been forlllulated, and I a m  gratehl that it has 
and does contil~uc lo i.ct:.ognizc them. 

REIFF: Consider the hazard reporl ill thc casc where 
the site is selected or 'the reactor is being built. Tlle pro- 
posal includes assumptions for meteorology which are, 

say, less conservative than those in TID-14844; one is try- 
ing to treat the problem at  hand and not relate it to the. 
example. How does one substantiate less conservative as- 
sump;ions, since (to be picayune) one can never have 
enough supporting data  on  a new site? How does one 
convince any agency or reviewer that what meager data 
one has will be adequate for these, let us say, optimistic 
assumptions in meteorology? 

GIFFORD: T h e  answer is that you d o  the best you can, 
which is not a satisfactory answer, particularly to a law- 
yer. A lawyer likes,to have precise criteria, and I think we 
have to admit that  we don't have precise criteria. The 
minute somebody puts in what looks like a precise cri- 
terion, it is - understandably - seized upon. 

REIFF: That's what happened with 7 1 0 - 1 4 8 4 4 ;  and, 
although it has been a major contribution, I think several 
people-now feel it is also being used against them, in the 
same sense. 

CIFFORD: l 'rue. 
REIFF: I can appreciate that side of it, but consider the 

other side, that of the contractor:All he wants to d o  is, 
one way or another, to get this thing approved, so be 
makes assumptions which he thinks arc realistic and cer- 
tainly don't seem realistic to someone else. I know this is a 
difficult question because this problem has been posed to 
me in the same way, but what would you consider as ade- 
quate substantiation or adequate data? 

GIFFORD: YOU could get guidance from past experi- 
ence; the spectrum goes frdm using general Weather 
Bureau climatological records (which one can get for the 
price ofthe postage) to puttillg up a tower, which wasdone 
at  Brookhaven, to establishing a large meteorological 
program. Consider the specific case of a reasonably large 
power reactor in a situation that leaves some doubt as to 
how large the exclusion radius and other distance factors 
ought to be. One s111.~1lld be ablc to obtain data  that are 
reasonably representative of t he  range of meteorological 
conditions that can occur by some fairly short-term sam- 
pling program although it might require up  to a year 
(data 11ccd not be generated for the entire year). I 
shouldn't think there would be too much dificulty in an 
applicant and the AEC coming to agreement upon that 
basis. At almost ally given sitc almost the complete range 
of dispersion conditions will occur almost every day. This 
is not to sav that one dav's intensive data are sufficientlv 
representative (obviously it might rain one day, or the 
wind might blow from one particular direction), but I 
dnn't think one iias to think in terms of operating a large 
installation for several years unless there is some other 
rcason why this would be desirable. I think a representa- . 
tive program of sampling can be done in less than a year. 



Ilgr" -, 1. 
Meso-scale and Mean Transport Problems 

We are talking about problems, not about an- 
swers. We should look for things that are hinder- 
ing progress on solutions to some of these prob- 
lems. Several meso-scale problems have been pre- 
sented at this meeting, along with various methods 
of seeking solutions, but no one has mentioned 
meso-scale. It is obvious that meso-scale problems 
are involved in Smith's tracking of 1131 over sev- 
eral miles, Hilsmeier's fluorescein studies, the 
Hanford diffusion work, Van der Hoven's missile 
launching problems, Islitzer's discussion of trans- 
port over several miles, Allen's transport predic- 
tion problems, Pack's trajectory measurements, 
McCormickYs urban pollution transport studies, 
etc. All these studies are seeking answers generally 
to immediate and important problems. Almost all 
of them involve $ifficultiesdue to the inadequacy 
in our ability to describe and measure certain irn- 
portant parameters and difficulties in obtaining 
data in sufficient detail over large areas and 
through sufficient depth; in some cases the prob- 
lem was not sufficiently formulated to determine 
what should be measured. 

A good example is the sea-breeze regime, which 
has been mentioned several times. In the Los An- 
geles basin we found interesting and perplexing 
interaction between the dynanlics of h e  sea breeze 
and the topography within which it is contained. 
The sea breeze regime at Cape Kennedy or Atlan- 
tic City would be expected to be different. Both 
rhearetical and descriptive types of research are 
being done on the sea breeze, but even now some 
of the measweiuerlls are deficient. The point is not 
that limited descriptive measurements have not 
been usehl in solving practical problems, but that 
we do have a long way to go with regard to pre- 
diction in some of these areas. 

Equally corrlplex problems arise in mountain- 
valley systems and urban areas, places where sur- 
face roughness and terrain features are irregular 
and the heat and energy balance of the system is 
complicated. These problems generally have a 
thrce-dimensional geometry, and a time deperi- 
dency both in the physical causal factors and in 

their description. In some cases the effect to be ex- 
amined is the receiving of energy from outside the 
geometric confines of the region of study. Energy 
passes through the scale of motion. Studies down 
to micro-scale are needed. Consideration of the 
transfer of momentum from the general circula- 
tion through some local circulation to the dissipa- 
tion indicates the sequence of events. 

The Hanford area is an examde of a somewhat - 
complex t o p o g r a K ( ~ e e  ~igur; 1 .) In the center 

o f t l i e s i n  are some 500 square miles of flat ter- 
rain, except for a small outcropping of basalt. The 
terrain slopes from the northwest to the southeast; 
this contributes to a local nocturnal drainage flow 
which is helpful in our experimental program. 
These are perhaps the most predictable winds at 
Hanford. In our efforts to predict these winds we 
have to go far outside 1000 square miles and ex- 
amine the flow patterns in eastern Washington 
and northeastern Oregon to see how they interact 
with the local wind systems in this valley. As the 
plume from a 30-min release moves downward, it 
undergoes some rotation, stretching, and elonga- 
tion, reflecting the wind shear and changes in the 
air motion in relation to space. Along the trajec- 
tory path are accelerations and decelerations 
which significantly affect the location of the ma- 
terial, and we need to know the behavior of the air 
within the contaminated area and surrounding it. 
There is a very pronounced curvature in the tra- 
jectories resulting from topographic and other 
influences. 

Some work done at Vandenberg Air Force Base --- ,---- 
with zinc sulfide releases serves as another exam- 
ple of the effect of terrain on a large-area basis. 
(See Figure 2.) Run 30 was representative of un- 
stable conditions over the relatively flat mesa on 
which the air strip is situated,;and the path of the 
material was fairly straight, probably quite pre- 
dictable from a minimum of wind measurements, 
with few complicating factors. Run 16, during 
stable conditions over the flat terrain, also moved 
in a determined path to the southeast. Run 18, 
made during.unstable conditions, passed over a 
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Figure 1. Trajectory of Green-Glow Run 15. 



INDICATES PEAK EXPOSURE 

RUN 16 8 18 STABLE 
RUN 29 B 30 UNSTABLE 

Figure 2. Effects of ground contours on diffusion patterns. 

T I M E  ( S E C O N D S )  

Figure 3. Standard deviation of plume width as a function 
of time and wind variability. 



ridge, the plume essentially traversing the topo- 
graphical obstruction. However, Run 29, a stable 
one, showed a tendency to follow along the con- 
tours, curving around the obstruction and then 
proceeding up the valley. The question is how to 
predict the behavior and transport of systems in 
such a system, perhaps with stable air coming off 
the sea and undergoing modifications as it goes 
across the land complex and assuming the result- 
ant curvatures. 

Figure 3 shows the ground source data, a, 
plotted as function of time. Note that in the first 
few hundred seconds there is a very nice power 
function behavior; if we had no more data than 
that, we would be satisfied with such a function. 
By assembling data from various sources, we 
covered a larger time span, yo that the curvatcur: 
in the behav?or of the a, function could be de- 
tected which is quite in keeping with Taylor's 
1921 work. At large times, a, is increasingly pro- 
portional to the square root of time rather than 
proportional to time. The dashed lines show power 
functions fitted to some earlier data taken in the 
time region where a power function fits very well 
followed by extrapolation to large travel times or 
distances, which seemed reasonable. But at large 
travel times the lines diverge. Therefore, in evalu- 
ating a problem of this magnitude, it is quite hl- 
p r t a n t  to examine the total problem - the be- 
havior of the variables - and try to operate in 
regions where the variables are expected to show 
some change indicating the more fundamental 
behavior. 

ID the work reported yesterday hy Pack and 
Angell, the tetroon data out to certain distances 
showed a power function behavior. Concerning 

the spectrum of eddy motions as one goes from 
those which cause this behavior on the surface to 
those which might be influencing the behavior of 
the tetroon at some thousands of feet, we could 
speculate that, since the wavelength of significant 
eddies probably increases with height, the power 
function relationship perhaps goes to longer times 
at the higher altitudes, and therefore the cur- 
vature starts to appear at later times, ultimately 
approaching the square root of time behavior if 
the hypothesis is correct. It will be very interesting 
if the tetroon data also show this curvature as we 
became capable of doing sequential tracking to 
longer travel times. This will be at several tens of - 

hours of transport, I would guess. 
I have made no effort to define the meso-scale. 

A definition on the basis of the physics and be- 
havior of physical variables leads to one concep 
tion, a definition in terms of geometry to another, 
neither one of them adequate. The definition is 
still quite tentative. 

DISCUSSION* 

GIFFORD: This may be related to detail, as you said, 
but it is a homogeneous isotropic theory. Therefore I don't 
think you should attach too much importance to the fact 
that the change of slope of the a, value as a fl~nctinn of 
distance appears to conform to this theory. There may be 
sulne other entirely different effect. 

FUQUAY: We perhaps shouldn't identify it so closely 
with Taylor's work. However, it comes out to be this way. 

GIFFORD: Yes, but the explanation may not be - - 
FUQUAY: We don" probpotie an expla~~aliul~ LI this at 

Lhiu ~ U I L .  We (kS have some tentative ones. 
-- 

*This paper is further discussed after Vaughan's paper, which 
was presented next. 



Fundamental Problems on the Meso-scale 

I consider the meso-scale to be on the order of a 
few miles to a few tens of miles, that is, inter- 
mediate between the micro-meteorological scale - 
and the macro-scale, which is primarily defined by 
the circulations on the weather map. Some of the 
hndamental problems to be resolved have already 
been mentioned, particularly the relation of tur- 
bulent transport of airborne material to that of 
momentum and he_at,=-I would like to see more 
'd--=.c-, .- % --, 
direct measurements of these fluxes to see how they 
compare with the transport of matter. Another 
difficult problem on the meso-scale is the stan- 
dardization of measures of atmosphere stability. 
On the smaller scale we can use, say, a 16-m mast 
and derive the stability ratio from A T  or Ae. In 
principle perhaps the Richardson number is also 
applicable on the meso-scale, but its measurement 
is more difficult, since it is particularly sensitive to 
the vertical gradients of wind speed; any comment 
on the measurement of stability on this scale would 
also be applicable to the measurement of mass 
transport. 

In applying :t--$...&heory, we again en- 
counter the problem of the a i ' b n s h i p  between 
measurements made at a fixed point and the 
Lagrangian motions which are actually respon- 
sible for the transport and diffusion of matter.. We 
have seen both theoretical and some experimental 
evidence that this time scale relationship is de- 
pendent upon the intensity ofmAen.cg,-and I 
would suggest that, since we ne=are able to ob- 
serve homogeneous isotropic and steady state tur- 
bulence, this also has a spatial relation; in other 
words, if one were to get a measure of turbulence 
on the time scale or its equkalent, length scale, 
this would vary with height, with location, and 
wilh wind direction. 

This is not perhaps an insurmountable problem 
in a reasonably homogeneous terrain, and I would 
like to see more direct measurements of turbu- 
lence, including the measurement of the length or 
time scale as well. In fact, we have set up at one 
installation the components of a system for mea- 

suring eddy diffusivity directly. This is one type of 
parameter that could be put into a diffusion 
equation. 

Finally, there is the problem of using the simi- 
larity theory,-as Dr. Gifford mentioned. 1- 

'-c--- 

like his comments on the prospects of using this 
type of analysis for elevated releases; on whether 
there is a similarity in vertical distribution of tur- 
bulence based upon, say, the geometric properties 
of the terrain and some measure of stability; and 
on the degree to which we can apply the statistical 
methods which are based essentially upon homo- 
geneous isotropic turbulence to the meso-scale - 
problem, knowing that such conditions prevail 
over only a limited range of distances or times. 

DISCUSSION 

GIFFORD: Baldwin, Cermak, and  Malhotra a t  Fort 
Collins worked with diffusion from an elevated source, in 
their case elevated above the surface of the wind tunnel, 
and did a dimensional analysis (published in the Journal 
of Fluid Mechanics). None of this work on dimensional 
analysis of diffusion has bein extended above what we 

\ call the constant stress layer (or the surface layer in the 
atmosphere), and doing so would introduce other param- 
eters when there already are  too many. T h e  first step 
along this line was taken by Mon.in a n d ' ~ a z a n s k ~  with 
respect to  the distribution of momentum in the entire 
planetary boundary layer. I don't think this is a very 
hopeful approach. It  doesn't show too much promise of 
solving the complications in a situation with more param- 
eters to rationalize. I t  is not a substitute for some more 
directly dynamical approach, but since we don't have 
the latter now, it is a t  least temporarily of considerable 
interest. 

Concerning the applicability, of the statistical theory 
to dispersion over long distances, I think this has to re- 
main in a qualitative, approximate status, because there 
is no way, through the development of t h e  statistical 
theory of turbulence, of accounting for the complexities 
that exist in the meso-scale in the real wnrld, nnr is there 
any way of allowing for them. There is no way of either 
changing the theory to conform or of making allowances 
in terms of reality. I think, therefore, that the approach 
of Pasquill and his colleagues; for example, with regard 
to longer-range dispersion, is the proper one. One should 
be guibed strongly by the implications of the data, keep- 



ing in  mind t h e  statistical theory as a descriptive ap-  
proach to the problem, but one should not use the specific 
illustrations of statistical theory for the ideal state. 

O'BRIEN: AS regardsTaylor's theory, it seems to me 
that the crucial feature, which gave the lateral dispersion 
as t Z  initially, is still a plausible argument  even in non- 
isotropic an-d nonhomogeneous situations, because the 
primary reason for it is that the Lagrangian velocity field 
is uncorrelated, so that eventually the integration of the 
v, u,  is to be applied as a number, and the integration of 
time as linear time. It is true that in meso-scale problems 
other factors enter,  but a t  least the decrease in the o, 
value with time (as shown in Fuquay's Figure 3) is 
probably explained by Taylor's theory. I don't  know 
whether there a r e  other effects tha t  would show that.  

GIFFORD: What  Taylor gives is not the dispersion in 
one direction but  the projection of all of the dispersion 
into one plane, a n d  this implies that  in a nonhomoge- 
nenlls tllrbulent field the  turbulence in they-direction 
can be regarded essentially as homogeneous and lso- 
tropic. I don't see how one can take a turbulence field 
that is strongly inhomogeneous and  avoid the effects of 
the inhomogeneity by using Taylor's approach, which in- 
volves projecting onto one plane or another (in this case 
the xy plane) the particles released from a point in this 
i~homogeneous field. In other words, the inhomogeneity 
in a surface layer is in one direction, and you might think 
you can get away from it if you consider the dispersion in 
a.nnther direction, but I don't think you can. Was that  
your point? 

O'BRIEN: NO. Taylor's problem essentially was to in- 
clude the inhomogeneities when there are variations in 
three directions. H e  didn't solve it, of course. T o  solve 
this problem one has to assume homogeneities, to get a 
nice solution. However, it depends on the time involved. 
T h e  rate of dispersion is not dependent on homogeneity. 
I t  depends only on the fact that the particle loses correla- 
tion with itself, eventually, and  this should be reflected 
iii thc solution. 

GIFFORD: But a n  inhomogeneous problem involves 
other thlngs bes~des the self-coitelarlon. It  involves 111ul- 
tiple correlations. The problem has been solved from an- 
other standpoint, and, moreover, it has been studied ub- 
s e r v a t i o n a ~ l ~  in great detail by people like Crarner. The 
slope of concentration vs distahce varies widely depending 
on circumstances, depending on the degree of inhomo- 
geneity, you might say, something like -2.8 to - i.5 in 
the range where it should be fixed a t  - 2. If Taylor's 
theory applies unequivocally, it is always -2, but the 
observations don't support that. 

O'BRIEN: Yes: I am talking about the fact that the dis- 
persion rate gets slower as you go away from the source. 
I a m  not talking about specific numbers; obviously, it's 
too complicated for that. 

BADGLEY: I agree with Dr. GiKord. It's not obvious 
that what Mr.  O'Brien says would be true because the 
process by which Taylor arrives a t  his results implies iak- 
i n g p  outside of the integral. If you have a chart with an 
integral ofu'", and  if is in fact a function of time, it is 
not obvious mathematically that this can be approached 
by taking any  specific value or any mean value which 
doesn't itself depend upon time outside of the integral. 

You can integrate only the  variable of the.coefficient, 
therefore reaching some limiting value. It  is conceivable 
that the u' approaches infinity as we approach the limits 
of the integral. 

MCCORMICK: What is the relevance of this discussion 
to the real world? 

BADGLEY: This is an idealized world, but by analogy 
one can say the same thing about the distribution of mo- 
lecular velocities in a fluid. The  assumption that they are 
distributed in a Maxwellian manner serves perfectly well, 
in spite of the fact that if shear is taken into consideration 
,it is wrong in theory. T h e  same thing can be said about 
homogeneous isotropic turbulence: it is a simplification, 
but not one so far off the mark that it is completely 
useless. 

PACK: Like the K theory, this is useful only in practice, 
but not in principle. I have several questions to toss out. 
First, a t  what point can we switch from a statistical 
plume description to a trajectory target approach on the 
meso-scale? It is ubviuus ~ l l a i  il'tllt: ~ ~ L I I I I ~ L  ~ U L J I I ' L  crr55s 

a receptor, all the  predictions of the  concentration iri 
the plume matter little. Second, a t  what  level or over 
what height interval should one average the wind to get 
a mean transport wind to use as a function of travel dis- 
tance? T h e  variations in arrival time were mentioned 
yesterday with regard to a transport over 50 miles in a 
practical sense. Third, in the problem of meso-scale trans- 
port versus steady state, for transport over = 100 miles 
with winds of ~ 2 %  to 3 m/sec, how is the diurnal regime 
taken into account in practical problems? Finally, if the 
variations in space and time are as large as we know they 
are, is a probability description of the concentration the 
approach that one should use to ariswer. satisfiictu~~il~ thc 
questions that our various sponsors pose? Can  they live 
with the statistical probability that the concentration will 
be x or x+Ax? These are the questions. 1 don't propose 
to answer them. 

Q l r r u ~ s r  (Mdy 2G, 19G4): Puquny showcd n curvc, 
based on observations, of root mean square lateral particle 
dispersion vs time. There appearcd to bc a t rcgime fol- 
lowed by a t ' I 3  regime. Fuquay i~~icl-prcied this as bear- 
ing out the limiting cases of Taylor's dispersion theorem. 
I objected that this was nor a case of tiorrloge~~euus tur- 
bulence, alid O'Brien remarked that eve11 su Taylur's 
limiting cases might apply because the essential thought 
involved the presence or absence of a particle correlaiiu~l. 

I agree that  something likc Taylor's rcasoning must 
apply also to dispersion from a fixed point in a stationary 
boundary layer. However, I a m  not aware that any de- 
tails have ever been worked out, and surely this situation 
must be much more complex than Taylor's even in the 
adiabatic case. This, it seems to me, is proved by thc re- 
sult Batchelor and Ellison got for the downwind concen- 
tration in a logarithmic boundary layer, namely that con- 
centration varies as distance to the - 1.88 power. In  the 
nonadiabatic case, the situation departs even more fiom 
the - 2 power dependence that Taylor predicts. 

I think the explanation of Fuquay's curve is actually 
the following. T h e  time value against which he plotted 



. . -. 
dispersion,was obtained by dividing the mean wind speed 
at  a fixed level (7 m) into the distance a t  which sa.mples 
were taken. T h e  further you go from the source, on the 
o ~ h e r  I~alld,  he deeper the layer through which particles 
arriving a t  the downwind sampling point have diffused. 
Consequently, the mean wind used to compute the travel 
time should increase with distance traveled, and not be 
a constant as lie ~ S S U I I I C ~ .  As a result, in converting from 
distance to time coordinates Fuquay was using a mean 
wind that  was smaller than it should have been, the 
farther out he got. This led to time values increasingly 
too great, for greater distances, and caused the curve to 
bend in the sense he showed. 

This explanation, which is probably correct, doesn't 
have anything to d o  with particle correlations. O n  the 
other hand, if Taylor's theory were operating here, the 
points in time defined by the two observed slopes would 
have specific implications about both the micro- and the 
integral scales of turbulence. I don't think these inferences 
should be drawn from Fuquay's curves, and this is the 
essential reason for my objection to his interpretation of 
them as Taylor-type dispersions. 

O'BRIEN (June 24, 1964): I presume that Fuquay was 
measuring ground level concentration and could identify 
a mean plume centerline. Let us ignore the dynamics of 
deposition. First, I must agree that the effect of variation 
in the mean wind speed with height should certainly play 
a role in determining the proper time scale. It  should be 
easy enough to estimate its effects (given the wind profile 
and the centerline motion) simply by assuming, say, that 
the average particle spends as much time above as below 
the centerline. My suspicion is that the effect is unlikely 
to be as severe as you suggest, but it would be interesting 
to estimate it from the test conditions. 

As regards my remark about the applicability of Tay- 
lor's work to inhomogeneous flows, I meant the following: 
Ify(t ) is lateral displacement of a fluid point or passive 
contaminant  a n d  if u(t ) is the  corresponding particle 
velocity, then without any assumption of homogeneity 
or stationarity, 

T h e  role of homogeneity is simply to make plausible the 
condition that v(t )u(tf ) be a stationary function. Lumley 
has shown that a suficient condition for stationarity is that 
the Eulerian field be both stationary and homogeneous. 
T o  my knowledge, the necessary conditions have not beeri 
established. Since we wish not to assume Eulerian homo- 
geneity, let us exclude stationarity and write: 

l d -  -- 
' 2 dlY2(t I = 1 6) dt 

My argument was that for 5 large enough g(t,[) might 
still approach zero so that eventually T ( t  )-t or a t  least 

should become a slower function of 1 as t gets larger. 

There is a further complication which I should note. It  
is possible that u(t )u(t') even though uncorrelated for large -- 
time differences may still have a nonzero value u(t ) . u(tf) 
because there 1s no reason to assume zero mean lateral 
velocity. If this is so and we write, for example, v(t) 
=b(t ) + ul(t ) then it is easy to show 

so that the previous analysis should really be regarded as 
diffusion relative to a mean centerline, i.e., 

Ad [ 7 ( t  )-j2(t )]+Constant as' t+m 2 dl 

O n  top of all this, there is the difficulty of interpreting 
ensemble averages for nonstationary processes. You un- 
doubtedly know more about that than I do; I am simply 
curious as to how unrealistic it might render the above 
argument. 

The crucial point in the above is the claim that in some 
case uf(t )ul(t')+O as t - t'+ m .  It  is evidently unlikely to 
be true in, say, the case of lateral diffusion in a jet where 
the mean streamlines all diverge and the above average 
is likely to reniain a strong function of time. I would thus 
like to exclude all cases of diverging mean.flows and insist 
that the mean streamlines remain more or less parallel. 
Your remark concerning scalar transport in a boundary 
layer fails into the category of such flows, and all of 
Batchelor's 1957 results on free turbulent shear flows 
would be excluded. In fact, calculations from that paper 
of the above Lagrangian correlation exhibit a iime- 
dependent behavior asymptotically. If Fuquay's plume 
was within a uniform width valley, that might be the best 
circumsiance for observing agreement with Taylor. 

Finally, I should like to mention that  I have looked 
over the calculation you gave me concerning relative 
diffusion in a neutral boundary layer, a n d  there is one 
problem which you probably have thought about and 
which seems to be crucial to the entire argument. To  what 
extent does the friction velocity represent the detailed 
turbulence structure? It is evidently satisfactory as a scale 
for mean profiles and  probably the energy-containing 
regions of the velocity spectrum so that iingle-particle 
dispersion is presumably well described by it. But what 
.of the small-scale stuff which plays a fairly vital role in 
relative diffusion? Perhaps its structure c a n  vary widely 
for flows with the same friction velocity, a n d  thus one 
would need to characterize relative diffusion with Kol- 
mogorovian parameters which should better reflect the 
detailed structure and  also complicate the  problem a 
great deal. 

GIFFORD (June  26, 1964): Fuquay has told me  that 
he w a s  measuring,ground level concentrations, on (or 
under) the plume centerline. I understand your viewpoint 
about the application of Taylor's theory now a n d  cer- 
tainly agree with your reasoning. O n  the other hand I 
have the feeling that, over the distance range of Fuquay's 
experiments, several effects come in (apart from the effect 
of assuming a constant mean wind) ;hat make the real 
situation quite complex. I have in mind that clouds grow 



out of the  surface (constant stress layer), turning of the 
mean wind comes in, and so on. You yourself mentioned 
the ensemble average problem.' (Maybe the change in his 
da ta  represents some terrain effect.) T h e  point is, the 
change to t dispersion has a definite physical implication 
in Taylor's theory, or in your proposed extension. I'm not 
very sure that this (i.e., loss of correlation; the scale of tur- 

bulence becomes small compared with the distance scale 
'of the problem) is the cause of what Fuquay observed. 
Other people, didn't find this so clearly. See Pasquill, F., 
Atmospheric Dzffusion, pp. 250-1, Van Nostrand, 1962. The 
influence of averaging time vs travel time of the smoke is 
also a sticky problem. Nevertheless, Fuquay's da ta  do 
seem to call for some kind of explanation. 



Importance of the Tetroon to Meso-scale Meteorology 

JAMES K. ANGELL 

I think on the meso-scale the tetroon is the most 
feasible way of establishing a circulation pattern. 
It is hard for me to imagine, on this scale, any 
other method of obtaining data in sufficient den- 
sity in space and time. In other words, at  heights 
of 1000 ft above the earth's surface, how can one 
put up  an  Eulerian network that will provide the 
desired measurements? With specific regard to the 
matters of interest such as reactor siting, possible 
effluent release, etc., I would like to make a few 
definite points. 

First, the tetroon is of use in a trajectory sense 
-----_, 

alone. I don't think there can be much doubt that 
the tetroon follows the horizontal air motion in a _- ---- 
fairly nice way and can give a pretty good indica- 
tion of where the substances will go. 

Second, the problem of estimating dispersion ------- . - 
from the tetroon trajcctorics ~s s o n ~ e w h ~ l  _ -< dubious, 
as seen from the recent discussion. I tried to show 
the gerler dl technique yesterday, and this morning 
Mr. McCormick presented evidence that even 
from the trajectory of a single tetroon one can 
estimate dispersion as a function of downwind 
distance and of time. If there is a reasonable 
method of tracking the tetroons - and this is un- 
doubtedly a problem - then this is_a= very gond 
waypf estimating dispersion over long downwind --- 
distances. In fact, it seems to mc much simple~. 
t G a n y  other technique I know, and it should be 
looked into very seriously. 

The  tetroon technique should be considered 
from three points of view in_&~te_r~min&-a_r_eact_o~ 
site In  determining the climatology for the site, - - 
one might release a tetroon once or twice a day for 
a certain period of time to get some idea of where 
the material would go. This would be particularly 
useful in hilly le~rairis and also in the land and 
sea-breeze regime. Second, if one suspects that any 
effluent will be rclca~cd, it is easy to i~lcdsc: a 
tetroon beforehand or simultaneously to get an 
idea of where the material is going, and to send 
over an aircra.ft to ma.ke measurements on the ma- 
terial. Third, it is convenient to have a tetroon 

available in case something goes wrong and there 
is an  accidental release of an  effluent. For ex- 
ample, at  Windscale, how useful it would have 
been if they had had tetroons to send out as soon 
as the reactor broke down. 

There are a few more esoteric things that have 
not been mentioned yet. First, the tetroons give'a 
pretty good estimate of the vertical motion, which 
is of some interest and which apparently some peo- 
ple have difficulty in determining accurately. Sec- 
ond, we would like to put u p  three or four 
tetroons at the same time, to have a triad, in 
order to measure the divergence, vorticity, and 
things of that sort. I t  seems logical to me to try to 
use the tetroon in many different ways, and cer- 
tainly our group will do this insofar as it can. 

DISCUSSION 

PACK: Let me take the view opposite to my partner's. 
We recognize that there are some fundamental problems 
with the utilization of the tetroon, primarily, how does it 
respond to the air motions? As he pointed out yesterday, 
we are  rather sure that it cannot respond with true, full 
amplitude to the vertical motions. T h e  determination of 
the percentage response remains to be done and will be 
very dihcul t .  In a practical sense, one probably would 
not try to utilize this technique, requiring, as it currently 
does, a large radar, on many reactor sites. It  is useful in 
places that have extensive experimentation, but  one 
would look askance a t  the director of a university 3-MW 
swimming pool reactor who proposed a $100,000 tetroon 
program, even though one would be interested to see the 
data. 

GIFFORD: What about the possibility of releasing one or 
more tetroons in the event of an accident? Could one de- 
sign some sort of semiautomatic release mechanism that 
could be actuated by a guard flipping a switch or some 
other simple mechanism? 

BARAD: HOW would YOU lrack it? 
GIFFORD: 1 think it would be useful a t  the larger AEC 

site3 and places W~ILIC.  llley have radar. 
ALLEN: HOW close to the time and place of the acci- 

dent must the tetroon be released? Since we are unable to 
get very close to our ventings, the release, depending on 
the sire, would be about  5 to 1U miles away; we figure 
that eventually the tetroon and the cloud will comc close 



together. This being the best we can do, it is the manner 
in which we propose to proceed. 

DICKSON: AS far as controlled releases are concerned, we 
have used tetroons at  Idaho  Falls in both the  SNAP and- 
SPERT tests. Since we can get w i t h i n i l e  of the re- 
\-. lease, we-can time the balloon from the countdown so 

that  it is directly over the reactor as the effluent goes 
up, and then we track it for 80 miles. We have done these 
tests in preparing for actual releases. Penn State has done 
some work on inflating tetroons and launching them from 
aircraft. Thus, some work has been done in this field, but 
there should be more. 

PACK: A tetroon will stay inflated with significant 
superpressure for 48 hr, so with a n  occasional squirt of 
gas it could be kept inflated and ready to go. Of course, 
there would have to be pre-instructions for release. 

SMITH: This discussion brings u p  a n  important gap in 
our  study of meso-scale problems. At this meeting only 
two tracers have been mentioned which give any promise 
of being conservative over long distances. ~ n k  is the 
tetroon, which is conservative until hit wit11 a helicopter 
blade, and  the other is the compound that  Van der 
Hoven mentioned yesterday. W e  should be cor~cerllcd 
with the fact that some of the tracers used successfully in 
shorter-range tests might be pretty dangerous to use at  
50 to 100 km. Something that is not conservative might 
still give good estimates of a, and centerline positions, but 
this would be about the limit of the da ta  to be extracted 
from it. 

CHAMBERLAIN: I have a question regarding the use of 
tetroons, and the use of elapsed time as a parameter. It  
has been suggested that a significant source of lateral dif- 
fusion is the effect of the change of wind direction with 
height. T h e  wind has a different trajectory a t  a height 
from that  along the ground, by virtue of the  change ul 
direction with height. I understood from aircraft sampling 
that this is quite significant in lateral diffusion, and even 
in ground-level studies the fact that a particle which goes 
aloft gets on a diflerent trajectory fiom one w h ~ c h  sticks to 
the ground IS a significant feature. AL w h a ~  l ~ e i g l ~ ~  J u  yuu 
measure the wind speed when you use elapsed time to 
calculate distance? If you use a tetroon, what height do 
you set it tn fly at? Have any experiments been made or 
planned in which several are released a t  the same time 
but set to fly a t  different heights? 

PACK: Mr. Booth, haven't you released two at  diffcrcnt 
heights? 

BOOTH: Not simultaneously. We have flown tetroons 
in our SWET series at  quite different heights, but we were 
not able to position them, and they were not flown simul- 
taneously. In some cases they were underneath an inver- 
sion and sometimes above. We found quite a significant 
difference in change of direction with some of ourpositions 
on the same day. 

