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ABRTRACT

Surface ozone concentraticns were measured in the Beston-
Cambridgs complex for th> monthg of November and December, 1964
and Janusry, 1968, The instrumenistion used was e Mast ozone meter
and recorder; a chromium tricxide fliter wag fitted to the sir injet of
the meisr to remove segatively interlering sciphur dioxide, The sffective-
ness of this filter was remariably agparent in that removsl of the filter
cauged ozone reductions of §J-100%.

Tr 2 overall range of ozone levels for the three months wasz 0. i
to 6.4 pphmyv {part per hundred million by volume), well below toxic
iimits discuesed in ueteil in this thesis.

The average veiues for sach of the three monthse indicate a pas-
sible correlation with the total ozone trend. Varialion of the daily values
is discussed with some meteorclogical faciors ae well ar gource strength.

Seven simultaneous measurements of some of the halogsns,
obisined from & separate study by & cclleague, are related 'o ozone con-
centrations,
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g I INTRODUCTION

In his State of the Union meszage to the people of the Unitcd
States of America in January of 1965, Presiuent Lyndon Baines Johngson
emphasized the need for air polluticn studias‘and control, particularly
in the urbaa areas of the country, as one of the mors importaut metiera
facing the nation.

Ozons i8 one of the major contaminants that axist in poliuted
urban atmospheres and is very harmful to people, plauts, and animaels
if the concentration is allowed to reach certain levels. On the otliar
hand, the presence of ozone in the lower stratosphere shieids the «arth
from the deadly ultra-violet light of the sun.

Since ozone was discovered in Germany by Sch;nbetn over one-
hundred years ago, much has been studied and reported about this gas;
however, the majority of the meteorclogical work dons has been with
the ure of czone as a trace substancs in the upper atmosphere where
it is produced by photochemical reactions. With the discovery of the
toxic properties ol czone in the last few years, a fact that iz still re-
ported incorrectly in some recent litsrature accounts, a new impetus
in the field of ozone pollution has arisen in meagurements and mea-

surement {echniques in all levels of the atmosphere particularly in

major urban areas known for pollution problemas.
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The concentration of ozon? in the upper atmosphere between
<C and 30 kilometers reaches values as high as 10 parts per million
by volumse (ppmv} which is a lethal dosage for humans if axposed to §t
for a specified length of time, With tne advent of supersonic commer-
cial aircraft flying at levels close to the mexirum values of ozone,
these potential toxic effects will present a tremendous problem to the
builders and designers of these planes, a dilemma probably even more
critical then effects of cosmic radiation. Elimination of ozone in these
deadly proportions will undoubtedly be done Ly the use of filter tech-
niques i{n the compreasor system, possibly of a catalytic nature, as
are used in some high altitude military planes, or of the activated car-
bon type used in the gpace field. However, the duration of flight in
commaerciai air travel is {n mogt cases greater than the length of military
or spece flights; thue greater dangsrs are presented due to longer ex-~
posure timee. Tha effect of ozone in high-altitude cabins ie discusased
{n greater detail by Jaffo and Egtes (1964).

In the lower lsvels of the atmosphere, more specifically in
polluted urban areas, it is lmportant that ths lovels ol ozone concentra-
tion bs detarmined and monitored. Much ¢ this work hae been and s
being done in noted smog areas such as Los Angeles and London where

pollution ig an imraediate problem. But what about other cities and areas




of thig nation and the world where population, industry, azd moior
vehicles are incressing at a rapid and somewhat alarming prze? In
this day and age, there seems to be a trend (vward movins sverything
and everybody into the large citly complexes, particularly ir the United
States.

The measurements of ozone in the past have hesn concernzd in
large extent with the total amount of ozone in a vertical column of the
stmosphere. But what about surfacs concentration measurements or
measurements at a particular level of the atmosphere? This type of
measurement could be extremely importar* to the meteorologist or
toxicologist. Recent work by Kawamura (1964) on measurement of
surface ozone in the Tokyo area showed that the concertration of ozone
in the lower troposphere and at the surface varied simultaneously with
total ozone amount. Howsve:’, {in some areas, it is possible that pol-
lution by surface sources {3 a greater factor in surface nzone concen-
tration than the ozone which {s brought down from upper levels by
diffusion, turbulence, and vertical transport. Kawamura's rezult

could be axtremely significant, if valid everywhere, in that former
investigations which used total ozone content could be reviewed some-~

what critically perhaps in view of present surface measirements.

It is hoped that new results can be gathered with the use of



surface ozone measurements such as the variability of ozone in different
eir masses, the effects of source strength, and many other comparisons
with regard to the major meteorological parameters. Algo comments
about the many reactiona, hoth direct and indirect, on the formation

and destruction of ozoue would be an into. esting study area to be probed
with beiter instrumental techniques. Another question to be raised is
"Are the concentrationg of surface ozone high enough to create a hazard
to the vital human activity in the area concerned, and {f 80 what solu-
tions should be proposed? "

The author measured surface ozore concentration in the Boston-
Cambridge complex using a portable Mast ozons meter with a filter that
removed the negative intarference of sulfur-dioxide. The measuremeats
were recorded at three different sites in the city complex during the
months of November and Decamber in 1964 and the mox*h of January of

1265.




I LCESCRIPTION OF OZONE
A. Properties

Ozone, 03,

has a gas aensity of 2, 144g, liter &t 0°C. (769mm) which ip 0% greater

is & colorleas to blue ;o3 with 1 pungent ouor aid

than oxygen, Oa. In high concentrations, ozone has a characteristic
chlorine or sulfur-dioxide like ocdor, wheéreas in lower concentrations,
it has & so-called "electrical odor’ discernable after a thunderiatorm,
Ozone boils at -11i.9°C (760mm) and melts at -182.7°C. It will con-

dense at low temperatures to a blue black iiquidy. The chemical proper-

ties of ozone are similar to those of oxygen, but ozone {s more reactive.

Many substances that do not react at all with oxygen, or ocly slowly,
react reauily with ozone. 3ilver, for example, which remains bright
and shining for years in ordinary oxygen quickly becomes covered with
a brown tilm nf sllver oxide when exposed to air containing a trece of
ozone. Also a atretched rubber bana exposeu to the action of ozonized
air snaps in a few geconds showing how rapidly it is oxiaised.
B. Uges

Ozone is used industrially L. the bisaching of colors and dyes
in textiles and of ofls, fats, flour, starch, aid sugsr in foodatuffs; it
is also used in producing percxides. The us~ of ozone has also bee:n

mentioned in the controlling of mold both in fruit produce, particularly

o A T pmp——— - g—
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applec, and alsc in the cairy industry, unamely cheese and cheese producie,
Most recently, there has been thought of using high-energy liGuid ozone

to replace liquid oxygen in rocket fuels, thus providiag a 30% increasc

in energy over furmer conventional liquid fuels, such as hydrogen-oxy-
gen. Recent work done at M. [. T. on the delicate job of controlling and
atoring the dangeroue and unpredicatable linuic ozone hasa made this a
feasable proposition.

The last menticned use of ozone woulc be a boon in the preseat
space &ge; however, there exists the possibility ¢f ozonospheric contam-
ination becausa the exhaust gases of the rockets. The disrupgtion of the
upper atmosphere could have serioua implicaticns onr our environment
and wculd be a very important factor in censidaring czone as a fuel for
rockets. This problem of contaminetion by exotic rocket exhauat gages
on (he etmosphere, particularly the upper portions, is geiting more
and more acute because of the augmentation in the aize of rocket
boosgters. The totel mass of constituents in the uppser atmosphere 13
go small, it is conceivable that the exhaugt gases will be aporoaching
these magnitudes. With a pcssible fuel like fivorine which is &
scavenger of electrons, there is a chance of upsetting the {onosphera,
thus causing aevere communication problems ss well as other major

digorders. The subjact nf atmospheric modification by rocket exhausts
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i3 not discussyed in detail here, but the auther vefers {ntevszt:d g 07
to the work being done by the Geophysics Corporation ¢f America (1iil
man et al, 1962).

A few years ago, ozone was frequently advocated as a meands
for removing deadly carbon raonoxide gas from garages. The ozone
was to be produced by ozone generators. Fortunately,this scheme was
found to be too slow to convoit carbon monoxide to carbon dioxiae. Of
course if the toxi¢ properties of ozone were well known at that time,
the gbcve proposal would have been absurd. Thé important topic, ozone

toxicity, is discussed in the next section.



