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The principal objectives of the research described in this report have
been to achieve improved understanding of the basic physical processos involved
in the disperssl of airberne material in the lower atacsphere; and, to ostablish
empirical relationships Wsn basic diffusion pu-uutm and direct ﬁﬁowolq-'
ical indicators that permit satisfactory quantilative astimates of dispersal from
contimious point socrces, over travel distances of the arder of ) ka, in a wide
variety of general weather corditions, These cbjoctives have boen achieved .
largely as the result of a series of comrehensive fiald cbsorvations involving

- \
"aimliqams measurements both of diffueion end the structure of atnospheric

t;'bulme. The diffusion measurements cmgrh; 10-nin average ccnocenirations
of sulfur-dioxide gas emitted from 2 contimuous point sourco nesr eround lovel,

at travel distances from 50 to 800 a from the relsase-point for tho tracer, The
meteocrological ohservatiens includs mean wind spoeds, frequency distributions of

asimuth W nd direc\':m, »riical profiles of wind speed and air tomperature, and

msasurements of the fluctuations in wind velocity cbtained from bivanes and heated-

thermocouple snemcmeters. Over one hundred individual experiments of this type
wars carried out at Round Hil]l ervd at g ficld site noar O'Neill, Nobraska dwring
Project Prairie Orass, an extsnsive series of diffusion moaswurements sponsored
by the Air Parce Cambridge Research Center during the summer of 1956, These data
comprise the most comprehensive set of small-gcale diffusion and metearological
obssrvations curgently availadble, 7hey provide a fairly complete picture of the
probable variaticic 4n basic diffusion parameters over travel distances of the

order of 1 im 4in all ronditions of thermal stratification.
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- : Analysis of these measurements indicates that the mrediction of dia-' '
prrsal for small-scale processes is & relatively sisvle manner, Satisfactory | .
estimates of d:l.tfugion from a contimious point source near ground level are pro-
vided by a ’lmowlodgo of source strength, mean wind specd, and the frequency
distribution of asimuth wind dirocticn\. In the presence of temperature inver- |
sions, the estimates for a particnhr site are somewhat improved by the inclusiod
of a measure of thermal stratification, such as kichardson's number or the
Stahility Ratio. The distribution of atimuth wind direction appears to contain
implicit information on site roughneaa and other fnctoﬂ affecting dispersal,
and the standard deviation of azimuth wind dﬁ,\-ection shows promise of serving
as a universal diffusion ‘ndicator; me:sures o! thermal stratification, on the -
octher hand, appear to be largely indepondent of: site characteristics. The ex-
perimental rcsults suggest a simgple t’.ooret.:l.cn]; diffusion model that is utilisged
in ﬁno derivation of a complete set of small-scale diffusion equations applicable
to elevated as well as ground-level sources, The equations are closely similar
in form to those of O, G. Suttun and differ principally in the substitution of
direct meteorological indicators, the standard demtiﬁna of asimuth and ele-
vation angle, for generalised coeffiocients derived from thc vertica. profile of
mean wind wpeed; and, in the avseme of rcstriction on the value of the power-
law exponcnt on ex-rni distance, Quantitative estimates of maximum ground-level
concaentrations associated with effluant emission from tall stacks are ottained,
¢>r o wide range of thermal stratification (near-neutral to extreme instability),
from the equations and the experimental data, The rosults scatter about Sutton's

estimates of maximum grount—level conce_nt:ation which appear tc be reliable first
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-approximaticns; however, the distances from the basc of the stack at which these

concentrations occur arc significantly smaller than Sutton's c¢stimate,

Fast-response data, obtaincvd during Frojuct Prairie Grass from five
tivanes and hented-ther'-':cmple anemometurs alignod cithcr parallel or x.ormi
to the prevailing wind direction, have teen .analyred by high=speed computational
techniques to provide cstuimates of powur spectra and the Bulxzi'im‘s-cales of
turbulence within the frequency range from abcut 0,5 te 0,01 cycles sec~1,
Analysis of scale estimatcs for the cddy velocities, based on the rcsults from
twelve experiments, indicate the following tcntative conclusions: Fluctuaticns
in the w-component arc smaller than the miniﬁ;m separation distance of 6 m used
in thc experiments analysed to date and n» de%g! led s:alc estimates are possible,
During the daytime, and at night in the prescnce of thermal instability, thore
is a contimuous spsctrum of eddy sizes for bot.h thc u-~ and vw-componcnts within
tho frequency range emtraced bty the measuremuents, OCnly slight differcrcos are
noted between tha =clativu dimensinns of thu u- and vecomponcnts and botween
trans..r-e = i rxitudinael orientatisns; at low frequencics, scales for the
v-componan? & 20l 1t .- larpger than those for tho u-cdnpom.nt and thore is a
tendency for the {luctuations in both componcnts to be elongated in the dircetion
of the mean flow, At night, *he¢ °.answersc scales are coneidcratly amaller than
the longitudinal scales and the {luctuations in the v-compcnun® ¢cnd to be larger
then those in the u-romponent. Tho spcctrum of uddy sizes fourd during the night-
timo obscrvations is not continmuous owver the wholoe fruquency rangu; low frequoncy

fluctuations aro proscnt only in about half the cascs studiud. When the seale

catimatos f~r various frogqroucy : s cre rlottod agninst inverss waye ru~ber,

B i



R R S e Ol i o R T S S R ;a,,.ggw%

a close linear relationship hrstweon the variates is indicated, ™ rther examin-
atior of the expsrimental data shows that space and time correlations in the |
direction of mean flow are equivalent and aro related by the usual subatituu;:h
X = u te It appears that the daytime scale ostimates will be of limited use in
explainirg the 10-min diffusion moasuremonta since the major features of the

time-mean plume principally refleot the a.nl'l.neuee~ of-'flucmuom with frequen~

cies bolow 0,01 cycles sec™l,

The wariation in basic diffusion parametcrs es a function of the period
of sampling was investigated in a sorice of field oxpcrimonts conducted at Pound
H111l during the fall of 1957; aultur-dio:d.&p gas from a contimuous poiét. source
located near grourd luvel was again used as i t.rn?:er. The sampling array com-
prised thres ina.pendently-oparatod, ovarhpéi.ng nctworks located at a Miﬁt
of 1,5 m at travel distances of 50, 100, ard ‘200 m; limited concentration data
were alsoc available along the vertical coordinate for the layer from 0,5 to
2.5 ms The expc-iments were based on sampling intervals of 0.5, 3, and 10 min,
Results of the data analysis show that, at night, averago peak concentrationa
for the 0,5~ and 3-min periods are about 1,) times hfgor than the observed
10=min valuea, During the daytime, averars peak ooncentrations for the 0.5
and 3-min sampling pariods exceed tho 10-min values by facters of about 2.4 and
1.5, respectively, The shorter-pericd variations in basic plume charsctaristics
are highly correlated with 10-min standard deviations of asimuth wind dn'ocuon;
these rolationships arc utilised in obtaining estimates cf the probable varia-
tions, at the three travel distan~es, in peak concentration for sampling periods
from 0.5 to 10 min ovor a range of t!sc:ul stratification extondirg frea near-

neu‘ral to extreme instability, =
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New developments in meteorological instrumentation include low-inertia
anesomsters which utilise smell aluminum cupe anc a chopper that permits a bean
of light to fall on a photo diode once during each rotaticn of the cup whoel.
These instruments are particularly useful in odbtaining representatiw measuro-
aents of the msan wind speod in the presence of rtable thermal at.rltirication.
Ccnsiderable offort has been devoted to the design and construction of a systom
for the sutomatic collection and presentation of data from the fast-response
moteorological instruments, The present recording system requires a major daf.a
sbstraction and reduction effort dbefore the measurements arc in a form suitable
for high-speed computations. The systen f.‘nt-'hu\é ovolved performs four major
functisnsy encoding of analeg information (shtft\\_\roution. voltage, etc.) from
sensing elements in the fora of binary nuabers; atonco of thees mumbers in a
relay msmory until they can be placed on pérteratod paper tape; decoding of the
paper tape; and, presentation of the data either in the form of sequences printed
on an IBM electric typewriter or as entries on punch cards, Construction of the =~
system ig sbout two~thirds completed, Use of the system requires substitution
of analog to binary converters for the microtorque pohnﬁomoms now used in

the bivanes: a mumber of satisfactory typer urc availadble.
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I. INTRODUCTION "

The diffusion of airborne material in the lower atmosphere is of parti- |

cular interest to mstecrologists for at least two reasons. First, there are many
practical problems, such as smoks screening, emission of contaminants from tall
stacks, etec,, which require dependable quantitative ogt:lmt_oa of dispersal in @
wide variety of weather conditicns. Second, many of the unsolved problems in

the physics of the earth's boundary layer depend fcr solution upon improved
inowledge of the eddy transfer processes responsible for the vertical diffusion
of characteristic air properties, such as heat, momentum, and water vaper. All

these phenomana occur as & consequence of turbulent mixing and it appears likely
\

that the same hanic mechanisme are involvad in é‘ach instance, Diffusion studies,

\\
therefore, serww a dual purpoges they contribute not only to the solution of

basic problems in meteorological physics, but also lead to the resoluiion of

many practical prodbless,

There have been two principal linec of attack followed 4n af.nospheric
diffusion rtudies. The older approach, identified with the well-known work of
Sir Graham Sutton and other British invasiigators (1 2; 33 L), utilises ths
vertical gradient of mean wind speed as the primary meteorological factor in
predicting dispersal. The diffusi. Lheories thus derived apply strictly to
small-scale diffusion over a relatively smooth surfare {in the presence of near-
neutral thermal stratification, Extension of the thearies to the me-frequenuy-
encountered thermal stratifications of temperature lapse and inversion, to rough
surfaces, and to travel distances in excess cf 1 lm has been questioned, Rerent

diffusion measurements (5; 6; 7) appear to confirm these limitations. Homever,

B -



4n view of the complexity of atmospheric diffusion and the limited empirical

data available at the tims the gbove theories were formulated, the work of Sir

Orahaa Sutton and his collaborators represents an outstanding achievement,

Within the past decade, investigations of atmospheric diffusion have
been guided by a different point of view which holds that improved understanding
of dispersal processes, and consequent simplification of prediction techniques,
depends upen increased knowledge of the structure of turbulemce, i.e., flncﬁ-
ations in wind velocity, This has been the view of investigators at the Round
Hill Field Station of the lMassachusetts Institute of Technologye In the th o
research programs, attention was focused m:sgipu1y on the development of
moasurement techniques suitsble for stuwlying }luctuationa in wind velocity and
on ths utilisation of these techniques to jvovide basic information on turbulent
structure (8; 9; 10; 11), During the period cm by this report, the research
program has had two principal objectives: (1) To obtain simultaneous, compre-
hensive measurements bdoih of diffusion, downwind from a continuous point source
located near ground level, and of the structure of turbulence in a wide variety
of general weather conditions. (2) To estsblish, from these data, empirical
relationships between dispersal and simpi= meidorological paramsicrs ueeful in
formlating technicues for providing satisfactary quantitative dispersal esti-
mates, Achievément of these objectives has in part depended upon an extensive
series of diffusion experiments in which sulfur-dioxide gas was used as a tracer,
Midget impingers containing 10 ml of dilute hydrogen-peroxide solution were lo-

cated at various distances dowrwind from a contiruous point source, During the
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experiments, the inpingers were aerated at a known, cons'tmt rats; sulfur

diﬁde present in the air samples reacted with the hydrogen peroxide to form
sulfuric acid, Unu hu:ﬁuing the electrical comiuctivity of the solutioma.
Tiwe=masn concentrations for the 10-xin sampling periods were determined from
laboratory analyses of the conductance of the aerated solutions, This technique,
which proved very reliable; is capatle of detecting concentrations 'o;‘ one part sul-
fur dioxide in one hundrec million parts of air. During 195u and 1955, twenty-
nine diffusion experiments were conducted over a 200-m rance at the Round Hill
Field Staticn., In the summer of 1958, approxinately seventy similar experi-
ments were conducted over a nl::lm range of 800 n durin: Proiect Prairie Crass,
an extensive series of diffusion experiments spc;‘rrsored by the Air Force Cambridge
Resesrch Center at & fi:ld site near O'deill, Neét:uka. The Project Prairis
Grass experiments also included an extensive aeri&g of measurements of fluctu-
ations in wind velocity, utilising five bivanes equipped with ..eated-thermocouple
arnemometers; these instruments were mounted at a heig',ht. of 2 m above the ground
and placed either parallel or normal to the mean wind cirection. Analysis of
these data to provide information on power spectra and the gcalu of turbulence

is mroceeding. During the fall of 1957, a new Qeriea of diffusion experirents
was jnitinted at Hound Eill tc investigate veriations in timcemoan cencontration
as a function of the duration of the perio’ of sampling, Throe imdependently-
operated sampling networks at travel ¢ istances of 50, 100, and 200 m were utilised
in measuring average concentrations for sampling periods of 30 sue, 3 min, and

10 min, In the course of the diffusion experiments, certain improvements were P
made in existing metecrolozical instrumsntation and sore progress achieved in

the development of a deta-recardinz system designed to rgcanuu the handling

=
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of both fast- and slow-response meteorological observations,

Much of the research mentioned above has already been described in
detat) in varicus published papers (12; 13; lL) o in a Geophysical Reswarch
Paper to be issued in the near future by the Air Force Cambridge Research Center.
The gensral plan of this report is to summarise briefly the material that is
available elsewhere and to devote principal attention to those aspects of the

research program that have not previously been described.
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II. DIFFUSION MEASIREMENTS AT ROUND HILL AND O'NETLL, NEERASKA DURIND 196L-1956

Ao Brief susmary of experimsntal techniques

Approximatsly one hundred field experimsnts, utilising sulfur-dioxide
gas as a tracer, were conduc tsd during the period from 195k through 1955 at
two sites: Round H11l and O'Neill, Nebraska. About half the experiments at
each site were carried out in the presence of unstabis thermal stratification
and half 4in the presence of tempersture inversions, Iwenty-nine sots of dif-
fusion meessurements, comprising 10-min average gas concentrations determined
at selected points domnwind from a continuous point source located near grcung
level, were obtained at Round Hill during 195L an&\ 1955, The sampling network
consisted of 103 midget impingers mounted at a heig\k\\t of 2 m alorg “hree semi-
circular arcs at travel distances of 50, 100, and ZQO mj; an angular separa-
tion of 3 deg between individual impingers wes used at all travel distances,
The impingers were aspirated ai tho rate of 1,51 min-1 $y means of vacuum
sources positioned at the mid-points of the arcs, The sulfur-dioxide senerator
utilized a 100-1b cylinder of liquid sulfur dioxide immersed in a constant-
bcmpnraturé water bath, Heat of vaporisatian rejuired for the change of stata
of the tracer was largely supplied by the vater; this facilitated maintenance
of A comstant emission rate (5 to 10 ¢ ue"l) throughout the 10-min samnling
perriods The total amount of gas released during each experiment registered
on the dials of a large gas metar. After passage through the meter, the tracer
vas conducted through a 100-ft length of copper tubing and released verticelly

at a height of 30 om above ground level, Prior to the start of the 10-min

.



| sampling perici, the tracer was permitted to tramie the entire samplirg
network; source operation continued for a short time after the sampling period
had ended, !eteorological instrumentation included: cup anemometers and venti-
lated thermocouples, installed at four levels on a partabls tower, for measur-
ing vertical gradients of mean wind speed and air temperature; a cup ane-
mometer and wind-direction vane, located at a height of 2 m near the release
point, for determining mean wind speads and frequency distributions of asimuth
wind direction; fovr bivanes equipped with hested-thermocouple anemometers

for measuremsnts of the structure of turbulence. A schematic diagram of the
field installation is presented in fig. 1. Tabular summaries of the concen-
tration measurements ard meteorological cblh\lervationa obtained Juring 1.11 of
the experiments are presented in Appendix A.\\ Descriptions of the experimental
techniquec and discussions of the results of.{! data analysis may be found oh@- P

where (13; 1L).

Seventy sets of similar concentration data were cbtained at a field
site near O'Neill, Nebtrasia in the summer of 1956 during froject Prairie Orass.
The sampling network comprised 599 midset impingers; of these, SL5 were mounted
st a height of 1.5 m along five concentric semicirculiar arcs located at travel
distances of 50, 1C, 20G, LOO, and 80C m. An angular separation of 2-dug was
used along the four inner arcs while a l-deg separation was used at 800 m.

The remaining SL impingers were mounted at nine levels on each of six light-
weight towers erected along the 100-m arc. Aspiration was provided by cleven

vacuun units s:itably positiuvwed within the sampling network, The sulfur-
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dioxide generating apparat»s was basically similar to that previcusly used at
Round Hill tut, Zue t> the longer travel distances involved, capable of main-

taining source strengths within the range from 50 to 100 g sec™l. To mini-

mize the disturbsnce of the natural air flow in the vicinity of release poiﬁt
for the tracer, the generstinr apparatus war sei in a shallow trench and the
gas conducted throush a SO-m length of buried plastic pipc before being re-
leased horizontally at a heizht of L6 cm above ground level (see fig. L).

A contour map of the Prairie Crass field site showing the location of the
arcs of the sampling network and other installations appears in fige. 2. A

schematic diagram of the sulfur-dioxide generator is presented in fig. 3 and

\
photographa of various components of tne field installation are showm in fig.

Y. Metearological jastrurantation included:\ cup anenoneters and wind-direc-l

tion vanes mounted at a heiht of 2 nm both near tle release point for the
tracer and at a distance of LS50 m directly downwind (north) of thc release
point; five bivanes, outfitted with heated-thermocQuple anemometers, mounted
at a height of 2 m at the northern boundary of the field site, Measurements
of vertical profiles of mean wind speed and air temperature were made by
Texas A & M. Meteorological obscrvaiions were made over a 20-min sampling
poriod cenversd abv Lhe midepuint of Lhc 1l-min yas release. The diffusion
netwark was placed in operation immeciately prior to the start of the gas
release and continued in opsraivion for several minutes after the end of the
release, until the tracer had cleared the 800-m arc. Tetailed descriptions
of the conduct of the experiments, discusasion of the reliability of the meas-

wements, and cooplete: tabular summaries of concantration daia and meteoro-

Tomical obsgrvations are availsble in-a eo~hvsicdl lececroh’ Parer currently
OB
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Fig. . Photographs of Project Prairie Grass diffusion installations: (a) sulfur-
dioxide generating apparatus; (b) release-point for trc-er; (c) midget

: impinger installed on one of the 60-ft towers; (d) intericr of labaratcry

: building showing storage shelves for impinger baskets,
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being bropafed for distribution by the Air Farce Comoridge Research Center.
Other deserirtions of the diffusion measurements anct the results of data

analysis may be found elsewhere (12; 1L).

It should be pointed out that surface roushness characteristics at
the two sites are guite 2ifferent, The 2':'eill, Mebrasks site i3 umusually
smooth ( s, <1 cm ) with an unobstructed upwind fetcﬁ of at leasg 1l km,
The Round Hill site is unusually rough ( Z, D> 10 cn ); trees, hoﬁses..smull
buildings, and differences in elevation of the order of 100 f¢ are found

within a distance of (.5 to 1 km immediately upwind from the test area.

Be Rasults of data analysis \
1, Basic relationships

Horizontal and vertical cross-sections for several time-mean gas
plumes obtained during the Project Prairie firass diffusicn experirents
are presented in figzs, 5, 6. These sxamples indicate the variations in
characteristic plume features (width, height. axial concentration, form
~f the concentration nrofile, etc.) observed over a wide range of general
weather conditions, The fundamental problem is that of relating these
ecbserved variations in diffusion parameters to meteorological quantities

which may tren bte used as useful indices cf dispersal.

All the diffusion experiments reveal a very close relationship be-
tween the structure of .he time-mean gas plume and fluctuations in azi-

cutt. wind direction, The downwind axis of the plume is found approximately
o

¥
5
¥
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rarisontal cross-sections for selected Prairie Grass diffusion experi-
aents: concentration isopleths are in mg n~3 for standard source strength
of 100 g sec™! and mean wind speed of S m sec™t: (a) narrow, symnetrical
plume characteristic of statle thermal stratification; (t) excaptionally
narrow, symmetrical daytime plume associated with high wind speeds;

(¢) daytima plume in which the szhape of the concentration profile changes

significantly with travel distan.e; (d) wide, irregular plume character-

istic of strong midday convection. e
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o 6. Vertical cross-sections far selected Prairie ".cass diffusion experiments

at travel distance of 100 m; concentration iscpleths are in og n” =3 anJ
ars adjusted for itandard source strength of 100 g sec” 1 and mean wind
speed of 2 m sec™": individual exarples correspond to the horizontal
eroes-sections shewn in fig, €,



along the direction a!" the me=n wind and the lateral distributi-on of zon-
centration at all travel distances carresnonds closely to the frequency
distribution of azimuth wind directicn. This corfespcm!ence is best at
short travel distances and tends to decrease with increasing travel dis-
tance due to enhanced dilution 2t the edges of the plume, Concentration
profiles at three traveldistances and [reueicy djlstributicm of n:lmt.‘*.
wind direction for one of the (''Neill, Nebraska n:lghttiﬁe uxpe;-mﬁts are
presented in fig. 7. Over trsvel distances of the order of 1 km, the time-
mean gas plume thus appears to be composed of elsmentary filaments that
have traveled downwind from the source along lines of constant azimuth
bearing. Recent experimeats in England (1\5) and in t.hia country (i5) in.
dicate that vertical diffusion may le deac;t.‘ibed similarly, Basic [eatures
of plume structure (peak concentration \n\ p\" intesrated-crosawind concen=

tration 3( cIc ? plume width W , etc.) are &onsequently highly correlated

with the standard deviaticn of asimuth wind direction Sy In the presence

of thermal instability, correlation coefficients betwaen (- A and the var=-
iates mentioned above are approximsleiy 0,9 at all travel distances; duing
stuble thermal stratification, the correlations are about O.f, Features of
plume structure, particularly XCIC » are also significantly related to
measures of thermal stratification such as hichardson's Number Ri or the
Statility Ratio SR. Res:1%a of mult'-le correlation studies show that an
index combining toth 7, and either Ri or SR is of advantaze in predicting
nighttime peak concentrations and daytime integratedecrcaswind cuncentra-

tions; deytime peak concentraticns and plume width in all stability strati-

valyes are heat

[ications are tast predicted by A alone; nighttinme X cIe

predicted by SR or Ri alone,

T < cm‘wa

i
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Fige 7o Horisortal concentration profiles at three travel distances (above) and
framanny digtributions Jf asimuth wind direction (below) measvred at
height of 2 m at two locations, Data refer to nighttime Prairie Grass
experiment conducted in presence of very stabls thermal stratification.
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Wher. the Round Hill and C'Meill, llebraska 2iffusicn mcasurements for
the same travel distance are plotted against :Tl » the least-squares re-
gression lines for both sets of data are elmost identical., Peak concentra-
tions at 100 m from both sites are shown in fig, 8;1 no adfustzent- has beer
made for the slight difference in samrlins hei-ht tetween Round Hill (2 m)
and 0''eill (1.5 m). If similar diffusion data'are ploﬁted néainat Fi or
SP, <%r Round Hill and C'lleill data cannot easily be reccnciled., The dis-
crepancy is principally exrlained by the difference in roughnese of the two
sites: at round Hill, neutral stratification corresponds to CJR valuees of
about 13 deg; at O'Neill, neutral stratifisltion is identified with ;T;
7 deg., The =vlence is quite conclisive tﬁgt the standard deviation of

\
azimuth wind direction contains implicit 1n§brmation on site roughness and
cther factors (such as air mass) that determine diffusion; further investi-
gation may establish it as a universal diffusion index, It is also apparent
from close inspeciion of the data frc~ the two sites that lateral and verti-
cal diffusion are not compietely indzpendent (as frequently assumed in theo-

retical treatments) but must be at least quasi-derend:nt. 7his point is

further discussed below,

For reasons indicatez ibove, the results of the small-scale diffusion
measuremsnts are noét conveniently summarized in terms of the standard devi-
gtion of azimuth wind iirecticn.? Estimates ¢f the variaticn in both crk
and the standard deviation of elevation anile TE with thermal stratifica-

tion and site roughness arc presented in tatle 1; entries in the tatle are

1

i RV w%?