ANGELL: I n  general we have found, especially a t  Las 
Vegas, that there i s  a very great change in wind direction 
with height. This gives a very large contribution to the 
lateral standard deviation, a big wiggle in the trajectory. 
But the beauty of it is that  the tetroon gives y6U the 
mean motion, since it is going up  and down in this layer, 
and also it gives a better estimate of the lateral standard 
deviation than one gets in any other way. 

PACK: With a heated effluent and a lower stable layer, 
we have found difficulty in getting the tetroon through 
the stable layer. There are  techniques to do this. But if 
one did not know at  what level the heated effluent would 
stabilize, say a t  5000 ft, while the balloon was at  1000 ft, 
under very stable conditions with decoupled conditions in 
this case, one could get erroneous results. But this pre- 
supposes that one can anticipate all accident configura- 
tions. This is quite a problem, obviously. 

HOLLAND: I think the tetroon is guaranteed to give 
erroneous results because the one thing that one expects 
the air o r  gas parcels to d o  when they rise to different 
heights is to mix with their environment to some degree. 
This is one thing the tetroon never does. It  never forgets 
its original equilibrium level and keeps trying to return 
to it. I have no idea how much error this will introduce 
into rhe trajectory as a representation of an air trajectory. 

PACK: O n  this we must defer to Mr. Pooler's excellent 
results showing that they do work rather well. 

POOLEK: O n  that point, on the onc run thnt we had 
during stable conditions the tetroon did not indicate the 
rriovelIiellt of the tracer. T h e  surfacc wind was about 20" 
off fro111 1111: angle that the tctronn fnllnweri, and I think 
the speed of the tracer, judging frorri the drum samplcs, 
was only about % the speed of the tetroon. In this case the 
tetroon was probably at  about 1000 ft, whereas the tracer 
was diffusing in a lower layer. 

ENGELMANN: I think we have here a split between East 
and West, such as we have in the synoptic pattern. In  the 
West among the mountains a n d  on  the  West Coast a 
number of observations that would perhaps be sufficient 
for a n  Eastern area would certainly be insufficient for 
mountainous terrain where the plume starts off a very 
short distance downstream and gets into a new meteoro- 
logical rcgime and runs into all sorts of varial- lea, incl~id- 
i11g ~ i l l ~ e .  Wc wuuld bc happy to hnvc a tctroon a t  any 
elevation you care to give us. 

SMITH: I would like to join the Westerners for a minute. 
I was goirig to take issue willi Aagcll's stntcmcnt regarding 
thc stnblc cmco particularly, because T think it is precisely 
there that the tetroon is probably of least value. The  very 
sharp changes in wind direction and  speed with height 
will give most of the diffusion, actually. This very pos- 
sibly is the strongest diffusive factor. 

POOLER: I disagree. I think here the tetroon is about 
thc only wny we have of knowing what is the major sollrce 
of turbulent cnergy input, namely, the rocan flnw abnvn 
the surface layer. T11.e te~ruun is the only thing thnt will 
tell us what the air is doing up  there, undisturbed by the 
surface and  presumably feeding energy down into the 
lower layer. 

FRENZEN: l ' h e  tetroon is only one dispersing particle, 
and it can give only one trajectory. I t  cannot give'disper- 
sion statistics that are  valid for a n  entire ensemble over 
meso-scale or greater unless one assumes the Taylor 
theory to be entirely appropriate. But the atmosphere is 
not homogeneous, and therefore I question long individual 
tetroon flights. I would riiuch rather see short flights in 
pairs or serial flights in pairs, pcrhnps using Richardson 
distance or neighbor relations and that sort of thing. 

PACK: This has been done. T h e  difference in slope of 
the a, distances'in the two simultaneously released Cin- 



cinnati flights is disturbing with regard to this effect. I did 
an analysis of several simultaneous flights, of which we now 
have eight. There is a difference in the 0,'s determined 
from parallel simultaneous flights. These differences are 
small in percentage but important theoretically. We can 
now track four at  a time. Clusters, with intercomparison 
and correlation between all possible combinations, would 
be very significant, and then the dispersion could be ob- 
tained by averaging these correlations. 

ANCELL: I think the danger with the pair technique is 
that unless the tetroons are at  exactly the same level, one 
might get an entirely erroneous diffusion because of the 

. wind shear. 

CHAMBERLAIN: I n  the second experiment we did at 
Harwell, in 1948, we tried to get neutral points of turn- 
over from stable to neutral. w e  had a smoke generator 
operating at 10 ft to give us the direction of the plume for 
sampling. This was only a t  50 yards, but the site a t  Har- 
well isjust below. Because of the line of dunes facing the 
slope, ;he drainage flow is such that between 10 ft and 
the ground the difference in wind direction was 40". 

SIMPSON: Returning to the discussion of a, and the 
tetroons, I question the statement that homogeneity in the 
atmosphere is not valid. In this case we are looking not at 
high-frequency oscillations but at the meander of plumes, 
and I think the flow established is a matter of assumption. 



Meso-scale Studies in the > 100-km Range 

Some data on a scale longer than a few miles, 
that is, up to a few hundred .kilometers, have been 
collected on a classified basis. I can show these 
without discussing them in detail. They concern a 
gaseous effluect ffy_o~_a_stack, a continuous source, .-- - 
k i t o r e d  by _akc_r&t+aking discrete samples. The 
aircraft were vectored to intersect the plume at 
distances of about 300 and about 600 miles from 
the source. lJig;rF 1 sliGwsthe. r~Zilii=i';Pi%?hs of 
the relative activity of gaseous samples taken by 
aircraft flying at 0.3 krn and 1 km at distances of460 
km and 920 km from the source. The X's indicate 
the points where we had forecast, on the basis of 
wind, before we had the sampling results, that the 
plume would be found at these levels and time 
intervals. These are distances great enough that 
we computed about 12 hours' travel to the shorter 
one and about 24 to 36 hours' travel to the longer 
o m ,  depending on the height assumed for the 
wind. This at least gives some idea of the kind of 
dispersion this plume underwent. 

Une ofthe reasons for showing this figure is that 
we have a problem in trying to predict dispersion 
at a given point, which is the same problem that 
Allen faces with the dispersion of nuclear clouds. 
We have been stuck with using a K, type of dif- 
fusion theory, although we realize that whenever 
we make such measurements we have a vertical 
line source and therefore shears must be very im- 
portant in what the ultimate dispersion is going 
to be. We therefore tend to view the results we get 

(The numbers in the key refer to references which 
may be found in the journal.) For periods greater 
than about 10 hr, there are only a few balloon.ob- 
servations and a lot of aircraft flights through 
nuclear clouds taken at fair distances from either 
the Pacific test site or the Nevada test site. Some of 
the lower points are based on standard literature 
v a l ~ ~ e s  of dispersion over pe r i~ds  of 1 or 2 hr. For 
instance, the circles with a, vertical line through 
them are Angell's tetroon dispersion combinations 
for a whole series of pairs. Mnst nf the hip;her pnints 
come from nuclear clouds, and it is obvious that 
they show not only horizontal dispersion but also 
the effect of a vertical shear added to it. The four 
triangles are the data points from Figure 1. 

When we are asked to give an estimate of what 
the dispersion of a nuclear cloud will be, we tend 
to say that the horizontal diffusion for travel 
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eddy -. diffusionythat we can apply to our clouds, > 5 
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?&?these are vertical line sources. In the case.of 4 
HElGH T 0.3 KA4 a continuous ground level source, if KH is com- 

puted by fitting a curve to obtain a,, the result is 
about the same, 4 x 10' cm2/sec. I- 

N.  Hefher of' our office has published a paper in 1 l -  
W 

the Journal ofdpplied Meteorology on_dispersion over- 0- 

,,using this kind of data. He 
searched t h e r a t w e  for experiments covering 
periods of several hours or more and plotted a, 
versus the travel period, as shown in Figure 2. 
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Figure 1. 



periods of several days will be in the orders f  
4 ~ c m 2 / s e c  (the coefficient of eddy mixing). I 
only wish I knew some way to separate the dis- 
persion from the shear phenomena. 

We have one other type of data.  During the 
Ao.min&~tcst scrics we flew a n  aircraft through 
the stem of the cloud about 3 to 6 hr after the 
detonation. Isopleths for the contours of radio- 
activity in the cloud give some idea of the growth 
of this stem. Unfortunately the aircraft was at 
about 40,000 or 4.5,000 ft, which wasjust below 
the base of the mushroom part of the cloud, and 
therefore vertical motions interfered with the pure 
horizontal dispersion. In Figure 3, the dashed line 
shows the track of the aircraft. The  pilot was vec- 
tored meteorologically and he could see the cloud. 
He had a dose-rate meter in the cockpit, and there 
was verbal communication between the pilot and 
the aircraft controller, the latter accompanied by 
a meteorologist. As the dose rate started to go 
down, the pilot was ordered to turn, go back, etc. 
The cloud is in the order of 80 to 100 miles in 
diameter; if it is part of the stem, it originally was 
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Figure 3. Radioactivity isopleths. 

in the order of 5 miles or so in diameter. This par- 
ticular flight was at 43,000 ft. We have three other 
runs from which we are also going to try to esti- 
mate dispersion on this scale. I will close by saying 
that our meso-scale is from 3% hr to 4 days or so. 

DISCUSSION 

VAN DER HOVEN: In Figure 1 your prediction of where 
the cloud would be turned out to be pretty good. Did you 
use ordinary teletype data or other information to make 
your prediction? 

LIST:, We got up a t  three in the morning and went to 
the analysis center. 

VAN DER HOVEN: YOU used synoptic map trajectories; 
no tetroons or anything like that? 

LIST: NO tetroons. T h e  flight was over smooth terrain 
between about 200 and 400 miles and over water in the 
last 400 to 600 miles. 

PACK: I have never seen better predictions. 
FRENZEN: We might say something definite about the 

conversion to a constant K as the limiting case of the 
Taylor theory, which Mr:O'Brien mentioned earlier. 
Perhaps after prolonged diffusion times inhomogeneities 
tend to average out in some way, and one ends u p  with 
the final condition of the Taylor analysis, with R(E)  aver- 
aging zero for all larger E ,  this corresponding to a con- 
stant K. 

HOLLAND: If there is a gap in the turbulent energy 
spectrum between some sort of micro- or meso-scale fluc-' 
tuations and the synoptic scale, you could be in this gap; 
and maybe if, instead of 2 to 4 days you took 8 to 20, you 
might find that the curve went up  again as the cloud was 
acted on by the synoptic scale disturbances. 



LIST: Yes. I think you could get values u p  to 10" or 
'10" , if you used the K theory to describe global circulations. 

PACK: T h a t  is what Machta finds. 
FRENZEN: But  isn't i t  t rue tha t  the  clouds hang to- 

gether for a period? 
LIST: We have data only on clouds that hang together; 

that may be one difficulty.. 
FRENZEN: Tagged clouds have been followed. 
LIST: Tungsten-tagged clouds were followed for a 

: period of months u p  to a year or more. But again, I sup- 
pose there is a bias in these data  that isn't pointed up, in 
that if a cloud were to r ip  completely apart,  a n  aircraft 
just might not find it, and therefore one would have only 
the cases with smaller dispersion. 

FRENZEN: Then you have a low-frequency filter on the 
turbulence? 

LIST: Yes. Also, Heffter, in his paper, plotted a, as a 
function not only of travel period but also of travel dis- 
tance in another diagram. 

PACK: I might mention in connection with Holland's 
comment on the shape of the spectrum that, unfortunately, 
all our long balloon runs have.been in oscillating mete- 

' 
orological situations. Indeed, this is why they were long. 
We have found the gap in the spectral distribution to be 
in the order of a n  hour or two, and then the contributions 
from the low-frequency portion of the oscillations were 
steadily rising, and  only in one or two cases did we start 
over the second peak at the low frequency. In  Los Angeles 
in particular there appears to be a spectral peak, and this 
was not a good sea-breeze regime, of the order of 5 to 6 
hr,  but  it could be as long as 10 or 12, o r  as short as 3. 
The  composite spectra showed a peak at  about  5 hr. It  
remains either to use a larger number of' balloons or to 
use a n  aircraft to get sufficient da ta  over a long enough 
time, i.e., a t  least 72 hr of travel before we could begin to 
dcfinc thc spcctro. 

CRAMER: In  Kao  and Bullock's paper in Quart. J. Roy. 
Meteorol. Sot. 90, 166-74 (1964), in which a n  analysis was 
done on wind measurements made in the conventional 
way - I think with Seattle as their point - the results of 
the analysis are not shown very clearly because the calcu- 
lated spectra are  'plotted on log log coordinates. But 
plotted on semi-log log, they show a very high peak at 
about 7 or 6 days. Some work was also done at  Salt Lake 
City, in which all types of comparisons were made; both 

sets of results show a peak in about 6 days. Van der 
Hoven also has published a paper showing a peak there. 
I suspect that, after the diurnal wave, the next large en-. 

- e r n  input to the spectrum is probably in this region, and 
it must be associated with the systems that we see in 
weather maps and so on. . 

T o  make a general statement, it seems quite clear that 
what we are able to d o  in terms of explaining atmospheric 
motions - including turbulence as well as mean motion - 
does depend on the spectrum and on the scales involved, 
and that basically we cannot have very much confidence 
in modeling techniques unless they are  tied to a gap in 
the spectrum and can approximate a steady state: I think 
this is a constraint which we have to adopt. 

T h e  energy inputs to the spectrum for a time shorter ' 

than  6 days d o  depend on the  location and  on time. I 
think we recognize that the kind of assumptions we like 
to make,namely, homogeneity and steady state, are ac- 
ceptable only for very small scales; as we  go to a larger 
scalc, wc must start to notc many  of thc  dctails about 
other types of circulation which are peculiar in the sense 
that they are related both to diurnal time and to factors 
entering into local circulations. There are some things 
that we will never bc able to resolvc; on thc othcr hand, 
regarding a regularity that we can derive for this, we may 
find a n  acceptable answer. This situation has prevailed 
over the years. It  is surprising that we know as much as 
we d o  about turbulence and diffusion in spite of the 
scarcity of empirical knowledge of the spectrum and of 
the scale. We could improve the situation, but there is 
still very much to be found out. 

ANGELL: In  the case of the Lagrangian spectral peak, , 
the location depends a lot on the altitude. For instance, 

.the transosonde flights from Japan show a spectral peak 
in the north-south velocity at  a period of 48 hr, and this 
was the average time it took the iransosondes to pass 
through the long waves in the westerlies. 

PACK: T h e  existing theory of the meteorological as- 
pects of the meso-scale, which I think most of us agree 
refers to about 100 km or less, does not necessarily fit with 
the problems of the meso-scale on which we are working, 
which is often very much larger. For example, the Wind- 
scale accident encompassed practically all scales. The 
SL-1 accident a t  Idaho Falls covered almost the entire 
Snake River plain, some 150 by 50 or 60 miles. . . 



Air Pollution in an urban Environment 

ROBERT A. MCCORMICK 

My remarks are set in the context of real-world, 
everyday problems - air pollution in an urban en- 
vironment. We don't have one source for Q, or two 
sources. Every square centimeter of surface is a 
source of particles and dust in urban centers. Our 
sources are numbered in the thousands.   he^ vary 
from ground 'level to hundreds of meters in the air. 
They vary in time and space and geometry. Some 
of them operate seven days a week, some five, 
some two, some one. Some power plants, for ex- 
ample, come in as needed, on an unscheduled basis. 

We are dealing with a complex problem which 
varies in scale normally from zero to 10 or 20 
miles and from 5 minutes to 5 days. We may have 
one or two or we may have a dozen or more wind 
measuring locations in this area. Our  anemom- 
eters may be at the airport, near the runways. But 
frequently the exposure is most unsatisfactory be- 
cause the plan engineer may decide the plantjust 
needs "a measurement of wind." An instrument is 
bought arid apparently just stuck up  on the roof 
any old place, regardless of whether it is above the 
flow separation or not, or whether it is affected by 
local exhausts from vents or stacks, etc. 

But in some cases the exposures are fairly good, 
and I am convinced that under light to moderate 
wind speeds, when there are the most air pollution 
problems, any wind speed one cares to name can 
be found somewhere in a city. The  question is, 
what is the representative speed and where is it 
measured? 

Hence I am particularly pleased with the results 
of t h u u & p e r i m e n t s , A t  least during un- 
stable conditions, t & z n s & a p p e a r e d  to provide 
two things: (1) the effective direction and speed of 
the diffusing material, and (2) evidence that the 
statistics of the balloon displacement can be used 
iri de~errniriing the spread of the cont.inuously re- 
leased tracer materials. These are transport and 
diffusion concepts that are not supposed to apply 
at  all. They. are supposed to apply to homogene- 
ous, stationary turbulence, and the real conditions 
are not that simple. We are using equations that 
are presumably misapplied, but they work. 

I do not think this is because the theories are 
particularly good (or bad, if that is one's point of 
view). However, a realistic appraisal of the prog- 
ress that has been made in diffusion prediction, at 
least since 9958 when the Oxford symposium was 
held, must give most credit to the experimental 
findings of such investigators as Cramer, Fuquay, 
and Islitzer and to the "rational empiricism" of 
Hay and Pasquill. 

DISCUSSION 

GIFFORD: I would like to point out several aspects in 
which the problems in cities are simpler than some of 
those at atomic energy sites. First, in the city there is not 
the intense difference between having a source and next 
to it no source at  all that occurs with a single-source prob- 
lem. There is just less uniformity in the source distribu- 
tion. Within a city it should ultiniately be very easy to 
predict dispersions once one has a good idea of what the 
source patterns are, because they are controlled by the 
patterns of the source configurations much more than by 
the meteorology involved. Second, over a city the turbu- 
lence should be much better behaved, in some sense, than 
over open country. I t  isn't subject nearly as much to the 
factors which finally influence the turbulence over the 
country. I would not agree that a city is naturally a more 
complicated place. As to your remarks about .the theory, 
the question is, now that you have solved the problem for 
St.Louis, will your solution work h Chicago? 

MCCORMICK: I agree that the city situation is much 
simpler in some respects provided one's tolerance limits 
are not too restrictive. 

PACK: I a m  concerned with both single and multiple 
sources, and I think both present difficulties. There are 
perhaps more engineering problems in connection with 
the urban sources, the understanding of the emikions 
themselves, but I agree that it is difficult to follow a single 
effluent plume, particularly along some of the kinds of 
trajectories we have seen, and to interpret the findings. 

BADGLEY: A colleague of mine often says that there is 
nothing so practical as a good theory, and sometimes 
nothing so practical as a semi-good theory. We talk as if 
the theory were bad because it doesn't meet every restric- 
tion that we want to put on it, but this may just as well be 
a strength as a weakness. It  keeps us thinking about the 
problem and at  least gives us some guidelines. 

HOLLAND: I like to define a good theory as a theory 
that works. I think if a man develops a good theory he de- 
serves credit for it, and if it is based on idealized assump- 



tions, this only me2ns that the things he threw out in or- 
der to solve the equations are  the less important things. 
As you watch the data and find that they keep fitting the 
theory, even though the circumstances don't conform to 
the assumptions, it only means tha t  the  m a n  was very 
shrewd in the way he truncated the problem, and this is 
the trick of developing a good theory. One always has to 
throw out a lot of things to  get a theory. T h e  important 
thing is to throw out the unimportant things. 

PACK: There is no controversy betwken the multiple 
source urban pollution problem and the single source 
AEC problem. There are 9 nuclear reactors in Washing- 
ton and its environs. NRTS, I think, has 12. Hanford also 
has a number of sources. Thus, the multiple source prob- 
lem is not unique to urban air pollution, and the urban 
air pollution problem may not be unique much longer - 
Ravenswood almost went into Queens. The problems are 
going to mesh more and more. 



Effects of Variablc Source Cor~figurations in Space and Time 

I might begin with some definitions. When an 
engineer or project manager asks me, "What is 
my effluent problem downwind?" I usually reply 
by asking, "What kind of source configuration do 
you have?" By this I mean, in the spatial sense of 
an xyz framework, what is the initial distribution 
of material in space due t o ~ r ~ a i _ n  forces_a~d ef: 
fects. The first of these isbuqyan~y, which is largelim -- 
a function of the difference between the tempera- 
ture of the emitted material and the ambient tem- 
perature of the atmosphere. The  second is th_e in- 
ertial force, which is a function of the stack veloc- 
ity or<plume or the explosive force generated by 
an explosion of a rocket propellant. The  third is 
the effect on the source configuration in space due 
to emission geometry, for example, the size of the . > --- ------ 
chimney from which the plumc is emitted UI the 
area over which a rocket fuel is spilled or, in the 
casc of urban pollulior~, the emission geometry due 
to the many individual sources. "Initial" distribu- 
tion is that during the period before atmospheric 
motions come into play and start transporting the 
plume or effluent in a mean direction and dispers- 
ing it about the centerline of this direction. These 
definitions are not absolute. It  is difficult to draw 
a line between the inertial and buoyancy forces 
and to determine at  what point the atmosphere 
starts to disperse the material. But in discussing 
source configurations, we must limit ourselves lo 
the initial forces and effects I have mentioned. 

That  is t h r  spatial framework. There i~ also a 
time framework for-the source configuration. This -- 
depends on whether the material is released in- 
stantaneously or in sequence, as from a continuous 
source. In the latter case, the question of whether 
the release rate i q  fixed or varies, adds to the com- 
plexity of the problem. Again the definition is not 
absolute. It iR sometimes difficult to d rdw the lirlc 
between instantaneous and continuous sources. We 
speak of quasi-instantaneous because we are not 
sure how short an emission period is instantaneous. 

To summarize, by_l~&l source configuration I - 
mean the lnitialrconfiguration in space due to the 
buoyancy of the plume, the emission veloc- 

ity, and the emission geometry effect, and the con- 
figuration in time due to the time interval over 
which the material is emitted. 

What type of arameters are we interested in 
&===--zT-. 

knowing or measuring w ~ t h  regard to obtaining 
information on source configuration? One area of 
interest concerns the&?,sjpn point data, which 

- - 
are largely nonmeteorological, such as the emis- 
sion rate and height of the stack. If the emission is 
not from a stack, is the release at  ground level or 
from the side of a building such as a window or a 
door? What is the ~ o ~ s ~ s e c t i o n a l  area from which 
the material is being emitted? Also needed is the 
energy content of the emission, which is related to 
the temperature of the material being emitted. 

A second parameter is the cloud h e i g h ~ l t  is 
^_. -*_. 

often called the effective stack height (as in the 
handbook Meteorology and Atomzc Energy) or the 
stabilized cloud height. By "stabilized" height I 
mean that height at  which forces such as inertial 
and buoyancy effects are no longer controlling, 
and the atmosphere is starting to disperse the 
cloud. As an example, in TVA diffusion work the 
centerlines of the plumes from the high TVA 
stacks gradually seem to rise, as measured by air- 
planes many miles downwind. Is this apparent rise 
due to atmospheric diffusion or to buoyancy? 

A third parameter is the emission duration, that 
is, wllether the source is continuous or essentially 
instantaneous. 

Thc  fourth type ul pararnerer is related to the 
ambient atmospheric condition. I t  involves mea- 
surement of the wind speed, the vertical shear of 
the wind, the wind direction fluctuation, and the 
vertical temperature structure. 

It  is difficult to separate the effects on the 
source configuration of many of these parameters, 
especially since they are related. Initially the iner- 
tial and buoyancy effects might be the most con- 
trolling, but dl the same time one cannot com- 
pletely rule out the effects of turbulent atmo- 
spheric motions. 

Why are we concerned with the initial source 
configuration? Because we wish tb know the effect 

--* 



of the source configuration'on downwind concen- 
trations. We want to know h w m i g h t -  -- 
pec~ally in the case of an elevated source, the max- 
imum concentration downwind and the distance 
of this maximum. In reactor hazard analyses we 
are often concerned with the worst conditions and 
are therefore interested in the location and in- 
tensity of the maximum concentration. Also, in 
field sampling to get concentration distributions, 
we are interested in whether the spacing between 
measurements is close enough to give a significant 
distribution. The length of the time interval over 
which the sample is taken is also important in get- 
ting meaningful data that will allow interpreta- 
tion of continuous versus instantaneous source data. 

Fi<gure 1 is the result of an exercise by one of the 
men at the Space Nuclear Propulsion Office o l t h e  
AEC in connection with the problem of source 
configuration. He went through  he lnathematics 
of substituting a variable emission rate in space in 
place of the usual point source assumed in the Sut- 
ton equations, thus making Q, the source term, a 
Lnction of height, and he solved the Sutton point 
source equation to get a centerline downwind dis- 
tribution a t  the surface. Note that essentially lapse 
conditions were assumed with c'r0.2 and n =0.25. 
His first assumption on the source was one evenly 

, distributed in a vertical line between the suila.ace 

and 500 m, as denoted by the 1,ectangular symbol 
beside the curve of the downwind distribution. 
The second assumption was a nonlinear increase 
with height such that the source was zero at the 

n=0.25 

H = SOOm 
u =  8 m/sec 
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surface and a maximum at 500 m as indicated by 
the appropriate symbol. For comparison, the 
downwind distributions of a point source at the 
surface and at 500 m are also shown. 

Note that the maximum downwind concentra- 
tions within the first 10 miles result from a point 
source at the surface, and the lowest concentra- 
tions result from a point source at 500 m. This is 
not unexpected. The interesting thing is that un- 
der lapse conditions at a distance of about 3 miles, 
all the various types of source configurations tend 
to converge, and it doesn't much matter whether 
the material is all concentrated at the surface or at 
500 m or somewhere in between. Let us keep this 
in mind when making estimates of downwind con- 
centrations under lapse conditions at distances of 
tcns o l  ~lliles. In this case it ohviollsly does not 
lnake any grcat difference what the source config- 
uration is in the vertical. 

DISCUSSION 

PACK: I would like to add one other parameter to the 
list, the characteristics of the effluent itself. Is it a gas? Is 
it an inert gas? Is it particulate, and if so, what is the size 
distribution? Does it undergo any reactions in the atmo- 
sphere after emission that  would change the source 
strength characteristics? This might apply to photochemi- 
cal smog. 

STROM: We encountered the corr~plication of a heat ' 

source off to one side of the material source in the model- 
ing phases. The  heat source induced an ordered motion 
in the way of a longitudinal vortex, which brought an ele- 
vated point source down to the ground sooner than if 
there were no heat source. 

PAOIC: Thic problem is in  the  intermediate area be- 
L W ~ P I ~  t h ~ .  SnIIrce configuration and the ground environ- 
ment. I can think of a practical application of cold efflu- 
ents passing over warm watcr, the Barnegat bay reactor, 
perhaps. 

HOLLAND: Freque~llly it is easicr to get information on 
the distribution of concentration along the ground than 
gn the vertical distribution of the source, and you have 
given a yuidt: for solving this backwards. Iq6t rn~.~c:h (:all 

be learned from measurements made at  long distances, 
but sampling a t  a proper range should help determine 
some characteristics of the initial source geometry. 

ISLITZER: I think if you know the meteorology, that is, 
the dispersion as a function of time and distance, you can 
estimate the source effects. Source effects are  negligible 
beyond 7UO m, a t  least for relcavev on t l ~ e  ordcr of 300 
Sec or so. I have a question: Is it mathematically proper 
to take an.equation that was derived from a constal.11 
source and arbitrarily introduce a variable source, as ap- 
parently was done here? 

VAN DER HOVEN: I saw no reason why it should no1 be 
done. 

HOLLAND: YOU are adding a lot of incremental sources, 
aren't you? 



VAN DER HOVEN: Yes, essentially. It is a matter ofinte- 
gration. 

PACK: The question is whether it is proper to use a con- 
stant vertical diffusion coefficient. Use of available empir- 
ical information about vertical dispersion, or use of the 
wind profile, would be all right. But I don't think anybody 
is trying to use micro-dispersion data for macro-dispersion. 

CRAMER: There is a fundamental problem here: For 
certain states of the atmosphere we can define models 
that are reasonably adequate in the sense of steady state 
and homogeneity; but as we vary our source and release 
time, particularly as we shorten it down to the instanta- 
neous source, we have to presume that whatever model- 
ing we do represents the integrated answer over many 
trials, or some such specific argument. Furthermore the 
initial source dimension also has somewhat the same ef- 
fect, namely that the most difficult prediction problem, or 
the widest scatter about a central value, will occur with 
both a small physical dimension and a short release time. 
But if you can change either one or both of those, the 
variability starts to shrink, and the effects of the  initial 
dimensions (as Dr. Van der Hoven defined them) will de- 
pend on the initial dimensions and other things. But it is 
easy to visuali.ze conditions under which very large 
sources, even of the instantaneous type, are determined 
by the initial conditions; the variation over a long time 
and other conditions will not matter. T h e  solution de- 
pends on how the problem is defined. 

ALLEN: Using the surface distribution to try to recon- 
struct the source is a common practice, especially at  the 
Nevada test site. When we have had unknown sources, 
for which we did not know 2, we have compared these 
with prior atmospheric shots of low order, corrected for 
the meteorological conditions, shear, wind speed, mixing 
layer depth, and so forth, and come up with estimates of 
the source strength that were a t  least reasonable in com- 
parison with what the radiochemists got. When.there is 
no better way to estimate source strength, this method 
gives something that can at  least be used. 

PACK: There is a lot of backtracking. I recall Cham- 
berlain's work in Quart.  J. R v .  Meleorol. SOG. 85, 350-61 
(1959) and Crabtree's work on the Wiridscalc acciclcrll; 
this method was also used after the SL-1 accident. Re- 
garding the situation at  3 miles, I think thc cvidcncc is 
that the source configuration certainly tends towards uni- 
formity there; but within that 3 miles there are the prob- 
lems of reactor site safety, or rocket fallback, which are 
very important and often very expensive problems. If the 
source is distributed so that wind variability can be taken 
into account, then the diffusion rate might become very 
different, and the evaluation problems become very dif- 
ferent from those for a release all in one puff. Very real 
problems within the first 3 miles remain to be solved. 

HAUGEN: I have heard at  this meeting and elsewhere 
that in the first 3 miles or at sorrie rnediurr~ scale (I arri riui 
sure what this means) our estimates are pretty good, and 
I would like to know what pretty good means in terms of 
a n  absolute number, and t i  make it as explicit as possi- 
ble. T o  use the Ocean Breeze-Dry Gulch experience as 
a n  example, I think 75 to 80% of the time, say, we can 
specify the expected cnncentration within a factor of 2. Is 
this pretty good?. 

SMITH: It is pretty good. 
ISLITZER: We are getting about the same sort of results 

as everybody else. Maybe 10% of the time we can't make 
much sense out of the data. T h e  factor goes up  to 10 at 
g e a t  distances, but about 90% of the time our estimates 
are within a factor of 2 or 3 for several miles. The reactor 
physicists and engineers a t  Idaho Falls consider this to be 
pretty good. 

HAUGEN: A factor of 2 or 3 is 150 or 200% error, and 
if we say this is pretty good, we can go on and work on 
other problems. O r  do we say we can do better? 

GIFFORD: I don't know who says "pretty good." We 
say "comparatively good." 

ISLITZER: If YOU can specify pollution to within a factor 
of 2 or 3, isn't that pretty good? That's the main problem. 

PACK: If we are talking about the difference between 
100 rem and 200 rem it might create a problem. I'm not 
sure that we are not pretty good most of the time. Thresh- 
old biological damage or not detectable damage is one 
thing, but lethality versus illness becomes a problem. 

SIMPSON: I agree our estimates are  pretty good. We 
will have to see whether we come up with a better result 
by judging them in terms of plume limit. I am concerned 
about the distance factor after 3 miles with solutibns for 
all source heights, and I would like to know if there are 
any data to show this result to be true. I have heard it in- 
ferred that it is possibly true, but I suspect that in the case 
of a stable aloft release mechanism, with things such as 
deposition or heat sources acting, we do not have enough 
data. 

CHAMBERLAIN: Returning to the question of accuracy, 
in calculations'for gas inhalation, the subject may be sit- 
ting quietly breathing about 6 I/min or he may be run- 
ning and breathing 15 or even 50 I/min. Thus it doesn't 
help too much to predict the dosage too accurately, con- 
sidering the possible effects of human activities. 

MCCORMICK: When we predict concentrations for our 
customers, shall we say initially that they are correct to 
within a factor of 2 or 3? 