Il TOXICITY
A, Effect on plants

In & 1962 report to the Congress of the United States, the Surgson
General related that plant demage by air pollution cost the nstion between
one hundred and fifty and five hundred millicn: dollars annuelly, On< of
the msjor air pollutants mentioned as a cause of this damage was ozene,

Many observers and investigetors In the nineteen {orties noticed
smog affects on leafy vegeiables and other crope in the Southern Califor-
nia area. A constituent of photcchemical smog, ozone was studied with
regar< to the plant problem by Heegen-Smit et al, (1852), Thsy showed
that the combinaiion of czone at 28 parts per hundred miition by volumse
(pphmv} and gasoline vapors at 340 pphmv produced the same plant dam-
age as obsarved in the area mentioned above,

Richards et al, (1958) reported thst ozone might be the cause
of stipple disease on grapes in California, Later Heggestad and
Middleton (1959) showed that "weather fleck'' dissase on tobacco plants
conld be produced by exposure to ozone, and that high ozone levels were
correlated with observed fieck reports. In a Connecticut study, Sand
{1958) found tiiat experimental concentrations of ozone greater than 10-
29 pphmv produced thig leaf tissue injury callad fleck in gusceptible

varieties of tobacco, This susceptibility o (leck is partly genatic as
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was demongtirated by hybridization experimeonts in ine o Ay o
Connecticut station. Sand also mantionsd thet vhveionl or chemiboe s
imeasures to clege the leaf Stomats, or antioxidant iprays (o dimrich
the local concentration of ozonre recuced flec!: injur;,

A suggestion by Dainesg et al, (1960} in a prelirainary siuay was
that & disease of gpinach may be related 40 atmosgheric ozone ¢concen-
tration.

The effects of ozone are probably produced by ils actien on the
cell enzymes of the plants discusssd. Freebairn (1958) cemonstrated
rthe.t cartain reducing agents such as glutcthione and ascorbic acid
tended to hinder the effacts of ozone upon certain reducing groups in
vitsl protein molecules., Further field testis incicated that the damaging
effects of smog-agacciated ozone upon plants were reduced by the use
of vitamin C {ascorbic ecid) sarays.

B, Effect on anfrmnals

Gzone sffects on animals have been described by many researchers
in paner: for a iiitie over a century. From this work, physiologists and
toxicol i8t3 have obtained much nseded daww {n hopes of studying man's
adapiatizns to ozone,

n an experiment by Diggle and Gage (1955), they found that the

LDgp {iathal dosage in fifty per cent of cases observed) for rodents
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exposed for a period of four hours was 12 ppm (voi). TLis is a rather
high concentration of ozone. und it is very unlikely that a coacentration
of this magnitude would be found in polluted air near the jround.
Stokinger (1957} obegerved that the LDg, for rats and mice also exposed
for 4 hours was 4.8 ~ 3.8 ppm (vol). Mittier et al (1857) reported ucing
animals (small) exposed to ozone produced by 2 corona discharge ozon-
izer thst the LD., in & 3 hour axposure period was 12 ppm (vol) for
rodents in one a‘tudy and over 20 ppm (vol) in another (1956).

Thorp (1941) suggested that the presence of nitrogen oxides
which could be generated by scme ozonizers may enhance the toxicity
of suoar. Diegle and Gog? in thelr prrer stolud (hal mixtv.oas oo wauoe
and nitrogen dioxide reacted in part to form N9Og (nitroger pentoxide)
which was about three times ag toxic as ozona. Stokinger (1287}, how-
ever. claimed that as a result of many caraful studies on teat animsis
that there are no reasonable grounds for these cleima that nitrogen
oxiden coutribute cignificrintly to tho toxicity ol czone. In {ezf, he
1reports that the lethal effscis of ozone on mnice was raduced 3lighily by
the addition of nitrogen dioxide,

Many conflicting reports of the above nature occur in the
literaturs. These discrepancies are most likely due to the use of crude

ozonizers, unréliable meihods of analysis and measurement, and the
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presence of organic materials readily attacked by oioac,

The cause of death in the above mentionad sizcias v o dne fo
acuts pulmonary edema and hemorrhage. In other andral cirdice, It
was found that with repeated exposure to otons of 1 ppmv {zaly slignily
higher than reperted in some urban areaa) 8 Lours a day for pericds
up to one year, the animals contracted brcnchitis, fibrosis, and bron-
chiolitus.

Stokinger et al (1961) demonstrated that several other sub-
stances of oxidative nature inciuding ozone are capable of ecucing a
comparable scutely toxic response and subsequently causing the de-
velcpmeni of a tolerance foward further intoxication. For examplez,k
pre-exposure to lower levels of ozon2 seemed to preotect animals
from suveequent otherwise lethal dosages. Also, hydreogen peroxice
(H2032) administered to mice in repeated dossges of about 20% of the
lethal doge conferred protection on these animals when they were
challenged with acute lethal dosages of ozone. When ozone and carboa
dioxide were adminigtersd to rodents, it was found that the acute toxicity
of czone was slightly enhanced. Another interesting discovery was that
ail mistg tended to protact small animals {rom the acute effects of ozone.
Thig protection was only afforded if the animals were exposed to the

mist bafors coming in contact with the ozonc. If the exposure to ozone
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and mist was eimultaneous, the toxicity was slightly intensified, White
mineral oil gave greater protection than motor oil. Whether this mist
protection would work on human beings is not k- own.

Ascorbic acid (vitamin C) which wag useu as a spray in plant
protection discuegsed earlier in section A decreased mortaiity and
lesgened pulmonary ederna when given to mica hefore exposures to
lethal concentrations of ozone. When combined with reducing sgents
and other vitamins, ascorbic acid conferred almost complete protection
against otherwise lethal exposures,

Serotonin although it didnot influence mortality gave some pro-
tection in that it lessered the amount of pulmcnary ecema. Serotonin,
however, was given after czone exposure in large dogsages, ! mg,
(Matzen, 1939).

C. Effect on humans

While there have bean many studies on ozone siffscts on animale,
such experiments cn human beings narc few, 23 {8 to bo expected with
any tnxic gas. The few reports that are aveilable heve dealt only with
2 dmell i;jumber of subjects in yeeationnble environments. 'Thiz small
sample iends to give some conflicting conclusions because of the wide
variabliity in human beings in reacting to any type of toxicological

agent.
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Kleinfeld and Giel (195€} described the ozene eftfceis oo v o
welders expcsaed to 8. 2 ppm {vol) of ozone in workshop afc, whil
Kleinfeld et al (1857) reporced on intermitient exposvres 6i fuom G5
to 8 ppm (vol) of ozone on electric erc wolders. Liyepnea and headache
ueveloped rapidly in the welders, and after a nine wonth perioc, fatigue
and dyapnea were 3iil] evident although clinical recovery was complete.
Griswolg et al {1957) exposed a volunteer to 1,5 te 2. 0 ppra {vol) for
& period of two hours. The subject was studied with the use of & gpiro-
graph, an lvstrument used for recording rvespiratory movemenis. The
volunteer auffered dryr oss of mouth and ibrecat, constirictive substernal
chnatl peius, lack ef coordinating abiifty, and cifficulty {n sxpression
and crticulation, fHe slso swifercd significant resgpiratory ambarrags-
ment immediately after cxpocure and thie diminished for 22 hours
therealier,

One of the l:etter ctudies conducteu was by Clamann and Bancroft
(1958) on a group of 5 subjects. The volunteers were exposed to concen-
trations of 1.2 1o 6.0 ppm (vol) in ericds of 1 to 2 1/2 hours in a con-
irolled room ovar & perioa of two weeks, The highest conceniration of
ozone applied was 6.0 ppm (vol) for | hour and the longest exposure
time was 2 1/3 houra at a concentration of {. 2 ppm (vol). Although there

was grast individual oeneitivity to ozcne, the ruthors noted a deflinits




effect on the respiratory system with a decreage in vital capacity of
the lunga. This lung capacity decreased with increasing concentre-
tions of ozone. With the aid of lung function tcats, it was observed
that edema seems to begin in men at concertrations of 4 to 5 ppm (vol)
at exposure timss in the range of one hour. A definite impairinant of
21l the subject's sensc of smell was found with no effecta on blood
pressure, pulse rate, and blood itself. Other discomforts such as a
burning sensetion ia the thyosi, feeling of oppressioa of the chest ani
difficulty in breathing were reported by certein individuals, burring
of the eyes was not dstected.

In comparing inheled air ¢f 4. § com of ozone to exhaled air
whicl. contained no ozone, it was conciuded that ozone decompoges
completely in the respiratory tiasues,

The above reporis are of interest because they indicate the
lavels tc which ozone exposure may go before toxicity bacom==s evident;
they do not take into consideration however, fne tolerunces i'~t man
may exhibit when his expcsuras includes not only ozone in air but other

contaminante as well.