“Cercentratisn date nnt ~cocrested o oeveioretliqoval lran of L4 rer szlution,

£

2 ' ) :
¥..mept Yor nighttirme v2luee of inte-rated-crcsewin corncentraticn,
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Pegk concentration at 100 m versus inverse stendard deviction of asimuth -
wind direction for (a) daytime and (b) nighttime diffusion experiments.
Concentrations are adjusted_to standard source strength of 1 g sec~l and
mean wind speed of 5 a sec™l, Round Hill data are indicated by svmbol

X and O'Neill, Nebrasia data by open circles. Solid lines are least-
squares regression lines.
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based upon bivane measurements made a% O'Neill (17) cduring the Great Flains
Program and other data. The values apply generally within the layer frem
greund level to a height of 100 m; both (F‘A and ()"B tend to increase with
height during thermal instability ard to decrease with height during thermal
stability, For stzble stratification, the larger values of ﬁoth parameters
apply near ground level and the smaller values apply at higher levels; the

situation is reversed in the case of unstable thermal stratification.

\
Table 1. Estimated range in standard deviations o;‘ azimuth wind direction
‘ () ard elevation angle &) E for vu'iou"q stability stratifications.

Stratification Smoocth site | Reugh Site

O, (deg) Op (deg) O, (deg) G (deg)
Extremely Qubln 2-l 0=-2 2-6 0-3
Moderately stable L4-8 2-); 7-15 3=5
Near-neutral 6-8 3=5 10-15 L-6
Moderately unstable 10-15 L-6 15-20 6-8
Extremely unstable 20-25 7-9 25-30 9-11
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f’.uic dtmaim paranmeters for twenty-tan da&tine and twenty nighttime"‘
Prairie Orass experiments (selected on the basis of corplete concentration
data and meteorological observations) have been correlated with mteorologi-‘
cal parazsters (‘ v L oF SR); results of Lhe regression analysis are pre-
sented in figs; 9 to . ‘Coneentration data, corrected for evaporational
loss of lmpligér solutlon durirg the experimenis, are adjusted to a stadard
source strenjth of 100 g aec']' and a mean wind apee& of S gec'l. The
analysis technique involved determiration of least-squares regression lines,
for ihe logarithms of the variates, a’ each travel distance, Estimates of
the diffusion raramsters for selected values of the meteorolo;lcal quantities
were then obtained, at each travel distmc\g. from the regression equationa’
and the anpropriate pointe comnected by atxlgi;htllims. A detailed account .
of the analysi:c technique and tabulated “1\;09 of correlation cceiricients |
and standard errors of estimate are availablé elsewhere (1i), It should

be mentinned that the concentrations shown in figs. 9, 10, 11, 12 refer to
measurements made at & heisht of 1.5 m e3suciated with continuous emiscion
of the tracer from a point source at & height of about G,5 m, At shert
travel distances (50, 1CC @), the plume axis tends to be located below the
heizht of the saxplin;; network; thus, the mvasured concentrations are some-
what lower than the axial zcncuntrations, Studies of veriical concentration
prof iles oblained at « travel distance of 100 n during the O'Neill experi-
mants indicate that the measured concentrations, at a height of 1,5 m, should
te increased by 10 per cent, on the average, for both daytime and nigiittime

cas releases to secure reasonable cstimates of axial concentration (12),

Ycencentrations for daytire experimente were smocthed by a weighted three-

term moving average at all travel distances.
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The correction at 50 m is estimated to be aboit 25 per cent, At travel
distancee greater than 200 m, il appears that the 1,5 m measureccnis ade-
quately represent axial concentration excent in the presence of extremely
stable thermal stratification. The concentration measurements are also af-
feéted by reflection from the ground; thiak facter 13 Judééd mﬁisnii“icimt at
travel distances creater than 1CO0 m in comparison with the standard errors
of estimate of the regressicn technique and estimates of the reliahility of
the basic measurements, !izhttime intezrated-crosswind concentrations lave
been presented as functions of the Stability Ratio since, for the selected
cases (which represent moderate stabiuty).\\)( c1c 15 almost invariant with
C\'A e If the whole range of stshle therml\\stratificatim is considered,
- the prediction value of (57, increasea; homever, since variations in .XCIC
occur almost entirely as a result of the vertical vspread of the plume, SR
is the most likely incdicators Values cof SR used in the analys's were ob-
tained froa the ratio cf the tempersture difference between the L- and 1-m

levels and the square of the wind sveed at a heizht of 2 m,

Variatinons in besic diffusion parameters with travel distance may be

expressed in terms of simple power laws cof the ;eneral form

b
XP. 6'}, o>z (x) ’

where x is the travel digtanse end b ie a constant, The power-lam exvonent
b has been evaluated Zor four intervals of travel distance (50-100, 100-200,

200-L00, LOO~300 m) with respect to peak concentration, and the standerd

=
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- deviations of corcentration alon; the lateral and vertical coordinatec.

-

Estirntes of the value of the exponent on a)"z were cbtained by taiding the
difforence b ( Xp ) = b ( 7, )s PResulte of these computations may bLe sum-
marized as follows:

Tn near neutral stratification. the power-law expcnent on all three
diffusion parameters tends to be invariant with distance.. The average
value of b on axial concentraticn is about 1.8, b on (¢, is about 0.6,
ad b on S, is thus about 1.0, These values are in sugatantial agree-
ment with those obtained by Sutton (1) in the Forton exveriments,

In unstable thermal stratificetion, the exponent on axial concentration
ircreases markedly with distance from about 2,0 to values in excess of
3,0 (extreme instability). The exponent on G. ¥ tends to be invariant
with distance (0.8 to 0.9). The exponant on (i, increases from about
1,0 to values in excess of 2.0 (extreme instability), This behaviar of
the power-law exnonents on axial concenintion and on G°, is not ex-
rlained by existing diffusion theories which do not permit a value in

A

excess of 2.C for & ( X p )o \

In stable thermal stratification, the exponent on axial concentration
tends to decrease with distance from absut 1,6 to 1.0 (extreme stability).
The exponent on G ., i8s probably invariant with distance and is about

0.6. The power-law exponent on -J'z » therefore, must decrease with
increasing travel distance from about 1.0 to O.ue Although there is
serious question about the absoluic value of these estimates for ex-
tremely stable stratificaticn, the results are at least in qualitative
agreement with measurements rmde ty dqilst (7) using an elevated source.

The above results indicate that simple power laws adequately exclain dis-
persal from contimious point sources, located near zround level, only in the
presence of near-neuiral thermal stratifications As the stratifircetion
be:omes increasingly a'slLlc or unstable, simple power laws becone increas-

ingly less erfective in describing the distance variation in basic plume

parameters,

The power-law analysis descrived above emnhasizes the importance of

vertical diffusion in determining the rate of decrease in a::ial concentra-

tiocn with increasing travel distance., The only direct meamwrements of ver-
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tical diffusion made during the Prairie Grass experiments were at a1 travel
distance of 100 m, Entimates of (g &t other travel distances were cbtained
by two indirect methods: (1) Results of the regression analysis of ob-
served values of 7, and G at 100 m were extrapclated to other travel
distances under the assumption that the ve§t1c§1 spread of the plume was
rectilinear. (2) Values for peak concentrations (adjusted to axial) and
|G, shown in figs. 9, 10, 13, 1L were used to ealculate 7, at all travel
distances; the procedure follows from equaticn (2) on poge 1€ and involves

the assumption that the distributicns of concentration along the lateral

\
\

and vertical coordinates of the plume are\fpproxinately Caussian. There
is good agreement at 100 m between the resglta obtained from the latter
method and the estimates derived from the regreasion analysis of measured
values of G 4. The estimates rresented in fig._ls were derived as fol-
lows: At 100 m, the G, values were ohtained from the regcression analvsis
of actual measurementl; the estimatez ct SO m were ottained by extrapo=-
lation of the results at 100 m, assuming rectilinear vertical spread cf

the plume, Daytime values for G, at travel distances teyond 100 m were

3
calculated Irem the diffueion equaticrn, Ki-httime sstimates at similar
travel distances were calculated ty toih methods and the smaller valuec
selected f or use in the figure, The results show very clearly the re-
markable vertical growth of the plume in the presence of unstable thermal
stratification and the suppression of vertical growth during stable thermal

gtratification,

r.'
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2+ Application of resulis ol dale analysis to diffusion theory.

Results of the analysis of tne diffusion measurements repcrted in the
previous section support the simple diffusion moadel shown schematically
in fig. 16. The model is referred to a curvilinear coordinate system with
the conuviiuous point source at the ariging X (y . O, 3 = V) is along the
mean wind; y and 8 are directed along arc§ in the horizontal and vertical
planes, respectively, at distance r from the source. The effluent travels
downwind and spreads laterally over an arc segment defined by the angle |
£ , which is given by tha extremes of the frequency distribution of asimuth
wind direction measured at the source, Lnig-ul boundaries of the plu@ a.ra.
indicated by the (solid) straight lines in 1‘1;. 16a; plume width, defined
on the basis of the customary 1/10 linits, 1; shonn by the dashed lines
and 13 assumed equal to 4.3 G‘y » where 0‘3: is the standard deviation
of concentration in the y-direction, This relaticnship is well supported
by the 0'Neill measurements, The diffusion measurements indicate that the
angular plume width decreases with travel distance; rear ¢he source,

G, = c” but at longer travel distance & A > (T' y® Vertical spread

A
of the plume is ccrnfined within th: straight lines defined by the angle

e g 1dentified with the ex:ye:.es of the frequency distribution cf ele-

vation angle measurad at the ascurce; dashed lines denote the 1/10 limits
used to define the vartical extent of tha plume, If the vertical soread
is rectilirear, G g " O, atall travel distances; otherwise; the
equality exists only in the immediate vicirity of the source. Experiments
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Fig. 16, Simple diffucica mel for representing (a) lateral and (b) vertteal
disperedl of effluenss emitted from an elevated souree.



in Englan? (1) indicate that the vertical spread is approximately recti-
linear for travel diatances of the order of 500 m in mcderately-stable,
resr-neutral, and moderately-unstable stratification, The OfNeill experi-
ments, on the other hand, indicate that the vertical spread is rectilinear
only in near-neutral stratification: 4n the presence of thermal instabil-
ity, the plume expands vertically, the rate of e@ian mcreuing mark-
edly with travel distance for extrem> instsbility; in stable stratificatienm,
the C'Neill data indicate a suppression of the vertical growth of the plume,
the rate of supmression incr.asing with trevel distance, Measurements
based on photographs of smoke plumes in very stable atmosphere indicate
negligible vertical growth at travel distmc\;\ea in excess of about 0,5 km
(7). It should be pointsd cut that some du‘;arences are to be expacted

in diffusion patterns from ground-level and elevated sources due to auéh
factors as wind shear, variations in the power spectrum ol the vertical
velocity component, etc,

If the concentration in mg n~3 is given by /t 7,8 then at all

distances r
(> <P+~ PO Q
; 2
(1) X r dy dg = = = const,
b /3 ] ":
-'50 =0
1l

where Q is the smreé strength iu g see” ", ¥ is the mean wind speed in
m sec”}, and Y¥» 3 are in radians, It can be shown that the differences
between the curvilinear coordinate system and a conventional rectancular

system are gensrally negligible., Thus, the limits of integration



i
~ for equation (1) are efrectively ¢ .~ , Assumirg that the effluent is

normally distributed aleng the y- and s- coordinates, it follows from the

geometry that

Q | l- 72 . »? )-!
27T W2 a, a, wL (0“,)2 - G“,)’J_] )

where Cyp Ty 7 s are expressed in radians, For rectilinear spreed:

Of 4

LR S

0)° Tyl T Ty}

and, equation (2) becomes

: [ [ 7 2 ]
(3 a w - = [ J TR °
A LR T, T3 R KA o P

If the spresd of the plum along the lateral and vertical ocoordinates

19 not rectilinear but follows simple power lm of the form

r oy« (#¥, r oy (£

then,

[ q - P

when the above relationships are substituted in equation (2), we cbtain

I~ ! 2 \
W 5 N Y {y?zﬁ‘ . ]
Poamw® oy oy 0 4G T gy ) e ’

’

where D s p *+ Q.
It d"’, gy YTy with distance in a more complex manner, equation

(2) may be evaluated at selected values of ¥ {or which estimates cf Ty, T3

are awveiladie, -

e -;“w?v‘ﬁ



The above diffusion equations are of the same general foinm as tiose
of Sutton (1) and differ principally in the use of direct meteorolo:ical
indicators ( G L’ (N A ) in place of ¢enguliud diffusion coeffi.ients
derived from the vertical rrofile of mean wind speed; and, in the greater
freedom of variation in the expcnent on distance r. Following Sutton's
argument of reflection, the source strength Q in equations (2), (3), (L)
is doubled for a source located at ground level or in the case of a Plume

from an elevated source that reaches the ground,

| The equations have been tested againsﬁ\the c'Noili seasurements of
peak concentration at 10C m (see fizs. 9, 1\2:'{). Axial ground-level con-
centrations were calculated on the basis of \oquation (2) using valuea of
<} v (figse 13, 1) and of O, (rig. 15) at 100 m obtained fr-m regression
analysis, The calculated axial eoncentratioha agree closely with the
measured values in near-neutral stratiiication. For unstable thermal
stratification, the calculated values are from 10 to 25 per cent lower
than the measurements; this is hardly surprising in view of uncertain-
ties in the estimates of G, for extreme 1nat‘a-bility and probable devi-
ations from normal distributions, In moderately stable stratification,
calculated axial ccncentrations z~e aprroximately equal to the (adjusted)
measured valucs; for extreme stability, 1';ho calculated axial concuntra-
tions are about tw.ce as large as the measured (peak) values, This does

not arpear unreasonable in view of the hei-ht of the sampling network

(1.5 .)o
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Expressi.ns for ground-level concentration profiles associated
with the operation of the model shomn in fig. 15 are derived on the
basis of equation (L) vhich describes distance variations in the diffusion
paramsters - y ,j'. in terms of simple power laws, At a sivon distance

X from the base of the atask. ths ancle -‘f..b is appreximately siven by

(5) O, * = = ¥ :

where hh is the height of the stack and N 1s a positive rumber. It follows

thlf.l \
\
h '\\ h
(6) " @ oEnee—- L —‘—.——- .
T X ol 4

The ratio betmeen ground-level concentration Y ctzxer and )‘ is,

allowing for reflection,

2
(7) —Z—g- - 2 exp - h e
—_ 3= 2P ¢
X . 2( g g T
Thus, the ground lews) cuistentration is given by
_ Q B h? -
® X, - sap i - P .
As n‘ T o Wy Oy L 2( a-l_:)'t’ P

If the above equation is maximised, we cbtain the following expression for
the distance from the base of the stask x; at which the maximm ground-level

wil} be found:

1m the following discussion, it 19 sssumed that x = r,

B
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(9) x--L((._z)z h_jlp
Por near-neutrel stratification (b =X 1.60; p = 1,0), the estimate for X,
reduces to
: h
(20) LEERY T, .

The general expression for maxims ground-level concentration

}g (max) tained by combining equations (9), (10) 1e

b\b/2P , _\bfp=1
Q= ) b
(p ) ‘\ E ) \'\ .xp [- ]

M X ) 7o W o 2p

Por b = 2,0, p = 1,0 this reduces to

2Q G‘E

Sutton's (13) expressions for x, snd are practically

-Xc (max)
identical in form with equations (10), (12):

Aorwry = —— (==
A2l max) - 2 ;t
eliun \ C, /
b 4
| L
X ° ( ~2 ) =z -—
\ bz CZ
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2, Quantitative estimates of dicperzal from an elevated source.

The diffusion equations of the previcus section provide quantitative
estimates of dispersal when appropriate values for the various meteorologi-
°_‘l and diffusion parameters are inserted, Estimates of G'A » o‘E are
found in table 1 and estimates for the other du‘maiqn parazstars are given
above, Ii should be emphasized that the diffusion data are based on meas-
urements exterding only to a distance of 800 m from the source, Extrapo-
lation of the .asults to appreciably longer travel distances appears s:fe
in near-neutral stratification, In the nresence of moderate thermal stabile
ity or instability, extrapolation is less ce';'tun; for extrems stability
or instability, the uncertainty is greatly i&?raued. In other words, the
suggested technique provides fairly reliable éumtitative dispersal esti-
mates for travel distances of the order of 1 lm except in the presence
of near-neutral stratificaticn when extrapohﬁcr. to appreciably longer
distances seems justified, As noted previouesly, one aspect of plume struce
ture has not been definitely established empirically - the question of
whather the vertical spread of the plume is rectilinear for a wide range
of thermal stratification (15); or whether, as indicated by the OiINaill
estimates, the spread is rec:.ilinear snly in near-neutral stratiiflication.
In view of this uncertainty, it seems advisable to consider bdth possibili-

tiag in mabine dispersal estimatss.

Profiles of axial ground=level concentration for three stability strati-

fications are presented in fig, 17; a stack heizht of 100 m is assumed and ;

concentrations are adjusted to a standard gource strength of 100 g sec™1
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and a mean wind speed of S m sec'l. Axial concentrations for t he elevusted-
source plume were calculated from the aj}'vnluee in fig. 13, assuming recti-
linear vertical ~pread (p = 1.0)s Values assumed for CTR ’ CTE {deg) are:
neutral ( 0 = 7; G ® L); moderate instability ( G, = 12; G = 6);
extrems instability ( J‘" = 25; G‘E * 9)e The maviswm concentrations in

* the figure may be compared with Suttonts valus of C.L6 mg &3 which s in-
variant with thermal st-atification. The results show that. as night be
expected, the point of maximum concentration moves closer to the stack

as the inctability increases, Suttcn!s estimates for X, e considerably
larger than those in the figure, This ma) Te partly explained Sy the fact

that the values selected for cri apply generally to a rough site.

A
i

The data presented in the preceding s;btion of the paper clearly indi-
cate that there are a variety of assumptions that may be made in obtaining
quantitative dispersal astimates within the framework of the above diffusion
model, The results in table 3 are intended to show the probable extreme
range of estimates fcr maxirmum ground-level concentrations that might be
expected for various stability stratifications, It has been assumed that
the plume does not reach the grouﬁd in the presence of stable thermal strati-
fication. Axial conceatraticns for tho slevated-source plume were obtaine.d
by calculating initial concentraticns at r = 100 m frem :); in figs. 13, 1L
ard from (J, based on rectilinear vertical spread from the source to 100 m,
Thece initial estimates were then decreased with distance according to the
tabulated values of b, Entries for X and )(g not enclosed by parcnthesis
refer to rectilinear vertical spread (p = 1.0); entries enclosed by paren-

thesis refer to vertical smread gdv'rhgg by the power-law exvonent p.
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These computations show that in near-neutral stratification, the max-
imm axial ground-level concentration occiurs within a distance ‘of 1.5
jm from the stack; in unstable thermal stratification, X, is generally less
than 1 km, This means that the O'Ncil  concentration measurements consti-
tute a reliable basis for estimating maxim.n gr&und-ieval concengéations;
the data in figs. 9, 10 are merely multiplied by the facter P 2P 0.4
at the appropriate distance given by equation (9), CEstimates for ;(g in
table 3 scatter about Sutton's value of O.ub mg m= , and it appears that
the latter may safely be used as a first approximation to maximum ground-

\
level concentration in all stability classifications (for h = 100 m).

\
Aremrding to equation (11), the variation orxmaximun ground=level
concentration with stack height, is given by the ixpression

1 | ®
Aewn) X =37

In general, therefore, the variation follows the usual 1hverse-squaro law.
However, in stable thermal stratification, the variation with height is
somewhat less than that indicated by the inv:rue-square law; in unstable

thermal stratification, the heizht variation is somewhat greater.,



Table 2, Maximum groundelevel concentrations far effective atack heizht of 100 m,
Concentra.ions are adjusted to standard source strength of 100 g sec”™
Estimates enclosed by parentheses ( ) refer %o computa-

wind zpeed of &' m sec™l.

tions using valuss of p % 1.0,

Stability stratification (ri(dog) ;7i(dog)

Near neutral

Moderately unstable

Zxtremely unstable

6
10
1

10
15

”!
[4

20
25
30

3.0
LeO
5.0

L.O
5e5
742

740
8e5
10,0

b

1,70
1.85
2,00

2,00
2.15
2.3.\0

i

i1
2.2%

2,20
2,20

X, (lm) ) (me m™)

1,16
1,05
0.81

1.Q1
0.71
0.5h

0.54
C.Lué
0.39

cmeee 0.6

e 0.3
cmeee 0.2

——— G2
(0.L2) 0.2
(0.21) 0,1

(0.21) 0.l
(0.18) 0.1
(0.16) 0.1

and mean

(042)

(1.3)

(0.6)

(1,2)

(1.0)
(1.0)

il
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IT1. MEASUREMENTS OF THE STRUCTURL OF TURBULENCE AT O'NEILL, NFBRASKA

A, Description of fast-response metecrological instrumentation

Instrumentation for investigating characteristic features of the struc-
ture of turbulence has been under continucus development for many years at
the Rlound 3111 FielA Station in comection with empirical studha of dif-
fusion and atmospherlic turdulence, The fast-response instruments used dur-
ing Project Prairie Crass comprised five lightweisht bivanes and heated-
thermocouple anemometers, Protétypes of these instruments have been de-
scribed previously (8; 9; 10; 17). A photograph of; one of the field as-
semblies used during the Prairie Grass expe-imenta :\\s shown in fig. 18, The
vane is constructed of optical lens cleaning tissue égmnted to a fine wire
framework; the total surface ares is ahout 300 en® and the weisht of the en-
ti:ro tail assembly, including the thin-wall aluninum v'alloy' shaft, is 2 g. |
Movements of the vane in both the plano of th~ horizon and vertically are
transmitted to two Glannini mierotorque potentiometers mounted in the base
of the instrument; the azimuth shaft of the bivane is roupled to one of the
potentiometers by a pair of 1l:l precision aluminum gears, Vertical movements
of the vane are transmitted by méans of ¢ fine metal chain that passes over
two identical aluminum pulleys (lncated at the top and bottom of the vertical
shaft); the secomd potentiometer is connected to the shaft of the lower pulley
by a flaxidle couplinge. The bivane is supported on three legs, one of which -

is 180 deg from the elsctrical zero of the azimuth potentiometer and serves as s

refevenca for orienting the bivane with respect toc the mean wind direction.



Fig. 18. Photograph of bivans and heated-thermocoupls anemometer acunted on
tripod (abcve), and (below) closeup of the base of thes bivane show-
ing micro=-toarque potentiometers and other components.
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111, MEASUREMENTS OF THE STRUCTURL OF TURBULENC: AT O'NEILL, NFBRASKA

A. Description of fast-response metecrological instrumentation

Instrumentation for investigating characteristic features of the struc-
ture cf turbulence has been under continuous development for many years at
the itound Hill Field Station in commection with empirical atudiea of dif-
fusion and atmospheric turbulence. The fast-resronse instruments used dur-
ing Piojact Prairie Crass comprised five lightweisht bivanes and heated-
thermocouple anemometers, Protétypes of these instruments have been de-
scribed previously (8; 9; 103 17)e A photograph ofione of the field as-
semblies used during the Prairie (rass expe-imenta '\\s shown in fig, 18. The

\
vane is constructed of optical lens cleaning tissun dgmanted to a fine wire

framework; the total surface area is ahout 300 en® ana the weisht of the en-
tiro tail assembly, including the thinewall aluninqullloy'shnft. is 2 g.‘
Movements of the vane in both the planc of th- horizon and vertically are
transmitted to two Giannini microtorque potentiometers mounted in the base

of the instrument; the azimuth shaf{t of the bivane ir roupled to one of the
potentiometers by a pair of 1l:l precision aluminum gears, Vertical movements
of the vane are transmitted by meéans of ¢ fine metal chain that pagses over
two identical aluminum pulleys (lncated at the top and bettom of the vertical
shaft); the second potentiometer is connected to the shaft of the lower pulley
by a flaxible coupling. The bivane it supported on three legs, one of which

is 180 deg from the elsctrical zero of the aztimuth potentiometer and serves as s

referenca far orienting the bivane with respect to the mean wind direction.