GIFFORD: We have been doing it for years. 
SMITH: I think it is a pretty good accuracy. . 
PACK: Over what time is this important - 24 hr, a 15- 

min exposure, etc.? Isn't this factor of 2 really for rela- 
tively short exposures, with the,exception of Fuquay's ex- 
trapolation to longer times? Has anyone any evidence on 
a 24-hr release with concentration predicted correctly to 
within a factor of 2? 

FUQUAY: We have primarily 30-min data  from diffu- 
sion experiments, against which we can confirm our re- 
sults. We can use o , u  divided by the leng'th of the release 
to obtain the depression in the curve due to these varia- 
tions, that is, take advantage of the meander averaging. 
We have run some experiments up  to 3% hr. A 24-hr 
period is too long for our data, but we have a checkpoint 
of 4' hr, and I don't think we have a loss of accuracy. 

SMITH: AS far back as 1950 we were predicting hourly 
and longer-period beta-gamma dose rates from Ar4' con- 
sistently within a factor of 2.; The quantity predicted was 

*Singer, I.A., A Comparison of Computed and Measured Ground- 
Level Dose Rates From Radioargon Emitted by the Brookhaven Reactor 
Stack, B N L  292 (T-49), May 1954. 



the dosage from the argon at  various monitoring stations 
out to about 8 to 10 miles. 

PACK: DO we have a direct answer to Mr. McCormick's 
question? Are we officially committed now to prediction 
to within a factor of 2? 

HOLLAND: Not always. 
PACK: I hope not. Over  flat terrain with reasonably 

stable winds, I would defy you to do this in the Los 
Angeles basin with some of the trajectories we have seen. 

HOLLAND: Van der Hoven's graph suggests a neat 
trick. If in fact beyond 3 miles the levels are actually not 
sensitive to the source configuration, one can estimate the 
source strength from measurements a t  greater distances. 

Unfortunately, this is where the errors begin to get bigger 
and bigger because of problems with the slope. Then one 
can uses the trick Gifford used in analyzing smoke puffs: 
a t  the maximum point on the curve one knows that a, is 
equal to the height of the cloud. If one knew Q, and 
either the cross wind integrated concentration or a, in ad- 
dition to the central concentration, then one could mea- , 

sure both the source strength and the height from data of 
this kind. Actually the errors in this may be intolerably 
large. T h e  chances are one would get the plume height 
within a factor of 2. As far as whether a factor of 2 is 
pretty good or not, Mr. Allen implied that with unexpected 
releases the radiochemical measurements aren't any better. - 



Cloud Rise Experiments at Brookhaven 

JOHN A. FRIZZOIA 

I will discuss some of the results of cloud rise 
experiments performed during the summer of 1962. 
Much of this will also be at the Air Pol- 
lution Control Association's annual meeting in 
Houston in June 1964. 

The rocket propellant itself was in the form of 
cy1inde;s about 6 in. in diameter. The procedure 
followed was to arrange the rods together, the 
length and number of rods determining the total 
heat release and the burning rate. The rods were 
placed upright, and the fuel burned from top to 
bottom. Sometimes little pieces of fuel broke off the 
top and ignited the bottom of the rods, which re- 
sulted in uneven burning rates, so that the total 
heat release was known but not the burning rate. 
The source diameter varied between z'/i and 3 ft, 
depending on the number of rods used. Sometimes 
the fuel was burned in a bonfire configuration in 
an attempt to obtain a more even rate of burn. 

The emission periods ranged from 30 sec to 3 to 
4 min. Emission data therefore consisted of total 
emission and emission rate. The rate could be 
classified in the range between that for a large ex- 
plosion (somewhat similar to those of the Air Force 
program in which the minimum amount of fuel 
used, a few hundred pounds, is the same as for our 
larger burns) and that of the heat used in orchards 
for frost prevention. The heat releases were z lo8 
to lo8 cal. The term "quasi-continuous source" 
seems applicable since the source was not always 
continuous in time. 

The figures are actual plume photographs. Some 
of the proble& that have appeared in=alyzing 
the data will be mentioned. The pictures of the 
plumes were taken by lapse time photography 
with a Bell and Howell 16-mm movie camera 
operating at 1 frame/=. The camera was mounted 
on the small tower, 900 ft northwest of the main 
meteorological tower, near which the fuel was ig- 
nited. Afker the plume traveled beyond the cam- 
era's field of view, a person in a light plane ob- 

.-the top of the plume as a function o a  
tance downwind. Additional observers mounted 
on the large tower provided supporting data on the 

height of the rise vs time. Some experiments were 
scheduled when wind conditions were near calm 
so that the plume rose to a maximum height. 
Others were conducted when the wind direction 
was northeast or southwest so that the plume 
traveled almost perpendicular to the line between 
the camera and the source. Analysis of the film 
and visual observations provided data consisting 
of the he-f'the plume, elapsed timi 
and distance downwind. Supporting meteorolog- 
ical observations included wind and temperature 
at  several levels on the 420-ft tower, and upper 
level winds obtained h m  a single theodolite and 
pilot balloon. 

Figure 1 shows the plume rising during 
version case. The lapse rate of potential tempera- 
&%% the inversion cases was ~ 8 "  C between 5 
ft and 410 ft. However, in most of the runs the in- 
version actually extended only to a height of about 
200 ft, the lapse rate above this level being almost 
isothermal (in potential temperature notation). 
The mean wind speed near the level at which most 
of the plumes bent over, 150 ft, was 1 m/sec. This 
plume is shown in what might be called the first 
phase or the initial buoyant rise in the "bent-over" 
theory of Priestley or Scorer. Figure 2 shows the 
plume almost completely bent over or, as Priestley 
mighi describe it., having reached the position at 
which ambient atmospheric turbulence overcomes 
the mixing caused by the plume's own relative 
motion. In Figure 3, the plume is completely bent 
over, and its subsequent spread can be described 
by any of the current diffusion formulations. 

In  contrast to the preceding inversion run, Fig- 
ure 4 shows the plume rising almost vertically u p  
wards with little inclination. This plume behavior 
occurred under Brookhaven gustiness A or the . 
very li - c o n v w T h e s e  ~onditions 
weeafter the inversion had L i d .  Since 
the plume does not bend over in this type of case, 
the only impartant parameters that can be obtained 
are the height of the top of the plume vs time and 
the half-width of the plume. The ratio of the half- 
width to the height is important for determining 



Figure 1.  Plume during an inversion before bending over. 

- 
Figure 3. Same plume as in Figure 1,  completely bent over. 

I Figure 4. Plume during large lapse, light winds. 
- 

Figure 5. Plume during average lapse, moderate winds. 



some of the initial parameters in the theory of 
Priestley or Scorer. The wind speed for these very 
1igllL 4ncl inscs was near calm, nnd the lapse rate 
of potential temperature was z - 0.7 " C between 5 
ft and 200 ft, becoming isothermal above. Figure 5 
shows a lapse condition with Brookhaven B, 
gustiness, the prevailing daytime condition. The 
wind speed for this set of runs was ~5 m/sec. Al- 
though the plume shows a definite bending, it is 
difficult to estimate visually where the buoyant 
rise of the plume ends and the purely diffusive part 
of the behavior begins. Both the camera and air- 
plane observations indicated that the top of the 
plume was still rising with increasing distance 
downwind. At these distances the spreading of the 
cloud should be due to atmospheric diffusion and 
not to spreading caused by the cloud's relative mo- 
tion due to its buoyancy. A method is now being 
considered for distinguishing these two phases, 
using current diffusion formulations and param- 
eters that are known to be applicable at Brookhaven. 

In conclusion, some comments should be made 
about the measurements of lapse rate and wind 
speed for such experiments. Most theory requires 
that the wind speed and lapse rate remain con- 
stant with height. These conditions, ,of course, are 
never met in nature. It  would seem important that 
the point or layer at  which the wind speed and 
lapse rate are taken should also coincide with the 
various phases described in the theory. 

DISCUSSION 

MOSES: How many cameras did you use? 
FRIZZOLA: Only one. 
HAUGEN: HOW far away was the camera? 
FRIZZOLA: 900 ft from the point of ignition. 
SMITH: Since we had carefully considered photogram- 

metric errors, the only portion of the data  for which the 
camera-was used was very close to the tower. When the 
plume was a few hundred feet away from the tower, or 
gbove its top, we used the airplane for the measurements. 

HOLLAND: I don't see why the so-called Holland 
form~lla should work. 

FRIZZOLA: The  "Holland" formula used was based on 
Sutton's quasi-instantaneous heat source solution modified 
for an arbitrary inversion lapse rate, and it. seemed to give 
results with the correct order of magnitude. 

HOLLAP;;: Sutton's formula is bascrl nn symmetrical 
diffusion from a central maximum, which 1 am sure could 
not be true of a hot puff, and  I think Scorer's method 
must be much better. A comparison between Machta's 
method and Sutlun's method appcnred in Bull. Am. 
Melflornl. ,Cnc. 31, No. 6, 215-16 (1950), and the results for 
sutne of the largcr hot clouds from the bombs were widely 

different by different methods. Sutton's method didn't seem 
to give the right order of magnitude, but it was the only 
thing I had at  the time, and as far as taking the variations 
of lapse rate into account are concerned, the Sutton 
calculation is done assuming an adiabatic lapse rate, and 
you just see where it intersects the soundings. You can 
put in any kind of temperature sounding you want to and 
come up  with a height, but I don't feel that  the theory 
has any realism. 

PACK: At the time, the Holland formula was the only 
crooked game in town. There are 4 or 5 of them now. 

MOSES: I would say 15 or 20. 
SMITH: A good theory is one that works, and yours is 

working at  the moment. 
HILSMEIER: Noting the work done at  Brookhaven with 

photography, I wonder if time exposure photography 
might not be of benefit to determine the full extent of the 
cloud. Culkowski some years back developed a method 
for taking time exposures using neutral density filters (re- 
port 0R0-359) .  You might be reluctant to try it, having 
only read his paper, but almost anyone can use the cam- 
eras. You mentioned you used professional photographers. 
With little practice it is very simple to use the time ex- 
posure method yourself. Essentially Culkowski devised 
an exposure guide for determining the aperture setting 
for the filter factor which is related to the film speed and 
reciprocity failure. We haveused this with Polaroid film 
and with regular 35-mm film. Since my knowledge of 
films is not great, I rely strictly on the information pro- 
vided on the film packaging. In  studying smoke plumes, 
time exposure photography is in my opinion a very logical 
approach. 

Smoke photography has been used since early times in 
the study of diffusion, and I can think of nothing better 
to teach somebody coming into the field just what the ef- 
fects of turbulence are. At new reactor sites, as soon as 
you show people the effects with smoke, they start think- 
ing in terms of diffusion; whereas before they had practi- 
cally no feeling for what actually would be happening, 
suddenly they know that they have a problem. The  
dcmonstration is very effective. 

As far as source configuration goes, in demonstrating 
the effects of the shell, I refer again to the Halitsky study 
with the wind tunnel along with our study of the EGCR 
experiments. We made a time-lapse movie of several 
smoke bomb releases, which demonstrated the effect of 
the shell, the smoke clinging to the dome essentially pro- 
ducing an area source. (We showed this a t  the meeting of 
the Weather Bureau meteorologists a t  Oak  Ridge.) 

PACK: Could this photography be done under a bright 
moon? 

GIFFORD: Yes, with fast Polaroid film. 
MARKEE: We tried it in Idaho Falls under full moon- 

light. Professional photographers took all the readings, 
and hardly anything showed up. 

GIFFORD: Didn't Houghton do some work at  the 
Yankee site o r  one of the New England sites? 

PACK: T h a t  was Austin. Did they use photography? 
They used smoke at  night, illuminated with car headlights. 

G I F F O R ~ :  The significant thing Culkowski did was to 
determine the exposure curve, taking into account the 
film reciprocity failure factor which makes it impossible 



to use indefinitely the exposure factors supplied with the 
films. 

ENGELMANN: Paul Nickola at Hanford is using a tech- 
niaue with fluorescent sources to determine the effect of 
soiree heights; perhaps something similar or a modifica- 
tion could be used for smoke if it were fluorescent. He 
supports a couple of aluminum poles at some distance 
downstream from the source, and puts string back and 
forth across the poles. After the test he winds up the cord, 
and unwinds it under fluorescent light. Knowing the 
diameter of the cylinder, he can locate the readings on 
the string. 

GIFFORD: This was done in open air some ago by 
Frenkiel, using a grid of chemical-impregnated threads. 

FRENZEN: Frenkiel did that in a tunnel. 
GIFFORD: I think he did it in a tunnel and also at low 

levels in open air. I think that would be very interesting 
to try, just to locate the plume. 

ENGELMANN:. The last thing he was using it for was to 
clelerll~ir~e the dimensions of'a puff. 

PACK: Didn't Wilkins do something like that? Some- 
body used gauze, but I think he used direct sampling 

. through gauze. 
ENGELMANN: Nickola came out with an independent 

study. 
GIFSORD: I didn't mean to dispute that. I t  strikes me 

as a really good idea and one that we ought to take up. 

SMITH: I agree. We have used the same technique in 
the fork of a grid of wires for our cdpper sphere release. 
All we do is take a count of the radiation along the sur- , 
face of the wire. We don't need any additional help to 
determine the relative concentration configuration. 

MOSES: Dr. Carson of our group has been using flood- 
lights to illuminate the stack to get pictures a't night. 

GIFFORD: This probably would have some advantages 
in that the background would tend to be more uniform. 

CHURCH: We have had some very successful nighttime 
photography of clouds produced from 150 to 2800 Ib of 
high explosives near Tonopah, Nevada, during Operation 
Roller Coaster. Three to six K-18 aerial cameras were 
positioned on the ground at distances of 1500 to 20,000 ft 
on bearings chosen for triangulation. Cloud illumination 
was provided by aerial photoflash cartridges of 100 mil- 
lion candlepower fired 100 ft,up with a mortar-type device. 
With illuminated cloud against dark night background, 
the image contrast is quite remarkable. In  some cases, 
very clear pictures were gotten as late as 5 min after burst 
when the last flares were fired. An unclassified Sandia 
Corporation Technical Memorandum (SC-TM-243-63- 
72, A Method of Using Flash Cartridges& Night Photography, 
R.R. BEASLEY, October 1963) describes the,physical setup 
uscd. Some further details are available in a confidential 
document published by DASA,(POIR-2500, Operation 
Roller Coaster - Interim Summary Report, September 1963). 



The Air Pollution Program in the Public Health Service 

FRANCIS POOLER 

We have done ~&erm,,aj~or~ity__~~udies since this 
program started 9 years ago, first in ~ouisville,  
then Nashville, and currently St. Louis. In the 
way of source information from Louisville, a num- 
ber of inventories were made of particular indus- 
trial sources, but all the rest of the Louisville area 
was divided up into two areas, the west end, about 
12 square miles, and all the rest, perhaps another 
25 or 30 square miles. The  only source informa- 
tion we had was average daily emission values on 
a yearly basis. It  is obvious that we didn't do much 
in the way of modeling work at Louisville. 

When the Nashville study was getting under 
way, McCormick requested more detailed source 
information, and as a result we were provided 
with inventories of sulfur dioxide. The  first pre- 
liminary inventory was by one-square-mile areas, 
in relative units, and then this was expanded to 
include seasonal and diurnal factors by which these 
emissions should vary. It was on the results of that 
inventory that Turner's first model was based. 

In  the St. Louis study, we again wanted more 
information, and because we asked for it we are 
getting it. In urban pollution, the solution to the 
problem of the variability of the sources is quite 
clear: we ask for information. In  some cases the 
information is not available. For instance, a couple 
of years ago, when Markee was writing about 
automobile emissions, we had so little information 
that all he could do was say the sources vary and 
treat them as a number of line sources. Since that 
time much more detailed studies are being made 
of the variation of emissions as a function of the 
driving pattern. These are first run in a laboratory, 
but are now being carried forward in active road 
tests, so that before very long we will have so much 
information on the possible variation of auto- 
mobile emissions that we will be swamped wlth 
data. 

This leads to the question of what to do when 
we get so much data that we can't handle it. Once 
we arrive at  this point, wc will havc to figure out 

why we really - wanted the data. What  use does ---- - - w--- 

anybody intend to make of the computations that 
we make from these very detailed source  data?'^ 
suspect that in a few more years, at some confer- 
ence on general air pollution studies rather than 
on their application in the nuclear energy field, 
we will have to face the problem'of exactly what 
sort,of detail really is wanted about air pollution 
measurements and distributions. At this point, I 
don't know what sort of simplifications might be 
applicable, because it will depend largely on how 
the data are used. The  way new information on 
source variability has emerged confirms my opin- 
ion ofseveral years standing that we have sufficient 
meteorological theory to use a good deal of source 
information; but the problem is that we could 
easily swamp ourselves with work having little 
point to it. 

In the Nashville monthly model study we found 
roughly ,50 to 60% of the contribution to sulfur 
dioxide pollution in any one area coming from the 
5 source squares immediately around that area. 
Thus the first 3 miles, as far as air pollution is con- 
cerned, is obviously very important. 

Looking into the future, I have been considering 
ways to simplify our problems. We could simplify 
considerably, for instance, the problem of'inter- 
city transport of pollution, which the NYU group 
is getting into in modeling New York City pollu- 
tion. They must naturally consider the pollution 
from Philadelphia, and, as Kussman said, they are 
planning to treat this as a point source. Obviously, 
they can't treat it as a constant source because 
they will have to take into account the diurnal 
variations. But the point is that once the source is, 
say, half'a day's travel aw'ay, we don't really need 
any information about the distribution through 
the lowest 500 m or whether the material mixes in 
the depth of the mixing layer, which is 3000 ft. 
I think it is not the spatial relation of sources but 
the time relation that will be the main problem in 
this study. 



- DISCUSSION 

PACK: In the use of the information eventuallv we en- 
counter the problem of control, either meteorological or 
air pollution, a n d  its effects. This has not been touched 
upon and is perhaps not germane, except that  there are 
more sourcesof inadvertent or routine releases over which 
we have no control than there are  diffusion experiments 
by several orders of magnitude. In  the interests ofeconomy 
and the statistical utilization of more tracer tests, we can 
model only if we know something about  the source 
strength, and if we can learn how to handle these things, 
then we c a n  extend our  capabilities to  develop better 
atmospheric diffusion models. We might be able to  do 
something along these lines. For example, a t  Brookhaven, 
argon is much more likely to come out occasionally than 
F.P. over the top of the tower. Thus, this is one good reason 
for knowing something about source configurat~ons. 

CRAMER: I n  urban air pollution, in the formation of 
ventilation concepts for cities, for example, isn't knowing. 
the depth of the mixing layer and transport the fiist 
approach? 

POOLER: .In Frenkiel's original work on  modeling 
some of the Los Angeles pollution, he used the mixing 
depth and the transport. H e  did include diffusion too, but 
I think the main variations ofconcentration are to beex- 
plained in terms of transport rather than diffusion. 

CRAMER: That is exactly the point. Sometimes in view- 
ing; problem, we may miss a n  acceptable solution be- 
cause we concentrate on complexities that  may not be 
pertinent. One  never knows in a complex situation what 

, 

may be limiting. Meteorologists are now often in a favor- 
able position compared withmedical people and source 
people, whose areas of research in this field are in rather 
bad shape. 



Deposition is important for three reasons. The volumetric concentration at the surface; (2) the 
most important is that the**d..agalysis in many volumetric concentration at some other height; 
cases (though not all) depends ultimately on the and (3) some information about the structure of 
deposited activity of-": material rather the boundary layer between the surface and the 
than on the dosage; therefore the rate of deposition reference height. We have used for many years the - 
needs to be known. The other reasons are that, expression v, for transport velocity, which is de- --- 
even in the case of ordinary atmospheric pollution, fined as t h a i o  of the flux F to thTdifference be- 
deposition is involved in the attack of things like 
SO, on structures, furnishings, fabrics, etc., and 
that under some circumstances the self-cleaning 
properties of the atmosphere are very important 
in limiting the atmospheric pollution levels. 
Meetham showed that in the London fog of 1952, 
when there were 4 days of continuous heavy fog 
and very stagnant conditions, the limiting factor 
on the SO, levels was not dilution or mass trans- 
port of the material but the self-c&~~g_property 
of the atmosphere. The SO, was deposited in one 
form or another on various surfaces, at a rate 
equal to the rate at which it was being'emitted 
from various sources. 

Deposition is perhaps not an entirely satisfactory 
term, since some people think it refers almost en- 
tirely to the falloutf particles, i.e., to the deposi- 
tion of particles by virtue of their terminal velocity. 
This is very important for particles of 10 or 20 p or 
greater, but for smaller particles and for gases, 
deposition processes should really be considered as 
mass transfer. Deposition takes'place equally on 

--.-=-. - --:- 
vertical as on, horizontal surfaces, and terminal 
velocity plays a part ,but a smaller and smaller 
one as the particle gets smaller. Nearly all our 
work has been with particles certainly <30p, alld 
in many cases < 1 p, so, that the deposition proc- 
esses are not controlled by terminal velocity. We 
have also worked with the deposition of gases, 
especially iodine. This is of fairly general interest 
in connection with SO, and also with the evapora- 
tion of water, because the same formulas that ap- 
ply to the deposition of a gas to a surface apply to 
the evaporation of water. 
, --_ In order to specify_?% mass_transfer_p~blem, 
th&ebthings ape needed: (1) the boundary condi- 
tion or surface condition, i.e., the value of the mass 

tween the volumetric concentration at some refer- 
ence height, x,, and the volumetric concentration 
at the surface, x0, 

F 

In some cases it is more convenient to use the- 
sistance, which is the reciprocal of deposition ve- 
C _ - .  

locity. I think this term, r = l/v,, was first intro- 
duced by people working on evaporation, par- 
ticularly at Rothamstead. It is convenient because 
resistances of this kind, like electrical resistances, 
are additive. 

The limiting effect of the diffusion in the bound- 
ary layer is the sum of individual resistances cor- 
responding to different parts of the boundary layer. 
The over-all resistance of a boundary layer con- 
sists of an aerodynamic term r,, which is the 
resistance of the diffusion up to an area very close 
to the surface but not right at it, a boundary layer 
resistance r,, which refers to the area very close to 
the surface, and finally a surface resistance r,, 
which refers to the rate at which the diffusing 
molecule either actually reacts at the surface 01 is 
evaporated from it: 

Sheppard (Quart. J. Roy. Meteorol. Soc. 84, 205, 
1958) in speaking of the analysis of mass transfer 
in terms of difference in vapor concentration, says: 

"If one level were the surface itself, large tem- 
perature and humidity differences would be avail- 
able for measurement. Unfortunately, there is as 

' 

yet no generally accepted relation between flux 
and surface-to-air differences. The theoretical 
problem is formidable, but the figures provide for 
molecular diffusion of heat and vapor at a com- 



plex surface in which, however, molecular viscosity 
is of no concern." 

Reynolds'  a ~ a l o g p  between mass and heat 
I U=_-- 

t r x f s w e e n  two lev>ls can be aFplied not very 
cl&e to the surface, but it cannot be applied right 
down to the surface, because momentum is de- 
stroyed at  the surface by the bluff body effect, 
which has no analogy in mass or heat transfer. 

Owen and Thompson (J. Fluzd Mech. 15, 321, 
1963) analyze experiments in both heat and mass 
transfer. They assume that the same law applies to 
both, i.e., that  Reynolds' analogy between heat 
and mass transfer can be applied right down to the 
surface, although the analogy between heat or 
mass and momentum cannot be applied right 
down to the surface. They define a dimensionless 
numbe&called the sublayer Stanton number, -- . - - c / = -  

by a formula 

1/B is a measure of the departure from Reynolds' 
analogy, i.e., the degree to which the diffusion of a 
gas or the transport of heat to or  from a surface 
differs from the transport of momentum. In the ex- 
periments analyzed by Owen and Thompson and 
in the experiments with ThB vapor describese:  
low, the surface resistance r ,  is known to be zero, 
xc z- 

so that 

1/ng=r=r,,+r,, 
where 

rw= i ~ , / i ~ , , '  and r,, - 1/11~B , 

Thus measurements of deposition velocity coupled 
with measurements of friction velocity, u,, can be 
used to derive 1 /B. 

111 Sheppard's paper a very tentative suggestion 
was made that the diffusivity could be written as 

i.e., as simply the sum of the eddy and molecular 
diffusivities. Though there is no good theoretical 
justification for this 'for a rough surface, it does in 
fact lead to a value of 1/B which, as shown below, 
is surprisingly near the correct answer. Both Owen 
and Thompson and Sheppard made 1/B a func- 
tion of the friction velocity and roughness lengths. 
Sheppard's formula is 

Owen's formula is 

where a ,  m, and n are constants, with values 0.5, 
0.45, and 0.8, respectively. 

I assume in all these cases that except very close 
to the surface the logarithmic velocity law will ap- 
ply, as in fact I find it to apply,'in the well-known 
form 

Once again the essentials for measurement of l /B 
are the volunletric concentration of a vapor at  a 
certain height, the volumetric concentration at the 
surface, and the vertical flux. 

For the surface-n the - wind tunnel I used an 
-- -- - -- 

artificial grass m a d E q u i l l s ,  8 cm long by '/2 cm 
wide. Its advantage over real grass is that the sur- 
face is very uniform. I have also used real grass 
with a roughness between 0.2 and 1.2 cm. I have 
used ordiliary toweling on the surface, which has 
a roughness length of' 0.045 cm. I have .also used 
rough glass of the sort used by Owens (found in 
doors in some houses in Britain; I don't know 
whether this is found in America), a form of 
opaque glass with little pyramids about Y3 cm high 
on the surface. There is an important difference 
between the ro~.~ghness elements of this glass and 
those of the other materials. With real or artificial 
grass and toweling, the roughness elements are 
fibrous, whereas with glass the elements are more - 
obtuse and blunt; this turns out to cause a con- 
siderable diffcrcncc in thc value 01 1/U because 
the more blunt the surface, the more the bluff 
body effect on the momentum transport. 

For the activity in our tests, we prefer to use - 
thorium B rather than iodine. With iodine the 
c a i t i o ' n  that the surface resistance be zero is not /. PJ 
always fiilfil!~d. For certain ourfacco, 3uch as ww, 
thc uptdke u l  iuclilie rriay be controlled not by the 
aerodynamics but by the rate of adsorption at the 
surface. For the ThB activity the condition r, = O  
is very well satisfied. ThB is made by the decay of 
thorium, which is a noble gas and decays quickly. 
It has a hn,lf-life of 55 scc, and dccsys into ThA, 
with a half-life of 0.16 sec, and then into ThB, with 
a half-life of 10.6 hr, which is an  isotope of lead. 
Thus, one can make a vapor of lead so dilute that 
there are perhaps 100 atoms/cm3 air, which will 
condense very readily on any surface. When this 
vapor is used in the wind tunnel, one must be sure 
that it remains a vapor and does not condense into 
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Figure 1. Wind tunnel. 
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particles, and particles must be excluded from the 
apparatus, otherwise the ThB will attach itself to 
particles, and this will alter the diffusion coefficient. 
The diffusion coefficient of ThB in gas form (from 
measurements I won't describe here) is 0.054 
cm2/sec and is not dependent upon humidity, so 
that if water vapor molecules attach themselves to 
these lead or possibly lead oxide molecules, the dif- 
fusion coefficient is not altered. 

Quite recently, in an  effort to find out more 
about the variation of 1/B with diffusion coefficient 
D, I have done experiments on th,~vaporat&n~of, 
water. Some of the surfaces, the artificial grass and - 
the toweling, can be made wettable, and the tem- 
perature can be measured fairly accurately by 
means of thermocouples. From the temperature of 
the wet surface one can obtain the vapor pressure 
of water and thus a surface vapor pressure for in- 
sertion into the equations. Everything is the same 
except that the water vapor is going up  whereas 
the ThB is coming down. 

Figure 1 shows the wind tunnel, which is rather 
small. The working section is 1 ft square and 15 ft 

. long. The wind velocities can be varied from '/2 to 
10 m/sec. In the experiment shown, the surface is 
real grass or turf brought in from outside, and the 
volumetric concentration of ThB is measured as a 
function of height by small samplers. T h e  wind 
speed is measured by a small Pitot tube (a hypo- 
dermic needle), and the velocity profile is obtained 
by varying the position of the Pitot tube. The  air 
is mor~itored tu make sure there are no particles in 
it, and a positive pressure of filtered air is main- 
tained to exclude them. 

One  of the questions about work in the wind 
tunnel is how far it can be related to conditions in 
the open air. One'must be sure that the working 
section is sufficiently long and that the boundary 

layer is properly developed. This is not as severe 
a condition in deposition as in diffusion experi- 
ments, because it turns out that a large part of the 
over-all resistance to transport is in the lowest part 
of the boundary layer, and it is possible to work 
with boundary layers developed only to a thickness 
of about 5 cm. 

Figures 2 and 3 show examples of p=r&e~&d?d 
speed and T h B a c e z r & o n  against logarithm 
o f M g h t ,  For both u and x linear plots are ob- 
tained. The intercept on the z axis of the plot of'u 
against log z is by definition the roughness length 
z,. The intercept of the plot of x on the same axis 
can be called the roughness length for mass trans- 
port zg It  turns out t ha t  z,/z, = ek/'. If 1/B is 
known, one knows where this line should meet the 
axis. In Figures 2 and 3 I have drawn the best line 
through the observed points from the known point 
of intercept on the axis. The  extent to which the 
crosses lie on the lines is a measure of the extent to 
which the boundary layer is fully developed, and 
they diverge at  the tops of the figures because the 
boundary layer for the ThB, the diffusing substance, 
is somewhat less fully developed than the boundary 
'layer fbr velocity. 

Not all the results give quite such a good fit as 
in Figures 2 and 3,.but, taking all the results to- 
gether, one computes the flux in two ways: first, 
one measures the flux from the .activity .measure- 
ments; second, one computes the flux fiom the 
slope of the profile, using the Thornthwaite- 
Holz l~~al l  formula, 

I reject experiments in which these. two measure- 
ments differ by more than 25%. So I think that the 
boundary layer is sufficiently well developed and 
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Figure 2. Profiles of wind speed and Pb2I2 
activity over short grass. 

that I can make use of Owen's formula for 1/B, 
because this formula gives a unique value of 1 /B 
independent of the reference height of the measure- 
ments only if one is working in a developed bound- 
ary layer. 

Figure 4 shows the results of Owen and Thomp- 
son, giving the correlation of 1/B with u,h/v 
(h =equivalent sand roughness = 3 0 ~ ~ ) .  The dif- 
ferent points refer to different kinds of roughness, 
as listed. In every case Owen finds a variation of 
his parameter 1/B which is approximately as 
,/=. 

Figure 5 shows some of my results with ThB; 
1/B is plotted against udo/v on a log scale. More 
recent results follow the same general pattern. With 
the rough glass, the open triangles are my results 
with ThB and the black triangles are Owen's re- 
sults with camphor. The two sets of results agree 
fairly well where they overlap. With tbe fibrous 
roughness elements, the values of 1/B are con- 
siderably smaller, and, although there is some 

ze  I x ( A R B I T R A R Y  U N I T S )  

Figure 3. Profiles of wind speed and Pb2" 
activity ovcr artificial grass U cm high. 

variation with u., it is not very great, about 4 to 14 
over a range of more than 100 in the parameter 
u,zo/v. The dotted line in Figure 5 is the value of 
1 /B from Sheppard's eqi.~a.tion, which fits the re- 
sults surprisingly well. Not shown are certain re- 
sults with the evaporation of water. In this case, 
with the different value of D (0.25 cm2/sec), the , 
slope of the lille lor 1 /B vs u,z,/v is again roughly 
%, and the ratio of 1/B for water to 1/B for ThB 
is about %. The value of 1/B for water is slightly 
lower but not much. . 

The results can be put into a mpre usable form. 
The relation above defining 1/B c k  be consideia 
as a relation between v, andu&The rougher the 
surface, the larger IhT~iliieeof l7B; but the rougher 
the surface, the smaller the value of u,/u.. The net 
result is that in plots of v, a.ga.inst u,  for different 
types of roughness, the slopes of the lines are very 
much the same. 

Figure 6 shows the relation of v, and u,, from a 
number of experiments by others as well as myself. 