The experimental reagults in thig report are fairly conaistent
with the maximum allowable concentration value of 0.1 ppm (vol) for

an elght hour day which was edopted by the American Conference of

o IR S e - R OT SR N SR * S L. R Sy STy~ N WLy o e

o




Govarnmental industrial Hygienists In 1653, The alovt atvse fou iomin
air pollutaats in ppm (vol) adopted by the f.o3 Angeizg Counly Air 2al-
lution Control Digtrict in 1955 are 28 follows lor czone: firs: 2luri 0.5
ppro, second alert 1.0 ppm, third alert 1.5 pom, The definitions of
the steges ave:
Firat Alert: Close approach to maximum wlowable coucenivation
for the population at large. Still eafe but approaciing = nolnd where
preventive action I8 required,
Second Alert: Air contaminstion level at which 2 health menacae
exists in a preliminary stage.
Thira Alert: Air contamination level at which a dangerous health

exists.

From the discussion in previous thrae sections, the requirement

for precise monitoring of ozone levels in polluted urban centers ghould

»e obvlous.




IV FORMATION AND DISTRIBUTION OF ATMOSPHERIC OZONE
A, Upper Atmosphere
Most of the ozone in the atmoaphere i8 found tetween 20 and
50 km. Ozone {s formed ia the upper atmosphere by a photochernical
process. Similarly, photochemical recctions tend to destroy it. An
equilibrium betwenn these reactions determines the concentrations of

ozone, The reactiors thnught to be mcst important ere:

*]
O3 + hv—s3- 20 ( A < 2420 A) {1)
Og + O+ M—» 03 + M (2;
o
O3 + hv—>- 09 + O (A < 11540 A) (3)
-]
0y + O-—3-20, (excited) (4)

(1) and (3) deta:rmine the production of ozone from oxygen. It {8 seon
that in (1) oxygen disscciates into itg ato.nic fcrm witia the abaorpdcn
of a3 quantum of energy corresponding io wavelangths legs than 2420
Angstrom Units. The collieion of thie unstable atom with an oxygen
molecule {n the presence of a third body (either sn oxyzean or nitrogzn

molecule) produces one molecule of ozone. Concurrent to this pro-
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duciion machaniem ig the deslruction o orene oy o 2u ol
ligb¢ to give ruolecular Oxygen Rad & fre® et of oy g2, Uhic, b

1

wiy, i3 the reectivn which made ozone o "7ei ol ny ez lussl of
the rovyeril oxddant, Q. The ranofion was thanghl £ 52 vary voziul o
Lhuman ectivity until the toxie pripectics of crore we e brovehi 10 haar,
A pecend collision reaction (4) akeo eidy in e equilibrlum,

Craig (1950) and Johmgon {1934) shiow 1e derivation of en expres-
sJon demongtrating equidbrivin cencentrotion 2f ozorne in terrag of solar
redistion flux, resction equilibrium conviants, and beight (density;.
Fyrom tho expresgsion, we can calculnte tha amoeunt of czone predicied
by photochemical squilibrium alone us a funciion oi height. Qualitstivaly,
the distribution would show a mazimum total amount at che equator with
o decreage towaras the poles, and & termporal maxima in the summer.,
The vertical profile predictsd by theory {8 in fair accord with obssrva-
tion but the horizental distribntion observed has a maxima at ehout GOVN
and ths mmaximum amount occurs {n the Spring seagson.

It is evident irom these calcul=tions tl:at thre atmospheric ozone

o, the wholo {8 Indeed not {n photochemical equilibrium, Wull and Deming
{1236} invagtigutsd nun-equilibrium offects and found that above 35 kin

1 high sua angie, if all the ozoas were removad, equilibrium would be

restored £l nost immedintely. Below this. ir the 23 to 30 km level, &

B i
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a similar interruption would take dayd to montng £0 evus, suc £iidl a:
lower altitudes, equilibrivm is almost never restorze. The roascn
for this is that ozone absorbg go strrugly In the nltraviolet wavelergths
wradch induce sepctiong that below the wpper few kilometers, thz atmos-
phere is protected {rom this light. In fact. In the Hdartley vand {3200~
2000 A), as low as 1/145 centimeter layer (ST} zan reduce the inten-
gity by 1/10. The entire quantity ol etmospheric ozone if reduced to
standard temperature and prezsuiz would form e layer on’y a few
millimeters thick. Here, snd in most other works on atmcescheric
ozone, th2 concentration of ozone is given in terms of thickness. To
convert thsse units into parts per million by volume {ppmv), one need—s
only the aporepriste conversion factors (Appendix A).
B. Transport Properties

A circulation pattern of seme tyo2 is needed which can create
2 maxiroum of totel ozons at the latitud~ and season at which it is found.
There are two {mmaediate possibilities, one. a horizontal fiald of motion
which might concentrate it in a certain band, or secondly, a vértical
motion which might pull down ozone from the region of pnotochemiceal
equllibrium. The actual field of motior is probably & combination.

Although we have & fairly good underatanding of tropospheric

circulations, the fact that ozone {3 found mainly above 20 km forces
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us to lock to stratospheric motions to describe its behavior. In fact,
c:zone is one of our better tracers to ald in the {nvegtigation of the
stratosphese.

It is interesting to note that the early thinking on a stratospheric
general circuletion followed the same pattern as the development of the
tropogpheric circulation, Craig (1940) found the ozon? measurements
to indicate a mean meridional coell. However, a veriety of data and m
meny investigators, Reed (1953), Mariin (1958), Dutsch (1959), Newell
(1863a, 1963b), have led to & pestulated circulation gimilar to the
troposphere, cne in which the eddles slay a major role in middle latitudes,

The work of Reed {(1953) and that cf Dutsch {1958) indicates thei
there 1s o gieady downward flux of czone into the tropcsphere where it
is destroyad in large quantities by choemical, photochemical, and estalyite
reactions, The mechanisra by which it {s passed through the tropepauce
region is not thoroughly understcod but the iransier apparently occursg
in the vicinity of the jet stream, in frontal “ones, and perhsps also
directly acroesa the tropopause region. These transfer processes have
heen discugsed by Danisleon (1959, 1064), Brewer (1050), Steley (1880},
Newell {1863n) and Briggs and Roach (1863). The following presentatic:
of four mechanising is from Brewer's paper (sse Figure 4):

1) Hers is a continuation across tre wopopauwss of “he flow nonadia-




-28-

batic descent which ie pragumed to hare bvaught the Hcmes -0 L o

tropopanss. This precess would tend to give 2 relalively v o e
of tranefer of ozone into reglong, The cultlow wold be grurwd n
late Spring when the high concenisoiloans are found neayx the {ropopavos,

2) Since the tropopause often slojes ralaively to che {suairapia
gurfueces, especially in the regicn just noztn of the sudirepical (8t s'ream.
motion along the lseatropie surfaces can iaks ozone cut of the strato-
sphere. This process would give greatest cutflow just north of the aub~
tropfcal jei und requires relatively high concantrations of ozone just
shove the tropopeuse in these ragiona,

3} Ezchange can cceur along the isentropic surfaces which le in the
lower gtratosphers of teraperate regions and pass through the sabtropi-
cal jet into the upper, iropicsl troposphere. Ozone-free air can enter
the siratosshere and converasly the ozone-rich air crn paas out of the
stratogphere. This mechanism will concentcate outflow at the region
of the gubtropical jet and will be greatest in Spring when the temperszte

gstratosphere contains most ozone.

4) Tuere is also the posgaibility of this circulation pattern through

the lower etratosphere. Any contribution which such a circulation
makes to the transfer of ozone (o the troposphere wiil g've outflow in

the regiun of the aubiropical jet with ¢ strong mamriam in late Spring
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Figure ¢. Poassible Mechanisms for the tronsfar of ozone from tha
Temperate Stratosphere into the Tropo:phare (Rrawer, 1360).
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anu early Summer when the ozone levels near the icwaee pror. 06 o

is highest.
For a more quantitative estimata of the r2latie inix vlewss oy
the several transfer mechanisms based upon racioactivity dr« e 2

Table by Machta, quoted by Murgatroys {1964).