Sensing elements of the hcated-thermoc~:ple anemémeters comprise
tﬁamojuncticns made from chromel-P and constantan wires measuring 0.005 cm
in diameter; the wires are hutt-welded by a spark-discharge technique in
the field of a low power binocular microscops. This technique facilitates pre-
dection ' of junctions of unﬂ'a-m physical dizensions, a condition requisite
for the use of a single calibration curve for several proves.. Thc thermsce
Junctions are incorparated in an electricel circuit first developed'bj
Hastings (18; 19). The probe consists of four copper studs, arranged in
a t-shaped patturn, that susport the therrccouple wires; two junctions are
heated to a temperature of about 300 C by a consunt-eurrol‘nt @e.Ce power
supply; the third junction is unheated and umpes ambient air temperature;
Passage of air over the hezted junctions produc%e & cooling that results in
a reduced thermal e.m.f,; Iluctuations in ambie;it air temperature are
compensated by the output of the unheated jum:ti_c;n which opposee that of
the other two, ISatisfactory operation of the prbbes depends on the mainten-
ance of a closely-controlled (constant) haater current, In preperation for

_the Prairie Grass observations, the 1.f, thermocouple mcters previously‘

used to monitor the current to individual probes were replacec by a single
Weston a.ce milliamneter (Model .L33) which has a frequency range of 25

to SO0 cycles secl and an accTac, of about 0,75 per cente This meter and
an equivalent inductmcov are switche! {rom ore heated-thermocouple power
supply to ancther ¢¢ determine the proper current settings, Wher the meter is
switched out of a prote cireuit, it 4is replaced by an equivalent d.c. re-
sistance, This procedure eliminstes ihe receseity for considerinc the

characteristics of ludividual mec-iter ~eters ir Adeterminirg the zroper heaier

K i
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- currents, Az an additional precaution, a Sorensen vcltaje regulator (Type
100 A), capable of maintainin: the line voltage within 0.5 pev cen%, was
placed in the primary of the heater-current supply circuit. As shown in
fig. 18, the probes are mounted on the azimuth shafts of the bivanes so
that they will be headed into the wind by the action of the vane, The re-
sponse of the protes is essentially nondirectional since the heated thermo-
Junctions are ori:nted parallel to the plane of the horiton and are thus in-
sensitive to the angle of attack of the wind vector. The response in the
asimuth plane varies as the cosine of the an;le between the harizontal wind

vector and the heading of the asimuth vane; @his is nurhnlly s small angle,
A

The calibration curve for the reated-tgfrmocouple anemometers used
in the Prairie Crass experiments is presented in f£ig. 19. The curve is a
comrosite based on the results of a series of étlibrationa in the Project
ﬁind tunnel at 0'Neill, Nebraska prior to the start of the field program.
Scatter of points about the comosite curve varies from an averace deviation
of about 10 per cent, at both extremns of the wind-speed range, to avbout 5
per cent within the 3 to 10 m sec™! interval; this is 15 part due to uncer-
tainties in determining wind-tunnel air speeds, particularly at low draft
velocities, The abaclute caiidratior of the heated=thermocouple probes is
sensitive to large differencca in ambient air temperature; the O'Neillvcali-
pration curve is significantly displaced from that obtained at Nourd 1811
which refers ¢to an amhient air temperature of shout 18 C (as contrasted with
a value of about 30 C for O'Neill), Numerous other factors, such as dust

collected on the thermojunctions, uncurtainties in the rccerding amparatus,
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waves of varying f{ruquency.
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2tc., also centribute to errors in absolute calirration. In practice, there-
fore, absolute values of the wind speed measured by individual probes are
frequently not represeatative, In statistical tests to datermine the homo=
geneity 6: the data.‘fcr example, absclute valuecs should Pe normalized with
respect to the (measured) mean wind speed, As shown ir. fige 17y lhere is a |
centraction of the calibration curve at high wind speeds wi.ich makes it dif-
ficult to resolve wind speeds in excess of 1l m aec'lg expansion of the high
wind-3peed section of the calibration ocurve has so far been achieved only

at the expense of eliminating important low wind-speed ranies,

\
\

Response characteristics of the biva#es and heated-thermocouple ane-
memetcrs are shown in fise 20, Due to the naj:ure of the sensing elements,
the response of the bivane is a function of the wind spred, narticularly for
speeds below S n sec™l, The lindting facter in the speed of resjonse of the
bivane, except for ver: low wind speeds, ia in the recording system., Critical
danping of the azimuth znd elevationnotion of the vane is achieved ty use
of appropriate electrical resistances in series with the recorders. The re-
sponse of the recorders to fluctuations in azimuth and elevation angle is
sreedad uo by means cf r-c networks, {2 data from the hivanes and heated-
thermocouple anemometers are combined Lu deleiudie he westeor wind components,
it is important that the characteristic times of both instruments te closely
matched, The curves in fi,. 20 indicate that this zordition is satisfied for
wind speeds in excess of about 3 n sec‘l. and that both instruments faith-

fully resolve fluctuations with {requencies less than 1 to 0,5 cycles aec'l.



Preparations for the Prairie Grass experinent; involved the relocstion
of the recording equirment and auxilliary apparatus for the fast-response
instrumentation in the intericr cf the International truca shovn in fig, 2la.
Power supplies for both the bivaaes and heated-thermocouple anemometers ware"
rebuilt and provisiocn made for handling Wormltior}tron six instrument as-
semblies, Data from th§ sensing elements are rolaied to the Junction box,
located on the lower left side uf the tru:k (see fig. 21b), by insulated
cables, The interior of the truck is fitted with six standard relay racks,
The racks on tue left side contain the power supplies for the heatad-thar}mo-
coupls anemometers and bivanes, Weston inductronic amplifiers for the ane-
mometers, voltage regulater, heater-current§\\\ponitor. ard a nacter timer for |
automatic sequenne.oporation of all ihe equi}:p:nt (see fige. 21c). The ncka’ ‘
on the right side of the truck contain eight éaterline-Angua dual reccrders
(O to 1 ma), switches, and other a:xilliary apparatus for the operation of
the recorders (see fig. 21d), A tie point between. the amplifiers, power
suppli. 3, and recorders is provided by a row oI terminal strips in the ‘1nterior
of a 6-ft section of square duct mounted behind the relay racks. All of the
wiring from the reccrders to the amplifiers and power supplies is enclosed
in water-tight, flexible tubing that canses throush the walls and beneath
the truck flocr. A 200-watt, LOG=cycle generator, driven by an C.5 hp elec=
tric motor, is mounted on the lower right side of the truck; this a.c. source
may be used for the anemometer heater circuits. Jlluminaticn in the truck
interior is provided by two LO-watt fluorescent larps mounted on the truck

walls behind the relay racks,

r'.'



Fig. 21,

Fhotographs of various components of fast~response metecrological
instrumentation system used during Project Prairie Grass: (a) In-
strument truck; (b) connector bax mounted on truck for bivane and
heated-thermocouple anemomster cables; (c) amplifiers and power
supplias for fast-response instrumentation and (d) high-speed re-
corders zounted in tcuck interio
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B. Exprinntal procedures and data abstraction

Investigations of the structure of atmospheric turbulence are princi-
pally based on selective analyses of the mean square amplitudes (power spectra)
and characteristic lengths (scales) of fluctuatiors in wind velocity. Due
to the broad spectrum of eddy sizes normally present in atmospheric f‘.qp.
-techniques that have been successfully applied in wind-tunnel studies ot '
turbulence (20) are cnly of very limited use., Within the past decade; rre-
cise methods have been developed by Tukey (21) and others for the apectiral
and cospectresl analysis of turbulent fluctuations of the type found in the
lower atmosphere. These techniques utilisze ?ouriu?\ trmtormv of autocorrel-
ation and cross-correlation functions odbtained km\\autiowy or quasi-
etationary time series. Numerous investizators have \ldotomned ponce specti'a.
of the wind velocity or of its components (11; 22; 25; 24; and others);
however, except for preliminary studies at Round il (8; 25), practically

no mecsurements of the Eulerian scalec of atr..spheric turbulence .re available.

The Prairie Crass experiments were deaigned to providq information
on the Bulerian scales of turbulence of the orthogonal coapenents of the
wind velocity within the freguency band extendin~ from about 0,5 to 0,01
cycles sec"l. Five bivanes equipped with L.eated-thermocouple anemometers
were arranged sither parallel or normal to the prevailin-; wind direction as
shown in fig. 22; the sensing elements were at a height of 2 m. Trecise
orientation of the az.muth scales of the bivanees with respect to the axes of
the arrays was accomplished in the following manner: A small transit was

mounted on the tripods used Lo support the bivanes and the tripod head
&
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Fige 20 Schemntic diagram showing longitudinal and tranimso spacings of fast-rosponse instru-
mentation during Project Prairie Grass experisentsa, Dashed line denotes asctual loca-
tion of trensverse array.
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rotated until the position of the reference leg of the bivane, mentioned

- -previmly. was exactly (¢ 0.3 deg) in line with the axis of the array. To

facilitate rapid changes froa transverse to longitudinal orientation, two
sets of tripods and two complets sete of insulated electrical cakhles were

utilized; the tripods were left permanently in position (except for changes

" 4n transverse separaticn distances) and only the bivanes needed to be

moved, Dus to the length of time required to prepare for en experiment

(1 to 2 hr), there did not appear to be any satisfactory alternative method
for improving the orientation of the bivanes with respect to the mean wind
direction actually observed during thc experiments; experience demonstrated
that forecasts of the vind directior. were not aurrit\:\iontly accurate to justi-

\\

fy the additional eff-xrt required,

Data were ootained for aprroximately 60 oxporibﬁu in which the 20-
min sampling period was centered on the mid-point of the gas release for
the diffusion measurments (see p. 8). The expurimunts are approximately
oqually divided between longitudinal and transverse orientations. Separation
distances of 6, 12, 2l, and L8 m (see fig. 22) were used for all longitudinal
orientations and for about half the transverse orientations; the remaining
transverse experiments utilised sepsratisas of 1, L, 16, and 64 m. The obh-
servations comprise chart reccrds (contirucus pen traces) of flustuations
in asimuth angle, elevation angle, and total w:lnﬁ speed at each instrument
position. Data were abstracted from the ori-inal chart records at intervals
of 1.N67 sec and entered on IBM punch cards at Jowa State Colleze under the
direction of Professor R. M. Stewart, Jr.j} this was accomplished by means of

| i




autesetic equipment that included a photoelectrie ac’mning device for readliy
the chart records, Detailed descriptions of the data abstraction technijues
and the apparatus will socn be availa™le in a Seientifie Repcrt issued by

Iows State College,

Ces Brief description of data proceseing techniques

Before spectral analyses may be performed, the raw dau’mét firss be
converted into velocity compcrents by mesns of a trigonometric program. The
various steps involved in this program are ocutlined below. The following
infermation is availabls on purch cards for wvach instrument position for
each experiment: Asimuth angle (deg) Ags B\lontion angle (deg) Ey) Wind |

apeed (m uc"l) Vi+ Thers are cpwoﬁmtclf 11307 consecutive values of each
\ .
of the adbove quantitiee (N=1130) in view of the total lungth of recerd (20

" min) and the time interval (1,067 sec) between individual samples. Ry defi-
hiéion. the slgebraic summatione of the individual velocity components taken
over the complete sampling perizd are <t equal to sero, The virtual mean
asimuth A" and elevatien anglee raquired to satisfy this condition may

be written in the fora

’!1 » .
>, Vv, cos (Ey - E') sin A,
* -l i=]
A = tan ) . ;
< *
2, Vycon (E, =E") cos Ay
£ i i

2.

» -1 1I

N

2 Viﬂinl‘;
E = ¢tan N

E v, cos E,

1

i=1
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The expressions for the component velocities referred to a Cartesian comdi-

The

nate system with the x-axis in the direction of the mearn wind then becoms
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spectral analysis pro_ram utilisss the \'a‘auto-omehtion funetion

1 "%" - (0g 60)
R L J — x pd -(_ .
P N-p ;7]‘. . iy P !

where x, ( 14214N) 4s one set of uy , vy , or w; to obtain smoothed spectral

densities !Jlk (1< k<59) for each velocity compenent at each sampling station.

Cospectral analysis utilises the envariance functicns

. N~
S, = ;.1-,-, 2R T A (0<cpg60)
L ©

- 1 ¥
® oo &L
s = Xip Ty (0 £p < 60) }



where y, (1< 1 £ N) 18 snother met of the same velocity component represented
by x for another instrument position during the same experiment, Froa thcse
functions, smoothed cospectral estimates UCN, (14 k < 59) and smonthed quadra-
ture spectral estimates IQN, (1 € k < 59) are obtained for each velocity com=

ponent at 10 separation distances in esch experiment.

According to Tukey (21), the UN, » OCN, , UQN, estimates cre aversges

for frequency bands centered at

7k
c otnm
\\
the frequency limits for each band are given by
\

\ 1
7 (k23)

o -
1 At a

In the present case, At ® 1,067 ssc and m, the number of lags, is 60. The
estimates therefore refer to u gross frecuency range extending from about 0,5

to 0,008 cycles sec™1,

The programming of the punch cards for high-speed coaputations of wl-
ocity components, spectral and cospsctral analysis was performed by the Ceneral
.2estrio Cowpdny in Lynn, lass. urder the supervision of Lt. R. P, Jly and IMr,
De Ao Haugen of the Air Farce Ca.ltridge Research Center. Detailed descriptions
of the procedures are available in a Osophysicsl Research paper.l Thoe actual

computations were carrisd out on the Ceneral Electric IBY 70L machine,

l?nnofwy ant Deland (22) also presert a detailed discuasion af the romputa-
tiaral proced,res frr determining specira and cospectra.

| .



De Results of >reliminary scale analysis

The Bulerian scales of turdulsnce are usually 2afined in terme of the
correlation cosfficient R(e) between fluctuations at two points separated
by a disteace "‘_s_.‘ The avarage oCdy dismeter or scale L is given by the integral

(5 o]

L = / 3(05 ds .
©

In practice, the upper limit of the mtopnl' is given by the separation dis-
tance at which the spatial correlation function becomes inaignificant. In
studying the scales of turbulenne asmaniated with a broad gpocirua of eddy
sises, it is necessary to filter the data s0 that \tiprrolation functions may
e detarmined for relatively asrrow frequancy bmdn; otherwise, the results
will prissrily reflsct the influence of the longsst period fluctuations
present in the sample. Two quantities are derived from the autocovariance
and covariance functions defined atove that ars analagous to the squares of
linear correlation coefficients between two time geries but are, also,

functions of frequency k. The coherence (COM) is given by
y 2 2 2
com, = [(acm),,] o« em? e mw)? /o, W) (g ke 59

where the subscripts 1, 2 refer to instrument positions. Inclusion of the
quadrature tera (UQN) permits consideraiion of fluctuations that are 90 deg
out of phase; if these fluctuations are neglscted, or are insignificant, the

expressicn simplifies to

- 2 2

| .
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Sample rints of the cerrelation coefficients R s R as functions

- ' COH * “cos
of frequency are rresented in fig. 23; data refer to fluctuations in the v
component of wind velecity at two separation distances during a daytizs ex-
periment, By dafinition, RCOH is always positive and can never be less in
ahsoiuvte magnitude than Rcos. Although BCOS is alsy, by defintticon, positive
4t has been ziven the sign cI the covariance tera UCN cccord4n¢ to the usuai
conventicn. There are no accepted statistical tests for the significance
of cospectral estimates, An approximste value for the significance level
of the correlation coefficients shomn in the above figure may be ocbtained
by considering the confidence limits for i;necr currelation coefficients
(95 per cent level), using the numkcr &f d&grees of freedom established for
the spectral estizates IN,. According to TJkoy (21), the number of degrees

of freedom £ for individual estimates of tmk' is given by

N = a '
e e —— 8 =0

L.
=

This indicates a significance level of about 0,30 for the Reon * Reos = It
appears from the curves shown in lig. 23 that there is no apprecisble dir-
ference in the bshavier of the two correlation functions an far as scale
computations are concerned; the inclusion of the quadrature estimates es-
sentlally results in random fluctuations that are statistically insignifi-
cant. The results of numsrous scale computations utilizing both correlation
functions support this conclusion. In the scale diagrams presentad balow,

only the Rﬂos values have been cousidered.

ey M
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while lower diagram refers to a longitudinal separation of OL me
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cata for 12 experinents have been analyzed to obtain scale estimates
for the u- and v- components of wind velacity for selected frequency bands.
The minimum separation distance of 6 m used in these SRECI LEBieS SROGEwe
ths dimensions of the fluctuatiora in the w-ccwpenent and no scale estimates
are possible, As mentioned above, approximetely half the transverss experi-
nents utilized a minimm separation distance of lm; when spectral and co-
spectral estimates for these experiments become available, it should be pOl-'
ible to oblain scals estimates for the w-component. Mean wind speeds, wind
directions, and standard doviaticne of asimuth wind direction fo. the Prairie
Orass experiments in which scale estimates have been cbtained are presented

in table 3. The experimeats comprise tiv\r,\ daytime and seven nighttime cases.

A
\

Table 3. liean wind speeds V. sean wind dﬁcctionl T\. and standard dovintiona
of asimuth wind direction G‘A for the Prairie Qrass experiments
used in determining Eulerian scales of turbulence.l

Run No. Time (rST) V (n soe'l) A (deg) 6; (deg)
é61L 1655-1715 4,65 176 9.0
7L 1355-111%5 Lel37 203 22,0
8T 1655-1715 Le78 180 16.3

10 L 1155-121% L.58 207 17.3
L3 L 1155-1215 5.00 167 1.2
17 L 1955-2015 3.L0 172 S.7
211 2155-221% S.52 171 6.l
23" 2095-2115 6.17 126 6.2
2L L 2255-2315 S.86 0 6.0
XL 1955-2015 2422 171 3.9
s T 2257-2317 3.3¢ 139 5.5
9L

2225-22L5 2,78 126 10.1

l'rho letter L denotes longitudinsl (alongwind) orientation of the instruments
and T zignifies transverse (crosswind) crientation., The mcan wind directions
and standard deviations of asimuth angle are averages obtained from indivi-
dual bivane records, Mean wind speeds are dbased on data {rom cup anemometers
installed at a height of 2 a mear the sulfur-dioxide source wnd at L5C m.

|~y
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The difference between the cbserved mesn wind 4irection and tha axpected
diéoction (180 deg) is lesn than 30 deg for all the daytime experiments;
however, this diffcrence axceeds LO deg in four of the nighttime cases. As
pointed out below, these large deviations make it difficult to specify the
orfoetin orientation of the ina‘.xf'.'nm arrays and result in scale estimates

that are composites of longitudinal and transverse factors., -

Sample scale diagrams of the u- and v~ components for umai experi-
ments are presented in figs, 2L to 27. The scale curves are based on calcu-
lations of RCOS for selected valuen of the frequency kj duo‘ to the large
amount of inCormatisn available at high ruquoneyi\u. no attempt has been
zade to compute the correlatiocns for all poaaible\‘-\_l_r values. 1In drawing the
lcah curves, the 10 values cf RCS for each k m plotted at the appropri-
ate separaticn distances and the resulting points éomeétod by straight
lines; values of Rong & 0030 mere considered 1mignu1e.nt and arbitrarily
set equal to sero. For convenience in inturpreting the results, the central
frequencies and band widthal of the frequancy intervals identified with the
selected k values have been expressed in terms of period (inverse frequency)
and are entered in tadbls lj, The scale diagrams presented in fig. 2L are
typical of the daytime cases thus f.- analised. These data indicate the
presence of a contimwous spoetml of eddy size? within the period range from
about 2 sec ic 2 =in; slthough the scale curves for both components are gen-
erally simiiar, the scales for the v-compunent appear to be somewhat larger

than those for the u-component at all frequencies. The scale diagrams pre-

T —
See page 15 for the appropriate formulas, =
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Fige 2i, Scals disgrams for the u- and v-velocity components during a daytime expariment:
instrunents spaced along the mean wind direction,
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sented in fig. 25 refer to & nighttime oxperiment conducted in the presence

of convective activity (as indicated by intermittent light rain showers at

the field site and thunderstorm activity within the general arsa). The
genaral apprarance of the disgrams in fig. 25 is very similer to that of the
‘scale diagrams in fig. 2L which are representative of strong daytine (thermal)
ccuvection, There 18 a marked absence of long-period fluctuations indicated
in the scale diagrams of fig. 26 which are representative of a nighttime ex-
periment conducted in the presence of mocderate wind speeds and a slight temper-
ature inversion. Also, as aoted in f£ig. 2L, the fluotuations in the v-:omponent
appear to be somewhat larger than those for the i-component. The scale dia-
grams presented in fig. 27 reveal the presence of iuxg-period fluctuations;
inspection of azimuth vane records show a gradual turning of the wind in the
azimuth plane during the observation period; this pgradual shift in wind di-
rection is also apparent in the diffusion measurements cbtained for the same
experiment. These data also imdicate that the shorter-period fluctuations in

the v-component are someit:vt larger than those for the u-component.

Scale estimates for the u- and v-components of the wind velocity have
heen shtsined for ¢he 12 experdments 143¢3d i abls J Uy calvuilalliy Ue
areas beneath the scale curves. In orde:: to have a basis for comparing the
results from the various experiments, the scale estimates thus obtained have
been plotted as functions of inverse wave number. The daytive resul.,, pre-
sented in fig. 28, show that the longitudinal scale estimates for both u and
v are linearly related to the inverse wawve nurber, The solid lines in the

fgure were fitted to the longitudinal data by the method of least squares.
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Table L. Central frequencies ail i'rrd widthe of fremenny {ntewwele sanaciated

with selected values of k used in obtaining scale estimates; for con-
vendience, data are inverted and expressed in terms of period rather

than frequency.

X Te - 1/f° (sec)} Bamd width (sec)
1 128 a - . 256=8%

2 6L - '85=51

3 L3 A 51-37

b 32 37-28

s 26 28-23

é 21 23-20
8 16 17-15
0 12.8 1J.5-12,.2
12 10.7 11.1-10.2
15 805 8.8‘ 8.2
20 6. 6.6- 6,2
24 5.3 SJi= 5.2
X be2% , ~ be3= ka2
LO 3.20 3.2L= 3,16
59

2,18 . ; 2,19- 2,15

The ecals estimates for Run No. 8, which refer to a transverse arientation,
have not been included in the ~eyrsssion calculations; these estimstes, partic-
ularly in the case of the v-component, appear to be smaller than the corre-
sponding longitudinal scales, The linear relationship dbetween the longitudi-

nal scale estimates and inverse wave nusber implies the equivalence of space

-

and time spectra; 4n other words, gpatial correlations determined at fixad
separation diztancas X along the direction of the mean wind correspond to
points on the autocorrelation curve (based on measurements at a fixed point)
when time end gpace are related by the equation

x = Ve ,
where V is the mean wind speed and T is time in sec, This equivalence has been

demonstrated by direct comparisons of space and time correlations obtained from



the Prairie Grass fast-responze data (26), The regression lines in fig, 28
show that, while the daytime longitudinal scales for the u- and v-components
are closely eimilar, the scale estimates for the v-component tend to be elight-
ly larger, (particularly for large inverse wave numbers). Although data for
cnly cane transverse arientation are available, these suggest that there is no
great diffarence in the alongwind and crosswind dimensions of the u- and v-

fluctuations during the daytime,

Plots of the nighttims scale estimates versus inverse wave rumber (see
Fig. 29) tend to fall into two groupe both of d:ich show a linear relationship
between the two variates. Approximately half t‘g.. data tend to scatter about
the regression line determined from the daytime l\e\uu; the other half tends to
be siiuated alone a rerression line of auniricax;tly smaller slope, In general,
the scale estimetes for thé iransverse m'ientatioﬁa (Run Nos. 23, 35) fit the
loworl regression line; Run No. 2L also fits this rogroéaion line and, in view
of the mean wind direction, must e considared of doubtful orientation, The
longitudinal crientations fit the upper rougression line, The tsntative con-
clusion would appear to be that, at night, the alongwind dinmiona of both the
u~ and wcomponents are considerably larger than the crosswind dimensions.
Panofsky et al (26) have reached *he same conclusion based on a diffarent
treatasnt of the data, The regressiocn lines in the figure also suggest, as ir
Tig. 28, that the dimensions of the fluctuations in the v-commonent are some-
_ what larger than those in the u~compormnt at all frequencies investigated,
Summaries of the scale estimates for the uv- and v-components ;djuhtod to a

1

mean wind speed of S m sec ~ and based on ths ragression lines in rigs. 28,

29 are presented in table 5, =
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Tavle 5, Tsti.mates of the scaies of turbulence for ¥ -'5 n see~1 as functions
<f the period T (Sc\.;o

T(sec) 90 60 30 20 15 10 5
Tongitudinal orientaticn
(daytime and nighttimel)

S, (m) 60 W 20 13 10 6 <3

"
‘o

SV (m) 61 62 2l 1, 10

Transverse orientaticn

(nighttimel)
s, (=) 12 g 5 3 13 I3 <
s, (m) 20 15 9 & 5 .3 3

1
Mighttime spectrum of eddy siges is not necessarily continuous within the
range cf period specilied in the tabie. \

The scale estimates ocbtained from spatial ;orfelntiona refer to the
average dimensions of fluctuations measured over half'cyclea and thus cor-
respond to half wave lengths, It is aoparent from the data in table 5 and
from the regression lines in figs, 28, 29 that the wave lengths thus indi-
cated by the longitudinal scale estimates are abot three times smaller than
the simple wave lengths obtained frca the expression x = V T, This is ap-
preximately the same relationahip found betveen the Eulerian and Lagrangian
scales of turbulence (26), Since the validity of the expression x = V T
denands unnn the peraistence of the turbul nce in the direction of the mean
wind, it is suggested that the factor of 3 noted above is essentially due to
important variations in azimuth wind direction that continucusly alter the
effective orientation of the {ixed instruneqt array during the 2C-min sampling

perisds, =

g



IVe DIFFUSION MEASUREMENTS AT ROUND HILL DURING 1957

As Introduction

Most available 31iffusion measurements comprise average or time-mean
concentraticns moasured at fixed points cver sampling pericds of 3 to 10
mine Three-minute samples were widely used in the ﬁell-kna;n Porwon ex=
periments (1) and 10-min sampling has been employed for thé diffusion meas-
urments made at Project Prairie Crass and for the earlier work at Hound
Hill, Satisfactory understandirg of dispersal processes ard maximum utilie-
gation of these data requi-e detailad kn@wlcdge of the probable variation
in concentration and other diffusicn par;getera as a function of sampling
time, For certain practical applicationa: and for use in formulating dis-
persal theories as well, it is escential t§ kndw the instantanecus distri- o
oution of concentration within the plume ffon a continuous point source,
Recent studies of smali-scale dispersal have shown that the standard devi-
ation of asimuth wind direction an’ the Stebility Ratio are useful metecor-
ological indicators of diffusion (1) over sampling periods of 10 min dura-
tion; the utility of these predictors in estimating short-period dispersal

is of considerable intevest,

Frevious investigations of the "instantaneous" fi 1ld of concentra=-
tion have been based largely on interrretations of photograghs of visible
smoke plumes (7; 16), This technique is subjsct to certain limitations in-
herent in the determination of visual range and does not provide informa-

tion on the distribution of concentration within the plume., Direct measure-
| -u.
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- mht of effluent concentraticns over short sampling periods requires detasiled
and comprehensive exrerimsntal ;rocedures utilizing a tracer technique of
wide flexibility, During the fall of 1957, a series of diffusion experiments
of this type was conducted at the Round Hill Field Station, Suitable modifi-
cations in the sulfur-dioxide sampling network were made to permit a‘ampnm'

over periods as short as 0.5 min without apgreciable loss in precision,
B. Description of experimental techniques

The sampling array consiste of three ovcrhpping, independently-operated,
networks at travel distances of 50, 100 and 200 ﬁ. During the experiments,
‘time-meav. concentrations for sampling intervals oi‘ 0.5, 3, and 10 min were
obtained at each travel distance, A schematic diaérm of the field instale
lation is shown in fig. 30 The 1C-min network coﬁprised individual statione
located at a heizht of 1,5 m and spaced at 3-deg intervals along 180 deg of
arc; limited vertical samplin; wes also carried out at 15-deg angulsr sepa-
rations at heights of: 0.5, 1.0, 2.5 m (% m); 0,5, 2,5 m (100 and 200 n),
Sampling stations for the 3-min and 0,S-min netwarks wersz af a nei-ht of
1.5 m and spaced at 1,5 deg intervals along arcs of ISO-and 120 deg, re-
spectively, A section of ¢hea iCO-m arc with midzet impingers in position

is shown in fig. 32.