Reference 

Nunner 
Nunncr 
Pinkel 
Lancet 
Cup: 
Cope 
Owen, Thomson 
Owen, Thomson 
Dipprey 
Dipprey 
Dipprey 
Dipprey 

Flow 

Pip0 
Pipo 
Pipe 
Channel 
Pipe 
Pipe 
Plate 
Plate 
Pipe 
pip? 
Pip0 
Pipe 

Roughness type 

Circumferential rings 
Circumferential rings 
Helical rings 
Pyramids 
Pyramids 
Pyramids 
Spanwise humps 
Irregular pyramids 
Sand indentations . 
Sand indentations 
Sand indentations 
Snnd indentations 

Figure 4.. The sublayer Stanton number: 
Reynolds number dependence. 

0 5 0  100 150 

FRICTION VELOCITY (u,) 
7 

Figure 6. Relation between u, and u,. 
I. Evaporation of water from artificial grass (made 

with filter paper to make it wettable). 
11. Evaporation ofwater from toweling (Chamberlain). 

111. Evaporation of bromobenzene from blotting paper 
(Pasquill). 

i V .  Evaporation of water from on open water surface . 
(Rohwer) with certain assumptions about the re- 
lation of z, to wind speed over water. 

V. Deposition of ThB to artificial grass (paper-covered 
brass strip). 

VI. Deposition of T h B  to artificial grass (PVC strip). 
VII.Deposition of ThB to toweling. 

+ Deposition of T h B  to grass in the wind tunnel. 
0 Deposition of I I 3 '  to grass in an airfield. 
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Figure 5. Relation between 1/B and u,z,/v. 



Note that the transport velocity is plotted against 
the friction velocity, not against the wind speed. 
The slopes of the lines would vary more if the 
transport velocity were plotted against the wind 
speed. In the case of an open water surface under a 
wind, with waves or considerable ripples, I think 
the type of roughness would be more like that of 
the rough glass with the pyramidal surface than 
the fibrous type, so that the theory for fibrous 
elements probably would not apply. However, if 
I take Rohwer's results for the evaporation ofwater 
from the water surface (which I believe were ob- 
tained over a long series of evaporation experi- 
ments in America) and use the relation between 
friction velocity and wind speed over water given. 
by Sheppard (loc. cit.), it appears that even the 
transport velocity of evaporation from a water 
surface fits into Figure 6. Not all experiments on 
deposition velocity can be expected to fit into. the 
general scheme of Figure 6. When one finds a case 
that does not fit, one should consider why the 

FRICTION VELOCITY ( us) .cm /sec 

Figure 7. Transport of 1-/J droplets to a smooth surface. 

theory does not apply. First, is the surface resist- 
ance in that particular application really zero? 
Second, has one counted the whole surface? One 
feature that surprised me in working with artificial 
grass surfaces and also in the open air is the extent 
to which the vapor can diffuse through the rough- 
ness elements to the underlying soil; this might be 
quite important and, in fact, is an important factor 
where the herbage is rather sparse. Third, is the 
surface sampled truly representative of the terrain? 

We have also done some work on the deposition _____--.- 
of small pxs, If the particle is very small, less 
tdan about 0.02 p, one can still treat the deposition 
in the same way as for a vapor if the agency by 
which the particle is deposited is Brownian motion. 
Then possibly the same formulas would apply if a 
sufficiently small value of D is used. Putting a very 
large value of D in either Sheppard's or Owen's 
formula increases the value of 1/B; it follows, 
therefore, that for very small particles almost the 
only important part of the total resistance is that 
very close to the surface, probably within 100 p. 
The observations we have made in the wind tunnel 
confirm this. A comparison was made of the dep- 
osition of micron-sized droplets to the two types of 
artificial grass, one made with PVC quills and the 
other with copper strip covered with filter paper. 
'l'his d;&re",ce7insurface texture made only a few . -.-. . -?>---sez-- . -" --  
percent difference i n ~ ?  transport, arid rlont. at 

.I__- 

all in roughl~ess leagth. I L  I.II@F. glare ihar.~ all 
order of magnitude difference in the deposition 
viiocit7.0f ___ the =.. 1-p _ ;=. p q t i c l a , I t  :- - - ~ .. . appears that for 
very small particles the limiting factor on deposi- 
tion is the texture of the surface, in the scale of tens 
or hundreds of microns. 

A.C. Wells in my group has continucd the work 
on the deposition of micron-sized particles to 
vertical surfaces described in my paper "Transport 
of Particles Across Buundary Layers" (TID 7641) 
givcn at Catlinburg two years ago. The upshot of 
his work is to confirm Friedlander and Johnstone's 
formula for the deposition of particles on vertical 
smooth surfaces ( Inn. Eng. Chem. 49, 1151, 1957). 
This theory relates the deposition to the distance 
traveled by the particles as a projectile through the 
laminar boundary lqyer by virtuc of turbulent 
motion o~~ts ide  the  bnl~ndary layer. This theory is 
surprisingly successful over a surprisingly large 
range, of pa.rticle sizes a n d  surfac,es. In our case, 
with micron-sized particles, it is surprising that it 
is successful, because it turns out that the stopping 
distance is only of the order of the diameter of the 
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Figure 8. Deposition of Lycopodium spores to grassland. 

particle: for a 1-p particle, given a turbulent veloc- . 

ity of about 50 cm/sec, the stopping distance is 
only 1 or 2 p. But it seems that the Friedlander 
and ~ohnstbne theory for a smooth surface does 
work. However, we have found that as soon as the 
surface has roughness elements larger than the 
stopping distance, the deposition is greatly in- 
creased. Dust or other extraneous material on the 
surface increases the transport because the rough- 
ness elements stick out into the boundary layer to 
a distance greater than the stopping distance which 
is the basis of Friedlander and Johnstone's theory. 

At low speeds and for very small particles the 
diffusion mechanism (i.e., Brownian motion) is 
more 'important than the projectile-fashion deposi- 
tion of Friedlander and Johnstone. Figure 7 is a 
plot of the transport velocity a'gainst the friction 
velocity for the transport of 1-p droplets to a smooth 
vertical surface. One curve is for Friedlander and 
Johnstone's theory of impaction; the other for the 
theory for diffusion to a smooth surface according 
to the well-known Colburn correlation, which re- 
lates the deposition to a smooth surface to a % 
power of the friction coefficient. We verified Fried- 
lander and Johnstone's theory right down to the 
stage where the stopping distance becomes com- 
parable with the size of the particle; thereafter the 
diffusion mechanism begins to take over. But if this 
surface is roughened, even with roughness elements 
about 50. p high, which don't make the surface 
a.erodynamically rough, the deposition velocities 

increase greatly. An attractive theory would be 
that the virtual sink for particles was at a distance 
from the surface which was either the stopping dis- 
tance of the particle, i.e., the distance over which 
the projectile-type motion would occur, or the 
roughness length, whichever is greater; and this 
may be true. 

We have also done experiments on the deposition 
oQO-p particles (Lycopodium s 
field and in the wind tunnel. Figure 8 shows the 
results of the field experiments, with v, plotted 
against the wind speed at 3 ft. Here the terminal 
velocity is no longer negligible, being 1.8 cm/sec 
as shown by the line marked v,. The diagonal line 
v,+u.~/u,, is the velocity of deposition that would 
be expected if the only resistance to transport were 
the aerodynamic resistance r,. For 30-p particles 
the resistance r ,  is not large, because these points 
approach the slope of this line; and I think this is 
understandable, because the stopping distance of 
30-p particle is >O. 1 cm. , 

Goldsmith in my group is doing work on the 
transport of particles under the influence of vapor 
gradients, some of which has been published in 
the Quart. J. Roy. Meteorol. Soc. 89, 49, 1963. 

DISCUSSION 

MUNN: There is an implied assumption that if the 
diffusivities of momentum and of mass are equal (Shep- 
pard is convinced that they are, but others are not) mo- 



mentum can  b e  transferred by pressure, whereas mass 
requires mixing. 

CHAMBERLAIN: I know this is uncertain. Most people 
think that the equivalence of eddy transport of momentum 
and mass is more exact fairly close to the  surface; it is 
more exact a t  20 cm t h a n  a t  200 cm. Another  partial 
answer is in the fact that the fluxes deduced directly by 
measurement and  from consideration of the  slope of the 
profiles of mass concentration agree reasonably well. The 
transport across the last part of the boundary layer to the 
surface is not the same a t  all for mass a n d  momentum. 
T h a t  is the whole point of the work - to determine the 
factor 1/B which represents the difference. 

SMITH: Most ofyour experiments, especially the ones in 
which you have attempted to achieve a situation with zero 
concentration a t  the boundary, have been done in your 
wind tunnel or tube. Is your group planning to attempt 
to reproduce any of these in the atmosphere? I know you 
can't with ThB, but how about anything else? 

CHAMBERLAIN: This is a difficult problem. Peter Barry 
a n d  I did some experiments a t  Harwell to find out to 
what extent the boundary condition X, =O was also satis- 
fied for our iodine data. T h e  experiments consisted of a 
comparison of the uptake on leaves of various sorts and on 

artificial simulants of leaves. We find that copper foil or, 
even better, silver foil is a good absorber of gaseous iodine 
up to fairly high concentrations; therefore, it is probably 
safe to assume that a silver simulant of a leaf will give the 
same geometrical arrangement and hence the same ar- 
rangement and hence the same boundary air conditions - 
that it will give the value x,=O at  the boundary. (Some of 
this work has been published in Health Physics 9, 1149, 
1963). In the wind tunnel (smaller than the one shown in 
Figure 1) with controlled huniidity, Barry found a marked 
effect of humidity on the deposition of iodine. In comparing 
the deposition on the real leaf with that on the silver rep- 
lica, he found that the uptake was less on the real leaf. In 
the field we don't find such big differences: we have not 
found differences greater than a n  average of less than a 
factor of 2, that is, the real leaf gets somewhere between 
60 and  100% as much iodine as the silver replica. T h e  
reason for this may be that  plants grown indoors have 
rnthcr exccptional surfacc characteristics designed to pro- 
tect themselves.from the low humidity indoors. O u r  re- 
cent iodine experiments, in which we take into account 
transfer to the soil as well as the grass, do seem to suggest 
that the boundary condition X, =O is satisfied. 



The Current Status of Deposition Research 

GILBERT S. RAYNOR 

INTRODUCTION diameter. Electrostatic and thermal forces may be 

The importance of a complete understanding of 
processes involved in removing pollutants from the 
atmosphere is undoubtedly evident to all attend- 
ing this meeting. In view of modern developments 
in our society, such understanding is not only an 
intellectual challenge but also a practical necessity. 

Emission of particles greater than a few microns 
in diameter may result in a dispersion pattern 
considerably different from the gaseous diffusion 
plume, since such particles not only settle at a sig- 
nificant rate but may fail to follow small-scale 
eddy motions. The  deposition rate determines 
what perceritage of a release is available for trans- 
port to some given distance and may influence 
such things as site sizes and exclusion zones. Al- 
though dilution may reduce concentrations of air 
contaminants to tolerable levels, deposition, in the. 
broadest sense, is the ultimate cleanser of the 
atmosphere. From these considerations, deposition 
is often beneficial. When, however, the problem of 
surface contamination is more acute than that of 
air pollution, deposition is detrimental. The prob- 
lems of contamination of soil, water, agricultural 
crops, human communities, and natural environ- 
ments by radioactive isotopes, poisonous insecti- 
cides and herbicides, and industrial wastes are too 
numerous to discuss here. 

The point is that deposition is a universal occur- 
rence which ultimately affects the whole earth's 
surface as dispersion affects its atmosphere, and 
deserves, perhaps, more attention than it has re- 
ceived. The  purpose of this discussion is to focus 
attention on current research needs in this field. 

DEPOSITION PROCESSES 

Known and presumed mechanisms of deposi- 
tion can only be mentioned. Among the dry proc- 
esses, gravitational settling and impingement are 
most effective for particles above a micron or so in 

important for small particles, while molecular dif- 
fusion, adsorption, and chemical processes are op- 
erative for gases and very fine particulates. Wash- 
out by precipitation is undoubtedly the most effec- 
tive of the methods occurring in the presence of 
moisture, although diffusion of very small particles 
to cloud drops may also be important. Several in- 
vestigators have concluded that air pollutants are 
of minor importance as drop nuclei and therefore 
are seldom removed in this fashion. Condensation 
of water vapor on surfaces may play a role in re- 
moving small particulates. 

Consideration should also be given to the proc- 
ess which is the reverse of deposition, re-entrain- 
ment or reflotation, which may be significant un- 
der some circumstances. 

CHARACTERIZATION OF DEPOSITION 

Several methods of characterizing deposition 
are in use. The  most direct is a measure of total 
deposition per unit area per unit time. This is the 
only method when neither source strength nor air 
concentration is known. 

The deposition coefficient, p, which is the ratio 
of the deposition per unit area to the concentra- 
tion per unit volume is useful where the air con- 
centration is measured and denotes the thickness 
of cloud cleared or the distance the cloud appar- 
ently settles in travel over unit distance. More fre- 
quently used is Chamberlain's deposition velocity, 
v,, the ratio of the deposition per second to the air 
concentration measured at a low level. This repre- 
sents the rate at which particles are removed from 
the cloud. This rate may differ widely from the 
gravitational settling rate of the particle. 

The variation of these expressions of deposition 
with meteorological conditions, particle param- 
eters, surface characteristics, distance, and  time 
has been little studied, and a knowledge of these 
variations is one of our most pressing research 



needs. The effect on p and v, of the height at 
which concentration is measured also needs study. 

MEASUREMENT OF DEPOSITION 

Deposition may be measured on natural sur- . 

faces or on artificial collectors, or it may be in- 
ferred from changes in the flux of airborne mate- 
rial. Measurement on natural surfaces is difficult 
or impossible in many situations, but experiments 
should be designed to include such measurements 
whenever feasible. Artificial surfaces are useful in 
measuring relative deposition but are meaningful 
for quantitative measurements only when the 
ratio of their catch to the deposit on the surface 
which they are used to represent is known as a 
function of the conditions prevailing during the 
experiment. Unfortunately, it may sometimes be 
.more difficult to determine this relationship than 
to measure on the natural surface. Evaluation of 
deposition collectors is much needed. 

Calculation of deposition by inference from air 
concentration measurements is normally feasible 
only over relatively short distances or under stable 
conditions when the bulk of the plume remains 
within the vertical sampling network. Even under 
these restrictions, great care must be taken to 
prove that the tracer is conservative under the ex- 
perimental conditions, and that the representation 
of the airborne concentrations is accurate. 

STUDY OF DEPOSITION 

An understanding ot deposition and the proc- 
esses responsible for it is being obtained through 
the fdrmulation of physical and mathematical the- 
ories, by laboratory experiments, by field experi- 
mentation with controlled releases, and by obser- 
vation and measurement of natural and acciden- 
tal emissions. These methods are interdependent. 
All are necessary but none is sufficient. Theory 
must be confirmed by experiment, but only theory 
can -unify and explain experimental findings and, 
in the absence of unlimited empirical data, predict 
future results. Many processes operative in the 
field can be studied only in the laboratory, but re- 
sults obtained under laboratory conditions may 
not be valid in the natural atmosphere. Because of 
these difficulties, we have been slow to acquire the 
limited knowledge now available. Future progress 
demands concerted effort in all phases of study. 
Our present status will be briefly summarized. 

SUMMARY OF DEPOSITION THEORY 

Schmidt5' introduced the first useful deposition 
theory, the "tilted plume model" in 1925. More 
recent workers, Baron et al.,' chamber lair^,^. 
Bosanquet et a1.,2 Csanady,'' and Van der 
H o ~ e n , ' ~  adapted the concept to modern diffusion 
theory and added corrections for depletion of the 
plume. Chamberlain4 first introduced a correction 
for washout. These models are all based on the- 
ories developed for gaseous diffusion with terms 
added to compensate for loss of material by depo- 
sition or washout. 

Within the last decade it was realized that the 
gaseous diffusion plume model must be modified 
for application to heavy particles, since these do 
not follow faithfully all air motions and may even 
affect air movement. Notable contributions along 
this line were made by R o u n d ~ , ~ % i u , ~ ~  Godson,25 
Y~dine,~-mith,~O Smith and Hay,'' and Csa- 
r ~ a . d y . ' ~ ~ ' ~  Karol' and a.nd navidson 
and Herbach'O formulated theories for the diffu- 
sion of polydisperse particulate clouds, and Calder3 
called attention to the fact that boundary condi- 
tions previously assumed at the earth's surface 
may be invalid. SmithG' studied the effect of vary- 
ing degrees of deposition on the diffusion of parti- 
cles or gases in model atmospheres. 

At present these various theoretical models re- 
main largely untested. Although even the most 
sophisticated. may not fully explain the physical 
.processes involved, the most simple may be ade- 
quate for some enginkering applications. A great 
need exists for experiments carefully designed to 
evaluate and verify existing theory. Unless this is 
done, development of more complicated models 
will have limited usefulness. 

Washout has not been neglected by the theor- 
ists'. Among recent studies are those by Pember- 
ton,52 M ~ D o n a l d , ~ ' , ' ~  Vaughan and Perkins," 

and Makh~n'ko.~'  Since removal by pre- 
cipitation processes is extremely complex, prob- 
ably involving several little understood features 
such as electrostatic forces and water vapor gra- 
dient as well as direct impaction, it is difficult to 
judge how well these theories represent natural wash- 
out, and much experimental evaluation is needed. 

SUMMARY OF LABORATORY EXPERIMENTS 

Numerous laboratory studies have been re- 
ported in the literature. Kordecki and 01-i.~' and 



Corn15 have studied and evaluated the forces in- 
volved in the adhesion of particles to surfaces. Im- 
paction of particles on obstacles was investigated 
by G r e g ~ r y , ~ ~  and Gregory and Stedman.27 
The deposition of particles in tubes, ducts, and 
similar confined spaces has been studied by num- 
erous workers including Friedlander,22 Fried- 
lander and J o h n s t ~ n e , ~ ~  Thomas,GG Owen,51 and 
Postma and S c h ~ e n d i m a n . ~ ~  Slack5' found that a 
cluster of particles may fall at a rate greater than 
the settling velocity of any individual particle. 

Among gases, only iodine has been widely stud- 
ied, chiefly by Chamberlain and his associ- 
a t e s , ~ , 7 - ~ ~ , ~ 2 , ~ 3  and Megaw and May.49 

Numerous experiments on the capture of parti- 
cles by water drops have been reported, including 
those by McCully et a1.,"4~4s Oake~,~O and Walton 
and W o o l c o ~ k . ~ ~  

Although these various experiments give valu- 
able insight into the mechanisms and processes in- 
volved in deposition, their results are often diffi- 
cult to apply to conditions in the free atmosphere. 
Many careful experiments are needed to extend 
this type of experiment to field conditions. 

SUMMARY OF FIELD EXPERIMENTS 

Field experiments will be discussed in several 
categories, classified chiefly by the quantities 
measured. 

Numerous experimenters have measured depo- 
sition only, principally on artificial surfaces. Among . 
the earliest was S t e p a n ~ v , ~ ~  utilizing various 
spores dispersed from point sources. Representa- 
tive of more recent similar work are the experi- 
ments of Sreeramulu and Ramalingam.G3 Other 
experiments conducted with pollens, spores, and 
plant disease agents are reported in the agricul- 

' 

tural literature. Yeo et al.71372 reported on the 
deposition of insecticides released from low-flying 
aircraft. 

Among the more valuable recent studies are 
those of Hage and associates at S ~ f f i e l d . ~ " ~ ~  They 
studied the deposition of large particles (100-p- 
diameter glass spheres) and included the influence 
of a distribution of sizes on the deposition pattern. 

. Csanadyl' recently reported on an experiment 
using 100- and 200-p-diameter glass beads in 
which wider lateral dispersion was obtained from 
the smaller particles. A similar effect was observed 
in experiments conducted at Brookhaven using 

uranine and radioactive copper spheres 2 to 10 p 
in diameter. These data tend to confirm the the- 
ories on the dispersion of heavy particles. 

SimpsonS8 reported the results of some of the 
Green Glow experiments in which air concentra- 
tion or dosage only was measured and deposition 
was inferred from depletion of the airborne mate- 
rial. Islitzer and D ~ m b a u l d ~ ~  also inferred depo- 
sition in a similar fashion, although some deposi- 
tion measurements were taken also. 

Numerous workers have measured air concen- 
tration and deposition at one or more points from 
experimental releases and have calculated veloci- 
ties of deposition from the data. Among these are 
Chamberlain et al.l0.l3 using radioactive iodine 
and Megaw and Chadwick" using radioactive fis- 
sion products and thoria. Tests conducted by 
Convair-Fort Worth for the U.S. Air ForceG7 at 
the National Reactor Testing Station in 1958 used 
fission products from fuel elements as the tracer 
and gave values of v, for sand, water, and sticky- 
paper surfaces for 5 isotopes. Gregory et al.28 used 
two different sized spores as tracers in a series of 
short-range experiments. Experiments by the 
Brookhaven Meteorology Group using radioactive 
copper spheres in three sizes and uranine dye as 
tracers resulted in values of v, over a 100-rn-square 
sampling grid. Deposition was measured both on 
the natural grass surface and on sticky-paper 
collectors. 

A number of workers have obtained values of v, 
from accidental releases. Measurements from the 
Windscale accident were reported by Chamber- 
lain and Dunster," Stewart a n d  Crooks,G5 and 
Chamberlain.G Measurements following an acci- 
dent at the National Reactor Testing Station were 
reported by I ~ l i t z e r . ~ ~  

Measurements from experimental releases of 
both air concentration and deposition in sufficient 
detail to allow calculation of the total flux passing 
through two or more planes and calculation of the 
total deposition on the ground between these 
planes have seldom been either attempted or ob- 
tained, although this is the ideal experiment and , 

the only way in which all doubt concerning the 
validity of the measurements can be removed. To 
be certain that all measurements are correct and 
that all factors have been considered, agreement 
between measured deposition and deposition cal- 
culated from the depletion of airbornc material 
must be obtained. The experiments of Islitzer and 



D ~ m b a u l d ~ ~  attempt this ideal, although deposi- 
tion measured on artificial collectors was about an 
order of magnitude lower than calculated deposi- 
tion. Experiments at Brookhaven using ragweed 
pollen released naturally from circular plots of 
plants have resulted in measurements which often 
agree within a factor of 2 in spite of a relatively 
crude measure of deposition on artificial surfaces. 

Several field studies of washout using either 
natural or simulated rain have been reported, in- 
cluding those by McCully et al.,"5 May," Gatz 
and Dingle,24 and Engelmann." Some doubt has 
been expressed as to whether artificial drops can 
duplicate natural rain with respect to electrostatic 
charge and other characteristics. Regardless of 
this, many more experiments are needed with a 
variety of tracers and a range of rainfall rales be- 
fore definitive answers can be expected. 

Pew studies of thc variation of deposition with 
other parameters have been reported. Corcos" 
reported on the small-scale nonhomogeneity of 
fallout deposition, stressing the effect of local 
topography. Martin42 also found fallout deposition 
related to topography: Romney et al.54 reported 
that plant foliage traps smaller particles selec- 
tively. These are but an  indication of-the studies 
that can be made. 

SUMMARY OF RESEARCH NEEDS 

In summary, five major areas of' research exist 
in which additional information is essential to ad- 
vance our knowledge of deposition processes. The 
specific needs a.re: 

1. Experimental evaluation of existing theory. 
2. Experimental determination of the behavior 

of particulates very close to surfaces, including 
more precise definition of boundary conditions. 

3. Additional field data from well-designed ex- 
periments in which deposition can be compared to 
depletion of airborne material. Such experiments 
should be conducted with differing tracers, over 
diverse types of terrain, and under a wide variety 
of meteorological conditions. Such data would h r -  
nish empirical relationships useful in engineering 
applications even if existing theory should prove 
inadequate for prediction. 

4. Data from experiments designed to measure 
variation of deposition with meteorological condi- 
tions, particle parameters, surface characteristics, 
distance from the source, and time after release. 

1 5. Continued improyement in deposition theory 
to model more realistically actions taking place in 
the natural atmosphere. 

If these objectives can be pursued by even a few 
groups, a considerable increase in our understand- 
ing of deposition should result. 
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RELATION OF DEPOSITION ticle be projected by turbulence across a boundary 
T O  METEOROLOGICAL VARIABLES layer, so that the particle departs from the stream- 

line and impinges upon the surface. The esimates 
The deposition measurements that have ap- of this stopping distance require that the assump- 

peared in the literature have not yielded a clear- tions of the variations of diffusivity and gustiness 
cut relationship between deposition velocity and with height be applicable down to as small as O.O1 
nleteorological that at the present time cm from the surface. These theories do not clearly 
it is not clear that deposition is a meteo~ologi&- introduce the meteorological factors, some of which 
problem. A relationship between deposition veloc- are based largely upon assumptions or conditions 
ity and such quantities as the Richardson number, experienced in a wind tunnel for smooth flow. The 

temperature lapse rate, height at which such as K,, ow, etc., 
(u,), wind speed, vertical wind (a,), or Austausch should be measured, the scales and eddy sizes, and 
(K,) should be discovered if changes in meteoro- other features are not discussed. Measurements of 
logica1 conditions cause significant effects friction velocity, gustiness, etc., made at represents- 
deposition. The Fission Products Field Release tive heights such as a meter or so above the surface 
Tests # I  and #2, in which On various yield values which do not give the right order of 

e- media such flat plates, grass, sand trays, etc', magnitude hr depositlon velocities. It appears 
of fission products from reactor that, if meteorological factors are important, these 
mcnts wcrc mcasurcd, to lapse q u a L ~ i e s  should be measured extremely ,-lose to -- --- -- rate and a very slight 'elation to wind 'peed Corn- the surface by high speed transducers ~t present 
parisons of deposition from site to site for the same th=dbes not appear to be a comprehensive and 
meteorological conditions have not been practical rigorous treatment giving the deposition rates over 
because of complexities introduced by different ' surfaces. Some insight into the problem has been 
tracers, different heights and detection gained, at least, from wind tunnel investigations 
media, and considerable scatter of data. As a re- and flow in smooth pipes. 
sult, for practical operational use, average or best - - - 
recommended values of deposition velocity for 
certain isotopes have been given, but variations -.- - TRACER DEPLETION 
with meteorological factors either a r e r g s d  or -.--- 
not recommended. A relation between deposition Most deposition measurements have been made - 
and speed for small particles in smooth pipes, with on plates, grass, trays, and other media placed on 
increasing speeds resulting in increasing deposition the surface in the hope that these would simulate 
velocities, has been found, so that wind speed may the deposition on the natural vegetation and ter- 
be a controlling meteorological factor. rain. The actual relationship between such de- 

tectors and deposition on the surface is not known, 

QUANTITATIVE THEORETICAL STUDIES 
and there are suggestions4 that deposition measure- ' 

ments on flat plates are not of the same magnitude 
cP 

Theoretical treatments of deposition usually as deposition over irregularly shaped terrain such 
have related the deposition velocity to such terms as sagebrush and high grass. Therefore, deposition 
as the friction velocity or vertical coefficient of velocities now measured may not be appropriate 
eddy diffusivity' K,; vertical gustiness2 a,; and to for computing the depletion of the cloud, which is 
the wind speed, friction velocity, and stopping dis- needed for a correct concentration computation. 
tance of the p a r t i ~ l e . ~  The theories of Owen and of The effect of tracer depletion upon the vertical 
Friedlander and Johnstone require that the par- profile of concentration is also not understood. In 



fact, computations of deposition velocities in which 
air concentration at some height, usually a meter 
or two above the surface, was taken may not give 
consistent results because of apparent plume rise, 
or effective removal of particles from the bottom 
part of the plume. It appears that deposition mea- 
surements should include some attempt to measure 
concentrations with height, so that a meaningful 
air concentration can be selected: 

EXPERIMENTS NEEDED 

1. A set of measurements using the same tracer, 
same detectors, and same techniques of analysis 
should be carried out at  one site under a variety of 
meteorological conditions to determine if the depo- 
sition va&e~with_meteoroloqy 7y - -.<- -.- - -.- Such experiments 
should also be conducted using the natural vegeta- 
tion and terrain as the deposition collection me- 
dium, if results on plates show that there is a 
meteorological effect. 

2. If' changes in deposition are not correlated to 
meteorological measurements made at convenient 
heights, say at  1 or 2 m or above, it may be neces- 
sary tp explore the layer _ -+ in the first few centimeters 
above the surfice. This layer is suspected of being 
adiabatic and thus fairly constant with time, 
which suggests little variation of deposition with 
meteorological factors. Probes for exploring this 
layer may be difficult to develop, and data re- 
duction and analysis may be an extremely com- 
plicated problem. 

3. T h e  effect of the  round surface uDon the '.- ---- " 
---\-- = 

vertical profiles of * air concentration~should be 
examined with identical meteorology by releases 
at different heights. This could be performed with 
a multi-tracer technique, which is feasible. Dif- 
ferent tracers can be released at  the same time 
from different heights on a tower and the effect 
of source heights and the ground upon the plume 
can be studied in great detail under what are 
known to be similar meteorological conditions. 
Different fluorescent tracers that emit at different 
wave lengths, or activation techniques of originally 
nonradioactive particles, appear to be possible 
tools. 

4. 'The deposition or cloud deple~ion over a high 
\-A - 

canopy of grass, foliage, or trees is also needed. The 
mechanism, with seepage into a canopy and also 
the later expulsion of air, may be quite different 

from the dry deposition of particles over terrain 
with short grass or soil surface. 
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CHAMBERLAIN: I have tried to work out deposition 
fiom the profiles of concentration in field trials, but only 
at very cluse range. There are twu diKicullies. If olle k i n  
to do this between two heights, say 30 cm and 1 m, one 
will bc looking for diffcrcnccs in thc nrdcr of 5%. 

ISLITZER: Very small. 
CHAMRERCATN: Tf one i s  trying hetween 30 c m  and 

10 m, then one has a very long distance of travel before 
the profile is developed out to this height. 

ISLITZER: This is true. The  problem of what concen- 
tration measurements to  make a n d  a t  what heights is 
very complicated. This approach has limitations because 
of the atmosphere requirkd for the concentration. 

CHAMBERLAIN: From the difficulty which Pasquill and 
others have had with evaporation; the fact that one has 
ro measure temmrature to O.OlnF. I don't thirlk h e r e  is 
much hope of doing this. 

PANOF.SKY: Dr. Chamherlain, have yo11 fo~rnd any sys- 
tematic difficulties with the Holtzman formula? Theo- 
retically this gives too small answers under unstable condi- 
tions, and the error can be of the order of practically a fac- 
tor 2 or 3. Perhaps you think the accuracy is not that good. 

CIIAMBERLAIN: Does this not depend on which two 
refcrcncc hcights you takc? 

PANOFSKY:- NO. It  depends on the Richardson number, 
and  the greater the height, the  more negative are  the 
Richardson numbers, and the worse answer one gets. But 
if one takes 1 m and 30 m, the Richardson number will 
be quite a large negative, and the bias will be of the order 
of a factor of 2 or 3. 

CHAMBERLAIN: I agree. This is a n  additional reason 
why one can't do it between 1 rn and 30 m. It  cannot be 
done between 30 cm and 1. m as the differences aren't big 
.enough. I t  can more nearly be done between 1 cm and 
5 cm because there the differences are  big, an.d the 
Richardson number is practically zero. That  is what I was 
trying to do in the wind tunnel. The  flux so deduced was 
compared with the direct measurement, but it was not 
a n  essential part of the experiment. 



Deposition Measurements at Hanford 

We have conducted three kinds of experiments 
at Hanford during the last three years. In o~ type 
we make&dLrect c_alculations by considering the 
flux through arcs. Figure 1 shows the data from a 
completed run. The mass flux, grams of&c sul- 
fide per square meter, through a vertical plane at a 

S a n c e  of 200 m from the source, is given by the 
numbers on the isopleths. Since the height is plot- 
ted against the azimuth, this graph really shows 
the cross section of the plume. Since this plume is 
contained beneath the tower gridwork and on the 
sides, the differences in mass flux through succes- - 

sive arcs are equivalent to the* deposition on the 
*- -d> 

ground. The dE6 indicate the of the sam- 
plers at each tower. There are towers at 98O, 106", 
114", 122", and 130". In addition, the dots at 
each 1 " mark represent samplers that define the 
exposure at 1 Y2 m above the ground. 'l'hu is a very 
well contained plume. Elaborate steps can be 
taken to check isoplething and intrgration over 
the areas. Having several men redraw the iso- 
pleths, we obtained good consistency in the inte- 
grated areas. This was a very interesting test. 