In conclusion to this section on ozons in the upp2r atn.cgohers,
the author feels that with more high-quality measuromoents, ~esearchers
can look forward to a regular grid of reporting stations o alu in making
e stuay of atmospheric ozone a very valuable tool for the purpcse of
further examnination of the behavior of the stratosphere. Persons inter-
ested in present upper level ozone measurements are referred to the
compilation of data from the work of Mr. Wayne S. Hering (126:1) at
the Air Force Cambridge Research Laboratories in Bedford, Masas.
Hering's data from ozonesondes from different stations over North
America give the szone concentrations at various levels in the atmos-
phere rather than the total ozone amount in a column for the whole
atmosphere that was used in thé studies meationed in ttia secticn.

These reported and tabulated velues make it easisr to carry on investi-
gations at particular levels in the atmosphere with reliable and not
approximate wind data.

C. Lower Atmosphere (at the surface of the earth and porticulary



in polluted air)

Most of the ozone oz esent in the atmosoliere s praducsy pavio-
chemiceally in the upper levels above 20 km ey mentionec in the previcus
sections; some of this ozoae i3 ireasported cowrward ino the {ecposy e
whiare it is partially destroyzd by chemical reocilone, “The 2mall eme o
that reaches the surface of {he earth i8 1.mo3? compleia.y derlzied oy
the ozone reactions wita suriece sm»l, p.entg, atc, Inthlg e ian s
ozone productioir in the polluted surface lzyersy prohicuiariy I (B ey
ity of urban areas will be discucrscd.

Ozone in gclluteo afr §3 primarily prownced ano ¢sgor gy o oy

the following reactions sccording o Leéi Lnon and Puorains, idud.

9 3
N02 + hv —»NO + O (312304 < A< 37004}
+ + M— 1+ 0
0 O?, M ->03 A
O3 + hv—=>0y - O
NO 1 0:3’ — NO2 * ‘-‘z
o

~
4

1o {3) ozouna absoibs totwern 2000 and 327 i tar SN0 oaveeoy

- Q. ~ A .
Hartlay bands and bstween <000 ani 7000 v {n th= Chupotea biosdsg: bows




ever all solar radiation of wavslength sbort o than Ul &
in the upser stmosphera, M fn (2) iy cny v iicie o
excess energy raleased by the resoile: othuruise O, vor b o

and quicisly diggociate agaln). The atory m o g2 o 5y D00y
react with cther conctituentis present in e 2slivted vt o oo oo
but the cbove mentioned authors regoriec that £8. 8% oI the atude €1 syen
reacts with molecuiar oxygen to form «cone and that Leas then G, 5% "=-
acts by all other procesges. (ther renciions have beor sugpested ne
poagible producers bsth directiy end inolrectly of ozone but thetir valid-
ity otill remains uaceriain.

While not imrediately involved ir the formaticn of ozone in pol-
lutez alr there are some constituents of ths joecal air which eahance or
slow down the above rain reactiona. For example, ozane groduction
is apparently increaced in the presence of olefins, whaies the sroduc~
tion rate of ozona ior moat paraffine is amalil as repcited by Schuck
and Doyie (1958). Alac gome typas of olefirs not only promots rapid

rates of formaticn of ozone, but tend to promote high concentrations

of ozone. Reaction (2) is slow and coen not aubatantially decreaae the

ozone concentration tut (3) limits the concentretion which can coexist
with nitrogen-dloxide.

In view of the above reactions, one can aasily sce that the
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prasence of nitrogen-oxides {s very imyorta:s: i the giucy of poOth vrib i
and non urbdban pollution by czone, The internal combustlorn englne apa
other high temperature combusiion proceasses such as fnuustrial furnne
ars the chief sources cf nitrogen dioxia2, ez« zclally if the ef¥ivents a.
rapidly cooled. | Lickinson (1961) reporis that with the gascilie engine.
the nitrogen oxide‘ls almost entirely in the form of nitrie ciidz when
exhaustad from the engine; however, orcec in tac atmesgher?, nlivie
oxide converts rapidly to ni‘rogen dioxide. According to Leigaten o
Perkins, it appears thut the conversion of nitric oxlde to nitrogea ci-
oxide 18 agsiated by muny crgaric substances guch as sizfins, arcmat o
hydrocerbons, aldshydes, and paraifing, |

In a most recent work by Kawarrura {1964), it is suggested thay
a part of surface nitrogen-dicxide riey originate from the suffaca aofl
as a result of bacterial reaction. Kawamura also found frown messure-
meonts in Tokyo that nitrogen-dioxide in the surface air had a mes-ied
duirnal variguon with two maxima in the day ‘vhich occucrred rasiactively
in the morning three hcurs after sunrise end in the ov2aing two hcucs

after sunset. Thigs duirnal veriation of nitrogan-dioxide in polluied afr

could be explained as a result of meteorological conditions. photochemd-
cal effects, and trafflc density. A slmilar result wasg found by Dickin:on

(1861) in the Los Angeles area.
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To show the iraportance of nitrogen-cioxide in the fovii tivn o
surface ozone, Vassy (1963) revorted that the vzonc conzentroticn in
Paris was but a fraction {on the order of 1/10) of the concentration
weasured in Los Angeles during comparsble conditions. Most ¢ thia
difference was attributed to the smaller nuthber of automobiles in the
French city; in a similar comparison between London and Los Angelas,
the ozone concantration ratios were {n the same proportion as the en-
gine cylinder ratios. Other possible reactions of ozone ivith constitu-~
ents of polluted air are those with membei's of the halogen family, most

important of which could be chloride. These particulor chemical re-

actions will be discussed more completely in a later section of this thesis; .

this evaluation is a direct result of this author's work in sampling ozone
in the Boston- Cmihridgo complex.
D. Other mechanisms in the production of ozone

In sdditicn to the reactions mentioned in the previous three

sections, ozone s formed in other ways; one < these is the dissociation |

of molecular oxygen into atomic oxygen by an electrical discharge and

the subsequent reaction of the oxygen atom with molecular oxygen to

form ozone. In the atmospheres, this {3 a common occurrence during
lightning in thunderstorms, discharge from airplanes, and even in

silent discharges that happen in snowstorms. Vassy (1954) showed
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while measuring surface ozone in Paris that there ia a definite in-
creade in concentration during thunderatorms; however, the abrupt in-
crease of this concentration cccured thrae and one-half hours befors
the first discharge on the average. It ia the opiufon of Kroening and
Ney (1962) that ozone produced by lightning {s on the game order as
that produced by golar ultra~vioiat light,

Ancther ozone production method discussed by Kroening and
Nay is of nuc'sar origin; they calculatec thet the amount of ozone pro-
duced by a iifty megaton nuclear device {3 apsroximately 0. 1% of the
ozene in the entire atmosphere.

There {2 algc a production related to the presencs of aeroscls
as rsported by Reshatov (1961). Hers, the reaction of water and uxygen
{in air) due to seleciive adsorption on the surisce of the aerosol parti-
cle forms hydrogen~p2roxide; the reacticns that follow are cdiscugsed
in full by the suthor and will nct be repeated here. HReghetov's proposal
gstems from many so-called unexplained facts on vzone; one of which
wz the raport of high ozone content near watarfalls and In the vicinity
of saa sprays as measured by Leybinzon (1936). All of the facts vxcept
the ons above can ba explained by conventional means; however, the
present author feels that measurement techniques at that time wers

questionable. Regener (1954} congidered atmoapheric aerogols to be
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chomical dissociation methous are probobily the mady inpeat. i,




V INSTRUMENTATION
A. OQzone messuring dovicas

Ozone can be measured by two technigues, spectrophotometric
or chemical; the former has beea used meatly for tolal czons {Appendix
A) as well as vertical distribution, and this "umbkehr effect” is discussed
in detail by Mitra (1952} or Johnson (1854}, Masteer (1264) concludad
that there is no posgibility of determining from umkehr observations
whather or not thers exists a dietinet secondary meximum in the lowar
strotosphare. He alzo atates that the vertical distributions of vzons
obtained Trom umikchr chservations are to be compared with €:1ch other
only when determinad by the same objeciive technique. Great care must
Lo iean when ranking inferences sbout atmogpheric motlons Lrom ver-
tical disiributions of ozene oblsined from umhchr observuticnz since
the evaluator ssmetimes uses subjective msiheds on what the vartioal
disiribution "should’ look lke,

Chemical methuds of czcne determination go bacl 100 yoars when
measurements were wade in the iayer of the stmosphere closest to the
earth in Germany with the use of Schgnbcin's potasgium iodfde starched
paper. Deuvilller in 1933-35, uasd a reaction of the oxidation by czona
with a titration aoluticn of sodium arsenite to measure the ozone. The

ozond amount was determined by the portion of the solution which remains




unoxidized. This portior was titrated svith an icdin2 solation., Alzo
at this time, a rubber cracking method was uged, but this vwae an ¢ia-
perical scheme in that it was not apecific to cxon? aad had (0 e infer-
prated with caution; the technique weas & cunulative test for toiel sid-
stances in the atmosgphers effecting rubbsr (Jacshs, 1860).