The sulfur-dioxide generator used throughout “roject Prairie %rnas

supolied the tracer.l The installation of the generating equipment at the

1
See fig. 3. Details of source operation are deserihad in a Jenphyriral
Research paper to be distributed by the Air Force Cambridge Research Center,
| g .
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Fig. 31. Photographs of sulfur-dioxide generator (above) and release-point

for the tracer (telow). GCenerator comprises inverted tank of liquid

sulfur dioxide sheltered by galvanized-iron cylinder, water bath

containing vaporization chamber, and large gas meter. Plastic pipe

comnected to outlet of gas meter conducts tracer to release-point
shown in lower photograph which is at height of 1.5 m. Cup ane-
momster and azimuth wind direction vape ars shown at the left,
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Paotograph of a sestion of the 100-m arc {above) showing cedar posts
of the 10-min network and steel fence posts utilized in the 0.5~ and
3-min netwcrks. The lower photograph shows the vacuum pumps, tanks,
and regulators for operating the three sampling networks at 50 mj
vertical Bm]ﬁs are obtalned at h‘ighu of 005. 1.0, 1.5. and 2,0 m
on cedar post shomn at extrems left,
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field site is shown in the uprer photograph of fi3e 31. After passing through
the meter the gas was conducted underpround through 2-in. plastic pipe to the
release point (lower photograph of fige 31) where it was enitted horizontally
ints the atacsphere at a height of 1.5 me A source strencth ot about 100 g
sec™l yas required during senditions of thermal 1r.st£bnit.y while an emission
rate of half that amount was sufficient undef nighttime conditions of thermal
stability, Prior to the start of an experiment, the tracer was permitted to
traverse the entire network; the three sampling networks were then turned on
simu)taneously and each operated for the avpropriate length of time, Aspira-
tion of the impingers was provided by 10 vacuu’i, taaks. Zach of the three
networys at eachr travel distance was zupnlied t;‘y a single vacuum source, with
exception of the 0,5-min sampling network cf thé 200-n arce Tc cttain the
desired speed of response for this netmork, the lzv-deg section was divided
into two ejqual parts and each section rrovided ﬁith its cwn vacuum pump.

The vacuwunm pumps, tanks anda regulators used for the three networks of the
SO-m arc are shown in fig. 32, Vacurm sources were controlled from a panel
loceted upwind from the release point (see fig. 30)s Solenoid-operated valves
were used on all vacuum sources of the 3-min and 0.5-min networks to ensure
minimun time-delay in reachin~ the proper rate of aeration of the sanmplers,
The oetails of one of tne vacuum sources may be seen in fiz. 33, During a
gas release, the equipment functioned as fcllows: (1) The vacuum pump was
turned on to evacuate the tank to a predeterrined ~walue which was maintained
by the regulator at the right, This vacuum was just sufficient [or rapid

evacuation of the line to the proper value at the start of the sammlins pordcd,

| -,
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Fige 33« Photograph of remote-ccntrolled vacuum scurce showing (fros lelt to right)
vacuum rsgulator, solenoid-operated valves, motor for vacuts pump, relay bex

fxr oparating solenoid valves, vacuum pump, gauge and regulstor for initial
tank vacaium.

=



_(2) At the beginning of the samplin; reriod, a solenoid-operated valve between

the tank and the vacuus line to the impingers was opeired, The vacuum regu-
lator at the extreme left then maintained the vacuum of the system at the
level required fer an ac:?:tion rate of 1,51 min~t (2100 ma of .ﬂ.eé:'_'ry).

(3) At the end of the sampling perioa, the pump was turned cff, tft_xo line dig-,
connected from the tank by the first solenoid valve and opened to the itmbs-
vhere by a second sclenoid valve, Errors introduced into tne comentx;ation |

measurements by the above operation of the vacuum system are estimatec to be

leas than 5 per cent,

Meteorological instrumentation included: a \Qup anemometer and sensi-

. tive asimuth vane located at a height of 2 m near th\g source; cup anemometers
and ventilated therrwoccuples st heights of 1.5, 3, 6 and 12 m on the portable
tower; and for most e.periments, five bivanes equippq;l with heated-thermocouple
mnouters’ oriented along a line parallel to the base liné and spaced at
intervals of 1, L, 16 and 6L m. The operation ¢f all metecrological instru-~
mentation was eontrolled by a timer located mthin the recerdine truck. A
2C~-zin cbservation period centered on the 10-min gase-samplins period was

employed for the meteorological measurements, The location of the meteor-

ological instrumentation at the {ield site is shewn in fige 30,
Ce Datz analysis and discussion of resulis

Ten field experiments were carried out during the pericd frem 2L

September to 3 Decesber under a variety of weather condltions, ©f these,
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four ware made during the daytime and six were carried out in the evening under
inversion conditions. Appendix B contains tsbular summaries of the metecrolog-
ical data and concentration usasurements obtained during this series of experi-
ments, Concentrations are presented in tadble I; source strengths and correc-
tion factors, which may be .-.ﬂpl.e %2 4he msasured concantrations to cmlh
for the evaporationsl loss of impinger solution during aeration, are entcred.
in table II; base-line wind epeeds and standard deviation of azimuth wind
direction T for the three sampling periods are summarised in table III;
profile data for wind speed and temperature are contained in table IV. Tne
transit time across the netwark ~cs nanaily considerably greater t.hlﬁ 3o éec.
Separate determinations at each %ravel distaneo are thersfore required to
establish appropriate estimestes of tne O.S-ainw!.nd speel and g vtlnu.
Because of inherent uncertainties involved ‘in such determinations, only rough

| estimates of the mean wind speed for the 0.S5-min period, applicable to cll
travel distances, are presented, Estimates of o-A for the 0,5-min period
were obtained by dividing the mrxisum renge in azimuth wind direction observed
during 0.S-min intervals of the base-line vane recerd by L.9.} The start of
the 0.5-min sections were delayed with reepect to the start of the 0.5-min
sampling periods by 100/¢ sec, miiere V is the estimate of the 0,5-min wind
specd in m sec'l. These G_A estimates are, therefore, most closely related
to the concentration measurements mede at the 100-m arc. Standard ilevistions
of asimth wind direction for longsr sampling times were oomputed cdirectly

from the vane records (data abstracted at intervals of 2,5 sec).

l‘!’.\.is approximation assumss that the vane data are normally distributed.

s
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Horitontal concentrations profiles for four experiments are presentad
in f£ig. 3L to {llustrate general features of the gas plumes. The profiles
were obtained by expressing the concentrations at individual sampling stations
along & given arc a3 percentages »f the sum of all concentrations for the arc.
In addition, daylime percentages focr all sampling times were smoothed by a
weighted J-term moving average; nighttime data aure unanoothod. These profiles
show the effect of sampling time upon plume width and upon the distribution of
concentration across the plume, Fig. 3u{a) shows profiles obtained at SO m
undar cortitions of strong midday heating. The 3-min profile tends to be
bimodal but is otherwise quite simimr Lo the lo-nin distribution; in contrast,
the C.5-min profile is much narrower anl mcre pnkad tharn either of these.
Fig. 3u(b) shows profiles szt 200 2 obtained under slight inversion cenditions,
Again, except for its marked dimodal character, tho J-min profile is similar
to that of the 10-min sample and the O,5-min profile is narrower and more
peaked than the other two, Fig. 3L(c) shows profiles at 50 m obtained under
slight inversion conditions and relatiwvoly strong gusty winds, The three pro-
files are rather similar, but show increasing uregularity with decreasing
sampling time, as micht be expected, FPig., 3u(d) shows profiles at 100 m
cbtained under meried inversian conditions. DLuring this experimwiit hs prefilc

was nearly invariant with sampling tine.

The utility of the standard deviation of asimuth wind direction :}‘A'
as a predictor of plume characteristics measured over a 10-min period has been
well established in previocus experiments. The data presented in figs. 35 and

36 indicate the usefulnass of T in éstimating dispersal over shorter time
&8
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intervals. In fig. 35 the standard deviation of cross-plume concentration at
107 m for the three sampling tires has been plotted against O—A for the same
periods. In fig. 36, peak concentrations at 100 m, adjusted to s standard
sewrce streneth of 1 ¢ sec™: and a mean wind speed of S5 & aoe']’. are plotted
(for the three sampling times) against the reciprocal of . Duyti‘noA and
nighttime data are irdicated by open and filled symbols, rupoétinly; least~
squares regression lines have been fitted to the combined data, These two
figures suggest ttat ihs relationships praviously found betwean G'; amd plume
characis. istics over periods of 10-min durlt}m still hbld for periods as
short as 0.5 xin. The scatter cf psinte fcvr\\:tho Ce5 min observations may be
largely due to unce-tainties in establiahing t.ho proper value of (J,. The
k].u'gc O—A value for the pcint enclosed by pu-enthuu in figs. 35 and 36
resulted from a single large Zluctuation of véry high frequency. Under such
umusual circumstances, the dstermini.ion of G‘; Irom the range shown by the

vane record clearly leads to doudtful resulta,

Measurements of basic plume features (standard deviation of lateral
concentration, peak concentration, and integrated-crosswind concentration) for
individual diffusion experiasnts are sumnarized in tadble 6, The adjusted con-
centrations are based in part upon rough estimates of the mean wind speed dur-
ing the shorter (3-min and 0.5-min) sampling pericde cbtained from conventional
cup snemometers. Use of these estinates tends to eliminate soms of the actual
variation in the concontrations; in ths extrems, cbserved variations in the

0.5-min peak concentrations may be reduced by about 20 per cent by this factor.
=
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Sampling time (min)

OO0 BNV E WN

~

lg sec-!

Sampling time (ain)

~NarnE W

[
oOvovowm

Travel distance

10

5.7
1.9
8.1
15.1
73
9.2
10.4
9.2
11.6
17.3

Travel distance

10

L.O2
1.13
2.72
1,36
3.21
2.52
1.hh
1.5°
2.02
0.93

-e

0.5

Lo
8.1
P
10.7
L.7
6.5
8.7
8.8
9.7
6.3

10

3.8

1.0

6.4
1.3
5.2
77

8.3,
7.3,

9ls
16,7

100 m

3

3.
10,6
6.l
7.1
Le?
5.1
6.7
6.8

4 8.5
. 949

Table 6, Plume characteristics for three periods of sampling.l

0.5

3.8
L.
L3
8.3
L.2
Lol
Se7
762
k.8
S.6

speed of 5 m sec™

0.5

8,38
1,87
2.93
3.22
Le99
L.bl
1.65
1.90

3.b3
1,96

Pt

10

2Lk
0.19
0.77
0.38
1.8
0.85
0.50
0.56
o] .67
0.22

100 m

3

3.28
0026
0098
0,59
2,10
1.L6
0.68
0.68
0.61
0,36

0.5

3.18
0,5
1.35
0.7L
3.6
2,02
0.59
0.95

109‘
014

LE X g

Cross-plume standard deviation of concentration C’} (deg)

200 m

3

2.l
10.4
5e5
Tl
2.6
3.7
6.0
S.b
7.1

6.5

200 m

3

1,12
0.%
0.21
0,17
0.60
C.LB
0.17
0,18
0,20

n R
& A%

0.5

2.3
5.1
L.0
8.7
3.0
L0
3.9
5¢5
L7

2.i

Peak concentration X (mg a~3) adJuated to a source strength of
and a mean

0.5

0.3
0.17
0.33
0,22
C.20
0.23
000’4
O.2L
o.l‘h

A 14
‘8 AN

1
Adjusted concentrations in parte (b), (c), of the table refer to source
strengths and wind speed eatimates ound in tables TI, IIT of Appendix B,

.



Table 6. (cont.)
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e

(r) Integrated-crosswind concentration CIC (mg m’z) adjusted %¢c a source
strength of 1 g sec-l

Travel distance
Sampling time (min) 10

Run Mo,

L5.38
24.80
32,10
30.81
41.13
36.90
27.17
25.73
hu.2L
27.05

OVOO~NOWNE \WwN

"

53.97
15,08
37.50
35.682
L3.L9
0,08
25,92
28,66
3.5
26.77

59.01
15.52
27.72
5798
3L.33
LB.27
CLe99
21005
LS.02
21,42

17,30
5,07
8.57
7.61

18,25

10450
6.99
6.69

10,87
5.56

100 m
3

19.02
Le70

9056 ‘

8.22
18,61
11.99

6469

7.57

10,28

S.05

O.S

22,03
2,98
9459
9eli2

26,50

13.78
3.81
7.02

13.13
1.3k

and a mean wind aspeed of S m sec™!

10

L7k
1.3
2.17
1.72
L83
2.56
1,69
1.72
2,53
0.87

L.33
L1y
2,09

1.79

2.89
2,82
1.50
1.88
2439
0.78

0.5

1.39
1.26
1.87
2,9
1,09
1,55
0.33

- 1.L8

3.0¢
0.68



Table 7.
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(b)

Run No,.

5\0 o=~ o E W N

-53- :

Effect cf sampling time on plume parameters at three travel distancas.
Values for 3-min and J.5-min sampling times are normalized witl, rsspect
to the 10-min values.

Crose= ° . standard deviation of concentration .T’ .

) 0 * K3 .

Gy 3 m,/o-,(l in) 0y (0.5 min) /0;(10 ain)
SO 100m 200m }Mean SOm 100m  20Mm Mean
0,92 0.87 0.88 0.69 0.80 0.9° 0.54 0.88
0.78 0.75 0.79 0,77 0.54 0.28 0439 0.40
0.87 1,00 1.10 0.97 0,67 0467 0.£0 0.71
0067 0.50 0059 0059 0071 0.58 OOTO 0066
0.85 0.9C 0,83 0,86 0.6L 0.80 0.97 0.60 -
0,67 0,66 0.5 062 = 071 0,53 0,61 0,62
0.78 0.61 0.93 0.4 ' 0.8 0.69 0.60 0,71

0'89 0.93 0092 0.91 Xi 0095 0.99 0093 0096
09  0:90 008 091 | 0,83 0,51  0.58  0.,6L-
0061 0. 59 0037 009 0.36 003!3 O.lh 0028

Peak concentration 2’ « Concentrations for each sampling time ad- .
Justed tg & source atrgngth of 1 g sec™l and a mean wind speed of
S msec .

x,, (3 min) /)zP (10 min) Yp_(°'5 min) /ZP (10 min)
SOm 100m 200m Mean SOm 100n 200m Mean
1.kl 1.3l 1,12 1,29 2,08 1.30 0.33 1.24
1.07 1,36 143l 1,25 1,65 2.81 3,60 c .69
1.L9 1,27 0,91 1,22 1,08 1.75 1.L3 142
2,02 1.7% 1.7k 1.8 2.37 1.93 2,26 2419
1.2 1.1 0.58 1,08 1,55 1.98 0.23 1.25
1.85 1,72 1.79 1,79 1.7 2.39 0.85 1.66
1.31 1434 0.57 1,21 1,28 1.17 0.26 0.90
1.75 122 117 1,38 1.19 1.72 1,53 1.L48
1,08 0.91 1,06 1,02 1.70 2.0 2,32 2.11
2.10 1.6L 2.39 2.0l 2.10 0.73 LeS? 2,60
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Table 7. (Cont.)

(e) Intezrated-crosswind concentration CIC. Concentrations for each
sampling time adjusted iu a source strength of 1 g sec™> and a
mean wind speed of ¢ » sec-1,

CIC (3 ain) / CIC (10 min) - CIC (0.5 mtn) / CIC (10 min)

Run No. SOa 100a 200m Mean SOm 100m 200 Mean
1 1019 1.10 0091 1007 1.30 1.27 C'.29 0095
2 0.77 0.93 1.01 0.50 0.63 C.n9 1.2 £.78
3 1,17 1.12 0.96 1,08 0,86 1.12 0.86 0.95
h 1316 ).03 loch 1.09 1.88 1.2!& 1.’45 1052
5 1.06 1.02 0,60 0.69 0.83 1.L5 0,23 0.8L4
6 1,09 1.4 1.10 1,11 1.31 1.31 0,61  1.08
7 0.95 0.96 0.689 0.93 0.92 0.54 0.19 0.55
8 .11 1.13 1,09 Jd1 - 0,82 1.05 0.86 0.91
9 0093 0095 009" 009!1\\ 1.12 1.2![ 1021 1.19
10 0.99 0.51 0.50 0,93 0,79 0.2k 0.78 - 0.60

Table 8, Summary of otserved vuriations in plume parameters with period of
ssmpline °- daytine and nighttime experiments; entries are based
on rati ahle 7,

Daytime Nighttime
Ratio '
~ Range Mean Range Mean
XP (3 min) / }-F (10 min) 0,91-2,39 1.9 (1,27) 0.68-1.85 1.33 (1.0L)
Ty (3 min) / Gy (10 min) 0.37-0.94 0.70 (0.81)  0,56-1.10 0,85 (0.96)

c1c (3 min) / CIC (10 min) 0.77-1.16 0.97 0.60-1,19 1.03

XP (0.5 min) / kp (10 min) C.73-be97 2,40 (1.6L) 0.23-2.39 1.3¢ (1.26)
Ty (0.5 min) / Jy (10 min) C.1L=0,83 0,50 (0.63) 0.53-0.99 0.78 (0.80)
cIC (0.5 min) , CcIC (10 min) 0,2L4-1.88 1,02 0.,19-1,L5 0.88

B S
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Variations in characteristic plume naramstars with sampling time are indicated
in table 7 which presents ratios of ZP ’ /T'; » and CIC measured over 3-

and 0,5-min periods to their respective 10-min values. The data in table 8
show the extremes and arithmetic means af these ratios for hath daytime ard
nighttime sxperizents. 7Tadble sntriss enclossed by parint!zsses are based on
average ratios of (O, (0.5~xin and 3-min) to O'A (10~min) obtained from the
complete asimuth vane rocﬂ‘dl. According to the data in the table, peak con-
centrations measured over periocds of 0.5 and 3 min are on the average about
2.4 and 1.5 times larger, respectively, than the 10-min values fcr the daytime
axperiments, At night, both the 0.5~ and J-min puk concentrations exceed fho
~ 10-min peak concentraticn by a factar ol l.3. In the daytime experimsnts,

the 0,5-min and J-min o"‘y values are on the cvu'\n.o about 0,5 and 0,7, re-
spectively, of the 10-ain Q",o At night, both tho O;S- and d-min g~ y values
are about 0,8 of the 10-min 0"',- As might be oxjm:tod. the indicated avera
variation in CIC with sampling tims is almost negligible, These results may
be compared with Sutton's (29) estimate of 0.57 for the ratio of the instan-
taneous plume width at 100 m to the 3-min time-meoan width, in conditions of
near-neutral stadbility; and, Gosline's (20) measuremesnts near the base of a
tall stack which show maximum concentrations for sampling intervals of a few

seconds that are 3 to L timea larger than similar concentrations for 1- to

3-min sampling interwvals,

1l
The ssquarce of 2L0 observations =~ mach 10-min period was subdivided into

consecutive sudb-sections of 10, 20, 30, LO, 60, and 120 points. Standard
deviations for each sub-section were then averaged to obtain representative
valuse. See tadle III of Appendix B, :

=
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Some of the sxperimental results are rather surpricing. Three of the

nighttime experiments (Run Nos. 1, S, and 6 in table 6) show 0.S-min peak con-

centrations at 200 m that are considerably lower than the 10-min peak concentra-

tionss in each case the 0.5-min plume widths (as evidenced by the (,"y values)

are lees than the 1l0-min widths, Assuming that the cancentration measurements

are approximately correct, the most likely sxplanation for these anomalies is

that there ars occrsicnal large short-period variatiocns in the height of the

plume axis and/cr the vertical distribution of concentration., For some purposes

it is desirable to -emove inhocogenaities:ot this type from the d=ta; this mf

\

\
be accomplished by normalising the 0.5~ and 3-min CIC values at eacn travel
\'\
|

distance with respect to the 10-rin CIC. Ratios of average pesk concentntibn
for the various sampling intervals are then given by the relative heights of tae
maxisum ordinates of the lateral concentration profiles (see fig, 3i). If the
data are adjisted in this wanner, the averape ratios of the 0,5- and 3-min peak
concentrations to the 10-mirn valuer are 2,69 and 1,58, respectively, for the
daytime experiments, For the nighttime dnts, similar ratios have values of 1.!:8
and 1,28, These results do not ap#ur to differ significantly from those pre-

viously obtained rom un-normalized data.

Although the results obtunéd during the diffusion experiments indicate
that the standard deviation of azimuth wind direction (J‘A is a useful predictor
of diffusion parameters over the 0,5~ to 10-min‘x'ange of sampling interval, it
is difficult to establish statistically significant relationships between dif-
fusion measurements for the 3- and O.S—nin periods and .S, values for the same

intervals., Linear correlations betweentthese variates are below the level of
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si'gnificancel unlese the A are averages obtained froam the entire lensth of

azimuth vane record {see table III in Appendix B), Part of the difficulty is
explained by the small sample size and by the lmpcasiblity of obtaining satis-
factary short-period estimates of 31 and mean wind speed from availahble qetwr-
ological irformation. Howewer, it appears liké‘ly that ‘d‘irect.x;elatibmh‘ips be-
tween g, and observed plume characteristics must eventually ore:ik down as the
length of the sampling inter-sal spproaches some lover limit, say 1 sece Whatever
the exact nature of the physice of the dispersal procesa, the primary features of
the plumo at any given instant represent an integration of turbulent structure
\

over time and space., A wind-direction 'zine with \f small characteristic time is
responsive, over short time intervals, tc a fine a\tmcttn-e of ‘Arbulence that

may bear little relatiorship to the structural elements that determine the

geometry of the plume at a given instant.