Quite aside from the deposition studies, note that 
the wind direction shear in this stable case was very 
strong - the  winds were southwest at the ground 
and northwest at the top of the plume. 

We wanted to make some direct measurements - 
of deposition, and, since measuring zinc sulfide on 
sagebrush is very complex and uncertain, we tried 
to duplicate the experiment by releasing zinc sul- 
fide over"dried__cheat grs, which is a light brown, 
very dry grass with burrs on top. In the field it 
looks similar to wheat, being very uniform and 
about a foot high. We released the zinc sulfide 
plume at the same height near the ground as we 
did in the diffusion experiments, under stable con- 
ditions, for a period of about % hr. After it passed 
over the field, we took very extensive grass samples 
to distances of 200 m from the source. The grass 
samples were ashed in an  oven at about 5C)U°F, 
and the amount of zinc sulfide was determined by 
scintillation techniques. 

In Figure 2 the results are compared with the 
values from the first experiment. The ratio Q/Q, 
is the percentage of material left in the plume after 

-=.- A - --.a -- 
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Figure I .  Crns~  sectinn of mass f l ~ ~ x  800 m rlnwnwinrl from snllrce 



any given travel time. Material is lost very near 
the source, so that about 20% is lost by a few hun- 
dred seconds. This agrees fairly well with the esti- 
mate from the flux measurements. We would have 
liked to take measurements a t  greater distances, 
because we recognize that there are some uncer- 
tainties in working very close to the source. At 
present our technique will not allow this, and we 
will have to make some improvements before we 
can measure at  distances of the order of 1000 m. 
O n e  of the significant findings clearly shown in 
Figure 2 is the amount of the total .deposition 
within a distance of 3200 m downwind (2 miles) 
or 2000 sec. This deposition is of the order of 70 or 
75%; that is, 70 or 75% of the material has been 
taken out of the plume. This may seem rather high, 
but it is reasonably consistent with deposition ve- 
locities of 1/2 to 1 cm/sec, which are quite common. 

The  final experiment to be described was done 
C__ - -a _. = ? - 

in 1 uly 1963. We released iodine for a period of' - ,  
b -.--- 

40 min near the-ground into stable atmosphere at 
a uniform release rate. At a distance of 200 m 
downwind, we had prepared some rye grassplots 

'.-ST.-- 
and some geraniums, plus some artlfic~al flowers. 
These tests are the first of a series. T h e  objectives 
were to test the source equipment for uniformity 
of.output; to test the relative efficiency of various 
kinds of samplers in the field; and to make some 
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Figure 2. Plume depletion versus time. 

basic deposition measurements to get a calibration 
for later tests. The sources were found to work 
well, and we selected from the field samplers one 
or two that were very efficient. 

Some of the deposition results were interesting. 
w- 

First, the deposition velocity over k r y e g a s s w a s  
calculated to be 1 cm/sec, but of the total deposi- 
tion, 58% was found on the upper half of an 8-in. 
rye grass blade, 29% on the lower half, and 13% 
in the soil. We found that we could remove 12% 
of the total deposition on the grass by shaking it. 
This is a surprisingly large amount, and is indic- 
ative of what might happen if one were cutting 
grass with iodine on it. We also found that the 
deposition per unit area of grass was greater over 
rye grass, the green grass, than over natural dry 
vegetation in the same area. Finally, with the ge- 
raniums, we found that a certain amount of iodine 
was absorbed into the leaves. Of the total amount 
deposited, 10% was absorbed into the leaf' and re- 
tained there and not delivered to the root system. 
Some of the people doing similar studies in the la- 
boratory fbund some conflicting results. For exam- 
ple, they found that the geranium leaves will ab- 
sorb not 10 but 90%. Thus, experimental designs 
and controls should be very stringent. 

BARAD: Were the basic data on Figure 1 measurements . 
of the product ux? 

SIMPSON: Yes. 
BARAD: In other words, there were no continuous sam- 

ples of wind as well as of par,ticulate matter. 
SIMPSUN: Yes. 
BARAD: YOU had a peak at a height of about 6 m above 

the ground. Since you were using essentially a continuity 
mcthbd which involvcs the integration in the azimuth 
direction and in the z direction of the mean value over 
time of ux rather than 2 ,  there is stiil allulller 1e1.111 ill 111e 
continuity expression, which unfortunately it has ncvcr 
been possible to  measure in the field because measure- 
ments have not been available a t  the same point of both 
wind and concentration (or exposure). Therefore, there is 
a question here with regard to the methods. If the source 
is n ground sourcc and thc pcak conccntration at  an azi- 
muth of 114" is on thc ground, one might argue as to the 
magnilude of the missing term. One  could agree, perhaps, 
that whenever u' is high, probably air from abovc is bring- 
ing in a low x's0 that one could, in the mean, determine 
the sign of the mean v a l ~ ~ e  of u'x' R I I ~  on this partici~lar 
figure rhe height of the maximum is a t  about 8 m above 
ground, and I wonder how sure one can be about the sip 
of the missing term. 

SIMPSON: T h e  mass flux shown is the product of E 
times B, or actually the exposure. Taking into account the 



wind shear with height puts the center where it is located 
in the figure. The  highest actual exposure is a t  about 1% 
m. We tried to estimate what E'u '  would be by consider- 
ing what the reasonable values of K would be, taking the - -  
ratio E'ul/Eti, and letting the turbulent probability Eu' 
be equivalent to K, (the partial differential of E with re- 
spect to x ) .  We have a great deal of data  on the partial 
difterential of fi with respect to x.  In  order for thi.s term 
to be significant, K, must be on the order of 6. 

DAVIDSON: Did YOU measure the winds alongside these 
towers? 

SIMPSON: Not for each tower. We measured the wind 
near the source and at  1 mile. The procedure has been to 
plot all vertical profiles. In  addition, we sometimes use a 
short portable, mast; therefore, in some cases we have 
three measurements which we plot all together, and they 
are reasonably close. In  the range of 1 cm/sec the varia- 
tion may be as high as 0.2, but I average them to obtain 
a mean profile for the entire grid. . 

CRAMER: Dr. Chamberlain, do you think Mr .  Simp- 
son's deposition velocities are reasonable? 

CHAMBERLAIN: With regard to the finely divided par- 
ticulate, I consider it rather difficult to deduce the depo- 
sition velocity from the Q/Q,  plot because the answe; is 
critically dependent, on the height of release. As regards 
the iodine results, they are surprisingly much in line with 
what I would expect, particularly the variation of the 
deposition down the rye grass, 58% on the top part and 
13% penetrating to the soil. But I think there is a lot of 
uncertainty about the deposition velocity of, say, 1 or 2-p 
particles over a surface, and our results suggest that 1 cm/ 
sec would be towards upper limit. I think it is depen- 
dent on the. micro-scale of the surface and not on macro- 
roughness. 

SIMPSON: I should have mentioned the conservative 
property of zinc suifide. Some people have found that cer- 
tain kinds of zinc sulfide when exposed to sunlight lose 
their fluorescence, and that this may be wrongly inter- 
preted as deposition. This is not the case with our zinc 
sulfide. We have run many tests, extending from hours to 
days in duration, and it has not shown any appreciable 
sensitivity to sunlight. The loss of fluorescence is negligible. 

FUQUAY: In comparing deposition velocities over the 
Hanford surface and other surfaces, one should carefully 
consider the Hanford surface, which is comprised of cheat 
grass on the ground with 1 to 1%-m-high sagebrush, 
which has a small leaf and woody structure and is quite 
dense. In the proximity of the sagebrush, the kind of dep- 
osition process taking place is different from that in some 
of the other studies. 

CHAMBERLAIN: I agree. Possibly the sagebrush acts as 
a sort offilter that raises the effective sink for particles, and 
it affects that much more than it affects the friction velocity. 

HOLLAND: Lyle Schwendiman uses complicated non- 
dimensional parameters that I don't quite understand to 
plbt his experimental data, something like a fourth power 
variation of u, with the wind speed in the pipe. H e  seems 
to have a good theoretical explanation for this, having to 
do with the increase in both the impaction efficiency and 
the turbulence. .Dr. Chamberlain's experiments have 
been conducted under a relatively narrow range of wind 
speeds, and therefore this sensitivity to wind speed has 
not been brought out well by the data. 

CHAMBERLAIN: Insofar as we have varied the wind 
speed, our results do agree with this very strong variation. 

HOLLAND: This is for particles in the 1 to 10-psize range. 
CHAMBERLAIN: I agree with it because the stopping 

distance of the particle is proportional to turbulent veloc- 
ity, which is proportional to wind speed, and because the 
strong variation of dihsivity with distance in the last part 
of the boundary layer means that the value of this stop- 
ping distance is very critical. But with the particle size we 
are using, diffusion begins to take over a t  low wind 
speed. T h e  diffusion transport, although small, does not 
vary so strongly with wind speed as the projectile-fashion 
transport. One has to use monodispersed particles to illus- 
trate this fact. It's a bit academic, because monodispersed 
particles don't occur in nature except in the case of spores 
and pollen. 

HOLLAND: This tendency would drop off with particle, 
size, then. 

CHAMBERLAIN: With increasing particle size, the dif- 
fusion transport drops out rather completely, and you do 
get this rapid variation. 



Deposition Calculations at Oak Ridge 

We have done no actual deposition experiments 
at  Oak  Ridge. One might say, however, that 
mathematical doodling with the - generalized 
Gaussian plume equation has produced a rather 
-.------- - 
interesting result. CEilkOwski in 1963 published a 
paper on deposition and washout ( O R 0  599). The 
surprising result that we have been working with 
was the evaluation of the equation for maximum 
washout. w r, 

w m , ,  = Q exP(- 2) 
exa, e 2aU2 . 

The washout coefficient, A, and  the time coeffi- 
cient, t ,  which usually are in the washout equa- 

tion, do not appear. This makes it possible to com- 
pute the envelope of maximum values of x (dis- 
tance) andy (width) without introducing assump- 
tions of wind speed and scavenging rate. Note that 
the curve for area versus the maximum washout is 
linear in Figure 1. Although the distance that a - 
maximum isopleth may reach varies withvarious 
weather categories, the area under the envelope of 
maximum washout is invariant for any weather 
condition. 

T o  illustrate the u s  of the graph, assume that 
one wants to know the permissible value of Q, the 
emission from a reactor stack, based.;;fean allowa- 
ble contamination of an area of 2 x 10%=re .- 

Figure 1 .  Washout area vs W,,,,,/Q. 



meters ( ~ 5  acres) to a level of lo-' curies per 
square meter. 

From the washout graph, an area of 2 x 10' m' 
corresponds to Wm,,/Q.r m-2 (maximum 
washout per release). Division of the maximum 
allowable concentration (lo-' Ci/m2) by this value 
of W m , , / Q ~ 1 0  curies as the release permitted 
per rain period. If, from climatological records, 
the longest probable rainfall period is found to be 
4% days or 4 X lo5 sec, the permissible emission 
rate would be 2.5 X Ci/sec. 

If washout should be the determining factor for - 
the maximum daily routine release from a stack, 
this simplifies the release calculation. ,-----,--. - -. -- 

DISCUSSION 

NEWELL: Would this place an upper limit? 
HILSMEIER: Yes. By using this maximum rainout for -- 

the given area and setting the contamination, one would 
obtain the maximum release rate. By using the climato- 
logical data for periods of rain, one would find approxi- 
mately various areas where a 5-day rain would be a good 
period to use. Considering the time factor, one would get 
the concentration rate or release rate. It  would be the 
upper limit. 

BADGLEY: Exactly what is meant by maximum rain- 
out? 

HILSMEIER: Maximum rainout means the whole 
plume is depleted. In  this model it is assumed that the 
plume is first established and then the rain begins and de- 
pletes the entire plume, lowering it to the ground and 
producing the area shown in the graph. 

GIFFORD: This goes back to Dr. Chamberlain's idea 
that for any given distance from the source there is a rate 
of rainfall which will maximize the surface deposition, 
maximize the washout; and then one assumes that this 
has occurred a t  all distances for the purpose of the 
calculation. 

CHAMBERLAIN: YOU mean, a rate of deposition? 
CIFFORD: Yes. 
FUQUAY: In  the application of that  graph, you will 

notice that you have on the ordinate plotted areas which 
cover all of the Midwest and almost half of the country, 
perhaps, and you are saying that there is a very light type 
of rainfall sufficient to obtain these large areas and ex- 
tended over a long period of time and over a large area; 
and in this calculation you take only the precipitation 
scavenging into account. I don't quarrel with the maxi- 
mization here. The other factor which comes in is the dry 
deposition that accompanies the rainout. This goes on 
anyway; so the question is, how much beyond the real 
maximum have you maximized, when you consider the 
normal spectrum of fission products which do deposit 
from other causes? ' 

HILSMEIER: YOU are concerned about the dry deposi- 
tion in addition to the.rainout. This graph can be ap- 
plied only to a rainout condition, where one is trying to 
determine if rainout is the primary factor in the release 
rate. 

FUQUAY: You discussed that this was an upper limit to 
the area. 

HILSMEIER: Only in the case where the rain becomes a 
factor. 

FUQUAY: But in the real sense it may be the upper limit 
plus quite a factor. You may have greatly overestimated 
for the actual case because you have not accounted for 
the dry deposition. 

HILSMEIER: Yes. 



: /I - 
Measurement and Prediction of Dispersion 

DAVID H. SLADE 

The field of dispersion measurement and pre- 
diction is large. Rather than attempt a general 
summary, I would like to summarize that portion 
of the field in which considerable recent experi- 
mental.~rog.ress has been made. that is. diffusion 

L c 2  --- 
experiments for release times of a few minutes to a , 

-.- -- ------ 
few hours and travel times on the order of an hour 

---C' 

(distances to perhaps 10 km). One of the practical 
goals of diffusion research on this time scale has - 
been ,t~&d a-simple-meteoro!ogical predictor, 

-7 
based on theory and verified by experiment, 
which could be used to estimate the diffusion cli- 

:. mate at a particular site. The common character- , ' 
istic of a number of recent, extensive diffusion ex- 
periments has been the direct use offin-d-flgcua- 
tion statistics as predictors. This is not new, ----,. 
certainly, 6ut seems to be receiving additional 
attention at  the expense of t h e ~ e r t i c a l  gradient" 
type of predictor. .What I have tried to do is to . - 
summarize the results of these experiments in. a -- 
manner that will enable one to construct a*- - 
sion climatolog~~using a minimum of simply ob- 
tained on-site meteorological 'data as a predictor. - 
1 have really done nothing more than to combine 
what I felt to be the best features of techniques 
that have been advanced by k'uquay, Cramer, 
and their respective groups. 

I have used a,zi (which is approximately equal 
to a,) a? a predictor of x/Q in a travel time frame- 
work. This is quite similar to what Fuquay has 
done with the exception of"ascribing the entire 
prediction to a lateral wind parameter and ignor- 
ing any vertical parameters.. Cramer also at- 
tempted to relate diffusion only to the lateral 
predictor. I have used a selection of about 145 ex- 
periments from the Prairie Grass, Idaho Falls, 
Green Glow 30, and Ocean Breeze series of d i h -  
sion trials. These experimental series were chosen 
because each included measurements of a,. 

In these experiments, a, was computed for aver- 
aging times between 2 and 20 sec and sampling 
times from 10 min to < 2 hr. This is not a handicap 
for the following reasons: The change of a, with 

averaging time in the 2 to 20-sec range is not large 
enough to cause a problem. Further, since x/Qde- 
creases with sampling time at a rate similar to the 
increase of a, with sampling time, the different 
sample lengths could be contained in one scheme. 
Also the height of measurement of a,zi is not too 
critical since, under stable conditions, the wind 
speed increases rapidly with height while the fluc- 
tuations decrease rapidly; and, under unstable 
conditions, the wind speed increases slowly with 
a slow decrease of the fluctuations. The various ex- 
perimenters used various means of estimating 
vertical spreading such as Richardson number a# 
and temperature gradient. Cramer used no direct 
measure of vertical spreading but assumed that 
such information was contained in the horizontal 
wind fluctuation data. 

The "diffusion" diagram shown in Figure 1 is 
the result. Here, as is ascomputed in the experi- 
ments and zi is the anemometer wind speed. The 
aeC term includes direction meander over, the 
length of the sample. Since the use of the lateral 
wind parameter alone results in more scatter than 
if a vertical paramerer had also been used, the 
final diffusion diagram was not drawn from best- 
fit lines but was eye-estimated with a bias toward 
the more,conservativ~data. Totally, about 90% of 
the experimental data fall within the proper group 
or one group lower on the diffusion diagram-(61% 
and 29%). The remaining 10% fall in one group 
above. In other words, Figure 1 may be used to 
obtain correct or conservative estimates 90% of the 
time. 

The scatter is, of course, due to the fact that the 
product of the vertical and horizontal turbulence 
does not bear a simple linear relation to the lateral 
turbulence through the entire range of possible 
values. I chose not to use reported vertical data 
because of, first, the variety of vertical predictors 
used in the experiments and the impossibility of 
evaluating one in terms of the others; and, sec- 
ond, the additional observational complexity in- 
herent in the measurement of vertical stability 



data. Had vertical fluctuation data been availa- 
ble for all of these experiments, a better estimation 
technique could almost certainly have been devel- 
oped, based on rather simple bivane measure- 
ments. The customers for this type of scheme need 
the simplest justifiable technique that gives defen- 
sible results. 

For the evaluation of a, for a climatological dif- 
fusion study, I would suggest that an  estimate be 
made from the wind range divided by a suitable 
constant. This type of relationship has been estab- 
lished by a number of workers and is satisfactory 
in a climatological sense although certainly not for 
any individual realization. A number of advan- 
tages accrue from the use of direction range. First, 
simple analogue wind recording systems operating 
at slow speed can be used. These are widely avail- 
able, comparatively inexpensive, and quite relia- 
ble, and furnish wind rose data as well as diffusion 
information. Then, the use of an  analogue record- 
ing allows the recognition of periods during which 
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the wind direction is variable. If it is noted that 
;ariability is a common characteristic at  a site, 
then this technique will not work, nor will any 
others based on turbulent diffusion, and some dif- 
ferent means would have to be developed. The 
electronic processing of wind direction data is 
likely to obscure the occurrence of variability. 

This, then, is-technique for the construction 
of a diffusion climatology. Its virtues are simplicity 
and conservativeness and the direct use of on-site 
data. Any drawbacks it may have are directly as- 
cribable to its simplicity. I believe that about 
$5000 should be sufficient to assemble a one-year 
diffusion climatology. This includes an Aerovane, 
manpower, charts, and some machine time. 

I hope that I have not implied that there is no 
further need for diffusion experimentation. There 
is certainly a need for diffusion information over 
longer release times and for greater travel dis- 
tances, in fact, a variety of release and sampling 
times in one experimental series. Release times 
from a few hours to a day or two are, with a few 
exceptions, experimentally unexplored. Almost 
certainly, the turbulent diffusion characteristics 
that are assumed, if not obtained, in the shorter 
experiments are likely to be grossly violated on 
these larger scales. Further, there is certainly a 
need, even at  the shorter times, for vertical distri- 
bution data. Vertical wind fluctuation data are 
useful here. Another field that has not received too 
much experimental study is the instantaneous 
source configuration. Simple techniques for evalu- 
ating these problems will probably await the suc- 
cessful completion of h ture  experiments. 

DISCUSSION 

SMITH: 1,am curious about your reasoning in drawing 
your curve in such a way that your results are conserva- 
tive. This is a tendency in the whole atomic energy field, 
and I don't like it. I think it mighf be more useful simply 
to have the best-fit curve, with some idea of the varia- 
bility to be expected with a given case. 

SLADE: I agree that frequently we have urged people 
to construct for hazard reports estimates that were un- 
realistically conservative, e.g., constant wind direction 
for on the order of 3 davs. However. this conservativeness 
is inherent in the data because of the scatter and because 
of t&ac&&verti,caI predic-There were points that 
indicated higher concentration than the bulk of the other 
points, and I think this is not a n  inordinate amount of 
conservativeness to include in a prediction diagram. 

SMITH: I vote for best fit. 
ISLITZER: O n  Figure 1, was that all measured data? 



SLADE: All measured data  a t  1000 sec, except yours, 
which went only to 700. 

ISLITZER: At only 100 sec travel time you show at  least 
5 orders of magnitude difference in  concentration with 
different values of usti. This seems like a large range at  a 
short distance a n d  travel time. Does any one site show 
this wide a range? 

SLADE: NO. 
ISLITZER: What is the range between sites? 
SLADE: I think the difference comes in the plotting of 

x/Q, which tends to elongate the concentration axis 
rather than xu/Q, which compresses it. Your Idaho points 
fall toward the upper left corner of this graph and are 
largely associated with high values of the wind speed, but 
your experiments were conducted under stronger condi- 
tions of wind than, say, Ocean Breeze. 

ISLITZER: There were sites that had that concentration 
in that short distance with that travel time. 

SLADE: At Hanford the experimenters took in 70 or 
80% of the total range, but they did not have large values 
because the wind speed a t  those times was comparatively 
low, about  half of those occurring during your experi- 
I~ielll. 

ISLITZER: When you make the complete jump fiom 
stability, can you sketch in stability classes, say, three or 
four, on that same plot? 

SLADE: Yes. I don't think there could be any doubt 
about that. 'T'he only problem with stability is that you 
can't just pick one layer for everybody to measure sta- 
bility in as a predictor; you can't nail down us quite that 
well. 

CRAMER: I think we have a pretty good idea on a a, cli- 
matology, related to stability and slight roughness, and 
these numbers perhaps aren't universally known, but 
there is a good basis for them. I think you've fbrgotten 
to measure the thermal stratification, simply because it 
may put a constraint on the diffusion in terms of a n  in- 
version layer, which obviously has to be taken into ac- 
count:I think further that  we are  getting a notion now 
where we can relate the diffusion, the spreading of the 
cloud in the lateral and vertical direction, to the spec- 
trum, which is also tied to the a, and in the vertical di- 
rection to a,. We are dealing with ground-level sources, 
and I think it is very difficult to use an actual bivane 
measurement of o,. 

SLADE: For an actual measurement, yes. 
CRAMER: We are dealing here with a vertical measure- 

ment, where we have a gradient in the -- 
~ L A D E :  Under unstable conditions, a, may not vary 

too much over these heights, but the plume showed that 
the bivane vertical trace was not a good predictor. 

CRAMER: I think you have to consider two cases here. 
In the case of elevated sources, it is advantageous to have 
bivane measurements for several things, but it raises some 
problems. I think we do pretty well along the line that 
you have indicated, depending on an implicit relation- 
ship between the a, and the vertical spread, however 
complicated it might be. I have some remarks about the 
way you plotted your data. I agree that the tio, plot is in- 
teresting. It seems to consolidate the data. I think there is 
no great mystery about why it works, and that per se there 
is nothing against using distance as a scale, either. We are 
here using Taylor's hypothesis to relate u to distance, and 
so we can't say there is any particular magic in time or 
distance. Yet it is a fact that over a given range of sta- 
bility the product of a times a, is nearly constant. 'I'his is 
the instability case, and it just su happens that in stable 
situations both zi and  a,, change in the same way as- the 
stability increases: they both become smaller. Thus, this 
product tends to emphasize the effect of stability on the 
pa.tt,erns. 

SLADE: Not really, a t  low heights at  least. As the sta- 
bility increases, it can be shown that there is wide disper- 
sion of pollutant. 

CRAMER: This is really meandering. As long as you 
study a region where the spectrum is continuous, as in 
instability, you will find no difference, in regression anal- 
ysis or any test you want to make, between the prediction 
value of a d i ~ t a n c e  plot against Bo, and a plot in time. 
They are practically identical. At night the distance plot 
starts to fail, because the spectrum is not continuous, and 
you get into a region where there is a gap and meander- 
ing, and you should not then follow, along parallel logs or 
curves that are  established for instability. I think each 
type of plot has its advantage, particularly if you are 
trying to relate the plot to the initial dimensions of the 
source and to a climatological classification of a,? and 
there is a lot to recommend the use of a,. 

SLADE: Concerning your last point, it is interesting that 
the data fit in quite well under unstable conditions, although 
the major portion of the plot is during stable conditions. 



Diffusion Studies in Canada 

R.E. MUNN 

I am going to review briefly our program in 
Canada and then ask some questions of a more 
general nature, which may not be entirely ger- 
mane to this morning's discussion. We have four 
nuclear establishments in Canada  and a fifth is 
contemplated. The A.E.C.L. experimental station 
at Chalk River is well known. It  is being sub- 
divided and personnel are now moving to White- 
shell, Manitoba. In addition there are two power 
reactors, one at Rolphton, Ontario, in the Ottawa 
valley, and another at  Douglas Point on Lake 
Huron. The  Meteorology Service of Canada cor- 
responds to the U.S. Weather Bureau. We provide 
a meteorological consulting service for Atomic En- 
ergy of Canada Limited as well as for Federal and 
Provincial Health Departments. I find myself in- 
volved in community air pollution problems and 
single-stack problems as well as the A.E.C.L. re- 
quirements. In this broad general area we feel that 
there is a very important place for tracer studies, 
and we want to participate but on a&mited bud- 
get. We simply do not have the kind of money that - - 
seems to be available in the United States. 

Our concept, therefore, is to develop some kind 
of task or strike force, s b l e , u n i t  that can un- 
dertake diffusion trials any-where, set u p  instru- -__ -- - 
ments in a day and commence keisurements the 
following day. The meteorological part of this sys- 
tem is a?portable 80-ft tower, with an  associated 

-yea trailer. There'are prcfilEs$f wind and tempera- 
ture at three levels. There is also a bivane on the 
top of the tower with a University of Michigan 
type of bivane integrator, which gives us averag- 
ing times from 6 sec to 1 hr. These integrators per- 
mit development of a diffusion climatology. For 
the actual diffusion ETals themselves, we record 
the data on fast-speed charts and analyze by 
hand, using computers at a later stage. This is be- - 

cause one really doesn't know in advance which 
smoothing time to use. One may think one does, 
but a little while later wish the original records 
were available. 

In addition, the Department of National Health 
and Welfare has developed a capability for ura- 
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nine tracer techniques, and our philosophy is to 
-- 
have p x a b l e  samplers. This gives us much more 
mobility and reduces costs. We have done three 
sets of trials under varying conditions using 6 por- 
table samplers. We are enlarging the sampling net- 
work to 12 or 18 this summer. Using a walkie-talkie 
or some other kind of radio communication, the 
meteorologist at the point of release decides where 
the samplers should be put. The  ground crew is 3 
to 5 miles away, ready to locate and activate the 
samplers. The  forecaster has to predict where the 
centerline will be in the hope of intersecting it, 
and this is a very useful exercise in meso-scale cir- 
culations. I t  gives a real feeling for local flows 
when one must predict the wind direction for the 
next hour. At Douglas Point two years ago, there 
were some 39 trials, for which 19 successfully 
intercepted the centerline. O u r  predictions im- 
proved as the season went on because we got a 
better feeling for the local meso-scale wind flows 
connected with the lake breeze. 

We have also done diffusion trials in the rear of 
a bluff building. We think this is an  important 
area of research, and we intend to study other 
downwash situations. 

We also had another kind of problem, to deter- 
mine the source strength of a large manufacturing 
plant. This particular source emitted a reddish 
plume of iron oxide, which was visible, and by 
using the same battery-operated portable sam- 
plers, we were able to intersect the centerline of 
this plume. From measurements of wind and tur- 
bulence we were then able to deduce the source 
strength, which in this case averaged about 19 
tons of iron a day for the particle size range of the 
filters. 

Another set of diffusion trials is starting on the 
shore of Lake Huron next Monday and will be 
continuing until the end of July. 

I have some qu:stions-of a more general nature. 
I was surprised that the first question didn't arise 
yesterday in the discussion of meso-scale transport. 
This is what might be called organized turbulence- 
in the sense of standing w"aTe"s, but on the micro- 

-- 



or meso-scales rather than of the dimensions of 
mountain waves. There are very minor features of 
the ground or different types of radiating surfaces 
that maintain semipermanent conditions for a few' 
hours, and convection tends to form over certain 
areas; also, the surface roughness patterns tend to 
create certain types of standing waves. Dr. Clod- 
man, our clear-air turbulence expert, has been 
studying clear-air turbulence occurrences at 30,000 
to 40,000 ft, relating the frequency of occurrences 
to g r o u n d m g p p h y . .  He finds that for relatively - 
smooth terrain, with maybe 500 to 1000-ft differ- 
ences in elevation, he can have a difference in 
clear-air turbulence occurrences of an order of 
magnitude. If this kind of thing is important at 
30,000 ft, I can imagine what small terrain fea- 
tures could do to the trajectory of a plume at, say, 
1000 ft. 

Also, in a recent Soviet paper on shelter belts, it 
was mentioned that in a field surrounded by trees, 
the trees couldn't be sprayed successfully with in- 
secticides during the daytime. There was a contin- 
uous downdraft over the trees with an updraft 
over the field. However, the trees could be sprayed 
at night because the circulation was then reversed. 

This raises the question: Is z?j equal to zero? I. 
don't think it often is. I think that sometimes on 
the micro-scale, frequently on the meso-scale, 
there are areas where k isn't zero, and this kind of 
organized turbulence needs to be considered. I 
haven't any suggestions of how to go about it; I 
am just suggcsting it for discussion. 

Another subject that hasn't been discussed, pos- 
sibly because Professor Panofsky didn't arrive un- 
til today, is the internal boundary layer. When -_ .d__*.-- _---- - 

- A - 4  there is a sbdden discontinuity In surfEe condi- 
tions (a change in roughness, moisture conditions, 
or something else), an internal boundary layer de- 
velops. As an illustrative example, suppose that a 
tall chimney is situated on a lake,shore and the 
wind is blowing from lake to land. What happens 

to the plume geometry after the plume intersects 
the upper surface of the internal boundary some 
distance inland? 

Another example is a city, in which a sudden 
increase in surface roughness must cause an in- 
ternal boundary layer to develop. Suppose a chim- 
ney is located on the upwind side of a city. What 
happens to the smoke plume when it intersects the 
upper surface of the internal boundary layer? If 
there is an inversion over the country at night and 
a weak lapse condition in the city heat island, does 
a fumigation take place? It has been shown that 
these boundary layers do exist. Dr. Peter Summer 
in his doctoral thesis at  McGill University men- 
tions that the smog layer over Montreal is tilted 
towards the upwind side. 

DISCUSSION 

SMITH: With regard to your last question, we have had 
two interesting examples here of precisely this ca.se, in 
which the plume from our reactor has traveled down 
Long Island some 55 miles or so during a deep tempera- 
ture inversion and approached New York City. The  in- 
teresting thing is that the radiation from the plume was 
detected on two extremely sensitive devices built by the 
NYU Physics Department: we have observed these same 
types of traces here in the general vicinity of the Labora- 
tory. So we have a very good idea, fbr example, what a 
fumigation case looks like on the radiation traces, and our 
tentative answer to your question would be that the fumi- 
gation you clcpcct actually doc3 occur whcn you approach 
the city and the inversion disappears. In other words,.you 
come into a turbulent regime over the heat island. 

Murrrr: There are a numbcr of rcfcrcnccc, particularly 
in the British literature, to the fact that over a city a tall 
stack is associated in the public mind with urban pollu- 
Liuri, wlle~.eas puor air quality is really caused by short 
chimneys and ground-based sources. I have discussed this 
with Dr. Summer. We think it quite conceivable that the 
tall stack, if it is on the'upwind side of the city, may be 
above the inlernal boundary layer, but the plume may 
i ~ ~ ~ e ~ . s e c t  the Luurldary layer fart.her downstrear11 causing 
a fumigation over the center of the city. At the moment 
this is speculation, but the subject must be treated with 
great caution, I think. 



Dispersion in Urban Areas 

My remarks will be restricted to the measure- . 
p e n t  and prediction of dispersion a s ' c f f e x  

1-4 
urban =YOU have already heard that mea- 
surements are being done in St. Louis and in Fort 
Wayne sponsored by Dugway. I hope Dr. Munn's 
strike force will soon be operating in the urban 
areas in Canada to provide more concrete data. It 
is important to make measurements in urban 
areas and not rely on the dispersion measurements 
already made over level terrain out to distances of, 
in some cases, on the order of 30 km. 