In the lasgt two decades, greet improvements have been made
on the potagsium fodide method for ozona determination, and also a new
mothod, oxyluminescernce, was dizcovered. At one time, 3 colorimet-
ric analysis was used, whereby the products of the reaction were
usually determined by comparison cf the color of the indicators at a
certain stage of the reaction., For example, oxidation by ozone of golu-~
tiens of potagsium fodide and cther lodides are accompanied by ar in-
crease in the solution of the effective concentration of hydrogen ions
{an increage of the pH). Thie kind of reaction laads to the uae of color
fndicators such as phenol, bromothymeol, nirtophenol, phenolphthalein,
and others for the qualitative detsrmination of high ozons concentrations
in the air. Here, abaolute values of the ozone concaniration cau be ob-

tained by comparing the action of esch indicator in a specific schedule

of measuremsnts with one of the absolute methods of msagurements of
the ogone. Another example of the colorimetric method is the reaction

of the oxidation by ozone of indigo carmine, a substance used by Britayev
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(1959} in 2 number of cases for a qualitative evai;zation of comparatively
high ozone concsm’.raﬂéns in the atmosphere. The ozone concentration
is calculated by the equaticn of the chemical reaction and by the amoun!
of air passed through the solution. In spite of the simplicity of the color-
imatric analysis, it a¢ill involves the subjeciivity of the eatimaticon of
the color alteration, and thie is its most important fault,

Ozone cauges luminescence in contact with several chamical
elements (lodine, sulphur, sodium, thailium), minersa! compounds {the
aulphidses, the chlorides, and slso an oxide of nitroger), sea water.
milk, and elso chiorophyll. Very strong luminegcence can be observed
when oxone acts on luminol in an alzaline aclution. Beraanoge and
Rene (1958) deterrined the ozone concsutration by the inteasity of oxy-
lumdnescence. Howaver, a gmall amount of moisture ig 2asential for
this chemiluminescent reaction to take place in luminol. EFegenor
{1964) used the chemiluminegcent reaction bstween ozoue snd rhodaniing
B which doss nct show this type of moistire effect, His instrumont in
balloon-borne aonde equipment ic ueed widely in investigations {n thae
upper atmosphsre over North America.

The basis for the majority of preseni-day electrochemical
methods of ozonometry is the reaction by ozone of potessium iodide in

aquecus golution,




The reaction with potassium iodide 18 characiorized by gract goleclin -
ity with regard to ozone, Exact quantitative measuraments cf azonc
are effected by electrochemical mathods, _w!'wre the raaction of the
destruction of the ozone is checked by the alteration of the electrical
properties of the solution being oxidized by ths ozone. The instrument
chosen by this author for study of the air in the Boston area was the
Mast ozone meter (Mast and Saunders, 1962). This particular instru-
msnt was choaen for its simplicity of operation, ease of handling, cost,
and most important the quickneas in obtaﬁ'ﬂng the iuntruinont for im-
mediate use. - In this instrument, the above chemical rca_ctlon takes
place on the cathode portion of an electrical support. At this cathods,
a thin layer of hydrogen gas is produced by a polarization current:

. ‘
20+2H——>Hz . (8)

When the voltage 18 applied to the electrodes (0, 3¢ volts), the hydrogen
layer builds ¢o its maximum, and the polarisation current ceases to
flow. When free lodine is produced by the reaction with ozone, it re-
acts immediately with the Hz as follows: |

Hg + 13 —> 2HI ! '~ @
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The removal of .ydrogen {rom the cathode causes a re-polarization
current of two electrons to flow in an external circuit, re-cstablishing
equilibrivm. Thus, for every ozone molecule reacting in the gensor,
two electrons flow through the external circuit. Hence, the rate of
electron flow, or current, is directly proportional to mags per unit
time of ozone entering the sengor. The instrument was connected to
a recorder which was calibrated in pphrav {part per hundred million
by volume) and could be read directly when the air flow rate wag 140
ml/min et STP. To correct [or ambient conditions and thus get a
more accurate reading, the instrument values should be multiplied by

» {ambjent) T (standard)
a factor of b (standard) T (amblent) ' The uncertainty or accuracy

of the instrument is reported to be 1 ppbv {parts per billion by volume)
which is approximately the limit to which the graph on the recorder
can be read. Further information degired about the Mast ozone metsr
and recorder can be obtained from the Mast Development Company,
Davenport, lowa.

B. Disturbing agents in the eiectrochemical (KI) method of ozcne
analysia (use of filter)

W: on considering the msugurement of 0zone by tha sieciro-
chemica! method with a potassium {cdide sclution, one should be awars
of possible {nterference from oxidizing or reducing agents or erroneous

readings from other means. Pozsible irte fering agents, moatly




found in polluted air are sulfur dioxide (SCy). nitvaga: oo wivlogl,
and nitrate fon (NO:; ). There is also possible deatruction ¢ woere
from the wall-effect of glass tubing (Kawamura, 1964} which is used
as an air inlet by many authors and researchers; however, ic thie
e2.dy of Boston air, a polyethelene and teflon tubing was used for {nle:
air intakes.

Of the above menticned contiminants, sulfur dioxide is the most
important. Saltzman and Wartburg (18964), Ripperton {1964), and
Kawamura (1964) all reported on the negative interference of this gas-
eous aubatance common in polluted or urban etmospheres; but only the
first two authors suggested a means for removal of 803 from the air
inlet so as to improve the accuracy of iodometric measuring devices
such as the Mast instrument. Their method is as follows: Prepare
& 10 ml solution containing .83 ~ 1, 68 gramsg of chromium troixide
and .46 - .93 cc concentrated sulpburic acid. Drop solution (with
eyedropper) onto 8 sq. in. of glass fiber filter paper; dry paper in
oven at 80°C for one hour or until paper turns pink (in my éuo. this
happened in approximately one half hour). ﬁov, cut dried filter paper
into 1/4 by 1/2 inch pieces and fold the pieces into V shapes. Place |
the folded paper into 100 mm Schware U tube (glass). (I used a 100
mm straight polyethelene tube). The paper (pie shaped becauss I used



circular fliter paper, 1 in. ciameter) was folded to prevent neating to-
gwther when packed in the tuba, The final product ressmbled a large
cigarette type filter and scted in essentially ihe game manner. Con-
ditioning of the filter and also ensuring against any blocking of the air
intake flow was accomplished by drawing laboratory air through the
filter with the aid of 2 small vacuum pump. The theory of this filter
technique i{s based on the fact that the chromium trisxide s an excel-
lent oxidizing agent; thus the sulfur dioxide is oxidized to SO3 (highly
hygroacopic) which then clinga to the glasa fibsr filter paper. Saltzmsn
and Wartburg (1964) report that the filter is good for thirty days end
ars still in the testing phase for longer poriods of time,

Nitrogen dioxide (NOy) interfers positively on the fnsirumert
to the ordér of from on? to ten percent of the emount of NOg present
depending on whether one uses Kawamura's or Rioperton’s figures.
Junge (1863) gives typical values of NO,y of spproximately 16 'g/ m®
{ . 7pphm) for large urban sreas whereas for Tokyo, Kawamura reports
maximum readings of 75',£,fglm3 (3 pphm). If maximuia error is used,
nne geto only vaiues of . 07 pphin or 0. 3 pphm which are very small
compared to actual readings of osone; in fact, thege figures are the sama
magnituds &8 the raported accuracy cf <hs instrument. Algo, the use

of a buffered potaseiura fodids :olution (this is u3sed in Mast instrumant?}
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tends to reduce the effect of NO, even more; 20 no predlems vare %o
be encounterad {n this aspect of the study.

The disturbing sffect due to the pressnce of e =lirete {on (Nd;)
in the atmoaphere 18 negligible us reported by Kawamura (1254) in his

redearch report of pollution in the Tokjro area.