It is possible, however, to establish statisticelly significant rela-
tionships between the 10-min G': values airl ratios of the type presented in
t@blo 7. Eatimates of the ratios of g’; and zp for the 0,5- and 3-min inter-
vals to their respective 10-min values at all three travel distau.es are entered
in table 9. The ostimates are based cn least-square regressinn lines obtained
from the logarithms of the variates; the procedure is identical with that used
for the Prairie Grass data shown in figs, 9 tc i, Correlation ccefficients and

standard errars >f «stimate appear in table 10, Joncentrations used in the

1Fox- 8 degrees of freed-m, the 95~per cen® level of significance requires a
correlation of abcut 0,70,
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Table 9, Estimates of the ratios of J and Y. for 0,5 and 3-min samplirg
pericda to thoir respective lozhin values as functions of g5 for
10-min periods., Entries baned on regression snalysis of the logarithms
of the variates, Mean valuzs ottained by averaging observed ratios at
the three travel distances before computing regression equations,

) (3 min) / iy (10 min) Ty (Q.S min) / T (19 nin)
7y (deg) SOm  100m  200m Mean 50m 100m 200m  Mean
8 0.95 1,00 1,06 1,00 0,52 1.06 1,32  1.C8
10 0.88 0.89 0,91 0,89 0,81 C.82 0,92  0.85
12 0.82 0,81 0,80 GC.61 0.72 0,66 0.66 0,70
15 0.75 0,72 0,69 0,52 0,63 0.51 C.L7 0,88
on 042 A ol Cell Ue53 0.36 030 Q.0

\\

KpGmin) / X, (0mtn) | X (0Smn) /), (10 min)
.y (deg) S0m  luOm 200 Mean  SOm  100m  200m  Mean
8 1,16 1.03 0.9k 1,06 133 1,0 0,58  0.98
10 1,28 1,15 :.39  1.18 146 136 1.0 1,32
12 140 1,25 12k 1.30 1657 1469 1455 .63
15 1.55 1.39 1.5 1.7 1,72 2,21 2,27 2,11
20 178 1.0 1,76 1,73 1,93 3413 3.1 2.93

analysis were adjusted 3o that the O.S5-min and -min CIC values at each travel
distance were equal to the 10-min CIC, This tends toc smooth the indivicual

cheepvaticons by minimizing inhemsgonoitics of Vhe Lype dlscussed on page 55,

Reugh estimates of the average C.5~ and 3-min standard peak ccncerntra-
tion 2 bte expected at the three travel distances are entered in tatle 11 fer

salected values of ;T’A. Trese estinates were ootained *y applying the meuan

ratios shown in table 9 wo the concentrations irdicated in fig, 9 for appreopriate
valnee of J‘;; The reeults penerally apply for a range cf thermal o'ralifica-

i
tion from near-reutral to extreme instatility; the data dc not permit estimates
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Table 10, Correlations r between the logarithm of the standard deviation of
azimuth wind direction ¢, and the logarithm of the indicated ratios.
Standard errors of estimate S_ are to te applied to ratios presented
in table 9 and are expressed ¥5 factors by which estimatos should be
multiplied to give limits within which avproximately two-thirds of
the cases are {ound. Sample size iz 10, :

0y (3ain) / 7, (10 min) 7y (0.5 min) / T (10 nin)
SOm 100m 200m Mean 50m 100m 200m Mean
r '0067 "0.62 '0058 -00621 “0059 ‘0076 -0077 -0078
s, 1.1 1,1R 1,28 1,17 1.2h 1,29 1.4 1.24
: 0,90  UebS 0,78 0,85 0.81 0.77 0,71 0.80

‘\\\

){P (3min) / R, (20mr) ;XP (0.5 min) / X, (10 min)
£Om 100m  200m  Mean © SOm 100m 200m  Mean
r 0,66 0,63  0.61 0,8 0.39 0,76  0.8% 0477
Sy 1,15 1.6 1.26 1.7 1.28 1,31 1.33 1.27
0.87 0,R6 0.79 0.86 0,78 077 0.15 079

for stable thermal stratification. The extreme runge in peak concentration that
might be encountered during the sharter samplinys periols is indicated by the
entries in table 8, A table of gy estimates may be cons‘ructed by the same
procedure, using the results saown in Jig. 13. More reliable estimates require

ad4itional measurements,

Vertical concentration measurements obtained during the 1957 diffusion
experiments are summarized in table 12, For convenicnce. all measuremcnts hawu
bean narmalized with respect to the concentraticr at a heisht of 1,5 me Verti-

cal profiles located near the edges of the pltme were omittec fron the calcula-
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tions, The results at SO m show maximum concentrations at a height of 0.5 m
for all the experiments, With the exception cf Run Nos, 1, 5, and 6, made
durisg light winds and suwderateiy stable thermal stratification, the tracer is
uniferaly mixed within the layer from ground lovel to & height of 1.5 = afier
it has travelled 100 m from the suvurce, In *he woaémo of light winds and
stable stratification, approxizsate uniformity is attained within wnis layer

by the time thc tracer reaches 200a,

Table 11, Estimates of peak concentration (at height of 1,5 m) for three
periods of sampling as funciion of o" +« Ten-minute concentratiors
are based on Prairie Orsss data of fig. 9. Estimates for other
sampling intervals were nttained b‘y applying mean ratios presented
in table 9. Concentrations sre adjusted to source strength of
1 g sec™] and & mean wind spced of S m secl,

Concentration (mg m=3)

Travel distance SO m 10 nm 200 a
Sampling ¢ime (min) 10 3 0.5 i0 3 0.5 10 3 0.5
O (dee)
8 L.S1 LeS1 LeS1 1455 1456 1,56 0.7 0.7 0.L7
0 /50 5,20 4,70 1,12 1,32 1.L8 0,32 0,37 2.L2
12 2429 2498 3.73 0,60 0,78 0,98 0,15 0.19 0.2k
15 1.05 2472 3,90 O.uk 0.6L4 0,92 0,10 0,1t 0,20
20 1,43 2.4l L13 0,29 0,50 0,85 0,06 0,10 0,16



Table 12, Relative concentration at various swapling heights expressed as

percentage of concentration at height of 1.5 a.

Travel distance
HYeight (m)

2.5
1.5
1.0
0.5

2.5
1.5
1.0
0.5

S0m

0063
1.00
126
1.42

0.84
1,00
1.03
1.9

o.L2
1.00
1l .63
2,59

0.72
1,00

1.13

1,22

0.79
1,00
1.10
1.17

100m
Run No. 1

0.61
1,00

1.31

Run No. 3

0.96
1.00

1.06

Run No, §

0.50
1.00

1,30

Run No. 7

0.5k
1,00

1.01

Run No. 9

0.81
1,00

1.10

200m

0.78
1.00

1.10

1.0k
1,00

1,01

0.92
1.00

1.93

$0a

0.75
1,00
0.97
1.07

0.61
.00
1.9
1.24

O.71
1.00
1.13
1,22

100a 200n
ﬁun No. 2

0.99 0.93

1,00 1.00

1,04 1,08
‘Run No. 4

0.91 0.97

1.00 1,00

1.09 0.97
Run No, 6

0.80 Y93

1.02 1.0C

1.20 1,02
Run No. 8

0.92 0.90

1,00 1,00

0.97 0.5
Run No. 10

0.88 0.96

1,00 1.00

1.01 0.95



DEVELOPMENTS IN MEYECRCLOGICAL INSTRI™MEMNTAYION

A, Lightweicht cup anemometers

The conventional three-cup anemometers used in the field experiments
at Round Hill during 195L-1955 and av O'Nei?!, Nebraska during Project Frairie
Crass have starting and stopping spceds of the order of 1 m sec™l, Heasure-
ments based on the records of thess jnstruments are consequently not rerre-
sentaiive for mean wind speeds delow about 2 = uc"l. In order to obtain
satisfactory measurements at low wind speeds, low-inertia cup anemometers
of the photocell-tyne (27) have been dc‘:nlopod. Details of the construction
of the anemometers are shown in fig., 37:\\ The cups are spun from aluminum B
sheets measuri=g ©.038 ca in thilimess uid cadmium plated as a protection | '
against weathering., The support arms are made from 0,159 ca sluminum tubing
‘and fastened to the cups by small (00-90) brass screws. The cups are 3.35 ca
in diameter and tha Aistance from the cup center to the vertical shaft is
L.S cm. The vertical shaft, =:ss from 0.23 cm herdened-steel drill rod, is
supported at the teop and bottom by miniature ball bearings manufactured by
Miniature Precision Bearings, Iné. Jewel bearings may also be used., The
bean from the light source, & grain of vheat bulb narufactured by the General
Electric Co., is interrupted by a single-slot chopper (metal disk attached
to the lower mrt of the vertical shaft)., The slot in the chonpef permits
the light beam to fall on a Clairex photocell (type Ci~3) once during each
rotation of the cup wheel. Output of the photocell (photo diode) is ampli-
fied and shaped into a square wave that drives a birary scaler; the scaler

crovides a means for halving the ruzder cf cup revoluticns counted by the

T—
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Fige. 38. Field installation of ligh%weight cup ane-
Fige 37. Closeup of lightweight anemometer remeters mounted at heizhts of 0.5, 1.0,
showing cadmium-plated aluminum cups : . and 1le% me .
(above) and (below) light source, '
rhotccell, and choppar for inter-
rupting ligh% beam.
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- o photo rell. The ocutput of tha acaler is ==m=lified a1nd gerves to operate both
s mechanical counter and the pen of an Esteriine-Angus operations rscordsr.
Fleld installation of three anemcmeters is shown in fis, 38; :n this epplice-

tion, the instruments complemsnt vertical profile information obtained from

the conventional three-cup ansmometers inatalled an the nartah’z tower,

The instruments have boen tested in the project wind tunnel to determine
calidration characteristics and their response to rapid fluctuations in air
speed, Based on the results for a range of tunnel speeds from 1 to 11 a nc"l.

the calidration is approximately given by the linear relationship
\

Veo36+082N ,

where \ is the wind speed in a sec~l (nd N is the number of revolutions of

- the cup wheel per second, Investigations of the deceleration and acceleration
characteristics of the gramometers were conducted with the instruments placed
in the air stream at the rear of ¢he tunnel, In the deceleration tests, the
instrumenis were allowed to reach equilibrium with respsct to various tunnsl
air speeds and were then suddenly isclated from the air stream by means of a
large cardboard box placed over the cupe, In acceleration tests, the box was
firs* nlaced over the cu,2 and thsn quickly removed to expose the cups tc
re-determined tunnel air speeds, Ramulta of acceleration tests indicate that
it requires less than 0.5 sec for the cups to reach 63 per cent of the im-
essed wind speeds within the range from 2 to 10 m sec™l, similar character-
istic times for deceleration varied from about 1 sec, for an initial wind

1

speed of 1C = sea , to about 8 sec for an initial wind speed of 2 m secl,

=
-_—
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Due to the many uncertainties involved in the test precedure, these results
provide only rough estimates of the actual response characteristics of the

instruments to sudden changes in wind velocit;.

Be Automatic data handling and processing mteﬁ

One of the most formidable problems in empirical 1nnat1§ationa of
metecrclogical phenomena is that of data reduction, Fast-response instru-
mentation, in partic.lar, produces a tremendous number of individual obser-
ntiom within a very short time., Success Q:n obtlininé measurements of the
requisite type and in the guantity required tor further investigations of
the structure of turbulence depencs in icrge aouuro upon the availability
of automatic data hancling and processing techniques; otherwise, the time
ant labor involved in the reduction of t' & data very seriously limits the
scope of any experimental program that might be contemplated, Abstraction
of the Prairie Orass fasi-response observacione from the original chart
tracee inwnlved slshorste autometic egquipment and regquired spproximatsly
8 months for completion. Presentation of the original data in a more usable
form would have eliminated tha major part of this effort, For these reasons,
considerable attentior has been focused on the development of a system for
the sutomatic collection and pronntation' of fast-response measurements;
the system has purposely been made suf{iciently versatile so that information
from other instruments, perticularly slow-response types, may also be ac-
comodated., The data processing system parforms four major functions: en-

coding of analog information (shaft r&atig_. temperature, wvoltage, etc.)
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from sensing elements in the form of binary nusmbers; starage of thece numbers
in a relay memory until they can be placed on perforated paper tape; decoding
of the perforated paper tape; and, presentation of the data cither in the
fora of zequencenr rrinted on an IBM typewriter or as entries on punch cards,
Photographs of various components of the system u-; shown in fig, 39 and a .
bleock disgram of the variocus s sps involved in the data proéesahg is pre-

There are a number of suitable analog to binary converters avn;hblo.
Two types have teen tested as possible at‘ipstitutoa for the Oiannini nicro;
torque poteniivesters used 4in the present ¥Lnnou & Bendix (Eclipco-?iom'er)
converter (Tyre 0S-l1-Al); and, a porfcrato& circular disk of our own design
for use with multiple 1light sources and photocells. In each case, shaft
rotation is reprcserted by integral binary musbers between 20 and 28; tnis
permits a minimum resolution of 1.4 deg for a 360-deg shaft rotation. In
tha case of the bivane, asimuth and elevation angle are sampled siultaneously
once every second and the information stored in separate relay memories, The
number of sensing-element outputs that may be sampled simultaneously is 1li-
mited only by the numbesr of memory units available; each unit consists of 10
single-pole, dsuble-throw ralays and is connected with a single aralog to
binary converter. If the data are sampled at longer 1ntervals‘ (1 min, for
example) one relay memory can be used for more than one analog converter.
The programming disk performs the following functions: determines the sampling

sequence cf observations and the rite of sampling of the cutputs of the analog
I -
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Fige LOs Block diagrams showirz rincipal components inwvolved in en-

coding and decsdi-g procsdures of data processing systenm,
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to binary converters; selects dats from the relay memaries and reads them
into the tape perforator along with an identification code; activates the
perforator magnets which control the tape advance; clears the relay memoriss
for storage of other data, The present tape perforator will accept 8 bits
of information per second; if additional capacity is required, the mumber
cf perforators may be increased or a fastsr tape perforator of more recent

design mxight be substituted,

The decoding operation is controlled by s programming disk similar, but
less complicated, than the one used in coding t{n input data., A Multiplex
transmitter (model No. 1A) is used to rsad the ;grtcutod tape; the informs-
tion is channeled into the proper section ~{ the \rahy aemory I by a relay
distributor. The binary to decimal converter decodes the binary numbers
stored in relay memory 1 and the resulting ‘ts of information are stored in
relay memory 1I until they can bs printed out on an elsctric typewriter and/

or entered on punch cards.

Assembly of the commonents of the data handling system has been com-
pleted only to the extent indicated in fig., 39, The binary to decimal con-
verter, comprised of a series of telerhone-type relays which decode the binary
nusbers and hold them in appropriate relay memuries until they can be printed

by an electric typewriter, is only partially completed.
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AFPPENCIX A

SWPY/RY OF DIFFUSITN MEASURENLITS w0 MITZTROLOCGICAL OESERVATICHS

OBTAZNED AT ROUND HILL DURING 1954 - 1955

1able I, Ten-minute average concentrations of sulfur-dioxide gas

and frequency distributions of azimuth wind direction,

Explanatory Notes
Concentraticns refer to meazw omonts at\height of 2 m along three
semicircvlar arc. at travel dislances of 50, 100, and 200 m from
a continuous peint sourcs &f sulfur-dioxide gas located 30 cia cuove
ground level, Individual sampling stations were spaced at inter-
vals of 3 deg and are identified in the table by post numbers of
the sampling network, post no. 1l being located alorn- the base line
of the array directly northenartheast of therelease point for the
ca8,

Frequency distributions of azimuth wind direction are based on
records from a wind vane locaires at a hei~ht of 2 m near the source
for mean wind speeds in excess of ¢ a sec'l; otherwize, thc dictri-
butions were obtained from bivane data. Entries are in terms of
percealage frejquency of occurrence within 3-deg class intervals re-
ferred to the post numbers of the sampling net:iork,

Although no data are avariavle cn *ne vartical distribution of con=
centrations, it is apparent from the measurenments that the axis of
the time-mman ga® pluwe was on occasion lower than the hei-:ht of
the samplers, This rhen~menon is of particular significence at
short travel distances in the presence c¢f stable thurmal stratifi-
cation and ii:ht windse On the basis of indirect evidence, <he
following concentration data are considered non-representative of
axial plumo concentration. At S0 m: Run Yose 6, 7, 9, 10, and 13;
at 100 m: Run Nos. 9, 10, 133 at 200 m: Kun loss 9, 10 are pos-
sitly non-representative,
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SULFUR-DIOXIDE CONCENTRATIZS .uid ASSCCUTED FTREQUENCY DISTRIZLTICH GF Aznirmy
_ IIND DIRECTION
DATE 13 August 195h - Fun #1 TIME  0915-0925 E.S.T.
. § —~ ‘Concentration (mg M.‘,) . _§ _. | Concentration (ng m’j)
Q |e ¢ 3 1% €
LERE: B |& 8
18 u Arc €10 w Are
Py 8. » 8. ' .
AR |28
o | som 100m 200m g 50m  100m 200m
1 a2 2 oh, 0.2]5 0.035 00015
| 2 13 | 02 | 0,235 | 0,045 | 0.025
3 L_| 2,90 04295 | 0,059 0,035 .
4 B '35 [ 2,90 | 04385 | 0,075 | 0.040
[ Jvﬁ 2. 0,370 | 0,090 | 0.035
6 37 2.2 | o.438 | 0,100 | 0,048
v 38| 2470 | 04375 | 0,075 | 0,00
8 -~ |[-2211 242k | 0,400 | 0,060 | 0,00
9 04010 || 4o | 2407 | 04395 | 0,075 | 0.056
_]_.L'_Q&! 00015 L1 | Le98 00'125 00085 OO_E_
11 04005 | |_42 | LeS6 | 0.4BO | 0,100 | 0,035
12 11283 | 498 | 0,985 | 0,150 | 0,030 |
13 0,005 | | u4 | 7,05 | 0,830 | 0,166 | 0,015
14 | 0.2 | 0,035 | 0,005 | | 45 | 6423 | 0,940 | 0.220 | 0,030
15 | 0.2 | 0.0 0,015 | | 46 | 2490 | 0.9U0 | C.15C | 0,035
16 | 0.2 | 0,040 0,015 || 47 | 640 | 1.13 | 0.050 | 0,020
17 | 0,83 | 0,078 | 0,015 | 0.015 48 10,79 | 1.04 | 0,055 | 0.025 |
; 28 | 0.2 | 0,245 | 0,040 | 0,015 490 | LedS | 04755 | 0,038 | C.M05
- 19 | 2,24 |00 | O,0k0 | 0,010 | I 50 | 249 | 0,595 | 0,020 | 0,005
1 20 | 0,33 | 0,305 | 0,088 | 0,010 | | 51 | 2490 | 0.370 | 0,065 | 0.005
: 21 | 12l | 0,315 | 0,095 | 0.%S 52_| 2,07 | 0,240 )
P 0085 | 0,00 |05 || 5 |02 | 0,068 ]
23 | 2e6% | 0,188 | 0,965 | 0,005 | | 54 | 1.66 | 0.015 -
2% | 0,83 | 00355 | 0,065 | 0,025 55 |
25 | 1,66 | OkhO | 0,085 | 0,038 || 56
26 | 02 | 0,360 | 0,095 | 0,00 | | 57 | 0.l2 .
27 | 0,83 ;0,300 | 0,065 |0,040 || 58 | 2,07 .4
78 | 0,83 | 0,265 | 0,065 | 0.035 39 }
2 112 0215 |05 |0,m5 | |60 _
30 | 0,83 | 0,175 | 0,070 |0,020 | | €1 | Oki2
31 1,24 | 0,085 | 0,030 ' 0,030 ! '261: 1. ' _




SULFUR-DIOKIDE COMCENTRATIONS AMD £7G0SL/TED FREQUENCY DISTRIBUTION CF AZTMUTH
“11r7; CIRECTION
it 7 October 1954 - Run #2 TDE 0010 -
. § . | Concentration (mg m"3) . § = Concentration (mg m™)
~
j 38 s Arc a B % Arc
28 & 2l é 3
a |d 50m 100m 200m . 50m 100m 7.CCr.
1 32 | 02
2 33 0.2 | 0,040 o
p) . b . 0112 | 0,130
[ _| Las 04200 | 0,025
€ 32 [ 168 | 04438 | 0,158 | 0.0
yd 38 | 0,83 | 0,935 | 0,225 | 0.050
8 oo l2.66 | 1.82 | 0,368 | 0.050
_9 — | |N6  he55 | 3,23 | 0,608 | 0,140 |
10 | (b1 [ 5.81 | L.%3 | l.1h 0.280
11 -} 42 T47 6415 1,92 06320
12 1183 1 788 | 7.05 | 2.06 0460
13 b | 9,13 | 6476 | 1.95 | 04430
1 || s 6.2 | 6424 | 145 | 0,320 |
25 | 5 | W18 | bol | 1,58 | 0,335
i | | 471 7405 | 3468 | 1.25 | 0.280
17 ]| 48 | 540 | be29 | 0,980 | 0.270
18 L;_,sé_ 397 1 0,726 | 0,155
19 - “é'—f- 316 | 0,698 0,1,35 |
20 2.0 | 0,85  c.19 |
21 52 | u._1§_ 1 2.97 | 0.685 | 0.5 |
22 93 [ 3.3 ] 1.80 | 0,585 | 0,090 _
23 54 | 1S5 | 1,56 | 0,285 | 0,060
24 S 209 1 3429 | 0a235 1 0,015 .
25 56 | 0.83 | 0.580 | 0,200
<€ 7..1;&4_&_603,_2@0
27 J ;ggﬁ 1,24 | 0,985 | 0,035 -
28 159 122k 1.09 | 0.2 |
20 6O 1 0sC3 | 0e770 | 0eS | i
130 €1 | 0.57| 0.735 | 0,008 ?
i 1 €210 | i i
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SULFUR.DIOXIDE COMCEMTRATIONG JUT ASSOCT/TED FREQMENCY DISTRIRUTION OF ATIMUTH
*IINC DIRECTION '

DATE 21 Cgéober 199 = Rur #3 TIME  0910-0920 LSt
” § —- Concentration (mg m™>) L § — | Cencentration (mg m-3)
MR g 1L
AER: [RER:
S 1a i Arc ‘ : ol Arc
2 ;‘!;‘ ~ | sm  100m  200m o 3 ~ | som  100m  200m
1 32 | 1e2h | 1ehS
|2 33 | 1.2k | 2,22 i
3 | 36 | 166 | S5 | 0,40 | 0,055
b 1l Las | hese | 112 0.770
3 26 [ helS | 29,0 | 1,99 | 0,099
’ |6 37 1 8.2 | 2086 | 343 [ 0,058
i 1138 | 9455 | 22,5 | 5.50 | 0,300 |
1 8 1139 9455 | 27,2 | 7.6 | 0.8%0 |
’ _2 41 11.& 2‘109 6050 2.29
n _) b2 9655 | 2843 8.2 | 2.29
12 1 1.8 7.88 | 28,7 939 2,16
13 L 7.R8 25.3 8,03 224
14 - Ls Le98 | 22,9 6,02 1.30 -]
15 L6 | 3473 | 1348 3.59 0.970 {
14 147 1332 780 13172 | 0,340
17 48 | 249 hel8 0,650 0,055
|18 1 |uo o2 1.18 | 0,240 .
19 50 0,220 | 0,050 | 72,240 _
20 1 0,040 | 0,020 | 0,090
21 52 0,040 0,005
22 =2 CuCL7 _1_
ad 04,015 0,010
24 35 06075 | 04140 | 04005
25 56 0,025 | 0.1
26 57 0,120 | 0,015 |
22 0.050 58 0,060 _
28 . 59 _o.as
29 ors 6O 3 0,100 | 0.110 |
| 30 0.073 0,050 | |61 0,150
2y | 1,66 ' 0,420 0,00 | i . | |