The difference in roughness over urban areas 
compared with Hanford with its 1 %-m sagebrush 
has repercussions in a number of ways. It changes 
the wind profile considerably. It also.changes the 
stability, distributing the flow over this roughness 
and consequently changing the diffusion and dis- 
persion conditions over urbali areas. Also irrlpor- 
tant is the fact that over urban areas there is fre- 
quently diffusion in transitional states, as Dr. 
Munn has shown, where there 'is an inversion 
moving over the city which is heated from below, 
and the roughness also causes weak lapse condi- 
tions below, so that there is not the same stability 
in thc lowcr laycrs as aloft. 

Most studies, even over very level locations, 
have been concerned with sampling times on the 
order of 15 min to 1 hr, and I think the impor- 

We are working on the problem of diffusion for 
travel distances on the order of tens of kilometers, 
which are somewhat greater than even the over- --- - 
level-terrain distances that have been considered. 
Some of the problems we will soon face in trying 
to estimate concentrations for the longer travel 
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tiines and distances are the followingq We wlll be 
increasingly concerned about trajectories rather 
than mean flows; some of the observational tech- 
niques for determining trajectories have been dis- 
cussed at this.meeting. Also, the budget of the pol- 
lutants in the atmosphere will be of considerable 
importance: over these longer travel times of 10 or 
12 hr we will not have a simple situation of a con- 
tinuous emission of a quantity Q, and therefore 
we will have to consider in estimating concentra-. 
tions not only the emission that took place one 
hour's travel time upwind from this location, but 
also that which occurred 4, 6, 10, and 12 hr be- 
fore. Rather than having sources and receptors, 
we will have the problem of keeping track of the 
pollutants in the atmosphere as they are trans- 
ported, complicated by removal processes that 
change the characteristics of the pollutants, in- 
cluding in addition to, deposition, the removal of 
gases by photochemical and catalytic reactions 
and even the formation of other pollutants by 
these reactions. This is an .area of atmospheric 

tance of meander with increasing time period chemistry that we meteorologists will be forced to 
must be investigated. The particular scale used is consider in greater detail. - - 
of considerable irr~portance to what sort of disper- In this session not much has yet been said about 
sion models are applied to the particular situation. th~-p~edicti~-n-of dispersion. I think that in the not 
Dr. Cramer mentioned the application of dilution too distant hture real time estimates will be made . . 

and mixing height concepts to urban areas, which of pollution concentrations based on certain 
work extremely well, particularly in calculating models and on the source inventories available to 

, concentration at some distance downwind from put into these, which will be used for control and 
the city rather than within the city itself, and also for special studies; and this will require the fore- 
work in cases of stagnation, where the pollutants casting of ~ e o r o l o g i c a l  parameters. Dr. 
&e restricted in movement and continue to build Munn might agree that the most important _m_es~ 
up. But naturally one needs information about the meteorological parameter to forecast i s & b - -  
~esidel~ce ~irrles of the pollutants, and there is very tion. Much more information will be needed 
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little. r--- about diffusion, but I think this will be more con- 



servative than the variations caused by differences 
in wind direction, which will be extremely diffi- 
cult to forecast accurately, particularly over urban 
areas. I think we will be involved in the next dec- 
ade in forecasting meso-meteorological parameters. =-z? 

DISCUSSION 

PACK: I have been eagerly awaiting a statement such 
as Mr .  Turner's about the mediction of traiectories. I 
have heard no comment a t  this session on the probable 
use of numerical techniques on the meso-scale. I t  would 
appear  that what little we know, from hand calculations 
with the prediction techniques for trajectories, is true of 
instantaneous and even single-point sources. We are in a 
state of abysmal ignorance in trying to predict the target 
of a diffusing plume 100 miles downwind. A difference in 
plume concentration of a n  order of magni~ucle ur ~ w u  
makes very little difference if the qu,estion is whether an 
area is in the path of the plume or not, and I feel very 
strongly that one of our big lacks is in the ability to answer 
this. Fortunately, Mr. Allen has mentioned some initial 
attempts along these lines. It  appears that statistical tech- 
niques recommend themselves for initial utilization, but 
modeling techniques on the meso-scale for trajectories 
and use of high-speed computers certainly will be a fruit- 
ful field of research over the next 5 or 10 years. 

CRAMER: Maybe we will never be very successful in 
modeling the meso-scale, but I think a n  operational 
scheme involving tetroons might easily be used. In con- 
nection with very large transport problems between ur- 

ban areas it might be possible to use an orbiting satellite 
to survey more specifically. It is difficult to get an over-all 
knowledge of patterns on this scale without using some 
kind of gross technique. 

ENGELMANN: I agree with Dr. Pack's remarks. I would 
like to emphasize the need for knowledge of mixing 
depths in the meso transport. At 10 miles from the source, 
and in daylight hours or nighttime hours, what does one 
use for the wind level and for the trajectory level? This is 
perhaps no problem in the Great Lakes, where there is 
not too much difference in shear and in speeds, but it can 
be very critical in rough terrain or if there are wind shifts 
downstream or in time. One  may have a n  accurate tra- 
jectory in terms of direction, but the trajectory also re- 
quires a knowledge of wind speeds so that one can deter- 
mine what portion of the plume is under consideration. 

BIERLY: I a m  not quite as pessimistic as Dr. Cramer 
about tetroons. Mr. Turner  mentioned physical meteo- 
rology coming into chemistry, but when chemistry comes 
illlo meteorology, we will all bencfit. I think Mr. List and 
Mr. Holland are proponents of tracers, natural or other- 
wise, and I think techniques will be developed within the 
next 5 years or less that we can all use to get observations 
at  meso-scales. 

BADGLEY: Mr. Pack's suggestion of using numerical 
techniques on the meso-scale is basically a good idea, but 
people tend to think that, because it is on a smalle'r scale, 
it will be easier than using numerical techniques on a 
global scale or in a forecasting method. I would say it is a . 
good deal harder, perhaps by a factor of 10. 

DAVIDSON: I would guess two orders of magnitude 
harder. 



 iffi is ion Studies at Hanford 

Figure 1 (which I have shown before) is a sum- 
L 

mary of the exposure data from - p e r h e a t  
~ a d ~ i s  a plot against time of the peak expo- 
sure multiplied by the wind speed at the release 
height and divided by the source strength. The 
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data were g r o u p e d a ~ ~ o r d j ~ g ~ o , < h e R ~ c h a r d s o n  
number and the lateral gr.o.~~tt_parameter aei  

C-- - - - .-- 
(which Mr. Slade discussed). The solld 1 i n m p S  
sent the average normalized exposure for each 
group and the dotted lines, the outlyers observed 
in each group. We obtained a fair degree of sepa- 
ration between the groups, particularly in the 
stable case. We have never had much difficulty in 
unstable and neutral atmospheres, but in predict- 

ing diffusion in stable atmospheres there is con- 
siderably more variance. What the technique has 
done is to reduce considerably the variance about 
the mean in stable plumes. For example, the two 
groups at the upper right both have a Richardson 
number >0.08, but they differ in the lateral 
growth, the upper group of very small plumes hav- 
ing aeii<O. 15 and the second group having aeu be- 
tween 0.15 and 0.5. An interesting feature of this 
diagram is that the slightly stable conditions rep- 
resented by Richardson numbers from 0 to 0.08 
are very close to unstable, so that the slightly 
stable plumes are close to the unstable plumes 
which have a narrow growth; the group to the ex- 
treme left represents the unstable plumes which 
have the wide growth. 

This scheme is the best we have been able to de- 
vise for making a prediction with some kind of 
confidence limits, and we feel reasonably sure that 
the accuracy,is within a factor of 2. We were dis- 
cussing yesterday that we are generally pretty good 
at prediction. We know a great deal about difh- 
sion; we have run a lot of tests and have a lot ofdata. 
Therefore I agree in the case ofground sources; with 
elevated sources some complexities may enter, and 
there is not yet enough experimental evidence. 

Figures 2 to 4 are summaries of ground source 
data. At the time they were d r a c d i d  not 

-. - 
have complete data to calculate a8i  and therefore 
used estimates based on the data we did have. The 
exact values will not change the graphs much. In 
Figure 2 the Hanford experiments are compared 
with Prairie Grass experiments. The cu-G 
right represent the very stable case. The Prairie 
Grass curve was plotted by averaging 17 of their 
most stable experiments as represented by smallest 
values of a& and Richardson numbers >0.08. In 
general it agrees very well with the curve for the 
Hanford most stable experiments. It is interesting 
that there is curvature in both of these, which is 

Time (seconds) not particularly evident in the unstable curves. 
This curvature for stable cases appears in most of 

Figure.l. Normalized peak exposure, E,li/Q,, versus time. these graphs. Separating the curves in terms of 



stability gives a wide range of values, but use of 
a,l results in the formation of groups, so that, 
rather than a factor of 5 to 7, I think we can con- 
sider the precision to be within a factor of +2. 
T h e  Prairie Grass study of 14 experiments runs 
pretty close to the Hanford model in the slightly 
stable case, and, finally, for the unstable cases the 
agreement again is as good as one can hope for. 

In Figures 3 and 4, the Hanford curves are the 
same as those in Figure 2. These figures show the 
excellent agreement between the Hanford data 
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and  those from N R T S  and Dug'way, and from 
Cape Kennedy and Vandenberg. 

T I M E  ( S E C O N D S )  

Figure 2. Variation of normalized exposure with time 
for Prairie Grass and Hanford. 

I think these figures verify yesterday's comment 
that the agreement between experimental runs 
has been good, and therefore we should be able to 
make predictions within a factor of 2 or so. Any 
further improvement will be very difficult and will 
require diligent searching for parameters and re- 
finements in counting techniques and experimen- 
tal design. 

DISCUSSION 

DAVIDSON: Are these data all from ground sources? 
SIMPSON: Y a r e l e a s e d  at  about 1 'h m height. 0;e 6f 

the enco~~rag ing  things T didn't rnentiorr was the variety 
of'tracers used: SU,, 2210 zinc sultide, fission products, 
iodine. We get good agreement with these various kinds 
ofsources. I am not implyins that we have it made. In the 
Cape Kennedy and  Vandenberg data  there were some 
very unusual runs. In  some runs at  Vandenberg the ex- 
posure increased with distance because of channeling; in 
another very interesting run the plume was actually en- 
trained into a heavy cumulus cloud: a t  % mile there were 
evident high concentrations but a t  1 Yi miles there was no 
evidence of a plume at all, as a cumulus passed over and 
entrained all of it. Thus, there are circumstances that . 

cause complexities, particl~larly r~iggerl reginns and re- 
gions where there are strange circulation~. 

DAVIDSON: T h e  da ta  you presented earlier showed 
quite significant loss of whntcvcr traccr you uscd at  Han- 
ford. Uo you think the loss process for SO, is the same? 
It is a littlr. hard to bclicve. 

SIMPSON: ~ h e r e ' a r e  two things that we are not specify- 
ing, deposition and a,, both being mechanisms that go on 
in tlie vertical. I d o  rlot know whether SO, is being de- 
posited or not. 

SINOBR: WC hnvc surnrnnrizcd about 10 years of oul 
data  and attempted to use this scheme to separate the 
data, and we got absolutely nowhere. 'l'he old-fashioned 
system ofxti/Q vs distanceseparated the data  nicely into 
"gustiness" classifications. O n e  effect not considered in 
the equation is the variation ot' ti with height. 

S~h~rsort:  I bclicvc thil, but Mi.. GlaJe slid I havc plu l td  
2.11 rhetae darn versus distance, versus x u ,  and  the results, 
1 ~hobvcd arc thc bcst that WE. ha-ei acliicved. 'l'l~ib is IIUL , 

necessarily to say that these are the most significant, but 
the method does work well. 

DICKSON: Tllc ~csu l t s  ill Figule 1 were fro111 iesis 1 ~ ~ 1 1  

over the same type nf terrain - sagehr~ish - and now yo1.1 
say' you could not associate them with the tests that were 
1.~11 0-eci s d g c b ~  us l~ .  Is t l ~ c r c  ally rclaiiol~ship will1 L ~ I C  

difference in terrain? 
SIMPSON: There are  some tests in the Ocean Breeze 

(Vandenberg) series th.at do not agree, although the 
avcrages are pretty m u c l ~  ill ag~.eelllerlt with tile other 
results. T h e  tests were not run  over sagebrush. Prairie 
Grass was run over a flat area of mowed-grass. There are 
cffccts duc  to tcrrain features, but so far, from the d a b  
produced, these are  exceptions rather than the general 
rule. 
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Figure 3. Variation ofnormalized exposure : 

with time for NRTS and Dugway, Utah. 

TIME (SECONDS) 

Figure 4. Variation of normalized exposure with time 
for Cape Kennedy and Vandenberg Air Force Base. 



Turbulence and Low-Level Structure . 

The current state of knowledge concerning low- 
level wind structure has been best summarized in 
the book The Structure of Atmospheric Turbulence by 
J.L. Lumley and H.A. Panofsky (Interscience, 1964). 

The information available about low-level wind- 
structure is the result of careful of \--.* - 
data. We inspect our runs and decide which par- 
ticular stretch of data looks steady enough fnr 11s 
to analyze. Then we compute the turbulence sta- 
tistics and the spectrum. 1 think perhaps less than 
half of the hours in the course of'a year are suitable 
for rhh kind of analysis. Thus, we know about the 
structure of tur,bulen.ce at certain_p&cGn the --- 
United States for mgybe half the time. The point __ 
is, if we put out sources randomly and run them 
for 20-min intervals, hour after hour, how often 
will we get bimodal and trimodal distributions of 
concentrations in the atmosphere? Again, I would 
guess about half the time. 

At Brookhaven, for example, all of them are bi- 
modal despite some careful preselection in deter- 
mining when an experiment would be run. So 
perhaps it is the normal state of the atmosphere 
to give not normal Gaussian distributions but the 
sort of' distribution one might expect to get by 
adding up a set of Gaussian directions under con- 
ditions that vary abruptly during the course of'the 

' , .  experiment. We know almost nothing about that - 
kind of  statistic,^,-and I think it is time we devoted 
some attention to studying this aspect of the tur- 
bulence structure problem. 

Also, in many of the practical problems of'the 
AEC, such as that of the maximum credible acci- 
dent, I think the time scale doess t - rea l ly  in- 
volve turbulence. It involves the probable se- 
quence of wind directions for a period of, say, a 
week. 'l'here have been minor studies, but there 
has been no mass applied climatological approach 
to this kind of problem, which is certainly solvable 
with conventional weather records, which are 
available in enormous quantities. 

Professor Panofsky thinks theefferential equa- 
4%- 

tions of turbulent diffusion are not apTli.ca.ble but 
that I advocate their use; .he is half right. For 

small t ,  the differential equations will never yield 
a result correct according to Taylor's theory for 
the homogeneous turbulence case. For large t ,  
there is no inconsistency between the two pre- 
dictions. On the other hand, there is no reason to 
exDect the' Tavlor assum~tions to be valid for 
diifusion ne%=round,'since the flow there is 
inhomogeneous. particularly in the vertical direc- 
tion, there is a marked change of scale with height. 
I do not believe there are a.va.ila.hle exact solu- 
tions of the .Tay!n~approach which incorporate 
the eftect of' varying scale of turbulence. This 
problem should be worked on because there is a 
contradiction here. We assume that t h e s y k e x -  
pression is valid for the atmosphere and if its pre- 
diction differs from that of the differential equa- 
tion then the differential equation must be wrong, 
but on the other hand it is not valid to apply Tay- 
lor's simple diffusion theory near the ground. 

'l'here is another point about the diffusion equa- 
tion. Since the--ala,n_d_dizontal atmospheric - 
scales are greatly different, the appropriate dif- - a -  - 
zus2on - equatio2for this necessarily anisotroir;; 
system in two dimensions is 

We always assume that in the atmosphere near the 
ground the principal axis of diffiisinn is in the 
direction of the mean wind and is horizontal. I 
think this assumption cannot b e e c t  for the 
case with strong momentum flux, so that if one 
studied this problem and decided that the prin 
cipal axis aught to be one a lcrn~ which t h q r -  

h a i o n  tensor d i a g ~ a l i z ~ ~ t h e n  .. the principal 
axis should be one in which the shearing stress 
would disapprar. T u g s  study of the results of 
this type of equation with the assumption that the 
principal axis of the rlifli~sion tensor is not along 
a horizontal line but along a$pj.n_ggl!ne. 

I am particularly interested In t h ~ s  because I 
have tried the same technique for stratospheric 



diffusion. By assuming that the principal axes are 
always along isentropic surfaces and then resolving 
t h ~  ~ a l i i e ~  of the cross-diffusion terms, I have ob- 
tained patterns of concentration in the strato- 
sphere that are more reasonable than those ob- 
tained with any other model without recourse to 
general circulation terms. 

DISCUSSION 

PANOFSKY: I don't really understand the K theory-For 
the diffusion problem it may not be possib160 say that K 
depends just on the position. If you have a fluid and you 
know all about its turbulence, fluctuation statistics, cor- 
relation, etc., you can't say that  K, o r  K, has a certain 
value if you have a n  area source with no variation in the 
transfers and  you.are interested in momentum flux or 
heat flux or evaporation. I n  a n  expanding plume you 
may have to consider the width of the plume at  the point 
as well, and I assume that although you maintain that 
everything is nicely homogeneous, you find different 
values of Khere and there. This is the kind of argument 
that Richardson makes and the sort of thing one tends 
to get in a wind tunnel, and this is why I think other fluid 
mechanics people are wary about using this theory at  all. 
The  K value is not n function of thc variables. 

DAVIDSON: T h e  test of any pudding is in the eating, 
and if in two-dimension theory the theory, a t  least under 
adiabatic conditions, gives without recourse to fudge fac- 
tors very decent coincidence with observation, then I 
don't see the objection to its employment. 

PANOFSKY: It may work for the wrong reason. It  works 
very well for a continuous line soucce a t  right angles t q  
the wind on the ground, and  it may work because you 
assume that K varies with height. As you go away from 
the source, downstream, you get wider plumes and varia- 
tion with height, and you get a larger K. According to the 
theory, the reason for the larger Kis  the larger height, 
but the actual physical basis may be the larger plume. 
With a n  elevated source, you could probably tell the 
difference, because then, according to the theory, K would 
not increase in the x direction; but if you let Kdepend on 
i l ~ e  widill uf the plurrie, then I; would Increase in the x 
direction. 

DAVIDSON: There are some elevated source data, for in-. 
stance Hage's study of the deposition of microspheres, and 
I think the data are in accordance with theory for the 
adiabatic case. The principal objections to the K theory 
are perhaps cogent, but they are not any  more serious 
than the principal objections to the applications of the 
homogcncou~ thcory or of Gau~cinn I I I U ~ C ~ D  i ~ i  L ~ c  U L I I I U -  
sphere, where clearly the scales are changing with distance 
from the ground. But I would not before the fact throw 

out the K theory. If it fails to yield agreement with obser- 
vations, then it is,clearly not valid, but it is a t  the same 
time a theory which is perfectly specific, has no fudge fac- 
tors in it. 

ARNOLD: What Dr. Davidson wrote in the equation is 
essentially what Prof. Corrsin* expressed a few years ago 
for momentum transport. The  implications of this when 
applied to K theory show that the K theory can be true 
only ifthe theory is severely restricted. It has been stated 
that the K theory works. 'A better statement would be that 
the working of the K theory depends on how hndamental 
is the question asked of it. Here, Dr. Davidson considers 
the principal axis of the stress and of the strain rate ten- 
sors, and in this consideration K theory does not work in 

' 

general. 
DAVIDSON: I don't feel rich enough to reject a theory on ' 

the ground that it may explain something exactly for the 
wrong reason - at  the present time. Maybe 10 years from 
now we will be in a much better position to be choosy. 

BADGLEY: One  can do what you suggest, surely, and 
even diagonalize in three dimensions rather than two, but 
it is n i m m e  why this would be of a great deal of 
help, because you would be diagonalizing the stress matrix 
(if that's what you did) where you have a distributed 
source (if you will, an infinite source, the ground) and 
if you try to apply this to a diffusing plume, you have an 
entirely different set of boundary conditions, and it is not 
obvious that what would diagonalize it for momentum 
would diagonalize it for a diffusion problem. 

DAVIDSON: True; but why not examine the conse- 
quences of such assumptions? Some numerical experi- 
ments we have been making indicate that such an ap- 
proach might be helpful to explain the Prairie Grass 
unstable runs, which cannot be explained by the Taylor 
theory in any case. But it is too early to tell. 

BADGLEY: Tha t  may be. In some cases where I have 
tried to diagonalize the stress te?sr_(just for the fun of it, 
not for that purpose), the angles were not small - they 
might be on the order of 45". Another question is whether 
or not, after having done this, one can depend on having 
the same orientation for the axis everywhere in space, or 
where you are  going to have to coordinate the system as 

- - 

you go along, as you do it in two dimensions. 
DAVIDSON: When you get above the constant stress 

change, you are in trouble, in any case. 
VAUGHN: This brings u p  a point I mentioned yesterday 

in favor of making direct measurements of turbulent 
fluxes. The  whole idea behind the K theory is the gradi- 
ent transport of matter or whatever other property of the 
atmosphere you are measuring, and if you can measure 
this flux directly and, in addition, measure the gradient, 
you can a t  least see whether the idea of the K theory ap- 
plies here. 

'Corrsin, S. in Naval Hydrodynamics, pp. 373-99, Publ. 515, 
Natl. Acad. Sci. Natl. R,a. Council, 1957. 



Wind Profile 

My remarks will be directed toward the question: 
Where are we today? 

There comes a time when workers in any par- 
ticular field, such as turbulence and low level 
structure, should face up  to a dispassionate assess- 
ment of thepstate of true knowledge in the partic- 
ular area. T h e  different speakers at  this session 
have their individual ways of arriving at  a state- 
ment of' where we are today. I would like to start 
with a brief-review of background. However, in -- -- .-... , 
the time allotted it is 1mp6siible to do more than 
choose a portion of the session topic, and I have 
picked "wind profile," more particularly the tur- 
bulent case. But what I want to s z m a y ,  in-%-- --'.. -- 
broad sense, be applied to other aspects of the low 
level structure and to turbulence. 

In treatments of wind profile the obiective is to 
obtain some functional relation between wind 
speed and height. In the early days (1915-1935) - 
workers in fluid mecha5cs and  in meteorology 
ran a somewhat parallel course. 1 n X t h  cases a 
velocity which varied with the height raised to 
some power was measured -the power profile. Also, 
there were data which showed a variation with the 
logarithm of height. There seemed to have been an. 
awareness between experimenters in the labora- 
tory and thelr counterparts in the atmosphere, 
and a fair amount of exchange. Thus, it was Prandtl, 
writing in a meteorological journal, who suggested 
the logarithmic profile for the adiabatic atmo- 
sphere. In the later years there seems to be less of 
this, and I believe we have been the losers. 

There are explanations for this pursuit of 
separate paths. In the fluid mechanics labor- 
atories the more typical experiments are for neu- 
tral (i.e., adiabatic) conditions. In the atmosphere, 
the non-neutral case is more typical. *'urther, in 

- - " .  . ,  

fluid mechanics, the velocity profile was moving 
into a secondary role, while in our case the profile 
is still of primary importance. The  non-neutral 
case, where there is interaction between ;he ther- 
mal field and the dynamics of the problem, has 
been handled by each discipline in a separate way. 
In  fluid mechanics, there has been some theory 

------n --- 

for the simplest of situations, and this has yielded 
some interesting results. The  mathematics is very - 

difficult and involved, and to my knowledge no 
one has published any resulting wind profiles. In 
meteorrology,.approaches to this problem retain - 
one or the other of the two profiles (log or power) 
and modify them. (Thus there is a log plus linear 
profile, and a Ueacon profile, each of which reduces 
to the log prolilt: ill the neutlal case.)Theoly, - .  . - 
in meteorology, fcatures a fair amount of dimc11- 
sional reasoning using parameters identifikd by the 
e--- 

-1ar investigator as being pertinent to the - - 
phenomena involved. Note that "theory" in this 
case does not in general get down to fundamental 
equations, But then, fundamental equations such 
as the Reynolds averaging of the Navier-Stokes 
equation form an intermediate set with more un- 
knowns than equations, so that, pending a for- 
mulation ofsome new physics in the problem which . . 

will fill this gap, thcrc can bc no gcncral solution. 
The theory which is based on dimensional reason- 
ing tends to be asymptotic. Some sort of final, 
idealized state is being described. But is the atrno- 
sphere in this state? 

,.-.. 
1'0 get back to the neutral case, in the labora- 

tory, one finds in the simple turbulent flow situa- 
tion rhar ar the lower Keyrlolcls 11unlbel.s tl1e1.e is 
a power profile with a n  exponent of %, a i d  with 
increasing Keynolds,numbers the exponent pro- 
gresses to %, %, %, No. The logarithmic profile is 
the asymptotic limit for high Reynolds numbers. 
I t  is nor easy to distinguish on a serrlilog plot be- 
tween a logarithmic profile and a power profile 
with an exponent of, say, '/lo. Figure 1' shows this. 
The  points were computed from a ' / l o  power pro- 
file, while the straight line is the logarithmic profile. 

For the individual who is interested in an erigi- 
neering answer, either a.log or power profile may 
be suitable. We, at Brookhaven, are looking into 
this question. That is, given a minimum of in- 
formation, what are the relative-merits.of-the-sv-, 
era1 profiles for e s t i m a m h e  wind-some - /-7 
altihde, and what are the merits of these profiles 
when prediction in time at  some altitude is re- 



u ( r n l s e c l  

Figure 1. 

quired, and what may that minimum of informa- 
tion be? For an engineering use, then, it is expected 
that with a reasonable amount of effort answers 
can be obtained to questions of this type. A pre- 
sentation is planned for the A.M.S. meeting at 
Salt Lake City in October 1964 on the merits of 
several profile equations in the prediction of winds. 

The  situation as f a r a r y  goes is different. 
While there is theory that has yielded a log: profile, 
no theory, dimensional reasoning, or what have 
ynll, has prnrl~lc.p.rl a pnwer prnfilp.. We nnte that 
there exist situations in which a power profile is 
a very good description. If there ever evolves theory 
which includes the power profile, such theory will 
have to be for a state that is not yet at the asyrnp- 
totic limit. 

Figure 2. 

data from a few different studies. Of these I picked 
a handful that were nearest to adiabatic. Mind 
you, the temperature field is not very cooperative, 
and I never found that nice linear adiabatic lapse 
rate. Nevertheless, I tried my best, going to hun- 
dredths of a degree to select those few nearest to 
adiabatic. This stringent requirement left only a 
handful of profiles. There were too few profiles to 
permit a generalization. In  most of the cases, the 
plot of the profile on semilog paper showed a small 

_._?I but nevertheless ever-present convez.bow instead 
of the. anticipatdd"straight line. Figure 2 is an ex- 
ample. A remaining small minority showed a ran- 
dom scatter. Thus, on this small sampling of data, 

- I  must conclude that the statement that "in an 
adiabatic atmosphere the wind profile is logarith- 

The  question of "where we are today" may be mic" may have to be qualified. TO get back to the 

considered in terms of what we really know. One 0pe;ng question: "Where are we today?" - I'd 

way of answering this is to make a series of state- say, we are where our measurements and our abil- 

merits and check them. 1s this or that true or not? ity to organize these measurements have brought US. 

- regardless of what theory or the consensus of 
opinion may say. I would now like to make such DISCUSSION 
a statement which I believe most people would DAVIDSON: Will YOU state the hypothesis: that under 
agree to. I t  is: "In an adiabatic atmosphere the adiabatic conditions and with the present state of fluid ane- 
wind profile is logarithmic.'? TO test this 1 selected mometry the wind profile may be logarithmic? I wonder 



what would happen if you used the Johns Hopkins ane- 
mometers rather than those at  M I T .  

ARNOLD: There  were no Johns Hopkins data  in the 
cases examined. I asked people if there were adiabatic, 
log profile cases and .they said there must be many. I 
haven't been able to find them. But then I haven't made 
an exhaustive search, either. 

PANOFSKY: T h e  other thing you s h o ~ l d ' p r o b a b l ~  put 
in your hypothesis is how high the profile is logarithmic 
under neutral conditions. I point this out because, a t  the 
100-m Brookhaven tower, they have a model for a neutral 
profile such that between the top levels, certainly around 
300 ft (and I think even from 150 to 300 ft), some rather 
significant deviations are expected theoretically from the 
logarithmic profile. 

ARNOLD: I purposely didn't bring in the Brookhaven 
data, knowing your comments in  the past. In  Figure 2 
O'Neill data  were used. 

PANOFSKY: But I think you should say how high you 
expect the iogarithmic profiie. 

ARNOLD: 'There is a need for a n  answer to that ques- 
tion. Laboratory observations may help. There is a point 
I would like to make. Every once in a while, the atmo- 
sphere is not in  the asymptotic s tate  we assume. Some 
people, for instance Scrase and Frost in  England, have 
come up  with a Ih power profile in the neutral case; there 
is nothing magic about this number - there may be other 
exponents. At Brookhaven we have a n  even larger ex- 
ponent for neutral cases. My general impression (without 
studying too many  cases) is tha t  if we are  to find a log 
profile, it is for the higher wind, which again suggests a 
Reynolds number dependence - a Reynolds number 
which we haven't spelled out as yet. 

CHAMBERLAIN: I think most people select, consciously 
or subconsc~ously, the smoothest part of the site to set up a 
tower. This  tends to be troublesome because some dis- 
tance away there is a rougher terrain, and therefore the 
problzm is cliffcrcnt. 

ARNOLD: 1 believe there were some 500 yards ot'smooth 
ground around the O'Neill observations. 

FRENZEN: That 's  the point: the  height to  which the 
logarithmic profile holds depends upon the uniformity 
of the site. Therefore, the O'Neill curve may really be a 
criticism of the site. 

PANOFSKY: I don't think you can make that conclusion. 
BARAD: YOU may be right, but you may not have the 

sole reason, or not the reason at  all. Have you examined 
the 8 or 9 cases you mentioned to determine - in what- 
ever subjective or objective way - what effect an error of a 
certain size in any one anemometer or collection of them 
would have on the profile with the slight bulge? We have 
in the past tested what accuracy is required to stay away 
from the Ih power law and the log law. Probably no one 
can state at  this date  that  any set of instrumentation in 
1953 or 1956 had an accuracy which would have enabled 
one to determine the difference, in the range from <1 
cm/sec to 5 m/sec. 

ARNOLD: T h e  error you are talking about would have 
to be a bias type of error. In general, there wasn't just a 
random plus or minus. The  curves generally had a con- 
vex hulge. . 

BARAD: I am talking about all the inherent difficulties 
with cup anemometers and matching. 

BADGLEY: I agree with all the statments made so far. 
Very often the time when you find an adiahatic lapse ra.te 
is actually a change-over period between a perfectly 
stable case and  a n  unstable one, or vice versa, and it is 
quite possible that in this period the entire wind profile 
hasn't yet come to equilibrium with any one condition, 
either the old or the new. 

MOSES: I would like to point out that,  even though 
your site may be smooth physically, if you have cumulus 
clouds overhead you may have hot spots and cold spots, 
and there you will have a thermal roughness which can 
cause a deviation in your log profile. 

ARNOLD: Our  concept of using thermal structure alone 
to determine what the curvature will be on a semilog plot 
may not he enough; there may he other factors. 

MOSES: My point is that a site may not be as smooth 
as it looks even though it is physically smooth. 

ARNOLD: In  my search for straight-line plots I found. 
in a buuk a nice slt.aig11~ l i ~ ~ r .  u t ~  a se~nilug p lu~ .  Tlie 
authors had taken two adjacent periods in  the O'Neill 
data, one highly stable and another highly unstable, and 
by averaging them together had gotten a straight line. 
Are we going to extend our definition of adiabatic that far? 

RADGLEY: NO. 