V1l SELECTION OF THE SAMPLING SITES

The ozond concentration data reported in thie study represent
megsurements with a portahle Mast ozone meter taken at three types
of sampling sites, It was decided to chodse one location near a major
traffic thoroughfare and another a s%:iort distance away elevated above
the street level; thege locations should be in the heart of a city com-
plex. A third site should be away from the city, i.e., in the suburbs,
80 23 to havs a gsample of non-urban classification. In addition to the
above restrictions, several other practical considerations were met
in the final selection of the three sampling aites. The firgt two altes
mentioned skould be cloge encugh together ¢o repressat the same con-
oitions of industry and traffic density. All the sites should be uzar an
outlet for electrical powar to drive the ozone meter. Luring the curb-
side pariod of the test, the operator must remain on tite to take and
record various readinge of meteorological and traffic coaditions and
to safeguard the equipment ageinat possible interference by over-
curious passcrs-by. Therefore, the curb-sids sits should allow legal

parking to permit the oporator to employ hia vehicle as a bus2 of opera-

tlons and 8 place of temporary storege jor the equipment directly ang
indirectly invcived ia the test.

The &ityg actualiy chosen for this test meet the above criteria




quite well and are described below. The curb~gide sitc 1o o (¢ 0

along the cumpus (north) gide of Meraorial "'ylve i Can b f vox, Tisar

gbout two hundred and {ifty yards from thu incxopecticn of Mearnoriald

Dsive and Massachusetts Averu2, The o20ie meier voe 'Zopten on

the side of the west-bound _caffic flow, compased cf two lucy pivs an

adaitional parking lane., Apprizimately twenty-Jive yur<8 acroes a divid-

er are two more traflic 1aaes for flow {n the cpposite direction, plus

enother parking lene. The nearer lanes represent treffic outbound from

Boston, while the farther lanes repregsat inbound traffic  Thua, the

ratio of near-lanes traffic to far lanes traffic changes from rcughly

onig~10-iwo during the morning rush hours to about one-to- one around

2090 and to sppreximately two-to-one during the afternoon and even-

ing rush hours. Ths distance from the c 'nter of the near lanes to the

Inetrument site ia about thirty-five feet, which {a the minimum possible
ithout requiring the elsctirical cord to extend across a wide gice walk

which {8 used continuously by the students of the Ingtitute. The speed

of the traffic on both sides of the divided thoroughfare {s relatively

constant at about thirty-five to forty miles per bour. Vehicles oparat-

fng ai !dle are infrequent to nii, with the exception of an nccasional
vehicle entering or leaning the parking laneg.

The elevated site ie on the roof of the new Ceci] and Ida Green
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Centar for Earth Sciences, on cempus approxirartely two handrad
yards from the curb-gide site. The exect location of the meter
the roof depends on the wind., That is, it is almost always positioned
upwind of the leboratory hood exhaust and the air concitioning cocsdng
weter spray, either ci which might act as a contaminent source with-
out suitabie p.ecautions.

The third and final site is the author's home in Roslindale,
approximaialy ten miles southwest of the Cambridre-Bostan: complex.
The instrument was placed in a3 upsinirs (2nd floor) room about 25
fer above the ground with the inlei tube aticking out of the window,
The author intended tc alternate the meter equally hetween the urban
and suburban, sites but the savere weather {spscifically astrong winds)

necessitated the sheltering of the instrument,




VII DiSCUSSION OF RESULTS
A, Ozone Measgurements in the Boaton-Cumbilcge Copiyliog

The following results were recsrded and comsataa fromn the
ozone measurements at the threo sampling ivcations: apecifically, “ne
November data was obtained from the rocof-top locality with (ficen
hours of curb-site measurements interfused, while the Decemboer and
January values were taken {rom the third sampling site montioned
(less than ten milas frora the cther two) wiik approximately thiee days
of roof-top site recordings intermingled, While it {s difficult to make
any defendable conclusicns or the effects of the change of location, be-
cause there are no sa. pleg taken an all locations simultansousiy or
under compleisly equivalent veather conditions, it is felt that since the
measured substance {8 gaseous, a thorough mixing at low levalg near
the surface is a reasovable assumption. Thias postulats weg bor;mc cut
somewhat; .or in the several instances when the instrument and record-
ar warc transferred between aites {transfer time less than one hour),
the recarder values of 0zone concentration did not change in this site
to site traunferrencs.

The monthly means were computed by averaging one hiour means
for the entire month concerned. This was a tediouvs operation because

one inch of th2 trace on the racorcer peper corresponded to one hour.
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There were approximately 700 hcourly averages to include £ur such

month.

Table 1. Surface czone in Boston-Cambridgs Complex

Month Range (pphmv) Aversga <pphiv)
»
November 1964 0.3-3.5(4.3) 1.1
December 1364 G.4~6.4 £.3
Januvary 1985 0.1-3.1 i.3

*The 4.3 pphmv was measured inside a dome (fibsrglass) on the roof
of ihe Creen Building ot M.I. T. where a strobe light used by the De-
partmeni of Electrical Engineering was operating. Although shielded
by glesas, this ultraviolet light did produce small amounts of gzrne a8
detected by the Mast inatrument, As it turned out, this reading was
the meximum for the moath of November; none of the readings in the
dcme {less than 2 days) wers uged in computing the monthly averages.

The s'robe light was not operating during the remainder of the work.
The above values (see Figure 3) demonstrate the important

result that the ozone levels for the Bogton-Cambridge complex are a

gre~* deal lower for tae thres month period sampled than the toxic




levsls for humans, animals, and plents as discuesed in an earlier
ge: tion of this thesis (section ill). Since the monthg of the measure-
ments include the time of year when {nsolation and total ozone in the
atmosaphere are ait 2 minimum, ‘t would be worthwhile {0 measure
surface ozone during the time of maximum ineolation (Summer) and
the time of maximum total ozone (Spring). Such a complemantary
study is being carried out by a colleague in the Meteorology Depart-
ment. However, it just might be that though the amounts of ozone in
this future report will probably contain higher concentiration levels,
the values cculd stiil be much lower than potentialiy hazardous cnea.
This does not mean that measurements of surface ozone should then
be disconilnued 7ith regard to this agpect of the results. On the con-
trary, weasuraments of locw level ozone along with other poliutants in
the urban air should bs taken periodically over the yeers {o insure that
the conentrations rcached remain at thise same low levels.
B. FPFast Mceagurements
As {8 the cage with any study in which measureruents, particu-

larly of very small quantities, of . subatance are reported, it is almost

alwaya necesunary, if possible, to incluce past meagurements of the
same substance if only for a comparison of the relative magnitudes.
In the mesasarement of surface or low level ozone, there are slight prob-

lems however; {irst of all, not t0o0 many reports of meseurewmients of




surface ozone exist in the literature, and secondly, Ir the m jority of
maeasurements that were reported, the researcherss d:c rct e *eah-
niques which were specific {0 ozone. In the discvsslca presented here,
the auther considers only studiea in the last 1) years, for ii i3 only
since then that fairly reliable methoas for surface ozune snalydis heve
appeared. If the instrumentation had failings or shortcomings i thia
neriod, the regearchers were essentiaily awars of them.

Mecasurements at the su. ace in the Los Angeles Baain reported
as total oxidant by Renzeth (1954) were as Jollows. At night, the
values averaged between 2 and 4 pphmv. The average maximum con-
centrations fo. the entire area during the month of November, 1954
were from 7 to 15 pphm(v).

Measurements of surface ozone reported by Cauer (1951) for
locales throughout Europe during the years 949 to 1951 had a range
fom 0 to 9.5 pphm(v). Most of these measurements were cbtained
with an Ehmert electrochemical (potassium fodide) technique.

Kawamura's measurements for the Toikyo area were obtai. 4d
by the same method as reportec by Cauer with only minor modifications.
The values reported for Tokyo during 1958 and 1959 showed a range
from ! to 3 pphmiv).

Of all th» measurements reviewed by this author, the three
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mentioned below used the Regener Rhodamin B chemilumineacent tech-
nique which is specific to ozone.

Kroening and Ney (1961) measured surface ozone in Minneapolis,

Minnesota during the month of May and reported daytime values of

arproximately 2 pphm(v) with minor fluctuations; nighttime values wery
generally 1/30 of the daytime valugs.

. Ripperton (1954) in anaiyzing seventeen 24-hour samples taken

over a period of one year in Chapel Hill, North Carolins, reported
ranges from 0.0 to 13 pphm(v).

The nighttime range was 0.0 to 0. 1
pphm and the aaytime range was 6. 4 to 13. 0 pphm(v).

Finally values computed from Hering's data for the month of
December, 1962 taken in mid-afternoon showed a rangs of .8 to 2.7
pphm. Thege values were for approximately a height of three-hundred

feet, the same helght as the Green Building at M. I, T., and represented

the first level of the measurement of the ozon2sonde run {or Bedford,
Massachusetts.

Of course, the measiurementis discussed in the preceding para-
graphs are not going to be exactly the same as this author's measure-
ments in the Boston-Cambridgs complex becauge of variation due to

geographical location, time of yenr, year, and pollutant sources, e’c.