RIRPALS LR »“'W‘““f&'&@%‘w"”w“”@"i”( SET *—‘”.""T*’re::é"-‘f;'{:‘.p‘?%;?‘-:«r:";fe,:%";’ﬁfé%
el TON TSR FORTIIITRATTONG AND ATTACTOTED BT HECT CIDTRIVULT N o oL
PRESTINH ‘
... 28 Octover 1954 - Run #l TIME  1040-1050 E.5.T.
r T
“ _§ _. | roncentration (mr m"j) " § -~ Ceacentration (mg m‘3)
31% % 1% &
Phore 5 |t O
| & |& s | Are _ - : Gk Arc
v lg o g 122
o |d T | 5om 100m  20M=. S 50m  100m . 200m
__1. 32 2.7 h.OO 1.05 - O.'lhO
2 | 2242490 | S.19 | 1.33 | 0,220
3 D4 7406 | ho36 13,09 | o.20
b —_— _Jjﬁ_bmdbg.s&__mm_mn._
2 13t 2.ut | 2436 | 0.980 | 0.170
6 ? O.=§3 2,82 | 0,800 0.190
2 28 12,90 3.2 | 0,750 | 0,10
8 C .l i3e T2m9t 2.9 | G570 | 0.100
9 i 221056 | 2,98 | 0,570 | 0,980
1C_, , L1 | 3,73 | 3.08 | 04520 | O.0LS
11 | 0.2 — || b 2.h9 | 2.28 | 0640 | 0.930
12 I I e 1Y — 2,39 | 0,720 | ©.050
12 0,120 . __’;'J_*__ 2,55 0,870 0,010
14 050 | 00035 | . ..f*i._r_Q_.BB 2,00 | 0,790 | 0,050 .
15 0.720 00050 _ ié_ i 0h9 053 00770 00030
116 146 104070 | |17 2k | 2439 | 0,800
; 1? 1.2& 1.8“ 00110 e, 4R 2090 2.15 04380
18 | O.di2 | 1e23 | 0,260 M0 ] 1066 | 1.7 | 0,130
19 | 1.24 | 1.0 0.390 P50 102 | 1.7 | 0.025
20 | 0,42 | leh2 0.h60 0,040 51 | }:56 1.9 0.015
21 | 1.66 | 186 | 0,630 | 0.075 | |52 [ G2 | 1.5 ‘ J
22 | 042 | 3,51 1.2} 0,100 || 53 | O.k2 0.970 )
23 | 219 | 5.32 1.3 0e150 ! °% | 2,07 | G.970 e
'8 | S.81 | 6463 | 04920 | 0.150 | | 55 | 0433 | 0,790
i,"i ni }e98 QE.BB 1.30 0.150_”ﬂ | 56 1 1.7) 0.390 ’
20 1118 [ 500 [1.09 1020 || 52 | 0,83 0,270
O
77 §.ho98 | 5,28 | 0,920 | 0,250 | | 53 | 3.2k | 0,100 -
ﬁ:.*_.. h"9 -_5.,197 <+ 1.c3 Oo:l_.'l_._? -1 -59 Ou.‘j? Q'_(_}_b_s ! ___l_____ ’
3 | 2,50 | N8 | 0,760 10.100 |} co | 0.2 L 3 1
ey P T '
'3<UL helS | 3.93 | 0.720 | 0-120,.- e TP I S
31 ' 59_’10 _i_,él._ 19.3“(_3._‘._ . 0.1-.0 ) ! :—f:?- |_-_4: teo |
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LFUR-DIOXID" CONCENTRATIONS MU ASCQCLTED FREQUELCY DTIOTRITTTICH OF AJINTTH
.'-N-D D'th -

= DATE _9 Novesber 195 - Run 45 T aglodeen  AS
r o |
| § | Concentration (mg m) . § _. | Concentration (nmr m) |
5132 | IEREE |
“ 3 e ‘é ; ; Arc j S 51 arc i
- Q Vo ~
o] e | a Q Redi !
ad. é ~ 50m 100m 200m | - % E Ci0m J.()Un <00m :
1 32| 1 ! f
2 | 13 ' ' i
) | ol oe ‘ i — 1 ..i
I ou { .t s i _0.015 | : 4
| | a5 | 0.C85 | ]
—— 125 : , |
| 6 13 |_0.110 | 0,080 |
i |1 330 1,28 | 0.370 | 0.115 | 0.005
; 8 S —.jl2lase | d.oh lowsd o
| i) || k0 085 223 | 0Ji6Q | 0,190
' 10 : L 1.28 | 2.29 D303 ! 0.230
11 {42 2. 1 2400 | 1,09 | 0,300
12 T i3 2499 1.93 | 080 | 0,260 | % .
13 ) e Iy Jl ho?-’) ; 2.15 ’ O.S"O ‘ '.‘:.]J&') !
14, | | | ] s5 1 3,85 1 2498 ; 0,587 M5 Si
15 | ) 46 | 68l ; 3473 [ 0o8°  JeL35 | \‘; |
14 U7 [ 6. | 6.8 | 150 00250 | & ¢
17 48 | 9483 | 10.3 3.22 0.430 |
18 49 im i 2.0 307.; | Cel30
19 50 [ 61 |213.0 |2,97 | 0,700
20 1! 5L 120468 | 124 | 3.05 ! 0.730 !
21 - ] s2 18,97 [ 11,6 | 3.4 | 0.950
22 |2 6.ty 1122 |35 ! 0,170
23 J1..9% | 8412 | 8e86 | 2681 | 0edLU
2L ! 55 | 2.1 | 6.30_ | 24,20 ____9_...&_10
25 s6 | 8.6 | ks a1 ! o0.70
26 57 2056 20-1.5 0,340 L
27 | {158 o3 ! 1,27 | 0,080 | o
28_| ! 19 lodn | o oweo | |
20| ! i £ i 0.235 | G5 !
20 | : ' M ’; €1 0065 | 0,005 |
l')'| i I— ‘ ! ; | ; : )
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CONCENIRATIN AND AunOnTATED % VEICY DLSTRIBUTICH GF ACIMITH
P LIREGTION
UATE 1 _December 1654 = Run #6 TIME  _10L5~1086 Z.5.T.
e | )
. § . | Concentration (mg m‘3) . ,§ . | Concentration (mg m3 )
W |w = & TR~
o~ [T N
Y18 8 i ©
e g Are f‘ a s Are
%z & IR |
a | ~ | s0m 100m 200m e | < 50m 100m 200m
1 32 | 1.25 3.58 1,00 06350
2 3 12,93 | 3,22 1.07 0.3€0
) L__}’-b 1061 ioez 1,02 0,280 .
b - | 135l 2e26 | _Sed3 | 1eCL | 0,290
5 1136 12,52 | 5. | 0,50 | 0.230
6 37 | 5.23 | 5.09 | 1,29 | 0.270
i 298 16,28 | L2 | 1.77 0,310
A _lizoliea | 7.0 | 2,36 | 0,370
-2 p— ho_| 8,16 8497 | 2,41 0,570 |
10 bl | 6450 | 9621 | 3.02 0,520
11 "l l&? 12 olz_ 8070 3 001 0.660
12 o1 878 1 7408 | 2,62 0,30
13 uh 3 7637 2,18 0320
14 - — 45 | 2,09 | 8428 | 132 | 04360 |
15 7 '« ;1677 570 |1.36 | 0.065
16 — "0? ' lohb .2.2.2 i 0.4“ O.__C_S}
17 48 | 2430 2,11 0,300 0,085
18 L3 | L6 176 0,420 0,035
19 Z1 159 1 1408 | 1.7 | 04320
20 pemrmme] |22 1 Ocli2 | 0,340 | 0,140 | 0,090 |
21 |_52 0s720 | 0,085 | 0,020
22 53 0.750_ | 0.0C5 | 0.0LO _
2 i Qe300 0.C5
24 04130 -] | 22 0,110 .-} 0.050
2 0.2 | 0,850 | 0,015 56 0.070
2% | 1.6 | 2.k | 0.070 52 0,058 g
27 | 377 2.57 04350 0.(05 {122 - 0,020 -
’8 2.5] ) _2.87 :-c!l 00159_| _59 ! !
20 | 377 | 390 145k 0.290 ; |60 | o T
30 | hatO | bade | 1,75 | | 0,110 | f1 - H |
PIL | Da60. . BaTZ | 2.08 06260 ' i ¢ I ;




SULFUR-DIOXIDE COMCENTRATI™R AND ASUCIATED FREQUENCY DISTRIRUTICH OF AZIAUTH
VIND DIRECT.ULN

DATE 2 March 1955 - Run #7 TIE  1145=11%5 E.5.T.
t :‘S, = Concentration (mg m‘"3) E g o Concentration (mg m‘3)
1138 | g 1¥ 3
g . Are €13 4« Arc
° X ] o . ‘
217 & g3~

3 L) 100m 2 50m 100m 200m
1 00125 | 0,030 32
_gf OQM_ O!E 0.@_ 1]
) 04320 | 0,075 24
N 1.%2 0.195 a5
5 1.60] 2,90 0660 36
6 | Se75] 6422 | 172 | 00340 |1 37 |
2] bet9| M2 | 3.7 0 || 28 1
8 | 2ha38) 23,3 | 4,585 | 2,20 |1 39
9 | 10,5u| 1hed S.12 Lo

10 | !th Ll_’o" Le90 4)

11 | 12.b61 117 heOd 4z
12 | 2ho38] 8493 272 u3
13 6,2’ va0S 1.48 A 0 | uh

16 | 8ol 3,60 | 0,990 [ 0,230 | | U5
15 LhelS| 2,31 0.370 u6_

16 | 3419] 0,870 | 0,150 | 47
17 | 0,32| 0,155 | 0,005 u8

|18 0,025 Lo |

19 0,010 _50
20 0,010 | 0.010 21
2 0,020 52
22 0,010 53

| 2J Gyl b _
24 55

25 |56

26 Lyd

27 58

28 29

29 -1 690

30 6154

) | |




' !
SULTURLDTOXTDE. CONCENTRATICIZ AMD ASSOCL'TID FREQWRTRY NISTRIBUTION OF AZIMUTH

TN PTRF

’c*'f\

DATE 3 March ]255 = Pun #8 TiME M 3.7,
'
- § —~ | Concentration (mg =) ,‘ § . | Concentration (mg m)
- o ‘Q: 5 1)
S 1A Arc a ALG
gz d 3 |28
o | g 1 som 190m 200m S 50m 100m 200m
1 32 | 3.35] 6.3 | 0,280 | 0,1kS |
2 23 | 2,951 S.lh | 1.07 | 0,125 1
3 1136 48] L7 [ 0.870 | 0,158
Y 35 | 1,26] 2,68 | 0,740 | 0,165
5 36 | 34380 4467 | 2,02 | 0,168
6 37 ! 0.84] 5.08 | 0,980 | 04250
yi (22 2,090 3.7} 1.07 | 0.210
8 _ 129l 2.67] 3,88 3,02 | 0,300
9 — | |50 | 2,09] 5,67 | 0.880 | 0,280 |
10 Bl | Le6O! 6,86 | 1.60 ' 0,270
11 |2 i_5.02 8,86 | 2,64 | €.l60
12 L3 | 201! o | 2.5 04520 |
13 s | 7,1 8,07 | 2.99 | 0.470
14 |5 | 6.0l 9,08 12,72 | 0,290 |
15 h& | Toahi  0.0G3 2430 0.2%0
16 1187 | 3.02] 131 | 1.96 | 0a173
17 48 | 3477 9.u2 | 2624 0,210
18 _bo 2,09 9.2 2,48 0.380
19 so | 3,771 11,0 | 2.7 [ c.600
2C 51 | 1.67| 8412 | 2.00 0,410
21 52 Ooli2 7.2 1,12 06290
2z S O D N 33 L 2493 DSeSh | 0.760 | O.1:S5
| 23 54 | 02| 2,69 | 04870 | 04310 |
W 55 | Odli2| 1,51 | 0,680 | 0,050
28 0,290 06380 0,135 56 0,450 04108
26 02| leSh 06960 | 04330 57 0.105
22 2,36 | 1,16 | 04310 | | 58 0,125 R
128 | 0.8 2462 | 140 | 04630 | | 50 0.1CC I
0 | 2,000 368 | 2,00 | o490 | 160 1 | o.0u0 | 7
0 | 67| 5426 | 2402 | 04500 | |61 | o.ous |~ !
31 7. s, 1.18 0.320 {, ! | ! l

O I S T B0 ot T S B T R0 5 T b s R B

wvilie




SULFUR.DIOXIDE CONCENTRATINS A0
“IIND DIRECTION

B M a1 e

PN L s e T e wwﬁrmnwmw“wm‘

A3SOCLTED FREUENCY DISTRITUTION OF AcIMUTH

DATE 7 March 1955 = Run #9 TIME  2140-1160 5.7,
- § ~ | Concentration (mg m'3) . § . | Concentration (mg n2)
g1 ¢ §18%
AR EEEREE
g, Are € l1a Are
gle d | 8|z e
“ g 50m 100m 200m - 50m 100m 200m
1 02| 0,145 | 0,050 32
2 041480 0,070 13
3| Oi2] 1.85 0.2k | 0,010 | | 24
b Colli| 2459 0820 00“0__ I8
s 2402 he7?7 Xolily 0340 _26
6 592 6,68 | 2,40 0,640 | (37 .
2 { befh]20,1 | 3034 0,970 | | 28 |
8 | 13.08) b hog | 12k 139!
9 12,66 1605 597 1056__ %0
10 | 11.39]| 1644 5.03 1,30 4l
11 | 12,661 1303 | heliS | 0.960 } | _L2
12 | 10,32 8.82 2.9 0.680 | |12
1) | 6433 6,97 2407 0,460 | | bt
as | sl u67 | 223 | odiao | ! bs .
15 | 2.95] 2,83 | 0.0 | 0.3 || L8
16 1,271 2.0 0s790 | 06,270 | | 47
17 1,69| 1.7h 0,050 | 0.040 48
18 | 2,11| 2.16 04260 g
19 1,27 06320 0,070 213
20 1,59, 2.070 A= i
21 1.69] 0.015 1152 ]
22 | 0.2 ___1ls |
| 2 5 _
2% b3 .
25 - 56 _;
26 £2 _!
27 58 _
28 39
29 4_60 i
30 | 1Lery
k)] i k
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UIFURLDIOXIDE CONMCENTRATIONG ANT /ZDICLTID FREQUINCY LISTRIRYTION OF AZIMUTH

TTHT Ll

el Ee
s>t

23 March 1955 = Run #10

A TE TIME  1125-1135 E.5.T.
“ § | Concentration (mg n'3) . _§ . | Concontration (mg u'a)
3iv ¥ 4 1% %

HE-I Are Eld, Are
FlEe) Fls 2
3 som 100m  200m - Som  1C0m  200m
1 32 | 1.26] 1.9 0.370] 0,060
|2 3] 2,51] 0.760] 0,088 0.033T

2 241 od2l o.l20l 0,085
- L 23 0.3l 0,2301 0,039
_S 36 0.250
6 37 . __0.18
- 28_| O.ul| 0,035

8 o |20 |_0,030

—9 | 0.8} 0,065 —| |- :

10 | o.42| 0,120 2
11 | o0.42| 0.420] 0,020 | b2
12 | od2l  o.8%! 0,068 )

13 2051 1092 0.165 Ll

b | 2,93 2,.uh CJ82 - bs
15 | k.18 3.6 0.780! r.030 | |_46
16 | 7.95] 5.32 1 1,09 ! 0,200 | | 47
17 | 5.86] 7.32 | 1,98 | 0.370 | | 48

(18 | 7,99 8.75 2,57 04560 49

2 84791 8,72 | 2,34 ! 0,630 | | 50
20 7.53 R.13 2.7 | .90 51
21 | S.85] 6.90 | 2.k ] o0sw0 | |s2 1 |
22 1 6.27f G.L7 2,18 | 0,450 | | 53

(23 | 6.69] 5,01 1,71 | 00300 | | 5%

% o351 L. 1.27 | 0,180 { | s5
25 | 6.69] ho7h | 1.26 1 04310 | | %6
26 | 3.35) 3,78 1 1,37 | o.2% | | 52
22 | 37| 3,28 | 0.790] 0.230 | | 58
28 | 2.51] 3.6 | 0.880! 0,720 | | 59 T
29 | 1.67|  2e51 | 119 | 0.330 ; | 65 i
20 | 2.09] 2.91 0.990| 0.260 | | €1 =] _
M 2,090 2419 0.900! 0,160 , |

T R v;y,«us_:gq:.,g}gaa
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SULFUR-DTOXIDE CONCEMIFATIMS £2T *“S0CLTED FREOUFNCY DISTRIFUTION OF AZTMUTI
“JIND DIFECTION

DiTE 23 March 1955 - Run #11 = _1545=1555 E.5.T.
| ! ,
“ § .. | Concentretian (mg n'3) b _§ . | Concentration (mg m™)
BIo ¢ 4 1€
5|8 8 R AR
€18 Are 5 = g Are
3|8 |l s|zel| ..
&g 50m 100m 200m - 50m 100m 200m
1 32 | 167 | 123 | 04260
|2 33 | 0.63 | 0,830 | 0.025 i
3 o8 | 267 | 0,350 i
b - 35 | 0.8 0.100
5 36 | 042 |
6 37 1
2 28 1
8 I B | 39 \
9 _{1_uo w
10 [
11 0,068 RER
12 0280 1'u _
13 0,290 o s
14 0,500 0,145 - Ls
(15 [ 2,08 | 2,06 | o0.270 b |
26 | 2,50 | 2436 | 0,820 } 0,065 ; | 2
17 | 1425 | 3409 | 00850 | 0,135 L8
8 | 2,92 | 3098 1,07 0,210 | | 49 |
19 | S.l2 | K.63 10S | 04340 | | 50 ] .
20 | 5,83 | 735 | 1.67 | o0 | | 21
21 | 7,08 | 8,08 2.0 041160 52 .
22 {13.34 | 8,15 3421 0,830 | | 53 .
23 (11,67 | 8.15 2030 0.,650 | | su .
24 8,7% 770 2.1 04700 58
25 | 583 | 6.822 | 2.55 | 0.750 | | %
22 | 5.2 | 6,30 1.65 0,340 | | 58 _
&rLsL 9 1049 04220 | | 59 i
32 1 he98 | Le3S 04920 | 06155 | | 6o
3_0___&8_3_. 3453 04740 0,080 1|6 =
3 1,28 i 2,76 0,560 | 0.025 | o |
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' i
S SURSDICZIDE Ao STRATLIONS AnD &30 U TED ¥FPSNTUGCY DISTRIBIUTION OF AZIMUTH

ey

CIRFATION

DATL 29 March 1995 = Pun #12 TIME  1050-11CC E.5.T.

. § ... | Concentration (mp ") te ;‘5} = Concentration (mg =™>)

B1n % 5153

o e Are SlAa Are

zlz & 1l aglzs o

S 50m 100m 200m oo 50m loom  200m

[ 1 32 | 1.46] 2460 | 0.5u0 | 0,030

2 |3 1.25] 2,25 0.420

) _}u | 0.63 1.0 0.410

b Sl L35 i 0,63] 0.840 | 04250

5 {136 | o.84] 04930 | 0.018

6 37 | 0,63 _0.590

2 04035 22 i 1,040 0.530

B8 | 0.63] 02001 _l 1 0.910

9 | 2430] 0LO 1 1wo 0,115

20 | 1,17] O6%h0 | 04085 41 0,015

11 | 6,091 129 0.400 | 0,050 | | 42 .

2 1 LeBO| 5467 173 | 0e33C | (.13

13 | 2,30 %e2% 1,92 04,00 | | a4

14 32131 8,72 | Ja0Oh Ged2S._| |45 -
15 | L7l 4.6% 0.900 | 0.08% h6

16 | 2.50] 3.78 0,950 | 0,130 | | 47

17 1,76 6437 p PN 002@~ 48 )
18 | Lel?7] 8,68 1e2h | 0e340 | | 49
19 | ha7| 11,2 2460 |_0.u80_| |_50

20 | 3476 10.3 3627 0490 ! | &

21 6.39] 11,0 2,83 V30 52

22 | 3434} 1044 24Li | 0,350 | |_53 .
2 3,76] 750 1426 04240 | | 54 .
20 1459 6elils 1436 06300 : 1 55

25 378 7,12 1,50 0+290 | | $6 i
2 _3J3L] 6ek 1.60 04340 57

2 6.47) 6019 | 1,80 | 0.h10 | | 58 -
28 | 6.47] 5.38 | 2438 | 04360 | | 50 ]
20| 3.06] 5.4 | 1u48 | 0230 § j60Tj 1
I | 24090 bl 0.800 | 0,180 | | 61 , _ ) ;
lar 120300 315 0,450 | 0,140 | . ! ]




SULFUR-DIOXTDE CONCENTRATI™S AMD 2500ILTED FRESUENCY DISTRIBUTION OF AZIMUTH
*JIND DIRECTION

A

28 March 1955 = Run #13 TIME 1505=151% E.5.T.
. § . | Concentration (mg m"3) “ § _. | Concentration (mg m'3)
219 ¢ 2§ b g
5|8 8 3 | & &
j 8 u Arc 5 8 & Are
g |z & 2 |RE| .
il s 50m 100m 200m a. g EOm 100m 200m
1 32 | 3.73] 349 | 0.800 | 0,290
.2 73 | 3,93] 3,30 | 0,810 | 0,220
) Ll ias | 3,93] 2.82 0,750 | 0.16%
_4 1 las | 2,280 2,62 | 0,600 | 0.08%
P 36 | h.56] 1475 | 0470 | 0,055
6 37 | 2124 2,18 | o,230
? 38 | 1.2h} 0.840 | 0,110
8 a9 ] 1.hS] 0.430 | 0.035
9 1|0 | 0.,21f 0,300
10 [ 0.21 b1 0,145
11 ; - |22 0.22]. 04030
12 0,21 I | 43 0.28
13 BEE
14 | N R
15 oJdd ) ] ] L6
16 Ol | 0,030 . 1.7
17 0,310 RERE
a8 1i5) 00350 | 0,025 L9
19 | 0462] 0,600 | 0,055 ] 150
29 2,071 1.31 0,110 iy 1
21 | non| 2.31 | 0.3u0 52 ‘
22 Se59] o3k 0.340 04955 | |_53 .
23 | 7425 lie69 1.12 04205 | | 5% .
% | 9,821 ha79 | 157 | o0u370 | |ss | |
25 | 6.83] 6.35 | 1.88 | 04600 | | 56 |
26 94731 7439 2,18 0470C 57
22 | 7.0u] 836 | 2453 | 0.u90 | | 58
28 | 7.66] 7.53 1,95 0,400 | | 59
20 1 LaS6) L3N 1,568 0,270 60
30 | 6400| 548 1.1 0,310 | | 61 | =
2 3.52! 128 0.690 © 0.33C
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:'-'TW.YR;.DTCXIDE COtKTEHTRM‘IQB AN ASTACICTED FREQUENCY LISTRIBUTICH OF AZIMUTH

oy nzTria

PATE 29 ilareh 1955 = Run #1L TIME 11201130 £.5.T,

I,
. § . | Concentraticn (mg n'3) v | § . | Concentration (mg m'3)
5% ¢ 1% %
H18 8 B |23
Eld L Arc €138 u Are
3|3 & . 3|z é S
w137 som  0om  200m & 14 Som  10om  200m
1 32 4e15]| 5.10 1.26 0250
| 2 1 | 28] 3.78 | 0.730 | 0.050
3 {136 | .39l 2.18 | 0.390 | 0.030
L . 35 2_._22_ 1.50 0.420 00020 ‘
€] _o.u) 32 | 6,83 1,52 | 0,10 _
7.1 o481 0,089 38 ! 1.66! 1,21 | 0,015
8 | o.i1] 0.170 ot 1229 1 _2.0u[) 0,640
9.1 1041 0,300 —] 180 _Takdl 04375
10 | 0,83] 0,340 | 0,015 L2 . 0,140
1 | 0.83] o0.u80 | 0.055 | 0.030 | | 42 0,170

12 | .00 2,26 | 04086 | 0.0h0 | | B3 0.62
13| 1,04] 1435 | 0,208 |_0.070 [ | M4 | 0421
14 _1_,_;.5___;_,_2;, 04390 04060 | | _45 | _0,21 _l
15 | 1.921 3,07 04690 | 0.115 L6 | o,k
pE] 2.07) 3.9 1s15 0.200 47

17 | 2.07] 5.% 1,16 0,100 { | 48 | 0.93 *
18 | Le56] h4e86 1.10 06,00 | | 49 | 0.21
19 | 1,87 3035 | 1.5 | o0.090 | | 50
20 | 3.11) 3455_| 111 | 0,35 | |51
21 1.6 5.50 0.970 O.7%20 i 52
2 307! 6.8y 1,62 0,240 | |_33
22 1 0.0u 1043 1,61 04330 ¢ | 5%
2 f A::Qo:i 12.1 2.6L 0sli20 _ﬁ
1294 3,531 10.0 2,56 0,650 56
2 6,64 197 J.?.S 0.960 87
27 ] 5.19] 7.77 | 3.0 | 0.200 | | 58 )
28 | 0.30] 652 2,16 0.620 | | s9
a0 | 1151 7.%0 | 2.02 | 00} | o | -
30 Lo98) 7.40 1.59 0.490 €1 g

Il 1,570 S.s7 | 1483 | 060t '