Temperature Profiles 

ARTHUR B. BERNSTEIN 

Rather than discuss temperature profiles in 
themselves, I want to talk about onenroblem that 
arises instudykg turbulent strjcture and to use 

=--- - 
the temperature profile as an example. -- 

The two previous speakers metioned problems 
in.choej2g :he period and locations to study. In 
actual practice, the periods we study not only rep- 
resent but a small portion of the total time and 
space in which we are interested, but also represent 
some selective combination of the meteorological -- - 
variables in which we are interested. For example, 
one generally expects the wind speeds associated 
with neutral conditions to be higher than those 
associated with either stable or unstable conditions. 
In any given experiment, it may make a difference . - 
whether unstable conditions have low wind speeds 
and large heat fluxes while neutral conditions 
have high wind speeds and small heat fluxes, or 
whether the winds remain the same at all times 
and only the heat flux varies. When a stability 
iridex such as a Richardson number is used, wind 
speed and heat flux are combined and on-nnot 

-distin~uis_h between these tzo-p~~ibi l i t ies .  Th'w 
the results may be less general than we think, if 
the experimental conditions did not include a 
wide range of both wind speed and stability. This 

\--- -,-, ,-.- --- 
problem is compoundG3 by the fact that we gen- 
erally select certain conditions under which to 
measu=example, we may decide to measure 
only under clear skies in order to insure steadiness 
in incoming radiation. If, however, strong winds 
are associated with overcast skies, we are deliber- 
ately excluding all cases of strong winds from con- 
sideration and thus again detracting from the gen- 
erality of the results. 

Another problem is that we have a somewhat 
limited range of variables here on earth. Truly --- -- _ . -.---- 
fundamental laws of atmospheric turbulence would 
apply on any planet and in any atmosphere. Yet 
such quantities as specific heat, gravitational force, 
mean temperature, mean density, etc., which ap- 
pear in our equations as variables, are virtually 
constant on this planet; thus, although we may in- 

clude them in our expressions, we really know 
nothing about how they affect the problem in any 
general sense., 

As an example of a problem that may occur, I 
will refer to some of the work done by Swinbank 
and Dyer in Australia, who have examhed the 
temperature profile from a dimensional point of 
view. They have followed the reasoning of Monin - 

and Obukhov, and describe the temperature pro- -- - ----- -. 
file by means of two d i m e n s z e s s  
P- - - .- .- - as--- 

kcppu3 ae -- kgzH 
H az and - . 

pdP?~t3 

The latter is recognized as Monin and Obukhov's 
-z/L, and the former they call @, . They have 
performed a number of experiments with great 
care, and they have found that +, var@wu/L 
as shown in Figure 1. There is a great deal of scat- 
ter, but the mean trend is clearly indicated. Ex- 
amination of the expressions for @, and z /L  show 
that for practical purposes the only variables are 
u., z, H, and aO/az. In these experiments, u, and H 
were constant with height, 'and ae/az was deter- 
mined at a number of different heights. Conse- 
quently, the observations plotted at the right of 
the graph do not represent very unstable condi- - 
tions; rather they represent the same moderately . - 

unstable conditions appearing further to the left, 
but are determined from measurements made at 
a greater height. Such measurements cannot really 
be used to test a similarity theory t h a m i i t e s  an 
increase in instability with an increase in height be- 
cause sufficiently large heat fluxes are not observed. 

I 

Log I -  z /L  I 

Figure 1. 



Another problem is that the expression for +, 
contains u,/H, while that for z/L contains H/uS3. 
There is thus a "built-in" relationship between +, 
and z/L. Deacon and Taylor were rather con- 
cerned about this, and wondered whether this 
built-in bias would overshadow the variation 
shown by the observations; therefore, they took 
the same gradient measurements, took u* and H 
from tables of random numbers, and plotted a 
graph; and they found that, although the scatter 
was much greater, the mean trend was essentially 
the same as that shown here. I wonder if this may 
mean that in this problem the experiment was not 
really necessary - that the correct result could 
have been deduced in advance. Of course, this 
"correct result" might not hold true if we had ob- 
servations from other planets and other atmo- 
spheres, making density, specific heat, etc., true 
variables. 

DISCUSSION 

BADGLEY: It is obvious from your expressions that there 
are not enough dimensionless parameters to describe the 
problem. You have 8 dimensionless properties, in 4 di- 
mensions, so there should be a t  least 4 dimensionless 
groups of numbers needed to describe the problem com- 
pletely, of which you have considered only two. 

BERNSTEIN: I didn't go into detail regarding the di- 
mensional analysis. I think I can show that the reasoning 
is legitimate. One  may argue that H a n d  c, are the only 
variables containing a heat dimension, and therefore 
must occur in a ratio as a single variable, and that g/T 
enters as a buoyancy coefficient and is therefore also a 
single variable, thus reducing the number of variables to 
6 and the number of dimensionless products to 2. Alter- 
natively, one can analyze the data  in terms of 4 dimen- 
sionless products - which I have done - and it turns out 
that two of them drop out. The  point is that we are ham- 
pered in our search for truly fundamental laws by the 
limited range of variables here on earth, and even a well 
executed experiment can yield little information beyond 
what we could have found apriori without needing the ex- 
periment at all. At least, this may be the case as far as the 
temperature profile is concerned. 

PANOFSKY: Would you say there is the same difficulty 
with the wind profile? O r  is this better because there is 
not quite the same correspondence of variables in + and 
z / L  so l l~at  ~ l ~ e r e  is not the same random number cffect? 

BERNSTEIN: YOU are right. H does not occur in for 
the wind profile. I mean to try r a ~ l d o l l ~  numbers in the 
wind profile case, but I haven't yet. 

ARNOLD: In  the case you discussed, were these stable 
Gaussian variables, or do they have some other character- 
istics? 

BERNSTEIN: I believe they were taken from a rectangu- 
lar, not a Gaussian, distribution of random numbers. 

ARNOLD: This indicates the variation of u, and H, 
doesn't it? 

BERNSTEIN: Yes. I don't know how different the result 
would be if one used Gaussian random numbers. 



Diffusion Experiments 

--*-a 4- . = 

F 

No one at this mee /or both, depending upon the particular way 
equation: 

Obviously this expression is written in terms of time 
as the independent variable; and this is relevant 
to a point that has been discussed: the natural 
coordinates for this admittedly igealized specifica- 
tion of the mechanism of diffusion-eed, time; 
that is, the natural coordinates for a Lagrangian 
description of dispersion in a moving fluid are 
time. Perhaps the confusion arises in that the 
natural coordinates for describing the symptoms of 
diffusion (as expressed, say, in the form of pollu- 
tant concentrations recorded at fixed points along 
the ground) are space. Thus, in the analysis of 
diffusion, there is no question whether we are deal- 
ing with space or time; for we are using either 

an observer chooses to view a given situation. 
I will describe t-g d m e n t s ,  each 

of which had the above equation as a starting 
point. The first goes to the heart of the idealized - 
Taylor diffusion problem and is an investigation of 
the influence of gravitational --- - stability -- - upon the 
Lagrangian autocorrelation function by means of 
hydrodynamical-model studies. The second-de- 
parts from the more familiar applications of the 
Taylor equation and does not deal with the dif- 
fusion problem at all. 

~ h e - t r u l ~  homogeneous, stationary fields of tur- 
bulence required by the Taylor theory do not (as 
pointed out at this meeting) ordinarily exist in 
nature; but in the laboratory we can obtain data 
closely resembling those observed in such ideal, 
stationary fields, provided we carefully correct for 
the effects of turbulent decay. Figure 1 shows the 

Fi5t,le 1. A~~SCIIUIZ rneteoml~gical model towing tank. 



apparatus used in these experiments, a towing- 
tank 30 ft long, 2 ft wide, and about 18 in. deep. 
At the top is the moving carriage which can be 
pulled along the tank by an endless cable driven 
by the mechanism below. In operation, the tank 
is filled with water to a depth of 12 in., and 95% 
of the free sCiFfa<covered by a semirigid, float- 
ing lid which both damps undesired wave motions 
and serves as an upper heat exchanger. The entire 
bottom of the tank constitutes a second, lower 
heat exchanger. By circulating water at  the de- 
sired temperatures through these devices, vertical 
temperature gradients of the desired direction and 
magnitude can be created and maintained for days 
at a time. 

The experiments were carried out in fields of 
decaying, homogeneous --._---,.--. turbulence 5enerated in 
the wake of a rectangular grid (Figure 2) w d  

through-tbs-t~k by the carriage. hgure  3 is a 
/- 

positive reversafzf a photograph of a set of tur- 
bulent trajectories traced by a number of particles 
moving through a 6-in. cube within one such field. 
Note that successive positions of each particle on 
its particular trajectory are marked by brighter 
flashes at 1-sec intervals. Simply by measuring 
these 1-sec displacements, we obtained successive 
1 -sec average velocities for as many dispersing par- 
ticles as desired. Five such trajectories were selected 
from each run, each complete experiment consist- 
ing of 10 runs carried out under virtually identical 
initial conditions. The resulting matrix of up to 20 
successive velocity measurements taken along 50 
trajectories made up the raw data, uncorrected for 
decay. 

The method of decay correction used was orig- 
inally suggested by G.K. Batchclor (Proc. Cam- 

Figure 2. View of the interior of the tank test section showing grid 
approaching from the right; arrows locate center of camera field. 



Figure 3. Positive reversal of 17-sec-long turbulent trajectories photographed &om above. 
Droplets are moving in direction of the arrow; intensified images on trajectories are 1 see apart. 

bridge Phil. Soc. 48, 345-62, 1952). I t  is based 
upon the well established properties of the so- 
called first period of decay known to characterize 
the earlier history of fields of grid-produced tur- 
bulence. In this method, each 1-sec mean velocity 
is multiplied by the square root of the time of ob- 
servation, this compensating for the observed 
decay of the turbulent velocity field. In addition, 

all real time intervals in the experiment are re- 
defined in such a way that the effects of steadily 
increasing turbulent scale during decay are elimi- 
nated (for details, see ANL-6794). These numeri- 
cal operations were performed upon the raw data 
by a computer, creating at one stage a decay-car- 
rected matrix of Lagrangian turbulent fluctua- 
tions. Thus, although the ideal of a stationary, 



Figure 5. Examples of integral parameters computed 
from autocorrelation curves; note that the horizontal 
components of the Lagrangian scale time ck remain more 
or less unchanged under conditions of increasing stability 
while the vertical component steadily decreases; similarly, 
the fkq1lmt-y nf tht: principal peak of the horizontal com- 
ponent of the Lagrangian spectrum n k  remains approxi- 
mately constant while that of the vertical component in- 
creases; in each graph, the abscissa JV2  is ehe Brunt- 
V*la stability parameter. 

I Reg = 14,000 

Figure 4. Examples of 4 autncnrrelation curves (vertical 
component) derived from experiments carried out in neu- 
tral, weak stable, moderately stable, and very stable strati- 
fications; note decreasing area under curve and change of 
functional form from simple negative exponential to 
Gaussian. 



homogeneous turbulence field was never actually 
attained in the laboratory, the traces of such a field 
were made to exist, briefly, in the high-speed 
memory of the computer. 

The computer used the corrected data to com- 
pute the Lagrangian autocorrelation function fbr 
each experiment. Figure 4 shows the functional 
forms for the vertical component of the Lagran- 
gian autocorrelation function observed in 4 ex- 
periments whose stratifications ranged from neu- 
tral to very stable; the lapse rates were <+O.Ol "/cm 
in the neutral case shown in the upper.left, 
+0.03"/cm in the weak stable case in the lower 

, left, +0.12"/cm in the moderately stable case in 
the upper right, and +0.30°/cm in the very stable 
case shown in the lower right. All I would like to 
point out here is the marked change in the be- 
havior of the vertical component of the autocor- 
relation function with increasing stability. It falls 
off more rapidly as the stability increases, as one 
would expect; but note also that there appears to 
be a systematic change in the general functional 
shape. Whereas a version of a simple negative ex- 
ponential adequately fits the neutral case, the in- 
creasing stability gradually introduces Gaussian 
functions as the more appropriate form.. 

Significant changes in the form of the correla- 
tion function could make the use of simple scale 
factors between the independent variables in- 
adequate for Lagrangian-Eulerian comparisons. 
The possibility remains that similar changes in 
shape may also occur with increasing stability in 
the vertical component of the Eulerian correlation, 
but one cannot count on such a fortuitous circum- 
stance. It may be a small point, but it would be 
interesting to see if this behavior can be found in 
either or both types of correlation functions in the 
real atmosphere. 

Figure 5 shows some of the turbulence param- 
eters that can be derived from the correlation 
functions. Here the general term t, represents the 
Lagrangian scale time, the first integral of the 
correlation function, or, more simply, the area 
under the correlation curve; t,, then designates 
the scale of the horizontal components while t, 
represents that of the vertical component. These 
are shown plotted against N 2 ,  the Brunt-Vaisala 
stability parameter. Note that, over-all, the hori- 
zontal scales remain essentially unaffected by the 
changing stability on the Buid. Here, where the 
t,, curves briefly rise abruptly in near-neutral 
conditions, there is a peculiarity which may be 

due to the unsymmetrical tank cross section; how- 
ever, the point is not fully understood. O n  the 
other hand, the other curve for the vertical com- 
ponent t, shows a steady decrease in Lagrangian 
scale with increasing stability, this reflecting the 
steady decrease in area under the vertical auto- 
correlation curves seen in Figure 4. - 

Through the cosine transform the Lagrangian 
scale time can be shown to provide a measure of 
the frequency of a principal peak in the Lagran- 
gian turbulence spectrum. Angell showed some 
results of this kind obtained from tetroon flight 
data. In the towing-tank results shown here, we 
see that the principal frequency of the vertical 
oscillation of the tracer droplets n, steadily in- 
creases with increasing stability, whereas the prin- 
cipal frequency of the horizontal fluctuations n,, 
remains essentially unaffected. In reviewing this 
diagram (as a result of conversation with Dr. 
Angell) I realized that this n, vs N2  line lies very 
nearly at a 45" angle; since the abscissa is laid out 
in such a way that it is linear in the absolute value 
of N, this indicates a one-to-one correspondence 
between the principal vertical oscillation fre- 
quency and the Brunt-Vaisala frequency. Indeed, 
this should have been expected in view of the com- 
mon, text-book explanation of the Brunt-Vaisala 
frequency in terms of the vertical oscillation that 
results when a constant-density balloon suspended 
in a stably stratified environment is released from 
some height other than its equilibrium level. It 
responds like a simple harmonic oscillator, with 
vertical oscillations resembling those of a weight 
suspended by a spring. Thus the observed increase 
in n, with increasing stability is readily seen to be 
analogous to the increasing frequency of oscilla- 
tion of a suspended weight with increasing stiffness 
of the spring. 

Finally, it may be remarked that, since these 
Brunt-Vaisala type motions evidently represent 
the principal oscillations (hence principal vertical 
velocity fluctuations) present in turbulence fields 
in stably stratified media, and since, from the ex- 
periment, the two appropriate functional forms 
for the vertical component of the Lagrangian auto- 
correlation function are known for these same con- 
ditions, it seems possible that one might write 
fairly good versions of the vertical correlation func- 
tions for a particular situation solely from the ver- 
tical density gradient (merely by identifying N 
with n, and reversing the procedure by which n, 
was obtained from the correlation curves). 



The other experiment to be described uses the 
Taylor equation as a point of departure. Here we - - .-..- . . -, . _I,- I __ ..,. _. -__l 

are once more concerned with stationary time 
series data, but not with fluctuating velocities of 
dispersing particles. From a purely formal stand- 
point, the Taylor equation can be used to analyze 
any stationary time series, as Taylor implied in his 

..- - 
- paper ( Proc. London Math .  SOC. 20, 196-2 12, 192 1 ) 
when he illustrated his discussion with a continuous 
record supplied by a fluctuating pressure signal. 
The present application uses Eulerian records of 
turbulent velocity fluctuatio-een2by a fixed 

Temomete r .  . 
~ ~ c h e m a t i c a l l ~  illustrates the derivation 

of the Taylor expression from a n  Eulerian time 
series. O n  the left is shown the familiar dispersing 
particle concept: one computes the displacement 
of the ith particle at time t in terms of the integral 
of its instantaneous, fluctuating velocity over the 
period, then squares and averages these lengths 
over an  ensemble of particles, and finally arrlves 
at the familiar Taylor expression for the mean- 
square dispersion. The right-hand sketch illustrates 
that one can base a completely analogous deriva- - 
tion upon a continuous record of Eulerian fluctua- 
tions: here we compute an unspecified "Eulerian 
length" for the zth sample of the record by inte- 
gration, square and average over an ensemble of 
record samples of similar duration, and again ar- 
rive at the 'l'aylor equation. Of course, u:? now re- 
fers to the variance of the Eulerian record, and 
H([) represents an Eulerian time correlation de- 
rived from the anemometer record. 

Figure 7 illustrates (both for the Lagrangian 
particle case on the left and for the Eulerian 
record case on the right) that one can substitute 
mean values for the integrals in the previous repre- 
sentation. In this way one obtains the alternative 
expression for the first integral (Lagrangian dis- 
placement or Eularian length, as the case may be) 
shown in the middle of Figure 7. By squaring and 
computing an ensemble average one thus obtains 
the alternative expression for the variance of the 
first integral of the time series shown at the bottom. 

One might ask what the significance of 7 might 
be in the Eulerian case. In Lagrangian examples 

. 

it represents, of course, a measure of the dispersion 
attained by time T; but it has no obvious, phys- 
ically significant definition in the Eulerian ap- 
plication. But that need not bother us, for in the 
next step we eliminate it by substituting the right- 
hand side of the expression (2) for the right-hand 

i-th particle i-th sample 

From 

it can be shown 

Figure 6. Schematic representation of the analogy be- 
tween a true Lagrangian displacement [where u,( t )  repre- 
sents the velocity of a particular dispersing particle] and 
thc so-callcd Eulcrian lcngth [whcrc u , ( t )  rcprcscnts a 
parlicular seglllelll selected frurr~ a wil~d speed record 
supplied by an hernometer], 

i-th particle 

t=o 

Alternatively: 

hcncc: 

Figure 7.  Schematic representation of the analogy of Fig- 
ure 6 with mean values (u,,)  substituted for integrals over 
the period T. 

side of the Taylor equation. A number of pdople 
have followed a similar procedure, usually con- 
cerning themselves with diffusion applications; 
these include Pasquill, Ogura, Smith,'and Mac- 
Cready, among others. Many of these analyses in- 
volve the equation shown at the top of Figure 8. 
Termed "the variance function," this expression 
represents (in the language of the present applica- 
tion) the percentage of the total variance (2) re- 
tained after the Eulerian record has been subjected 
to an averaging or running-mean procedure over 
an interval T, with UT designating the magnitude 



From (1) = (2): 
- 

Variance 
P(T) m - :! = - A dTl t  R(& 1 d& dl 

any u(t). 
But, in inertial subrange, 

c -2 /3€2/3 &2 /3  For Eulerian R E ( & )  = 1 - = U  fluctuations,- 
u u(t) = U(t) - U 

Therefore: 

lost. I variance 

and 

Figure 8. Basic equations leading to the EVA relation for 
the rate of turbulence dissipation. 

of the reduced variance that remains after this 
smoothing has been carried out. As noted on 
Figure 8, this relation holds for any stationary 
time series u(t ). 

The second line on Figure 8 presents the known 
hnctional form of the Eulerian time correlation 
for the specific case when the time series u(t ) repre- 
sents turbulent fluctuations seen by a fixed ane- 
mometer which has been filtered in such a way 
that it sees only the inertial subrange of the tur- 
bulence spectrum. By substituting this function 
in the top line and  rewriting the expression in 
terms of the absolute instead of the relative vari- 
ance reduction, (i.e.,'as a difference instead of a 
quotient), one obtains the third equation for the 
actual amount of variance lost in a high-frequency 
(inertial subrange) Eulerian record of turbulent 
fluctuations after it has been smoothed by running 
means. Note that if one associates the limited re- 
sponse times of real instruments with such averag- 
ing procedures, it becomes possible to compute the 
total variance of a real wind from a record taken 
by a n  imperfect instrument which has failed to 
respond to the higher frequencies. F.K. Ball has, 
in fact, done this. 

T h e  final expression shown at  the bottom of 
Figure 8 follows from the fact that the third ex- 
pression for variance lost contains the dissipation 
hnction E .  By writing this expression for two. 
different averaging times, TI and T2, and  elimi- 
nating the perfect variance 7 between them, we 
can solve for E to obtain the last expression, which 

might be termed EVA for Eulerian variance anal- 
ysis. The  value of the constant A follows from the 
known value of the universal constant c in the ex- 
pression for R(t ) ,  which is, in turn, related to the 
constant in the k-5 /3  spectral law for the subrange. 

The  EVA relation has been tested by applying 
it to wind records obtained with 3-cup anemom- 
eters mounted at several heights on a radio mast, 
the data being a portion of that obtained by E.L. 
Deacon some years ago in a study of the variation 
of gust intensity with height. The instruments were 
ordinary Casella anemometers with no especially 
fast response characteristics. However, since they 
were located relatively high above the ground and 
were operated only in fairly high wind velocities, 
their response times were actually rapid enough to 
detect a significant portion of the low frequency 
end of the inertial subrange. 

If one particular anemometer record gives a 
certain value of the turbulence dissipation when 
the EVA relation is computed with two particular 
averaging times TI and T, (the times being short 
enough to be appropriate to the high frequencies 
of the inertial subrange), then the relation must 
always give the same value of e for any pair of suf- 
ficiently short averaging times. This follows be- 
cause the rate of turbulence dissipation is a prop- 
erty of the turbulence field and not of the details 
of its measurement. Further, the foregoing implies 
that the terms within brackets in the EVA relation 
must preserve the same value for all appropriate av- ' 

eraging times. Therefore, if we plot the numerator 
of this ratio versus its denominator, the region of 
validityafor the EVA relation will be designated by a 
straight line of constant slope. What is more, the 
line must pass through the origin, for however small 
TI and T, are chosen to be, the slope of the line must 
remain the same, even though both numerator and 
denominator become vanishingly small. 

Figure 9 shows 8 plots of this kind, the 4 on the 
left representing data collected at  a height of 64 m 
and those on the right, a t  153 m. Consider first 
the upper, dashed line in the family of 64-m 
curves shown in the upper right. The first point on 
this line is located by variance reduction factors 
(i.e., numerator and denominator of the bracketed 
terms) based on the 2-sec means minus the 4-sec 
means, while the next point is designated by fac- 
tors derived from the 2-sec means minus the 6-sec 
means, and so on. Below the dashed curve, the 
solid line marked by triangular points represents 
the 4-sec means minus the 6, minus the 8, and so on. 



Figure 9. Variance reduction factors (numerator vs de- 
nominator of terms within brackets, last equation Fi,gure 
3) computed from 3-cup anemometer data recorded i t  
heights of ( a )  64 m and ( 6 )  153 m. 

In virtually all cases, curves based on the 2-sec 
means ('dashed lines) do not pass through the or- 
igin; this is considered to indicate the presence of 
high-frequency noise, probably introduced by the 
method used to collect the 2-sec mean winds from 
the original, rather coarse graphical record of an- 
emometer switch closings. But note that the initial 
portions of all other curves do, indeed, tend to pass 

through the origin; thus, averaging over 4 sec or 
more successfully smooths out the spurious contri- 
butivlis 16  he high-frequency variance. Sooner or 
later (specifically, when the larger of the two av- 
eraging times locating a point exceeds the value 
designated I, max), the curves fall away from the 
line through the origin; this behavior designates 
the point where the averaging times have become 
too large for the variance redudtion effect to be. 
controlled solely by the characteristics of the in- 
ertial subrange. 

Finally, note that a value for the slope of the 
lower, straight portions of the curves is shown on 



Figure 10. Observed rates of turbulence dissipation plot- 
ted against mean wind speed showing close adherence to 
&a u"solid line) on part of 64-m results; dashed line rep- 
resents trend expected at  153 m by translating solid line 
in accordance with e CCZ- ' '~ .  

each diagram; these correspond to the values of 
the bracketed terms in the EVA relation which 
enable one to calculate a rate of tur.bulence dis- 
sipation for each of the cases. Figure 10 shows val- 
ues of E determined in this way. 

The plots show that at 64 m the dissipatior~ . 

values both follow the expected trend with the 
cube of the mean wind speed and also exhibit an 
average, normalized value (i.e., an  average of the 
individual values reduced to a standard wind of 
5 m/sec) that is of entirely reasonable magnitude,' 
namely about 10 cm2/sec3. At 153 m, however, 

j the - -  .. values - are less well organized, which perhaps 
indicates that, because of relatively limited uni- 
form terrain, the turbulent structure a1 this rel- 
atively grear heighl was not r~illy adjustcd to con 
ditions in the layers below; but the normalized 
mean was still a reasonable 3 cm2/sec3. 

At Argonne we have built what we term the 
L I H T  (low inertia, high torque) anemometer in 
an attempt to employ the EVA method at  more 
convenient heights and in winds of only average 
speed. The  rotors of this instrument are made of 
expanded polystyrene, the entire rotor assembly 
weighing about 6.4 g, only a L u u ~  ' /b llle wcight of 
the cups and arms of a Casella, even though the 
L I H T  cups present twice the frontal area to the 
windstream. The base is a modified version of an 
old Beckman & Whitley photochopper model; as 

much metal as possible was machined from all 
rotating parts in order to reduce the inertia, and 
a 6-hole chopper cylinder was installed for the 
initial trials (we have since increased this to 21, 
but this has necessitated a ~ l c w ,  smaller photoceli): 
Acceleration tests in a wind tunnel indicate that 
the L I H T  anemometer has a response length of 
only 0.5 m. Since this indicates that the instrument 
will adjust to 1 - (1 /3e) or 95% of a sudden veloc- 
ity change in 0.3 sec when the average wind is 5 
m/sec, the L I H T  anemometer is expected to be 
able to detect the low frequency end of the inertial 
subrange at heights as low as 5 m, where o /z= 
5/5 = 1 cycle/sec. 

One of the goals of this program is the measure- 
ment of the surface stress from only single point 
measurements, the ultimate hope being to develop 
a method fo'r use on board ships at sea. Given the 
dissipation function, one can obtain the stress r 
through the relation 

where +, represents the rate of production of eddy 
energy through the mechanism of the vertical heal 
flux and 9, represents the divergence of the verti- 
cal diffusion of turbulent kinetic energy. When the 
stratification is neutral, both +, and +, are zero, 
.and one may use the logarithmic profile for au/az. 
But there are some indications (a point which may 
be amplified by Professor Panofsky) that in un- 
stable conditions, the third term +, tends to cancel 
the second, +,; that is to say, as fast as additional 
energy is created by the turbulent heat flux mech- 
anism, it tends to be carried away by the diver- 
gence. Thus, one may be able to use the first term 
alone to connect the stress and the dissipation 
under unstable conditions as well. 

DISCUSSION 

CRAMER: This kind of study has been pretty well car- 
ried out. We also have the advantage that we have made 
direct measurements of the heat flux and the momentum 
flux. It  works out quite nicely, and we find that, although 
we could not evaluate the divergence of the value of ki- 
netic energy terms as well as we would like, Professor 
Pannkky is right that in instability there is almost equiv- 
alence between the heat flux term and  the  divergence 
term. There is some suspicion that the divergence term is 
slightly larger, but in any event there is great promise for 
this particular technique in estimating dissipation or the 
stress. Concerning the use of this technique over water, 



it seems to us that it is very critical with regard to where 
you choose your functions that you make sure your ob- 
servations actually fall within a suitable range. We sus- 
pect that over water the spectrum is essentially a high- 
frequency spectrum, and it will take some checking to be 
sure the measurements a re  in the  right range as far as 
response is concerned. Aside from that difficulty, I don't 
see why .it shouldn't work nicely. 

FRENZEN: Are you using hot wire anemometers? 
CRAMER: NO. We use a thermistor anemometer. It  is 

, probably good u p  to 5 cycles. Because of our sampling 
rate, we are not taking it out that far. 

FRENZEN: Deacon gave up  hot wires because they have 
to be exactly matched. 

CRAMER: Yes, but these particular thermistors work 
very nicely, and we have had no difficulty. Because of the 
type of structure and function, the transmission is loaded 
in such a way tha t  it projects towards low frequencies 
very heavily, so that this relationship has been observed 
to hold at  lengths of frequencies which you would not ex- 
pect in terms of the inertial subrange. Tha t  is a favorable , 

feature. T h e  Russians, I think, have the right idea when 
they plot the structure fi~nctinns; the place they choose to 
evaluate it is along the longest leg before it starts to break . 
down, so that  they avoid all the response troubles and 
holding troubles, and after the averaging can take a very 
short lag. 

DAVIDSON: In  the analysis of your first experiment, 
why d o  you throw away the negative part of the 
Lagrangian? 

FRENZEN: 'The shapes of the Lagrangian autocorrela- - 
lation functions tend to be distorted by mean flow effects 
when the correlation lags are long, and this effect is most 
pronounced in the stable cases. T h e  distortion.in the 
"tails" is the principal reason analytical functions were 

fitted to the observed R(5) distributions, in order that in- 
tegral determinations of scales, etc., could be based pri- 
marily upon correlations computed over shorter lags. 
What it amounts to is that our estimates of R(5) are good 
so long as 5 is not too long; but, as 5 increases, estimates of 
R(5) begin to scatter widely, both because the confidence 
limits on R widen drastically as R approaches zero, and 
because what in the experiment were initially small errors 
in mean flow allowances, become increasingly serious as 
the decay corrections multiply them by larger and larger 
time factors. Thus, we really are  confident only of the 
shapes of the initial and intermediate portions of the 
autocorrelation functions; the behavior of the "tail," 
where R(5) sometimes goes negative, is quite uncertain. 

CRAMER: Your negative case has a large stable area? 
FRENZEN: Well, that is something else. 
CRAMER: Isn't it real? 
FRENZEN: One has to be very careful in working in 

stable.cases. In diffusion studies, I don't think we under- 
stand the effects of extreme stability in cithcr the atmo- 
sphere or the tank. This is one area I intend to look into 
when I put the towing-tank back into service next fall. 
Briefly, the eflect in the experiment to which you refer is 
caused by the fact that any disturbance in a strongly 
stratified, stable fluid tends eventually to create a broad, 
vertically narrow current, a two-dimensional jet. When 
onc of these fu1.111s in a field of turbulent trajectories, it 
stretches some parts of them in preference to others. Since 
the passage of the grid does not create the jet immedi- 
ately, its full effects are felt only by the latter parts of thc 
trajectories; as a result, estimates of R(5) computed from 
such trajectories over long lags tend to show negative cor- 
relations, whilc those for s~lrall 5 remain largely unaf- 
fected. In the true context of the experimental model, 
however, the effect is spurious. 



Micrometeorology 

MORTON L. BARAD 

I would like to bring up  a subject that has not 
yet been discussed at this meeting. I would like to 
ask-a question and see what the response is from 

. , t h l ~ ' ~ r o u ~ ,  which represents 90% or more of the 
competence in micrometeorology in this country. 
I think - and I am curious whether others agree - 
that there has been a tendency for the micro- 
meteorologist to associate himself with the* 

-' ----A- 

series analvst and with so~histicated statistical *- Y-- ' FII d 

methods. On occassion there have been some con- 
tacts - not too fruitful, I am afraid - with the fluid 
dynamicist. 

But I think we have, or will have in the years 
ahead, something to contribute to the broader field 
of ~iieleol.ulogy. Where else but to a group such as 
this can people working on more sophisticated 
models of atmospheric circulations and subsequent 
weather processes and who are concerned with the 
transfer of heat, momentum, and water vapor turn 
for assistance? Maybe I have been so isolated from it 
that  I a m  not aware of the great contact which 
now exists between the micrometeorologist and 
the large group of meteorologists engaged in the 
field of numerical weather prediction. As we begin 
to do the things that are on the horizon now, as we 
get to the point where we can measure fluxes, 
where we can provide an input on such terms as 
a ~ / p a ~ ,  the time is ripe for us to begin to cooperate, 
formally or informally, to try to provide more to 
these people. They seem to feel that the boundary 

-.-z- - 
l a y s i s  a sort of never-never land, that it is best t5' 
take a gross look at it and to treat it as lightly and 
as quickly as possible. They look upon us as being 
in a deep morass from which we will never emerge. 
Maybe they are right. 