But it is mos: gratifying in an investigation of a emall concentration
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subsatance like ozone in surface air to find tha{ one's rewits 107 not
drastically different {rom othsrs reported.
C. Effectiveneas of the chromium trioxide filter

During the first month of operation (November. 19854), whils the
ozone meter was outside on the roof of the Green Bullding at M. i, T.,
the {iiter was pariodically removed for the purpose of refilling the solu-
tion in the Mast instrument which was enclosed in a weatherprool cass.
While the filter was removed (only a couple of minuteg), the ozone read-
ings were noted on t..3 recorder; thus with ozone valusa with {ilter on
and off, the effectiveness of the filter could be obtainec. It toock only &
gecond or two for the instrament through the recorder to reapond to
this change (i.s., filter removal). The following table presents the re-

sults of this operetion along with a calculated redaction.

Table 4. Effectiveness of Chromium Trioxide Fiiter

FILTER ON (pphmv) FILTER OFF % REDUCTION
1.4 0.4 78
1.3 9.3 15
2.8 0.9 68
0.8 0.0 100
1.4 0.6 57

3.0 0.5 (}




Table 2 cont.
1.7 0.7 59
1.8 0.4 78
1.3 0.7 54

The above table clearly shows the necessity of a filtering acheme to
remove sulphur dioxide (in the Boston-Cambridge complex) from
negatively interfering with the fnstrument usecd and all other potagssium
iodide methods of ozone analysis. Warthurg and Saltzman (1984} have
tested the reliability of the filter for a period of thirty days end are
stiil in the testing phese foi' longer periods. In my case, the filter
wase used for the entire month of November, i964 but the new filter was
left ca for the full two months of December, 1964 and January, 1963
with no apparent srrors or unusual recordings observed. It {s {mpor-
tant that the tubing and the filter have a snug it so that no leakage can
occur:

One other important fact in regard tc the filter ig that the above
mes.ioned authors uo not racommend use in areas like Los Angeles
because there the ratio NO/SO3 is largs ccmpared to the inverse for
other locales. The ap arent reason for this is the chromium trioxide

will oxidize NO to NO2 which would thus give positive interference to

the potassium iodide method of czone analyeis.




L. Discussion of results with reapect to

1. Past Measurements

In comparing my surface ozonc measuremants with past
measurements (section B!, a few intereating comnarisnns were noted.
Firat of all, the closensss of Hering's values taken in Becford dus:ng
the same months as in this study although a different ;cor wag partic-
ularly important {0 this researcher. Secondly, the Los Angeles values,
alzo for the ssme monthg, but wiffernnt year, were approximately 6
timea the Boston-Cambridge values, both [or daytime and nighttime
lavels., This was to be expecied because of the {ntensity of the well-
known ozone enriched smog 30 prevalent in the Califoraia city. A
third slightly unusual comparison was ncticed bstween the Minneapolis
valuas reported by Kroening and Ney and the Boston~-Carabridgze measure-
ments. The aize and human activity of both cities are nearly the same,
but the moath and year of czone comparison are different. Evcn though
the ugytime coi.centrations of both locelec were almost the same, a
striking difference in the nighttime vulues was present. Th. aighttime
concentrations of ozone in Minneapolis were approximately 1/30 of
their daytime values; in Boston, the nightiime levels were genarally 1/6
of ths concentrations reached in the daytime. Could it be that the de-

struction of surface ozone at niyht in the Minnegota city {8 greater due




to time of ear, temperature, or other local mechaniema? The Los
Angzeles ratio of nighttime to daytime veluss was nearly the same as
Bosgton.

3. Meteorological factors

Cholak at sl (1956} measured surface ozon« using a Beckmean
potassium jodide method in ten eastern U.S. cities. They concluded
that the levels of ozone concentration were too low and too depsndent
on sulphur dioxide to be rellably correlated with meteorological
variables. This was not the case in the pregented stucdy where gulphur
dioxide was filtered frora the instrument, and the ozone variation was
significantly disceraible,

In an examination >f wind direction dependence, there wers
only a faw deys whereby completely satisfying requirements existed
for this relationship; that is nearly the same weather conditions (cloud
cover, iir mass, etr) with a strong wind directional changes. In thia
period (Ncvember 7-8), 1t was noted that with a northwast wind, the
ozone levels were less than those which occurred with a wast or south-
west flow. This difference (a {actor of approxtmately two) can prob-
sbiy be explained in that mauy pollution sources (cities, industrial

arean) are locatec in these directions whereag to the s thwest few

sources axist,
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It wa2 alao dacided to examine the possible ozonl prilutivn
c¢ontent with air masses since air masses ars roughly Interasidy
homogeneocus with respect to temperature, moisture conteat, etc. In

analyzing the czone variation across fronts, no apparent reco nized

variability was noticed between the air magses. However, in the {rontal

zones, whare considerable overturning o< the air is present, consider-
able fluctuations of ozone levsls occured; sometimes the levels came
close to daytime values, when fronts passzd during the night. Thene
fluctuztions aleo happensd with strong surface winds and rapidly cheng-
ing wind directions; all these conditions are conducive tc low level
turbulence and wiil be discussed in thenexi ,ection, source strength.
Most often, In a siucy ol air pollution, researchers use rawind-
sonde data to make estiluaies of the degree of dynamic stability or in-
stability present in tiie atmosphere., (3se Willet c::2 Fander: {1858)
for complete discussion). The data i2 obtained frum a rearby Weatlior
Bureau station that participata: in the atmospheric 3ounding network.
Robiason (1961), however, adviges caution ir agsurming ‘hat data
from soundings taken outside the area of an srban pollutant sampling
location can adequately represent the tsmperature structure ~ver a
city, in view of the thermal modifications imposed upon the atmos-

phere by the presence of the city itself. With no vertical ismperature
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difference measuremants available, s different parameter muai ve
used. My colleague R. L. Lininger, (Appendix B) used the following
technique; and since a small part of my study was done in conjunction
with his work, it was decided to discuss this method here as a guide~
line for future researchers. Whi'o the values for this relationship
will be presented, no conclusions ae {0 bs expected because it was
such a smell sample, Turner (1961) used this index which he atiributud
to the work of Dr. F. Pasquill. The method of computation is describ-
ed brieily below, omitting some of the details.

First, one obtains te solar elevation angle a, which is given

by the following equation for daytin~ obrervations:
e s sin”! [sxn L ein D + cos L cos D cos HJ

where L = the latitud2 of the sampling location

H = the hour angle, computed {rom local noon at the rats of 159
per hour

D = the declination angle of the sun, available in tables, as a
function of tirne of year. See List (1951).

From the solar elevation angle, one obtains an insolatisn class number
which is modified semi-objectively for sky conditions, This modifica-
tion gives whai is termed the net radiation index. (Special rules apply

at night, but no night observations are included in this repoit). Then,
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entering a table with the net radiation index and the wind spced in knsig,
one gets an integer which expresses the degrea of stebllity. The inte-
gors, which range from 1 to 7 are related to verbal descriptlon of the

stability by the following: (Turner, 1961)

Stability Class Number Class
1 extramely unstabls
2 unatabis
3 slighily unstable
4 neutral
5 | slightly stable
e stable
7 extremoly statle

In the study, it has been decided to use the wind at the nearest
Weather Bureau atation gt Logan Intesrnetional Airport; the sky con-
dition likewise. The site winds guifered from exceasive interferencs
by the buildings on the campus. The readser will note that thres num-
bers arc given, rapresenting the valucs calculated at the midpoint of
each of the three 60-minute periods comprising a sampling intervat,
This {8 thought preferable to an arithmetic average, because the origi-
nal calculation method described above does not dsal with non integral
values.
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Table 3. Stability versus ozone concentration

Date Time Mid-Hourly Stability Ozone valuss avg for each hr
(1964) (EST) Class Numbers (pphmv)

11/06 11331433 3, 4, 4 1.8, 1.8, 1.8

/1t oM-1049 4, 4, 4 1.8, 2.4, 2.0

11/13 0903~1202 4, 4, 4 0.7, 0. ;7. 0.9

11/1& 1307-1607 3, 3, 4 3.1, 1.8, 1,2

11/13 0830-1130 4, 4, 4 0.9, 1.1, 1.3

1t/14 0704-1004 4 4, 4 0.9, 1.2, 1.3

i1/14 1100-1400 4, 4, 4 1.8, 1.8, 1.9

As was expscted, no relationship is seen from the small sampling pre-
ssnted above. The time periods were those used in Linirgar's study. A
large sampling, including diurnal and seasonal nx_'iat&one, 580 ag§ to al-
low a full scale range of the stability pararzster wixieh Qwongly dep&hds
o.: the strength of incoming solar rediation, is probably necesaary to
make valid conclusions. The stability clasgsification system has been
rmade completely objective so that a computer could be used to compiie
tae class numbers.