R e

SULFUR-DIOXTD: TONCENTRATI™S A ASSOCLATED FREQUENCY DISTRIBUTTCN OF 25107
*IIND DIRECTION

CATE __30 March 1959 = Fun #15 TIME _1030-1049 57T el T
-
. § — Concentration (mg m'3) "y § | Concentration (me m‘3)
é © 9 g v E
£ g g 8
3 - Are €13, Are
gle & . AR
& g 50m 100m 200m “1d 50m 100m 200m
1 32 | 34531 2.71 | 1.09 0.075
2 33 L 2a0hy 3,90 ] 0,390 [ 0.020 .
3 34 | 1466 3ezis | 0,240 | 0.0L0
R 35 1 2,490 3.41 | 0,740 | 0,040
3 J6 3,11 5.08 100& 0.075 .
6 37 0 2.u91 7eur_ | 1423 0,105 _
? 3R 12,49 7.43 | 1,68 0,130_+
8 REEREER VIR AT I W W R
91 | (50 | 3,94 9,88 | 1471 0,410
10 | 81 | 2,900 3,50 | 1,80 | 0.330
11 — |2 2,08 3,38 | 1,75 | 0,300
12 13 1 3.53] L9 | 1,16 0,185 _
13 sy | 3941 heA2 | 1,19 0.200
1“ -— “5 hols hgol_ 1030 00195_
15 _ b6 | 7.,05! 5.30 ! 1.12 0.350
16 R SeULl Sl | 2.04 0,510 _,
17 48 | 6.3 6426 | 2.55 | 0.6%0
_IL 0.2; 0,025 L9 56 8.59 2.4] 00630__,
19 | oMl 0,0 50 | o8l 12,6 |2.06 | 0.620 |
| 20 0,145 1St | 7.05] 8.93 | 2.60 04690 _ |
21 0083 00550 L _ —_ 52 3.4 S.hh 1.88 0.__2_0__{
22 | 0,21 1.3 0,030 53 | 1.04] 3.03 | 1.27 0.290
23 | 1425 1,50 | 0,145 | |3t _0.83] 1.7 | 0.650 | 0,220 |
oM 1 1,871 2.65 0356 55 2,05 | 0,770 | 0,160 |
25 | 0.83] 3.69 J.1i30 56 2,13 | 0,540 | 0,135
26 | 1,97 2.4 0,600 | 0,035 | |52 1455 | 0,530 | 0.135 |
22 | 1,25f 1,97 | 0,720 | 0,070 | | 58 | O.41] 0,470 | 0.360 | 0,070 _:
28 | 2.08] 1.87 ! 04330 | 0.125 | | 59 0.150 | 0.290 | i
an T et e 60330 ) 0a333 ) ol T35 | 0.030 1 ¢
20 | oMh1] 2.1 | 0,230 | 0.045 | [ &1 F— o
7 ' N3 3.62 | odiso | oa1s i | ) ]




I
CIFTRLDINXTDE CONCENTRATIONS AND ASDOC IS TED FREQUENCY DISTRIGUTION OF AZIMUTH

et DIRPATION
(% 31 Marcn 1755 = Kun gi6 DT _2040-2050 2.5, T,
_I
g -3 5 s oncent -3
. : - Cancentration (mg m~~) ” 3 - Concentration (mg m )
| 13 Arc " 18 Arc
2 g 8 g1E°
o | g 0m 100m 200m 3 50m 100m 2C0m
1 32 | 5.9} 11.1 2.69 0,610
2 33| 3.94] 6.20 | 2.01 0,185
3 b 2,07 3432 | 1.26 | 0,068
b 95 | 2.70] 2,53 | 0.490 | 0.040
5 36 | 1425 2450 | 0,095 | 0.005
6 37 | '1.66] 146 | 0,045
? 1138 | 1.u8] o0.u50 | 0.025
A 112391 o] 0.025 | 0.010
9] 0,21 {0 | 0.,22{ 0,033 | 0,010
10 b1 | 0.21)
11 | 0.21]| 0.010 e | e.22
12 | 0,010 L)
13 | 0421] 0,030 un | 0,21 %
14 0.025 | 1us N
15 0.055 =
16 C.020 | 0.005 | |2
17 0,075 | 0,020 48 *
18 0,045 | 0.010 | 1 s9
19 | 0.i1]| 0.050 1|50 |
20 1 0.21] o0.420 | 0.020 _.l 135
21 | 1,26] 1.52 | _0.030 52
22 | 31 2.9 04220 | 0,005 | {_22 )
2 he98| Le27 0,130 | 0.920 | | sS4 )
W | 8.02| 6.66 0,780 | 0.060 | | s5 l 3
25 1 L9281 12,0 1,99 0,185 6
26 | 10.5] 15,2 5,50 | 0,590 | | 57 )
22.123.00, 20 | 6.52 1,50 - | 88| '
PP 1M 16 6490 2.3 s | | N
_—  10ew 0490 5 ! . A
0| 6.L3] 1i.h Toh 12455 140 ] !
0 | seolieo |ocay |o2a3 61.+= . ‘ ; !
! 1.2 P : : ,

he?7 15,9 | 343D




AT s B g ;«W«J%ﬁ&w

SULFUR.DICXIDE CONCENTRATY™N N1 SSOCL'TED FREQUENSY DISTRIBUTION OF AciMUTH
“TIND PTRECTION

3

MATE 31 March 1955 - Pun #17 TIME  2215-2225 £.5.T.

“ § ~ | Concantration (mg n) " § | Concentration (mg )
210 € | E % e
- 5|8 & 3 [ & 8

j b L Arc : a L Are

" - 0 v & |- '

g | é ~ | som 100m 200m 8 ;_5 ~ 1 som  acom 200m

1 32 | 0.21] 1.45
2 N 0,095 ]
3 1] 38 i 0.,21] 0.010

~ —— 35 021 0.035 }
5 36 i
6 Y& |
7 _1l3s L

8 . . li2e

9 ' - )0
10 [

11 ] (b2

12 |l

13 L

1 | 0,21 ] | s

15 | 0.l o ue | )
16 | o0.21 167 |
17 | 1,24 u8

8 | 1,871 0,218 1 1s9 B
19 | 0,62] 2463 1 |s0 |
20 | 3,73] 6,6 | 0,085 51 )
21 | 6.22] 1147 04150 ] 52

22 | 11,00] 26.0 L9l | o.0u5 | ! 53 __
23 | 10,17 | k9.8 1246 1,860 | | st

N %1t 1 2l 7.83 ) k e -
25 | 11,01 59,9 | 32 | ama s -
26 | 15,971 65l 2h42 9450 Kvi

27 111,33 bh9 15,1 3018 } 1 .98 .
28 | 12.56( 2041 LS G679 | | 59 | { T
RS S A T R N B
90 | 0.52( L.L3 0,105 61 o i
] L).:’:.2T _3.38 i ‘ i ) ! ,




R
.-
R v "":a:;

-y
YT
[ AN]

PRLIUTTREY BISTRLLUTION ol

T eTyY
RN W Y

13_mne 1955 = un 415 TDE  2035-2048 £.5.T.
| {
5 -3y & c tration (mg m™>
R Concontration (mg m ) . |1 S o oncentration (mg m™-)
q P o o
[ S L 0
IR A 5 18 8
S . Arc i ER Are
bty 30 , w |3 a ‘
o] fo ~ . e [ =3t - :
I A 50m 100m 200m S B 50m 100m 200m
B 32
- —— e -
2 SR I 5 I
5| c.a Wﬁm? . —
5] .04 e
_6. | 1.04] 0,500 A
n 1.85§ 2.61 0.035 12
£ ] 3.30] 5.98 | 0.300 | 0.035 ;33
_ol Lahjua b1y b ogase f|me
10 { 7 D61 19,7 3492 Q__._SOO 41
11 5.381 37.1 8.98 175 | |_u2
12 | 12.421 38.2 k.3 3234 |l m
1) Te87( 3343 3.7 3.67___ Ly
14 909!1_1____?805 9.27 | 20_5_?_- Ls ]
15 6.33| 23.3 8.27_’_ 1.59 _35_4
17 | 6.62| 16 3.95 | 0.5u0 | | u8 !
18_1| 7.66| 11.2 1.76 0,150 Lo
10 5,18 5.96 0.170 0.030 50
20 1,36 2.26 0.03C ) 51
21 2.90| 06250 i 52 )
22 1.66 0.100 — )3 A
2 looh -L_ . §l} \ .
) 1.0k ! £
25 0421 ' 56
o4 O.hl‘i— ) 57 ]
22 0'?1 —_ 58 N ---o
8] L _i |50 I
) !_- H f 4‘ rn - T -—-—..?
- ¢ . 4| ———
200 | |16 1= o |
B o ' b _— ]




SULFURLDICXIDE COICENTRATIONG AMNT: -USOCLITED FREQUENCY DISTRIBUTIGN OF ALIMITH
“I1'D DIRECTICN

DATE 13 June 1955 - Run #19 TDE _2240-2250 £,2,T,
!
f § ~ | Concentration (mg ) ) L § — | Concentration (mg m’3)
53 5 8%
1126 | 1|is .
S8 & Arc o | D g N Are
3|8 & 3 IRE
ol 50m 0om  200m | 50m  100m  200m
1 32 | 1.04} 0.090
|2 33 | 0.21 |
4 —_— 2 .
U .| Las_.
s 36
6 _ 37
7 —]{.28 I
8 0.21 br39 | 0
g | 0421] 0.C30 _ un
10 021 0,030 Y
n | odal 0,125 R
12 | OJil| 04,320 { 0.010 43
13 | 0,21] 1.1 | o000 | Ll
w | 2,28] 1.9 0,093 il |
15 2,90 3.06 0,280 L6
16 | Leli} 95.53 | 0.3%0 | a7
17 3.73 9055 1.6 0.025 L3
118 6.23.| 1747 3.51 00562_. L9 .
19 | 7.25| 24,0 5,226 | 1.20 || 50 i
20 745} 2648 7427 2.19 ol
21 | 7.0L{ 3.7 11,0 ‘f"J'JB 52 )
22 | 6,621 a7 1124 [ k3 || - L S
|23 | 9,821 26,7 1046 3.28 54 L
w | 7aelz00 | 7.3 | asr 1o L
25 | 8,071 16,0 L3 | 0.880 6 1
26 | 8,07023.7 | 2438 | 0.390 | | 57 | .
22 6.00| 8035 | 0660 | C.130 | | 58 L
26 | L.27] 23452 | 04230 | 0,040 || 59 | [ ,' |
20 1 2,491 1,77 . Cu030 | 04020 j |60 | H | T
0 ! 1,461 0.0 | 1 £ = 5
21 Lo 6.0 f ] f ]
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“ o FURWLIOXIDE CONCENTRATIONS 00 ANSOCIATED FRRESUTNCY DISTRIBUTION GF AZIMUTH
SRR § 137 o4 o |

PATE 1S June 1955 - Run #20 TDE  2050-2100 £.5.T.

“ § ~ | Concentratisn (mg n~d) . § . | Concentration (mg m=2)

Al 8 ‘AR

3 & O o

o il § Are LS are

é 13 S - '

= 50m 100m 200m & |4 50m 100m 200m

1 32

|2 J )
{2 b

4 qg |

5 26

6 | 1.66] 0.310 a7 \

7 | 3.83] 2.09 [ o.ou0 | o.038 || 38! \

8 | 6.82] 8.88 | 1.83 | 0.610 | | 3¢ |

_9 | 20,48} 34l 10.5 875 | |_40

10 | 12,981 77,3 39.1 25.1 41

11 | 19,800000 Ta2 1 21,8 |1 82 J -
22 1 12,981006 [ L3.6 1 32,3_ || 43 L L.
1) | 12,14} 5840 2942 246 uh e
16 | 9,18] u1,1 21,5 2.24 | | us

A3 1599/ S1,3 1.6 2,00 | | U6 .

1o 3.99] 5340 1042 0.450 | | &7 , 1

17 | 1.83] 33.5 6,79 | 04035 | | u8 |

18 | 1.00! 17.L | 2,38 _4o

rls 1,00 418 0,870 50

20 0,17] 1.82 0.260 51

21 0,250 52

2 0.17: 0.025 ]| .

2 54

o 5

25 | ’;

26 52 )
2 ) 58 B

% i )5 T I

20 60 I !

30 ilea = )
P i : ! I i
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SULFUR-DICXIDE CONCENTRATIONG AND ASSOCIATZD FREQUENCY DISTRIBUTION OF AZIMUTH
~TwT DIRECTION

ITE 19 October 1955- Pun #21 TDE  22L5-2255 E.S.T.
. 5 _. | Concentration (me m") . g —. | Concentration (mg n)
v & Pt
K 1(8t
T e I Ave 18 w Are.
» 2 . - e
é 3 | som 100m 200m é 3 ~ 1] som 100m 200m
= =
1 32 | 0,50 0.120
2 ] 0.7
3 - i 0,33
4 A5 | 0.7
36 | 017 _
6 2
yd 8 \
o —_ 22
9 _|{wmo
10 5
11 1| s
2 W
13 Ly
14 45 )
15 14
16 07 N ]| ’
17 | 0.83] 0.07S | |us
_li 0.33 0.960 . _ﬁ
19 | 0.83] 3.7 0,020 | S0 |
20 1,00| 4.0 0,320 1
21 1.83] 193 1.35 0.015 52
2 Seu3f 2148 Sehl Os3h0 | | 53 .
23 | W97 375 | 17,8 1.84 | | su
24 | 11.65] 39.4 28.1 6.62 L1
25 | 20.30f bl 30.3 11,0 56
26 | 11,65| 39,8 26,1 | 9,21 57
27 | 10,48 31,9 | 18,2 L4485 58 : _
28 9.98) 2043 7.96 2.8, 59
29 Se32| lhek 2Juls 0.&704 60 5
30 A083 5,6l Ne320 0,025 ’ 61
.31__.__21&__90.62.(2-__0.9;2.5,,‘__ : ! { B
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3YLFUR-DIOXIDE CONCENTRATIONG AND ASSCCIATED FREQUENCY DISTRIRUTION OF AZIMUTH
“IINl: UIRECTION

DA™ 20 October 1955 = Run #22 TIME 0050-0100 E.S.T.
“ 5 —~ | Concentration (mg n2) 5 § . | Concentration (me )
X116 € LA

) EIE 8 5 g3
. 3 2 i Avre o 1= §‘ _ are
£ E ~ | som 100m  200m £ Z‘" som  loom  200m
1 32
2 N
2 kN
4 35 i
S 26
¢ 2? ‘
2 281
8 23
9 1| uo
10 51
1 1|2
12 {143
Ry bk
pL ]
15 45
e
16 _
" oied
M O.s 0.01
19 | 046 2,76 0.06

20 | 1,9 | 1.2 0,070
21 S.008 30,1 9420 1.03

47
48
19
50
sl
_52
22 | 13,39 o1 | 218 | 6.33 |||
-
55
| 5
74
58

23 | 20.22f Ll.d 3L.2 12,3
o | 20,77 Ll.8 3547 1547
25 | 1649 37 2743 104

26| 8,23 234 | 7495] 1.3 |

2? 7100 1042 0s7800 0,090 ] -
28 342 1,45 0.085 0.015 | | 59
29 145 00100 0010 60 |
30 | ol 0.0 | 161 =
1) S 0,030 '




ULLFURLDICXIZE CC

*IIHD DIRECTIM

3Tl sk 1 X1 "m‘w 'l .

(IOPINRIFY ) PYNN §

HR L e

T~ \‘.1_‘,1_,_‘»:,%m:ﬁ,w,m._;,, oo SN e e
RSP e E Bl oie Ploss Sea i el Al O .
e s B b Cobtii

™SS TED FRECTENSY DISTRIRUTICN OF A°IT0TH

"ATE 29 October 1955 = Run #23 TN  223%-2245 e
|
% § ~ | Concentration (mg m'j) t § . | Concentration (mg m‘j)
210 2 §1v e
518 T I I R |
1R . : Ar= ! €1 a b A '
3 ig & 2|28
& | 50m 100m 200m | g 50m 100m 200m
32 } 5
2 2 .
12 S .
b 35
_ 5 212
? 6 AR
7 38 |
j 8 0.050| i d
9! . osw0| omsl _ _|]uoy
’ 120 | 0,17] 3,53 0,100 [
11 | 0.33] 10.Y4 0.830 ] |82
12 | 0.50] 13.8 3.77 | 0,055 | | 3
' 1) | 1.33] 22.8 B.89 | 0.330 [
.L‘*___L;}_JT_JJ-L 1365 2,01 i |13 ]
151 &8l ke | |oao 1146
16 | 6.80] 38,2 | 159 | 7.37 | | 47
17 | 12.27) 357 pHP Uel0 43
16 | 13,76) 32,8 | 35,2 | s, || 9 .
19 25| 32,2 18.6 5.2y | | 50
20 ]:L._’.Q 27.0 17.8 Le26 51
21 | 43| 22.8 10.9 Loy 52
22 | 6.14] 28.7 | 13.0 1,20 53
20 | 1.62] 209 | 109 | 3. || 54 _
a1 o1,340 13,0 2.7 | 0.9h0 | | =5 .
25 | c.,50! L.l 0.99| 0.035 56 T
2 0.560| 0.110 Ly
27 0.295| _ 0.010 IREL _
28 0,520 it 159 . l
72 3 _,_1' {5, ‘T
30| €1k |
n o ! RS | |




~ 'UIFUR-DIOXIDE CONCENTR

-xdv-
ATIONG AHD SHOCIATED FREQUENCY DISTRIROTICH OF

ACTIUTH

R PYRECTION
{&TE 27 Octover 195% = Run #2L TIME _2035-20LS BT,
. § . | Concentration (mg m ) “ I‘S, - Concentration (mg =2
“ |18 Arc = 8 w Arc .
§|p & iz
& | g 50m 100m 200m |4 50m 100m  200m
1 32 |20.17 | 25.8 |19.1 13.0
|2 33 122,67 | 25.9 22.9 17.8
_3 36 117.50 | 17.4  |2%.1 3.4
b — | [35.1 8427 | . _be2h | 5.5L_ | 0,70
3 36 | 1.50] 0,180 ] 0.260
6 37 {'0.33 1 o0,010| 0,008
rd b1
L8 W39t
9 L0
10 4]
11 42
12 -ﬁ k)
a1 1 us
14 1 iss
15 b
16 HER
17 48
18 49
19 50
20 _ 51
21 | 152 |
22 33 -4
2 Sh
o5 jT C.025 55 o
254 0.260 56
2 0.33] _ 0.710 52
22 1,000  2.83 0095 1158 !
28 | u.33] 5410 0.750 59 |
29 1 3,831 9,761 5.8 | 0.660 | |60 ]
30 4. LeSOl__13.7 11.3 L.13 ¢ N
a9y 268 | 10 0 7,2 i ;
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SULFUR.DTOXIDE CONCENTRATIAME 40 ASSCCTMTED FRESUENCY DISTRIRUTICN OF AZIMUTH

“TIND DIRECTION

TATE 27 October 1955 = Run ;25 TRE  21),%2155 £.5.T.
. § —~ Concentration (me n’3) “ § ~ | Concentration (mg m")
g g lg ¢
BER Elpe
| 18 w ATT R Are
s N 'S
8|z s 2132 so
g 50m 100m 200m 3 50m 140m 200m
1 32 | 1,931 17.4 2,30 0,015
1| 6.62] 24,7 10,2 | 0,250
3 } L_J‘_L‘__Z.m_zz‘é__..lz.ﬂ__,.z.ﬁﬂ.-.
h 35 1 18,87) 2346 107 ) L.66 |
3 1196 | 17.88] 27.0 |23 6.99
6 37 [113.41] 19.5  [20.3 10.1
? 33 120,10 12,5 13,1 12,3
8 1139 | log93] 11.0 | 8.33  {11.3
9 |0l 3.8l m.2 | 6,60 31,1
10 b1 | 4.0 22, | 6,26 | 7,82
11 2 ) 2,98! 8,04 | 6,89 | 6,89
12 % 1 0417 5.73 |10.0 7.70
13 . uy | 6437 | 8.99 6463
1 ] 6.9 | 6,38 -
15 | | e Ge33 | Teb2 Ue 350 |
16 i 5,03 | 6,58 0,015__
17 L8 3ol | Lok
| 18 _u9 1,38 | 0,640
19 _l |50 1.96 | 0,035
20 51 0,160
21 ! 52 0,030 N
22 _33 ————
2 sk
24 | 25 _
25 56
26 57
27 1158 -
28 . 59 i
2 0.030] 0,000 g lee 1
30 1 Q. 0 1|61 %= !
s | 2,32 2,721 0,060 04020 | ! [ i !




HUSURSDICXIDE CONCENTRA
PR .-
7w DTHECTION

—:m-

[

D AMD ACSOCTATED FREQMUENCY DISTRIGUTION OF AZIMUTH

DATE 31 October 1955 = Run #26 TIME  2105-2115 E.c.T.

. § . | Concentration (mg nd) ' § . | Concentration (mg )

2 |2 < O I

Bif 8| . 5128

. 3 1

;12 % 513k e

o .-:5 = som 100m 200m o | g 50m 1o00m 200m

1 32 | 13.31] 17.5 8.20 2.62
L2 13 8.73] 18.1 8.02 2.57
2 ok | 7.28] 20.0 7.49 | 2,29 |

u 35 | 8,73 17.9 231 (1 1,21

s 126 | 3.7l 1303 2469 | 04230 |

6 37 1 3,33 8,57 | 9.790 0.028

? |28 ! 1,86 3.71 0.170!

8 _.| |0 2,08 0,970l ©

9 .| 180 | 0,21] 0.160{ 0,005

10 1 | o0.21]  0.020]

1 | |s2_ i 0,22

12 43_1 . 0.21

-12 ua 2

ie \ - biﬁ[

15 | 3

16 e

17 48

18 1

19 | 0.21 1150

20 | 0.21 s

21 | o 52

2 O.hl - 122 i
22 | 0.62] ©C.L5|  0.005 BREL

w | caal  o.610]  0.010 55

2 2.29]  1.35 0,050 6

26 2,91 Le99 0,045 57

27 ] 8.01] 8434 | 1466 | 0,085 | | 58 ]
| 28 7,281 12.6 2,94 | 0.380 | | 59 | A
20 3.731 19,9 Le99 1.13 [81¢) !
30 | 7,901 20.6 6.2 | 1.67 61+ | |
I21 ' 20,60 19,5 7425 2435 ! ! . : k
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SULFIR.DINXTDT CONCENTRATT S 73D /3SOCT/TED FEEXELCY DISTRIFUTICH <F /o1°37TH
“TIND CIRFCTICH
DATE 31 October 1955 =« Run #27 TiMe  2250=-230C SeaTe
. § ~ | Concentration (ms ") . § ~ | Conrentratian (my n")
1§13 2 |2 E
5L o 3 ik O | |
18 Are EER: Are - ’
i 3y °|gwa -
& E T | som 100a 200m & § 50m 100m  200m
1 i 32 | 2.07] 1.04| 0.200 0.015
(2 33 | 3.1 2,5 0.5200 0,016 |
3 - !l 3,11 5,36 0,730) __ 0,180
b s | 7.26]  7.841 1.70] 0.690
5 26 1 9.3 11,2 2,96 | 0.047
6 37| .62 16,9 | 3.2 | 2. |
2 38 | 7.88] 17.5 Lo06 | 1,22
8 B ‘ 39 |\ 9,13 13.3 Lo86 | 116
3 —| | M0 | 30,150 11,5 3,75 ] 1,00
10 81 | 7,42] 10,6 3,65 ] 0,900
| 11 S |22 _hes6l 9 2,811 0,660
12 1 3.32]  9,L9 2,59 | 0,500
13 | M | L6l 9.98 | | 1.9u 1 0.5u0
|16 s ] 3l 8.2 0,830 0.260.
15 W6 | 2,49 .25 ]  0,340] 0,160
16 17 1 104 369 04610 0,010
17 48 | 1,04 2,78 0.3901
18 | ne | 1.56] 124 | 0.L70 ]
119 1 1.50 0,62 04590} 0,270 ]
20 S1 | 0.2  0.640  0,019] ]
2 i L 52 | 0.i2] 0,320  0.015
22 | 0.2 | & n_10¢ .
[ 23 021 o4 0,01 —
2 | 0.2 55 —
25 | 0.21] 0.0u5 56 L
2 0.l2] 0.L50 57
27 | 0,831 0,460 __ 58
28 | oJdi2| 0.3 1159 |
20 b a3nl 0,330] 0,065 4169 i !
30 1 1.54 320l 0,150 | 61 L
a1 | 0,83 n,5900  cu1g! 0,008 1 | ! ! :




N E RS DIOXIUE COUCERTRATICHS AND ASSOCY/ TEL FrESUENCY DISTRIBUTIGH &F AlIitTh
TN TTRECTION '

ton 8 llovemtiar 1355 - Nun 428

A TR 2130-2140 E.5.7.
P
s -3 s -3
. |3 | Concentration (mz m -) .. | 9 . | Concentraticn (mg m™”)
g l9 © 219 %
5 & 8 . 2 15 ¢
- 5% a | » |2 ¢ e
218 7] som 100m  200m £ [ &7 som  100m .  z00m
B 32
2 3
2 L
. - 1125
5 e !
6 71
ré BRI
S e |_3? “
e R N i 40 \
10 U
11 0017 . 2
12 Ce83] 0,110 1.8
12 10331 L.83 0.030 Ly | ,
14 2,791 1962 3.2 o I %

15 6.991 UL0.8 11.7 0,220

16 10481 L7704 27,8 937 1 |_

u»
17 11,31 S1.3 hlé 22,0 48
18 - ]Jl 031 Bh 07 22 02 1042 ug

19 | 1ra7| 26.8 8439 | 2439 || 50

"o a— v

20 11015 16.5 3080 1013 .