This is my question (or plea): since groups such 
as this often have conferences, and since some of 
us here are in a position to pronlpt these by vi1.1ur. 
of membership on committees of the American 
Meteorological Society and other groups, might it 
not be a good idea if we 

.-:=- - 
bring together sonle of the people who s11 or1 lhe 
outside o? the boundary layer and tell us about the 

success they have at 700 or 500 millibars, but be- 
moan the fact that they do miserably at 1000 mil- 
libars, and  some of us who sit in the boundary 
layer, a little more concerned with whether the 
situation is more likely to give cumulus clouds or 
remain completely clear? 

DISCUSSION 

FRENZEN: I believe there are some moves in this direc- 
tion in connection with studies a t  the air-sea interface. 
One hope I have for the L I H T  3-cup anemometer is to 
develop it as a device to obtain synoptic measurements of 
surfacd stress from ships at  sea. 

PANOFSKY: There is a working group which is supposed. 
to be looking into just this. It  deals with boundary,pr;ob7.- 
lems in large-scale meteorology, and it is supposed.to 
bring out a report summarizing what the micr~meteorol~. . 
ogists know. Then  Dr.  Cressman can  i m ~ l e m e n t ~ a n y ,  
recommendation in this area. There will be a meeting on 
micrometeorplogy in October in SalrLake-City;~ii-d'I 
/- 

wonder whether it might be a good idea to extend par-. 
titularly invitations to macrometeorologists who normally 
would not attend in o a m s t a r t  some informal discus- 
sions on this. 

HOLLAND: Some members of the AMS Committee on 
Turbulence and Diffusion are here. Maybe we could get 
a quorum to vote on this. No special efforts have been 
made to invite macrometeorologists to the micrometeorol- 
ogical conference as yet, but there are some interface 
people like Mr.  Thompson on the program, and  there 
may be others. Mr. Carlson may know of other people 
prominent in the large-scale business who plan to attend 
the Salt Lake City conference. 

CARLSON: YOU can make arrangements right now. 
HOLLAND: We certainly should consider this. I t  would 

be a good opportunity because the large-scale meteorolo- 
gists probably are not aware of how much is known about 
the boundary layer and have not perhaps taken advan- 
tage of what science we have been able to develop over 
the years in these studies. 

BARAD: T h a t  is one part of what I am talking about, 
but there is also another part. I a m  afraid that not only 
they don't know what we have done, but also we know 
far less about what they have done. Unless there is real 
cross-feed in this area, we will continue to have a separa- 
tion for years. 

DAVIDSON: I am not a macrometeorologist, but I know 
hardly anything about  the boundary layer although I 
know a little about the surface layer. 



BARAD: I agree. I don't think we are now in a position to cussing ways of getting around the problem of direct flux 
present ourselves to a group of numerical weather pre- measurement, and we have devised all sorts of artifices 
diction people and  say that what we know about the .for doing this. Perhaps now, as we get into the area where 
boundary layer and  about the surface layer is probably it is possible to do direct measurement, we will be in a 
sufficient for their needs. But we are on the verge of pro- postition to help them, and at  the same time open up new 
viding direct measurements. .For years we have been dis-' vistas all around. 



Structure of Turbulence 
HANS A. PANOFSKY 

One problem in micrometeorology is that var- 
ious people who are interested in the same sort of 
thines never talk to each other. This erouD is es- " d,-- - _-. .... " 1 

sentially oriented towards-diffusion, and there 
are very few structure people here-There are 
people interes=eeffect of structure turbu- 
lence on high buildings, and people interested in 
turbulence affecting airplanes which, strangely 
enough, may obey the same laws a s  turbulence 
close to the ground. There are people interested in 
missiles. The propagation people are getting more 
interested in turbulence, and the various groups 
seem to meet each other very rarely; I hope that 
there will be another colloquium where represent- 
atives from the various groups can find out what 
they need and perhaps cooperate on getting some 
of the information. Everyone has some kind of 
tower for measuring wind, temperature, and 
humidity, but nobody has enough money to put 
into the systems to do the kind of thing the Russians 
do. The  Russians have a solid 300-m tower with 
14 levels, with instruments in all four corners of 
each level, so that anybody who wants to measure 
anything can put instruments on the tower. I hope 
it may be possible to bring together in a colloquium 
the different groups interested in wind structure, - 
both mean and fluctuation. 

What  do we know about the wind direction 
and the temperature direction close to the ground? 
A lot of progress has been made both in fluctuation 
statistics and in the mean. The  profile has come 
from similarity theory, which is in this sense a 
kind of dimensional analysis. Certainly one does 
not try to go back to the fundamental equations. 
However, similarity theory is not perfect. For ex- 
ample, in the  standard deviation of azimuth, 
which is important for diffusion, or the standard 
deviation.of longitudinal velocity, there is very 
little change with height in unsta-ble conditions. 
But if the atmosphere is more unstable, the fluctu- 
ations of azimuth become very much larger at the - 
same height, so that similarity thcory cannot ap- 
ply to this particular set of statistics. 

Where does similarity theory apply? It  doesn't 
-- 

seem to apply usually under stable conditions. In 
fact, under very stable conditions, the different 
layers are essentially decoupled, and  one can't 
really define any wind profile or simple distribu- 
tion of anything. The similarity theory does apply 
under near neutral, neutral, and unstable condi- 
tions. The wind profile can be represented by an 

----T-- -. ..,.,.- 
equationderivable from similarity theory: 

This equation, where I) is a universal function, is 
compatible within the error of measurements with 
most of the data that have been taken over reason- 
ably good terrain. 

The  Australians have cleared up  the question 
of what the ideal terrain would be; it remains to 
be seen whether any real terrain would give as 
good answers, and we will have to study the ef- 
fect of the change of terrain. We understand some- 
thing about this now, and many kinds of exper- 
iments with observations close to the ground, say 
up to 8 m at O'Neill or at ~ o u n d  Hill, satisfy well 
enough the conditions of uniform terrain. In these 
cases (including those in Australia, where the ter- 
rain question was particularly considered) the 
same universal function fits under unstable condi- 
tions. If a plot is made for the middle of the day 
when there is equilibrium, of log ( z  - I)) vs wind 
speed, with the data from Argonne, Round Hill, 
Australia, and O'Neill, it gives nice straight lines. 
Thus, we understand the wind profile under proper 
conditions with enough fetch; it is somewhat con- 
troversial what is enough fetch, but we are ap- 
proaching an understanding of lhis also. 

The equation fits the data only if it is written in 
terms of the Richardson number, which is given 

F 

by the tehperat.uGprofile and the wind profile. 
In otherwords, given the temperature profile, we 
can explain the wind profile. However, the original 
sirr~ilarity theory had another function here, in 
terms of z/L; with this as the universal function, 



everybody gets a different function. Particularly, 
there is a discrepancy between Swinbank's last 
paper and his earlier work over the past 5 years. 

We know the gradient Richardson number but 
not the flux Richardson number, which means 
that we don't know much about K h / K m .  This is 
one of the most critical discrepancies. For example, 
in the O'Neill data there are indications that the 
wind profile and temperature profile are similar 
with height - that Kh/Km does not vary much with 
height. The Australians might say that the terrain 
was not flat enough or not big enough. In the 
Australian data there is a tremendous dissimilarity 
of profiles. There are many possible reasons why 
the wind profiles and the temperature profiles 
may be difierent in one place and similar in an- 
other. There may be ~rregularities in heat distribu- 
tion even when the terrain is uniform. One of the 
things we know relatively little about which 1s 
causing trouble is the relation of the wind profile 
not to temperature but to heat flux, through IT,,/&,. 

1 would like to say a little about the sxrycture 0: 
turbulence. With regard to_spectra and fluctua- -- --- - 
tion statistics, we know a lot about spectra at-a - ---- 
'point as a function of time; we know whic_hobey- 
similarity th_e_ocy-and which don't. We still have 
trouble with the relationship of Eulerian and 
Lagrangian statistics, and here the question is 
whether Pasquill's P is a constant factor. Pasquill 
has shown that even though the shapes of the 
Eulerian and Lagrangian correlograms may not 
be the same, as long as one knows the scale factor 
properly, one can predict cliKuiion, and quite a 
few measurements have been made of h i s  k i d  of 
data. 

There is theoretical and observational evidence 
(for example, observations by Hansen and by 
Angell) that P actually is proportional to a con- 
stant d~vided by I, the relative intensity of turbu- 
lence. This is not completely clear, but the evidence 
is overwhelmingly in favor of such a relation. It is 
interesting that for diffusion from an instantaneous 
source the often used Smith-Hay tormula is 

If p is proportional to a constant divided by I, 
then a,, the spread of a cluster with distance, is 
proportional to I, which is the standard deviation 
of a ve1ocit.y divided by a mean velocity. If I is 
moved to the other side of the equation, it is clear 
that this formula means that the expansion of a 

cluster with time is proportional to the fluctuation 
velocity. This sort of equation seems to work fairly 
well, even in Pasquill's diagram, which is supposed 
to be drawn with a constant p. This is one of the 
things that need to be studied, since many engi- 
neering formulas involve p. 

Finally, it is very important that we get together 
with larger-scale meteorologists, but we must re- 
alize that there is a bic unknown-territory, ~pughly 
between 1000 and 5000 ft, where an  enormous --- 
amount of research is needed, mainly observations. 
There a;e h<idly any data for this region. There 
are 6 or 7 theories about how the mean wind and 
the temperature vary, and this is the region the 
large-scale people are interested in. They want 
llul ullly lo know thc surfacc flux, which we can 
measure, but also to be able to predict or estimate 
the surfacc flux momentum, given the large-scale 
condition. Wc can't do thut yet; we need a lot 
more of that kind of observation. 

DISCUSSION 

FRENZEN: There is some evidence that the,Lagrangian- 
Eulerian relationship is also stability dependent, inde- 
pendent of changes in turbulence intensity. I think the 
work was done at  Johns Hopkins. 

P n l u u ~ s ~ r :  Alrgell found that P dcpcndcd on both 
stability and level of turbulence, but these arc not inde- 
pendent variables: the more unstahle t he  conditions, the 
larger the level of turbulence. So if you expect that this 
kind of relation is satisfied, which follows from the theory, 
and then make an observatiorl seckil~g a 1.el2ition betwecn 
/3 and instability, you will certainly find forte. As a. I I I ~ I . ~ . C I '  

of fact, we found it in the O'Neill data. It  is one of those 
cases in which it is hard to study the dependence on two 
variables which are very well correlated with each other. 

DAVIDSON: In  the case of diffusion, is it true that the a's 
vary with x ,  as the formula predicts? I don't think so. 

PANOFSKY: I 'm not a dilfusion person. Pasquill has 
some data  in his book according to which diffusion of a 
cluster seems to start out with varin~ts tiny linear expan- 
sions and then goes to the Kolmogroo subrange, and then 
there seems to be a rather lengthy range of linear variations. 

MARKEE: I am a diffusion person, and I said yesterday 
that perhaps they aren't too valuable. We studied P using 
all the data available, including our own from Idaho 
Falls, and our conclusion is that if P departs from 1, 
wllicll ii llliry, it i l ~ i ~ ~ i ' t  J o  30 aufficicntly to affect thc re 
sults if one is working directly through the spectrum, and 
that p must depend on the spectrum. If one kr~uws part of 
the spectrum, one can predict what P will do in terms of 
predicting diffusion pattcrns. Concerning the formula for 
the rate of expansion of the cloud, we are looking at  ex- 
pansions from bottom exposures. We have no evidence 
for any dependence of o, on distance to a power >0.9. 

PANOFSKY: The  formula indicates a linear function of 
time or distance, which you say is not quite right (you 



give an exponent of 0.9), whereas'the original implication 
is that the rate of spread depends on I." but I claim that 
it is a function of I. Can you decide among the alternatives 
on the basis of your observations? 

Q :  I think we can relate the initial dimensionsofa. 
cloud, the short-distance effects, to a gradient measure of 

' wind fluctuation, which is an intensity, and that relation- 
'ship holds very nicely. What happens beyond that point 
I'm not so sure, but it looks as though it is not greatly dif- 
ferent from the kind.of pattern we get with continuous 
sources. 

DAVIDSON: 'Did YOU ever find a figure of M? 
Q :  Probably not. I have to hedge a little because out 

a t  i km or so some of the measurements are not too re-. 
liable. There is some evidence that the rate may increase, 
but I don't know how much,; I expect the increase is very 
small. 

DAVIDSON: Tha t  is contrary to theory. 
Q :  I know it is. 
IZLITZER: I think the formula specifically represents 

the maximum growth and is supposed to be a pretty good 

approximation for some distance. The main problem is in . 
computing I. Just what length of record do you take from 
a Eulerian measurement that  is appropriate to a puff? 
There is a length of record for which this equation is a 
sufficient approximation, but there is another length of 
record for which I to the first power will apply. 

PANOFSKY: Pasquill shows in his book a plot of I v s  
u,"~ which is a straight line. But a parabola can be fitted 
to the data as well. 

VAUGHAN: This is a special case of the Smith-Hay 
formula. In the more general case it predicts expansion as 
a'" ofter the length scale of turbulence.has been exceeded 
by a factor of 3 or 4, that is, a t  the- dimension of the cloud 
itself. As for p, I agree with Dr. Panofsky in feeling in- 
tuitively that it should vary inversely as the turbulence 
intensity. Regarding what Dr. Cramer said, I don't know 
what scale diffusion experiments you used to test the /3 
hypothesis, but Pasquill states that over the initial linear 
rate of e ~ ~ a n s i o n , ~ , ~ d i f f u s i o n  is completely insensitive to 
p. Thus it almost seems necessary to.exceed the length 
scale of turbulence in order to determine the value of /I. . 



The Application of Meteorology to the Regulatory Program of the AEC 

A more appropriate title for this talk would be , of the cloud during the accident could be evacu- 
"The application of meteorology to the solution of ated, but at the boundary of this second zone no 
engineering problems." The regulatory group of one should receive more than 25 rern whole-body 
the AEC is responsible for evaluating the safety or 300 rern to the thyroid for the entire duration of 
of nuclear facilities to determine the adeqLacy of the accident even if they were in the cloud 100% of 
the safeguards provided to prevent the release of the time. 

,- - ?..-em-- 

radiation or radioactive materials w m w ~ l d  ' Many types of situations can be encountered, 
have hazardous effects upon the people or the en- and we have seen quite a number of them already. 
vironment. One important part of the program is In the first place, an accident can extend over a 
t h ~ s t u d y  of the effect of a potential accidental re- short or a long period of time, that is, over a few - - -  - - - - --------- - .-- 
lease of substantial quantities of rad~oact'ivity to hours to a day or a week to a month. Also, the 

%* . 
the atmosphere. Another important part is the various types of terrain conditions must be con- 
evaluation of the effects of routine releases to the 

: _ 4-' 

atmosphere of radioactive materials during opera- 
tion. The AEC has regulations which cover-both 
these aspects. As a member of the AEC Division of 
Reactor Licensing, I will discuss the problems of 

-I--- _ - reactor facility. 
,--7 -. 

Two basic situations with meteorological impli- 
cations are considered in the licensing of a reactor 
facility: safety in connection with a potential acci- 
&-nt and safety in connection with r o u t i ~ e  opra -  
tions. Part 100, Title 10, of the Code tf Federal R e p -  
I 

lations describes the reactor site criteria in terms of 
performance required in order to prevent serious 
consequences to the public in the event of a serious 
accident to a reactor, in which a large amount of 
fission products might be released from the fuel. 
The criteria are in terms of dosages to the public of 
either 25 rern fbr whole-body exposure or 300 rern 
to the thyroid. 

For siting a reactor facility, zones are described 
in which a reactor site should have an area under 
control of the operator with the boundary far 
enough from the reactor so that in the event of a 
maximum credible accident the dosage at the 
boundary accumulated in 2 hr should not exceed 
25 rern whole-body exposure or 300 rern to the 
thyroid from inhalation of iodines. Another zone is 
described in which these dosage values should not 
be exceeded over the duration of the accident. 
Within this second zone the population should be 
low enough so that perhaps the people in the path 

sidered in an analysis of the possible consequences 
of an accident. The coastal terrains, like those 
along the East Coast, are fairly flat and have on- 
shore or offshore winds; they probably have fairly 
good diffusion conditions most of the time. A re- 
.actor facility may be located in a valley on the 
bank of a river, with the terrain on either side of 
the river rising to a height of several hundred feet, 
and there may be cities upstream or downstream 
from it. The situation typical of the Midwest is 
rolling prairie land; and in the Rocky Mountain 
area a facility might be located on a plateau in a 
mountainous region. On  the West Coast the re- 
actor could be located along the coastline but wit.h 
a mountain range not far inland which would 
cause certain types of air flow. 

After a reactor is in operation, Part 20 of the 
Commission's regulations prescribes sta.nrla.rds for 
protection against radiation in terms of dosages 
which should not be exceeded by any individual 
over a period of time, usually a year, and also lists 
concentrations of radioactive materials to which it 
would be permissible, for a.n individi1a.1 to he ex- 
posed indefinitely. In operation, some reactors re- 
lease radioactive effluents on a relatively continu- 
ous basis, and others on an intermittent basis, over 
a series of shoit periods of time. In applying the in-' 
tent of the regulations, Part 20 provides that a 
licensee can either meet the requirements of the 
regulations at the point of release (the stack) or he 
can request AEC authorization to meet the con- 



centration requirements at  a point where the ac- 
tivity would come in contact with people, perhaps 
even off-site. 

This is directly related to the problems of what 
kind of diffusion there will be and how much, and 
of what dilution factor can be authorized for a 
particular location that can be applied with con- 

* fidence that no one will be exposed to concentra- 
tions greater than permissible. Here again the 
various types of terrain conditions are important. 
In the case of smaller reactors such as research re- 
actors, which are usually located in built-up areas, 
another set of conditions has to be dealt with. 
Such a reactor usually has a short stack, on the 
roof of a building, and there may be buildings just 
100 ft or so away with people in them. What is the 
diffusion picture in this kind of a situation? 

Concerning the types of information that we 
have been receiving in our applications, 7 or 8 
years ago everyone was just beginning to feel the 
way along. We would receive either no informa- 
tion at all or a conglomeration in which we had to 
find what we needed. But there was no attempt to 
direct or to apply the data that were presented to 
the problem at hand. Unfortunately, we are still 
receiving applications in which to some degree this 
is still true, and I would like to ask each of you, 
who will undoubtedly, as time goes on, be called 
upon for guidance by applicants for a license, to 
help them put our problems into perspective. 

The reason I suggested changing the title of 
this talk is that the data that you are  developing 
and publishingceeb_e&ggu_se_d by engineers as ab- 
solute fact in the design of safeguard systems for 
nuclear facilities. You are really determining the - 
quality and quantity of the engineering that is 
being put into, say, a large reactor power plant 
today, and you are more or less setting the stan- 
dards for it. I want to emphasize theimportance . --- of 
the work that you are doing in this regard. 

For example, part of the routine release of ra- 
dioactivity to the air may be due to imperfections 
in the fuel cladding which allow some minute part 
of the fission products to escape into the reactor 
coolant, the gaseous part going through the stack 
out to the atmosphere. There is a n  economic in- 
centive for the reactor owner to ger as much fuel 
burnup, as possible, aAd he would rather not shut' 
down the reactor to take out a defective fuel rod if 
he can utilize the atmosphere to dilute and dis- 
perse this radioactivity within safe limits. We have 
already begun to see this sort of thing, and as time 

goes on we will see more of it, because it is eco- 
nomical and sensible to utilize the atmosphere in- 
sofar as we can; yet we have to be certain that we 
are doing it in a safe manner. 

Here is one important aspect of this, in the form 
of a question that I am asking you: How accu- 
F 

rately can we determine the diffusion so that we 
can perhaps ,ce$u~the  margin of safety to some 
point? T o  what point can it be reduced? By a fac- 
tor of 1000; 100; or lo? How much data and what 
kind would be required in order to achieve each of 
these factors? 

DISCUSSION 
" 

DAVIDSON: HOW much safety margin is there in your 
figure for the maximum permissible dosage? 

NEWELL: I can only say that, each time this has been 
considered, the concentration values are reduced. 

DAVIDSON: HOW much consideration is given to the 
possibility of future growth in the neighborhood of any 
one reactor - if it is releasing the maximum permissible, 
what does the next client do? 

NEWELL: At present there is no way to control the 
growth of an area around or in the so-called low popu- 
lation zone around a reactor. One can only speculate 
what would happen if 10 years later the area should be 
built up  completely. Possibly the original engineering 
safeguards may no longer be adequate. It  might be neces- 
sary-for the licensee to provide more safeguards such as an 
additional barrier against possible accidental release. This 
problem undoubtedly will have to be faced eventually. 

F ~ U A Y :  In  Part 100 isn't there a discretionary crite- 
rion which you didn't mention? In  other words, the op- 
erator essentially should keep the release to the environs 
to the lowest practical level, so that there is some judg- 
ment made as to the need for the release, even though a 
higher release would be acceptable at  that site. 

NEWELL: I don't believe that is in Part 100. I think it is 
in connection with the routine release problem in Parl20. 

PACK: I think Mr. Newell's question about whether we 
could reduce the safety margin by a factor of 1000,100, or 
10 should be answered on the basis of economics. The re- 
actor operator knows how much h e G g a i n  by getting 
another 5000-MW-day burnup on the fuel, and we know 
rather well the costs for a meteorological study. Within 
fairly close limits the precision of the knowledge about the 
diffusion of a particular site is a direct function of the 
amount of dollars spent on the meteorological effort, 
and, having just completed a study of weather benefits, I 
think this would be rather easy to determine. If you have 
to spend $100,000 on meteorology per year to save 
$10,000 worth of fuel burn-up, obviously you don't want 
to do it. O n  the other hand, if you can save $100,000 by 
spending 810,OUO, you will. I think there are enough 
people here with backgrounds in economics who can 
begin thinking about this. With our engineering hats on, 
we meteorologists think our primary purpose is to pro- 
mote the economical utilization of fuels, and if we recom- 
mend something that isn't economical, we haven't done a 
good engineering job. 



The Clean Air .Act of 1963 

POPE I,AWRENCE 

The key portion of the Clean Air Act of 1963 is 
Section 7(b),* but I would like to give a brief sum- 
mary of the whole Act. I have brought copies to 
distribute, so that when you return to your instal- 
lations, where you exercise influence on state, local, 
and industrial decisions, you will take into account 
the fact that the Congress by this Act and the 
President by his action have expressed a change m 
the national policy with respect to control of air 
pollution. 

It is much too early for anyone to say what ef- 
fect the Clean Air Act will have on the -AEC reg- 
ulatory program. Certainly it will have no adverse 
effects, and I think the way the Atomic Energy 
Commission, through implementation of the 
Atomic Energy Act, has set up and used its reg- 
ulatory authority will undoubtedly guide the Pub- 
lic Health Service and the Department of Health, 
Education and Welfare to a considerable extent 
in the way they implement the Clean Air Act. 

The Act dues the lulluwiug: . 
First, it changes significantly Federal policy 

with respect to the kind and extent of aid available 
to state and locally controlled programs. There 
has been no change in the view that primary re- 
sponsibility for control of' air pollution rests with 
state and local governments, but the Federal Gov- 
ernment, with the passage of this Act, is equipped 
to give more effective aid and to stimulate the 
state, local, and regional, air pollution programs to 
higher levels of activity than in the past. 

 here has been a change of' policy concerning 
the Federal role in air pollution control, as set 
forth in the preamble of the Act. First, it cites the 
fact of high urbanization, including the develop- 
ment of our metropolises to include municipal, 
county, and state boundaries. It reiterates as fact 

"'In order to control air pollution which may endanger the 
health, or the welfare of any persons, the Secretary may establish 
classes of potential pollution sources for which any  federal de- 
partment or agency having jurisdiction over any building, instal- 
lation or other property shall, before discharging any matter into 
the air of the United States, obtain a permit from the Secretary 

. for such discharge." 

that air pollution does endanger human health 
and welfare. It specifically mentions motor vehicles 
as one of the major contributors to the growing 
problem, and it states that Federal financial as- 
sistance is essential for the development of a pro- 
gram to control air pollution. 

These are important points. The Clean Air Act 
for the first t ~ m e  authorizes the Federal tiovern- 
ment to award financial grants directly to air pol- 
lution control agencies to aid them in iniating, 
developing, and improving their programs, and 
we are.now working diligently to be ready as soon 
as moneys are appropriated. The objective is to 
stimulate air pollution programs rather than to 
underwrite them on a long-term basis. Federal - 
program grants of funds will be made on a match- 
ing basis only. They will require new money to 
qualify for Federal funds. Furthermore, the Con- 
gress did not intend the Federal funds to be used 
for continuous maintenance of' facilities fbr air pol- 
lutio~l cun~rul. 011 [he cu~itrary, 11112 Federal lllu~ley 
specifically is to be used to aid in initiating'prograr&. 

You meteorologists are concerned with the air, 
and our objective, like that.of the regulations dis- 
cussed by Mr. Newell, is to keep the air as clean as 
we can; we will be working together on this. 'l'he 
Clean Air Act gives favoi-ed financial support to 
fairly wide interjurisdictional air pollution control 
programs. Regional programs can receive $3 for 
every $1 of state and local funds, compared with 
$2 for every $1 available for strictly local purposes. 
Big masses'of air know no political boundaries, 
and it is desirable to control large portions of the 
emissions from the ground. 

The Clean Air Act also includes for the first 
time limited legal regulatory authority on the 
Federal level for the abatement of the specific 
problem of air pollution. The AEC was given 
strong legal regulatory authority from the begin- 
ning because radiation is a specific human health 
ha.xard that people are a.fra.id,nf, and this authority 
was generally supported. However, the growing 
problem of day to day tons of ordinary air pollution 



is only now apparently reaching such levels that it 
, is felt necessary that Cofigress act. It  is clearly in- 
tended that the Federal authority supplement and 
not supplant abatement powers already held by 
the state and local governments in two kinds of 
situations, interstate and intrastate. 'l'he Secretary 
of H E W  may, under the Clean Air Act, on his 
own initiative or, as specified, on official request, 
initiate formal proceedings'for the abatement of 
air pollution, as found necessary in interstate prob- 

e lems. In intrastate air pollution problems, the Sec- 
retary may invoke formal abatement proceedings 
only upon official requests from designated officials 
in the states involved. 

The regulatory abatement procedures authorized 
are similar to those that have been used for several 
years under the provisions of the Water Pollution 
Control Act, and they involve the steps of confer- 
ences of cognizant official agencies, public hear- 
ings,.and court action, finally by the Attorney 
General, if necessary..It is profoundly hoped that 
the first two procedures will be sufficient. 

Other provisions of the  Clean Air Act reflect 
new and evolving Federal policy, that is, the Sec- 
retary of HEW is directed to develop, promulgate, 
and publicize the standards for air quality, as you 
have already done, to guide in establishing local 
standards for source emissions and for the ambient 
air. 

The  Secretary is directed to form a technical 
committee on motor vehicle pollution with repre- 
sentatives of HEW, the auto industry, and man- 
ufacturers of pollution control devices and motor 
fuels. This committee, now in the process of forma- 
tion, is charged with the responsibility for review- 
ing progress towards control of motor vehicle 
pollution and for indicating special areas of needed 
restarc1.1. Tl i t  Secretary of I I E W  is rcqiiilxd to 
report periodically to Congress on this aspect and 
to recommend hew legislation he deems necessary 
or warranted. This committee has 1 year to come 
up  with some answers before the first report to 
Congress, and then the Secretary is required to 
report every 6 months. This means that ,Congress 
itself has initiated a process of almost continiioiis 
review of the motor vehicle pollution problem. 
About 40% of our over-all air pollution load is said 
to be caused by motor vehicles; the problem is 
how to cope with it. 

We in the public 'health program must look to 
ybu meteorologists for ways - theoretical, or what- 

ever is necessary, or whatever you can come up 
with - to help us collectively cope with the grow- 
ing load of air pollution logically associated with 
a rising social and economic standard and an  ever 
climbing population increase. It  is obvious that we 
have to apply thought, ~ngenuity, and money to 
avoid becoming overwhelmed with these air pol- 
lutions, which are reaching levels in some areas 
such that they are definitely adversely affecting 
the health and certainly the welfare of the people. 

The  Clean Air Act, in Section 7(a), reiterates 
the intent of Congress that all Federal depart- 
ments and agencies and installations shall coop- 
erate with H E W  and with any air pollution con- 
trol agencies in preventing and controlling pollu- 
tion of the air insofar as the discharge of any mat- 
ter from such building, installation, or other 
property may cause or contribute to pollution of 
the air in such area. This is not new; it has been 
the law since 1956, and before that it was an exec- 
utive order by the President. It  has been endorsed 
by the last three Presidents, and it has been very 
effective in getting abatement when it was brought 
to the attention of the administrators of Govern- 
ment agencies on the basis of complaints. How- 
ever, Congress this time went a step further by 
adding Section (b) which authorizes the Secretary 
of H E W  to establish classes of potential pollution 
sources for which any Federal department or 
agency must obtain a permit (see footnote, above), 
such permits to be used for specified terms, and so 
forth. In connection with the issuance of such per- 
mits, there shall be submitted to the Secretary 
such plans, specifications, and other information 
as he deems relevant and under such conditions 
as he may prescribe. Also, the Secretary shall re- 
port each January to the Congress the status of 
such pcrmits and compliancc thcrcvvith. 

Thus, in two instances Congress does intend to 
ride herd on this Air Pollution Control Act, and 
the committees in both the House and the Senate 
have made it clear that they intend to keep a close 
watch on how we do to see whether additional 
legislation will be needed. 

Section 7(bj, which out of context seems rather 
severe, has not yet been implemented. We are 
working out the details for that. It  is now contem- 
plated (and this is not for general publication) 
that the first attack will be on the disposal of 
wastes by the method of open burning, which 
contributes heavily to the air pollution load of the 



nation in many places. I t  is outlawed in many 
states, but still it goes on. The ever mounting waste 
material must either be burned properly in well 
designed incinerators or buried or disposed ofsome 
other way than in an open-burning dump. Ob- 
viously at certain times, in certain situations open 
fires are necessary. To  control fire hazards, back. 
fires must be set, and open fires are needed to train 
firemen. But'the elimination of burning waste 
materials is the most effective place for implemen- 
tation to start. This would have no bearing on the 
AEC's regulatory function, but AEC installations 
would certainly want to take steps to avoid com- 
plaints arising from open fires. 

Since passage of the Act, it has already been . 

announced that extensive field hearings have been 
held by the Special Subcommittee on Air and . 

Water Pollution of the Senate Committee on Pub- 
. 

. lic Works, headed by Senator Muskie. He has an- 
nounced that he will hold some more hearings of a 
technical nature. It is impossible to predict what 
future action will be taken in the direction of air 
pollution control, but there is no doubt that Con- 
gress as well as the Executive branch are firmly 
committed to a program that will lead to signifi- 
cant improvement in the national effort. There 
have been a number of actions by the Executive 
branch. The Division of Air Pollution within the 
Public Health Service is being reconstituted to 
carry out the provisions of the Act. The Executive 
branch, through the Bureau of the Budget, is now 
working on a new set of directions that will go to 

every Federal agency for the preparation of bud- 
get estimates for 1966. This will instruct them to 
include, in all estimates for new construction, pro- 
visions for the control of water and air pollution. 
Sooner or later probably you meteorologists will 
be called upon for consultation in that area, as 
well as the Public Health Service. 

The Federal Power Commission, which is con- 
cerned with the allocation of fuels, has given con- 
siderable attention to air pollution, particularly 
with respect to the allocation' of natural gas in 
areas of tight population density; and the Office 
of Science and Technology is responsible for 
establishing a clearinghouse for technical informa- 
tion concerning air pollution. 

All this has happened since the bill passed. The 
Federal Government is committed to a policy of . ' 

decisive action. Its intent is to bring about a sub- 
stantial improvement in the ability to maintain a 
satisfactory quality of air in our country. And 
should the policy prove inadequate, it seems clear 
that the Federal Government will evolve new 
policies through executive agencies, programs, and 
executive rulings. In summary, as a nation we 
have entered a new phase in the struggie to main- 
tain our society and its atmosphere. We hope for 
rapid progress toward more control of air pollu- 
tion. If passage of the Clean Air Act is but an in- 
termediate step, it does mark a change in akkairs, 
and we are prepared to take the next step, for air 
pollution is an environmental problem that can no 
longer be sloughed off'with halfway measures. 
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