21 | 6.9l 28.9 8.97 | 2.9 52

22 L.33] 19.5 1.8 L85 53

m | 2.83 17.5 7655 | 36 | | 54

2 2,33] 8.24 8,00 | 0,30 | | 55
25 | 2.33] 3.11 | 0.660] 0.210 | | 56

26 | 2,331 1,20 0.020 57

27 0.33]  ©.060 1158

26 | 0417 9 _

|20 | Q.33 N 1
|30 | i 61 | ! |
{ 3 | 1

)
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. - [ RN L B
S prare

vile

-

I

FRECVENCT DLoinit 0 % OF I

TATE & Novenmber 1755 = Run 729 2310-222C 2.5.T.
| -
e - 8 - _3
° Conrentration (mg nm S _. | Concentration (mg m™7)
So wi o~
Q1o o < o
- 2 = Yy
3% 3 i 5 8|

N Lo HEY s alrc
2lg & RE|
o |d T | 5om 100m 3 50m  100m  200m

i1 t |
2 -

I_4 | | .
s | -
6
Yd
8 -

9
—"o ——
11

12
|13

1% 0,015 o
15 0.160 0,020 !

16 2,20 0,0L0

17 797 0 )

18 | L2153 O -.

19 2946 5422 i

20 L7.8 13.7 I ]
21 60,8 22,2 .
22 68.5__+ 364k -
2 63.3 3L.6 L
Rt b2,1 1862 _ o
p/ i
__L~ F'-'17 07 8015 S S .
26 6455 1.7k ——
27 3.3 0,280 { ! o
2£ 0,210l 0.070] L i

i 2(" i (’.!. S; H ' i i

|35 | T

I L ! : :

ke



Table II.

R
H OV ONE WA -
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]

Et

Sumwary of sourcc strengths Q for the 195L=1955 diffusien axperi-

ments and correction factors by which concentration data presanted
in tabss 1 should be multiplied to compencate for evagcrational

loss of 1mp1n3gr andutdnn

Date
8-13-5L
10- 7-54
10-21-¢L
10-28-5Y
11- 9-54
12- 18"
3= 2-55
3= 3-55
3= 7-55
3-23-55
3=23-55
3-25-55
3=20-55
3-29-55
3-30-55

3-31-55

3-31-55
6-13=55
6-13-55
6-15-55
10-19-55
10-20-55
10=25=55
10-27-5%
10-27-55
10-31-55
1(-31-55
11 R-6%
11- 8-55

0915-C926
1L,00-1410
0210.072¢
10L0-1050
1010-1020
10h8-10¢E8
115-1155
1035-10L5
1140-1170
11251135
1545-1555
1050-1100
1505-1516
1120-1130
1030=1CLvL
2040-2050
2215-222%
2035-2045
22,0-2250
2050-2100
22,5-2255
OUs0=-0100
?235-2245
2035-20LS
21L5-2155
2105-2115
2250-2300
2132110
2310=-2320

_Tine(EST) ; Qlg sech)

1.CO
Leb3
1n,hLe
6.57
8.2
7e20L
9.16
9.31
9.84
10,04
9.96
992
9498
9.%0
9495
9496
9.85
8.',"
8.58
8.L8
6.23
6.L2
A.6Q
S.72
Ga77
6.57
6.65
7.9
7496

rArvmd e
- W

-—

vt

ol
B B Uawes®

Arc radius (m)
20
C¢93

0.91
C.90
0.9
0.95
0,96
0.95
0.96

0.98
0,9

. -®o

0‘98
0.97
0.99
0,97
0.97
0.95
0496
0.98
0,97
0,98
0.95
0.97
0.93
0.96
0.96
0.98
0,98
O OA

LN PR

0.96

100

0.93
0.5L
Ce5l

37
0.94
0,91
0.9L
0e94
0.99
0.97
0.97
v/
096
0.97
0.97
0.95
0.96
0.98
0.97
0458
0.9
0.97
0.98

200
0492
0.93

0,62

LR 2

0.86
0.96
0.52
2.96
0.93
04,97
0.97
0.98
0.97
0.97
0.97
0.95
0.96
0.98
0,96
0.97
0.5
0.96
0.99
0.97
0497
0,98
0.97
0.55
0.97
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- ’I‘a’clé III. Summary of metesrological cbeervaticns for 155L-1255 field experiments at
Round Hill, Explanation of symbols: ¥, , T, are the mean wind speed in
m sec™l and the mean air temperature in deg C, respectively (subscripte
refer to the height of the measurements in m); O'E. C"A are standard de-
viations of elevation and azimuth ancle, respectively, in deg; M signi-

fies missing data.

Vertical profiles of mean wind speed and air terperature

Ran .

e Tp Tp Ty s T3 s i Tis T3 T T
1 2.17 11,2 30,4 M M M M M M M M

2 Ledi 6.1 17.5 1t M M M M M M M

3 2,8 5.3 12,5 M I v M 5| 1 M 1

N 2.62 10,8 31.5 M M M n M M M M

s 5.25  L.,6 13,9 M M M \ M M M M

<) L2l  Le9 15.5 3473 Lo3L LG70 5 on LeOO 3473 3.59 3.38
7 8,76 L.0 8.k 7.94 9.21 10,32 | M 6,00 5,69 S.L3 65,18
8 3.86 5.7 19.8 353 LoOL Le39 \h-59 2,20 1.91 1,58 1.LL
9 7.6 M 1.0 67T 7479 8,65 9,Lb 0,40 0,10 =0.15 -0.Ll
10 7.2 M 16.6 6.77 748L 8465 9456 5.10 LeS1 Le78  L.6L
1 7.7 K L0 7408 8e2l 6495 o7l 5,00 6,01 €.02  5.99
L T 0 R L 2.20 L.LT L.2Z ST S5l LlLE LL,AT LD
13 9,20 M 153 9.31 10,73 11,69 12,65 L,OO 3.92 3.89 3.8
1k L.38 S.1 22,0 Le39 L0 354,25 5.61 3.8C 3.32 3.04 2.70
15 Li6 562 25,9 Loui Le90 5,35 S.71 12,75 12,30 12,01 11,76
16 LeS6 7. 12,8 Le70 5435 £.91 6.7 6.80 7.07 7.23 7.36
17 2,40 6.7 9.5 2426 2,92 3,22 3.8 6,80 7.30 .61 17.85
18 2.5L 5,5 10.8 2,62 M S¢63  LD9 15,00 15,17 15,26 165,32
19 2,71 5.9 11.8 247 M .43 3.78 17,00 17.1L 17,22 17,29
20 1,07 L.C 8.5 176 2,11 2,52 2,57 ilelU Areé3 L7400 17.54
21 1.9 L2 7.7 1.8 1476 2,21 2,65 13,20 13.31 13,39 13.L5
22 1,79 2.8 5.9 1.6L 2,13 2,65 3.3 9470 10,09 10,3} 10455
23 1.7 3.1 7.5 1,84 1.9k 2.,k2  2.72 3.90 Ll.1% L.LL L.6O
2L 1,98 1.3 5.l 1.3 2,10 2,69 3,43 570 6457 6.91 7,32
rd 1,62 1.7 5.8 1,85 1.89 2.L7 2.91 LeSO 6,39 7.03 7.L3
26 2.79 5.5 1046 2,70 2,94 3.33 3.75 11.00 11.17 11,26 11,32
27 3,32 5.8 13.8 3051 3.85 L.26 L% 11,50 11,59 11.60 11,59
28 1,79 2.9 B.9 1.85 2,05 2.65 2.76 .10 5.5 .76 %,90
29 1,78 3.2 6.8 1,72 2,06 2,5 3,11 2,60 3.02 3,29 3..L

Averages of velues from cup anemoscter near source and from vertical profile data.

s 4
Averarges of data from bivanes and vane near source excert for wind speeds below

2 m sec"l when only bivane data were used. _

-
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SIMMARY OF DIFTUSICN NEASUSMENTS D *E1LRCIOGICAL JESZRVATICNS

OBRTAINED AT ROUND HILL DIRINC 1957

Table I. Sulfur-dioxide concentraticns for three periods of sampling

and 10-min frequency distributions of agimuth wind direction,

Explanatary Motes

Concentraticn data comprise averare values, determined at a height of
’.S m, for sampling periods of iU, 3, and 0.5 min at travel disiances
ef 50, 100, and 200 m fiom a continuous point source of sulfur-dioxide
gas. The sampling network consisted of three independently-operated,
overlapping arrays located along semicircular arcs. The 10-min array
extended over 18C des of arc 3»d $ndividual stations were spaced at
J-deg intervils; the Jemin arcuy extended over 150 der of arc and in-
dividual stations were spaced at iatorvals of 1,5 deg; the 0,5-min
array used a 1,5-deg separation and extended over an arc of 120 deg.
cniries in the table refer to consecutive post numbers of the sampling
network, post No. 1 bein; Jdirectly north-northeast of ihe release
point for the tracer, Post i'os. 1 to 6 and 106 to 11l utilized a
3-deg separation irterval the separation beti:een all otner consec-
utive post numbers is 1.5 deg., Vertical sampling was also carried

out within the 10-min array at intervals of 15-deg alon- each semi-
circular arc. Concentration dat: are available at these locations

for the following additional hei htes (SO~m arc) 0.5, 1.0, 2.5 m;
(100~ and 200-m arce) 0,7, 2 Cwm,

The 1C-min frequency distributions cf azimuth wind direction are
based on the records of a vane located at a heizht of 2 m near the
source, Entries represent percentape frequency cf occwrence within
J=deg class intervals centered on noets of the sampling network.

In tae conducl of ihe diffusion vapesriwents, lhe wacer was released
herizontally at a heicht of 1.9 m and permitted to traverse the en-
tire array before the incividual samplers were sct in operation,

The three networks were turned on simultaneously and operation of
each network terminated after the appropriate sampling time had
elapsed, The emission of the tracer was discontinued after the end
of the 10=min sanapling period.
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SULFUR-DIOXIDE CONCENTR..TIONS .\ND /SSOCL.TEL FREQUENCY DISTRIDUTICON OF AZIMUTH
*JIND DIRECTION « Run 71

DiTE 2l September 1957  TNME 1S E.S.T. PIRIOD OF S:MPLING 10 min
§ Concentration (mg m"’) §r~ Concentration (ng m"’)
{33 c188 -
ohd -~ o . ’
é 5 f _ Are 'g A to Are
vl | BE
osi 3 50m 100m  200m ;§ = 50m 10Cm 200m
38 | o2 '
L0 1
2 -
Lk
L6 g
hB O.h2 1 E'\.
se | 1.67 —~ |9 %A Concentration (mg m™)
2 0,630 ) n?‘g L Are
Q| 2.91] sg.us Ak _Som 100m___200m
56 | 3.75] 29,2 0,672 56*! 2.5 | 19.6 1493
3.33] 138 8,12 , 1.0 | k0.9 '
60 9.58| 282 _ 50,% 1,80 9,5 493 0,182
62 | 14.17| LST Wy | 2007 66_| 2.5 | 265 17h 9.2
6 ! 12.2| k1 270 7h48 1,0 | 510
6 | 2s.2[bso (285 _Ju7 | [__| o | 520 |3u __ [129
68 | 8.33| Ly 190 N9 | | 76| 2.6 | 25| 003
70 6.25]| 257 5349 5¢96 1,0 2.19
7? 5.00 8500 6015 00231 . N8 loﬁ hols i
76 0.83 1068 ‘ 001“ - l .2 .0 |
78 1 1.2¢ Lo e
80 | o.k2 AT 2 ‘"' .
g2 | c.l2 1.0 |
—— |
2,5
- 1,0
v 1 0.5 1
: 2.5 )
1,0
B ! 0,5 -




-~ yep pee - - Lo
ekl Jnt AR S & AR

~ eV e o mw my

TZ 2L Septerber 1557 T 1737 _T.3.T. PTRIND T SUIDLING 3 Lruvics
Concentration (me m"3) b Concentration (ng n’T) i
Post nre rost ..re i
Mo, 50m 100m 2n0m No. £0m 100 200m
15 2
16| s
I 17 i “1 L0 n,AM
13 s 2,23
_19 | 56 9.80 |
2 57 26.0 04280 3
21 _ 58 63.0 1.31
22 79 140 3.67 0357 |
2 60 272 16.9 0.3L3
24 & | 3 57.0 1.00
25 L 62 533 15 1.97
26 ! 163 580 269 2742
27 | ke 620 357 78.0_
28 | 65 | 663 283 1L
29 56 | en a3 123 |
30 j1_62 | 650 2L0 75.7
) i_68 | suo 200 | 357
32 s 38¢ 120 15,9
33 . 70 298 °3.0 533
34 71 193 13.L 1.23
35 72 | 128 3.83 0.283
126 J 73 66,3
37 N 27.L
28 175 Sel3
29 S O Z A P9 L
L0 _ rard 0,560 R
b1 ] 78
24 __L 79 | ]
h7 H on r
L, - 8l h
Lsg a2 |
46 | 53 _
4~ | Al
Le ! as_ | o T
wo | i s | T
so_| , L1 a7 | N
R ! i | e N
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SULF HeSTOXL. . CORCLNTRATIONS

DATE _2L Septerber 1957 IIME _1935__:.5.T. PIRI'D CT SOTLING U0 vinutes

Concentration (mg m'3 ) Concontration (mg m'j)
‘ Past nre Post .re
No, 50m 100m 200m No. 50m 100m 200m
18 | ol 2 L
16| s
17 4
18 55
1 i3 56 LS
7 20 57 |
21 : _ 8 | \7.2 5,2C | i
22 . so 9.2 7.60 -
2 | 60 173 22,2
24 {16 | 3.8 89.2
- 25 62 450 2
’ K L 63 | 618 22k |
: 27 - -4 = o8 28 | _2.h
} 28 - 65 822 376 8.20
29 66 846 412 20.0
30 |1 _67 | 1088 | 398 33.2
[ - J1_68 | 788 L19 a8,k
, |22 | o 169 | 610 316 35.2
: 3 1 70 506 16 | 20.0
34 ) 7 258 50.0 |  L.68
; 35 72 121 18,4
‘ 36 7 23,2 1.36
37 74 2.22
: 38 | 3.9
33 26
: ho - |2
§ Ll 8
" 42 79 | .
43 | 80 ]
44 i . ﬂ
us . 82
ué el |
47 e, el ]
L8 ~_] |85
L9 g6 |
50 | g7 |
51 3 i N 28 i




3L FUR-DICKIDE COLOITLTICHS AND A5307L.T5D TRENUTHCY TISTRIBUTION OF LTI¥UTH

“1INT DIRECTION =~ Run /2

p:TE 2 October 1957  TI'E _1120Z.5.T. PFRIOD OF S.MPLIN3 10 rdnm

g Concantration (mg m"a) .§A Concontration (me n'j)
PP B L | OF
S1¢o% 21 88 ,
Rl kO Are l 5 | 3 Are
©]on e . )
2 lgd o | BE
3 o 50m 100m  200m 1= 50m ioum 200m

2l 0.42 £.092 8y 1.41
26 PO A N I ¥ - 0.077
28 0.42 Lhe57 9_:].-1_7_ ‘

30| v.%6] .2 | 0.655 [

32 | 2.49] 29.9 2.38 | 0.252

3 | 2.07] 2.2 7468 | 0.851 \

36 | 1.66) 6%.1 10,9 1.78 | Q2 ‘?bﬁ Concontration (mg m*J)
38 | L.98l 76.9 16.6 2.3 | | £ uE o .‘.rcmom 200m
ho | L.561 851 | 10, 3e79_ | |emiiererg et OO EOOR |
b2 | 6.6| 93.1 | 214 | L.85 | |26 | 2.5 2,54
by | Les6] 89.8 2. S.hly ! { 1.0 1.7h
L6 | 5.8 162 21,9 | LB | 0,5 | 1.49
L8 | 7.%8] 115 23.0 | 5.5 | |36 | o5 | 2.5 | 16 | s |
50 | s5.39| 103 22,5 | S.50 | 1,0 | 71.5
52 | 6.22] 97.7 22,1 | S.Th 0.5 | ]_31_:%___1_93_ 1.70
S 8.71{ 110 20.5 5.68 L6 | 2.5 81.6 19,7 he77

56 ] 9.4 9l,S 18,5 Lo69 | 1,0 | 108 _

68 | 6.22] 65.8 | 19,9 | 3.59 || | o5 110 | 233 Logo
60 | 2.49) 1.9 | 12,1 | 1.92 :@ﬁ%}""?f"ﬁﬁ"ﬁﬁ Lo
62 | 2,07 30.5 9.50 | 2.28 1.0 98.6 .

6L | 2491 30.7 7453 | 1.66_ 0,5_| 110 19.9 bbb

66 LiS| 381 | Lesd | 107 | 1661 25 © 370 1 473 | 1.09

"6 1 3.2 o.a1 | 1.89 | 1.2 1.0 | 201 T
70 | 1.25) 6.73 1,87 | 0.8l

72) 1,250 3,951 1,73 | 0.5
7h) 0.831  7.51 | 2.9 | o.3c2
76 | 1.25] 10, 2.10  0.079|
73 0421 20,3 0.h": T
661 0.33 .y AR B ‘

82 | __1.2) QuoMsL




ook SdE

ST ? {ctober 1557 TUNT A0 oWT. FTRICD OF ST 3
Concentration (me n"") voncentretion (oo 3
Post nre Post ..re
Yo, 50m 100m 200m No. “O0m 100m 200m
L. T -
18 . 62 L7.7 22,2 600 |
14 l _ 53 ‘ 2.7 21! | Tl .
17 o | 61.7 2h.1 7.60 |
18 | |55 66.7 22.0 Tek0
|15 __&h 72.3 2.7 T.tCc |
20 57 71.3 19.1 6.13 |
21 1 l_s8 86.C 18.1 3s83 |
2>_| 59 69,2 16.2 3.05
23 s L2.C ma 1.0
24 _ £1 28.5 7430 0,750 |
2% 62 21.5 L.63 04257
26 _ 63 1649 1.91 0.2L3
| 29 o N 10.7 1.1 -
28 | 0.67 0.363 1|65 .83 0.620
29 | 0,643 04660 56 2.20 0.167
30 | 2.4 1.38 | |_62 04653 ]
| 31 | 680 1.31 0.257 68
|32 13.3 1.24 0.517 . 69
33 21.3 2.00 0.:80 70
34 2.l 2,64 L5 |
35 32.5 3.57 178 ;72 |
36 u5.3 £410 1.75 23
37 71.0 7.50 2.51 74 B
38 78.7 | 13.1 3.1 | |75
39 7647 1645 383 1| 70 ! _
so_ | 105 .S 397 | {77 | T
sl 1 139 21.7 3.05 78| N
u2 | L6 25.7 3.820 |z !
L3 126 270 4eS7 1 S5 | B
s | 116 2L.9 5.83 | A l B
Lg 12 25.6 5.73 22 i
uh 93,7 29, 6402 Py _ l
L7 9%.0 31,2 6.C0 o
) o7 20.¢ 627 11 pg | ""f
G0 697 211 oC T2 1 : T
0 | gl.C b2, hef3 f___.’:,'_ i i X
ey e LT e
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EURSTICN DN CONe I ITRATTIONR :

VRN

LATE 2 October 195  tmwm 1120 5.7, CFLIOD OF S/STLING _Oe) iii-iles

- —— - — g

concentration (me m= ) Concentration (mg m- )
Posat are Post Jre
Ve, 50m 100m 200m No. 50m 100m 200m
1% _— 52 _23.€ 8.CY NS
16 | 153 _S6.L 8.04 | 13.6
1?7 o - P 10,2 19.%
18 55 puk] 18.L 19,2
12 _56 p b1 34.5 16.C
20 57 176 575 15.6
ol _ _ 58 210 €2.1 10.6
22 _ T _L7.7 5,36 |
23 60 135 3hel 5.36
24 _ 61 | 101 1543 9.£C
|25 62 1 79.0 7.5 1.64
6 63 | _70.2 1.82 1.5
27| % logs 1w 2.50 |  0.520
28 B 19.8 0,960 |
29 . 6 1. 1.8 2,36 |
30 67 1 166
) U O 3 |
32 S UURS S -
32 ] 70
| R e RGAE
29 72
36 B
T 1.30 74 4
.38 6,06 e,
39 7.86 | 4| 26
%0 8.L6 ’ 1122
41 10.7 7a
e | 30.1 bt R O M.
1 1649 30
Ll 22,1 81,
_us | 21,2 - 82|
LG 22,3 | ] Mmoo l
47 15,9 | S I T 7]
68 1 16,8 128 1 oem ;
St ot 1.td T e '
50 | 22,1 3030 ¢ L.SID| 0 mm . K
1 L 2eE 3072 ¢ 2438 | <3 , ! }
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SULFUR-DIOYINE CONNTNTR.TIONS \ND /SSOCI.TEC FRENUTRCY DISTRIBUTION CF ZIMUTH

“7IND DIRECTIGW - Run i3
DATE _10 Qctober 1657 e 2R0C.8 T, PFRICD OF S.MPLING 10 min
) e | 3
5 Concontration (mg m") S~ Concentration (mp m™7)
g 2§ Ar é Lo \re
[ad c o .
g |3 g |5
gi2& o1 &%
e | = 50m 100m  200m ol 50m 10Cm 200m
X6 L 0 —_—
!!B 0.01” -t -4 - { —
S0 | 1.25] o0.ufsy | ! ]
2 | 0.83] 0.616 Lt
S | 1.25] k32 b 1 |
2,50 1.9 0.203) ] \
28 1 333 21.3 1.3 0.038 -4 k; ‘-g"bﬁ Concontration (mg m‘3)
) 60 2,50 M.B uo, ,;i: :'3 5
62 70% 82_;_1 e
6y | s.h2| 121 22
60 9017 lsu . 1
68 ‘S.m 238 . °‘1 '.‘.l'-" L YT -
70 | 10.00| 262 73.9 2.3 | 166, 2.5 |07 50,1 19
72 | 10.83{ 205 59,1 20.2 1,0 | 189
Th 9.27 136 Llie8 _ 1 10,3 — __?_0__ |2 __ll S 62'______ 16_.'_._3_______<
76 | S.h2| 110 25,4 J2h | (26 ] 2.5 80.9 25.9 M
76 | 7.50] 86,9 | 13.3 0.355 1,0 | 129 )
80 | 6.25] 39.3 3.84 | 0.1m 0,5 | WO | 25.6 3.65
82 | b.S8| 16.8 | 0.5 |8 2s | ol W (]
84 | 2.92] 6.01| 0,179 ] 1 1.0 2.1
as | 2,08 2.87 0.051 .__ ' 6.5 2.10 o8]
_8'8__ ___1__.& 007% J 2 . 5 _
90 0.072 _ | 1.0 J .
92 | 0.2 0.":? O
m—— ey — ———
ol 0.031 2,5
. 1,0 _
B N YO
P e | 2.5 v |
' “ oy |
S Cepney L ! i - -
b A 5




mree St ec v o TY L m el greery eom Aty
el _'..........R:\AIO.-S

ZATE 10 Netetior 1067 TRE 2077 ... PRRTD R siITLan 2 Tuvles
| Concentration (mg m™) l ’ | Concentration (rp m™°) ‘
Post nre rost Lre
"o, 50m 100m 2C0m No. 50m iCOm 200m
o _ _
25 ] | R ! N
14 ! <3 l ]
17 R ! ]
18 b))
19 56 0.193
20 o 57 L33 0.557 .
2). B 58 5,10 0.383 0,103
02 o 59 12,2 3460 0,457
23 | — 60 22, L.07 0543 |
ol | _ll_a 39.0 1%.3 1.3) |
25 \62 60.3 2.1 3.07
26 i o ¢ N+ 27.? 6.07
e li_6s 1 8123 246 9.23
28 | i65 1 113 33.3 16,2
29 66 | 2% L3.7 18.4
30 _ 67 200 51.0_ 18.1
31 68 | 235 7240 16,0
32 £9 3