3. Source Strength

A strong diurnal variation was observed in the surfac» ozor®

wneasurements with a broad maximum ai'ound local noon and minimum




values during the night. At suarigse, the ozons geacirally incrrased and
then decreased at sunset, Thig diurnal vasiailon waa more pronaunced
during days of excellent weathar conditions {clear with po vizibility re-
atr'ictzons)'. Thic observation agrees somsvhet viith the aivdy by Mceiize
(1961) in Graeenland w}ieréa he reported measurable quentities of auriace
ozone disappeared when the sun was obscured by high level ciouds, With
low ievel clouds present, stability as well ag photochemical dependence
would be an important factor. However these results are not entirely
| analogous to high ozone coucentrationa as found with smog conditions
“in Los Angeles. This i{s probably due to the difference of poliutants
present in the California eity compared with cur area where the sraoke,
heze, etc. does not contain much ozone or px;ecursoré of ozone.
From Tabie 1, the monthly means shoﬁ an increasa, a trend
that is simflar to total ozone amounts which are & minimum in the Fall
incresasing to a maximum the following Spring. However, a longur per-
iod of measurement of surface ozone would be nacessary to show absolute-
ly the strong dependence on total ozone rather than local pollution.,

During the aighttime hours, when surfacs winds were sirong

( > 10kts} and gusting, sudden increases in the surface ozone concen-
trations were recorded. These levels occasionally approached the high-

er daytime val 2s, Thoae are callsd turbuisnt interludes discussed by




Blackadar et al (1961) where the vertical gradient of wind velocity
suddenly becomes disturbed by the creati>a of turbulence which produces
a connection between the surface and higher vclocity winds hundreds of
feet above the ground. This phenomensa also occurred during strong
wind shifts, in frontal zones and when an upper level trough was located
east of the sampling site (subsidence effect). During these turbulent
interludes, one could then assume that the ozone aloft (abcve the taver-
sion) is brought to the surface by the increased eddy uiffusion and sub-
sidence. The above comments are discugsed in a qualitative nature’
because of the difficulty in expressing thege faciors in a quantitative
way and correlating them with the many other variables that come into
nlay on surf{ace ozone values,

Psak surface ozone valuss versus the con
active substances in surface air (ﬂ activity) are presented in Figure
6 siuce both have the lower siratosphere as an ultimate source region,
Notice the aimilar trexd particularly in the early weeks of the study.

Finally, a br ef table of ozone versus traffic density is offered

here. The results were obtained from joint work with R, L. Lininger

(Appendix B). The measurements were taken at the curb-site,
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Table 4. Traffic density versus ozoue concentration

Date Time Traffic Average ozone
(1864) (EST) {cars {n 5 min) {rphmv)
11/12 0902-1202 145 0.7

11/12 1307-1607 117 1.8

11/13 0830-1130 176 1.1

11 /14 0704-~1004 108 1.2

/4 1100-1400 172 1.8

No correlation is noted hera. This is probably cua to dependence of
ozon@ oa inesletion, pcllution ingut, ete., and to the feet that the traf-
fic count is not a 2snsitive enough measure of area-wide exhaust gas.
E. Relationship between ozons and m~mbters of the 'halogsn family

1. Rslation of ozone to chlorine

Lininger {Appendix B) and I have computed a simple linear cor-
relation coelficient between the simultaneously-measured concantrations
of Oy and Cl  and found & value of ~.55. We fully realize the dangers
of aacsibing {00 much significance to a correlation coefficisnt based on
only seven samples. Further, it can be argued nat tha number of sam-
plos which are trul- indepsndent in tha atatistical gense {s only five,
becausa two of the samoles wers taken with e cne hour 1ntermisuion,

Having a correlation ccefficient bacea on only five independent gempl=a
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would be even worse, from the stendpoint of the conficencs asc ibible
t¢ the atatistic computed.

The joint effort of attemoting an explanation of the correintion
by possible chemical reacticns along with an examination 2 mezsurs-
manis of chlorfide and ozone taken by other investigators to nee if any
indication of a chloride-ozone relgtionghip can be inferred in locales
other than the Boston-Cambridge complex {g reported by Lininger (18653).

Since chloride increases with an off the ocean wind, and this
fact was corroborated by Lininger's study, careful examinstion of gzone
concentrations under these meteorological circumstances should show
a decrease (if one accepts the above correlation). However, i the
three months of the ozone study. November 164 to Janusry 1265, an
for that matter in al! winter months, an  ..erly wind aimost always
brings consaiuerable cloudiness and precipitation to e Boston and
coastul New England area; it was no exception during the study outlined
here. Ag dis-useed in an earlisr section, s 'weather! alone would
tend to give low ozone readings. The ideal time to concentrate on this
type of investigation of the oxone-chloride correlation would be in i2e
Summer before and after the onset of 3 sea breess which is a very

common occurrence t> the Naw England coastal areas during the early

afternocon of the Suamer months.
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It {3 further suggesied that more simultaneous measuremenis
of orone and chlorine be taken, togother wit'. measurement: of para”
meters repregenting insolation and turbulence. Then the ozone values
can be aajusted {0 equal ‘onditions of ingolation and turbulence to re-
move the effects of these processes, and a more statiatically reliable
sorrelation can be obtained with chloride coatent to teast the above
theories. Perhaps lag correlations should elso be studied. If it can
iadeed be shown that chloride salts can control ozone to some extent
even at concentration ratios as low as those observed in this atudy
(Q1/ Q4 approximately 0.05 - 0. 3), then an inexpensive method of con-
trolling the undesirable effects of atmospheric czone {3 suggested; for
example, one might spray an ozone-contaminated area with droplets
of saturated aalt solution. providing of couras the corrosive eifecta of
the chloride could be toleraied.

3. Relation of Biromine and lodine to QOzons

There appears to b~ egsentielly no correlation between the ozcue
amounte enc either the bromine or fodine simultanescus conceniraions.
This lack of correlation would be expected i our data sven if there
could be any direct reactions {rot catalytic) beiwsen ozone and either
bromine or {odine, because there {2 a vast overabundance of ozens com-

pared to either bromine or iodine cn a molar besis. That is, from
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Lininger (1965) C1/03 ~ 13”1 moles/mole, snd Br/CL A 107 - 107

-4

moles/mole; therefore Br/Oy /v 1073 10 ° moles/mole. Coazsquont-

ly, a direct resction would hardly be noticeable {n the totzl ozone amcunt.

4 _ 10-5

Similarly for {odine, /C1 A/ 10~ moles/mole; therefore 1/0; A~
10°° -10°5 moles/mole, and the conclusion is even more valld. A re-
action suggested by Millman et al (19882) which woulu occur more effec-
tively in photochemicel smog because of I3 quenching the free redical

chain reactions that generate Og is:

21, + 903 —> i(103)3 + 804 (10)




Vili, RECOMMENDATICNS

As mentioned in this thesis, furiher surface ozone meagurements
should be taken {n the same location to obtain concentrations during the
Soring (tota) ozone maximum) end Summer (insolation ma,ximum), to
confirm or deny if possible the surface ozone dependeace on total ozonu,
and to corroborate the ozone-chlor!de correlation by ozone readings
before and after the onéet of a' sea bresze. Also further measurements
might rcéolve the problem of local scurce varsus stratosphesric source.

Further work should be done, oreferably by a graduate student
in tie chemistry departmeat, to investigate the feasability of sulghur
dioxide determinetion, either empiracally or analytically, by the filter
technique; specifically, use the ozone values before and after iliter is
removed.

Other sirzas for further sxamination are with the siability {ndex
as wall as wind direction versus surface ozone. This should be done
with values for an entire year.

Algo for the toxicologist, more ressarch should be cone on the

toxicity of ozune; the literature still contains some cenflicting arguments.
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Appendix A. (useful szone conversionn)

ppm(v) = parts per million by volume
pphm(v) = parts per hundred million by volume

pom(m)} = parts per million by mass.

1 ppm(m) = 1. 86 pom(v)

1ugra{C3) . 468 (1075) ppm(v)
m3 (airSTP)

P( s ) (O3)

ppm(v) =
‘ P(mb) (air)

lgm -6 A4 g™
D 10
liter mo
Total ozone -- Usually measurrsd in length unit at STP (atrogpheric-
centimeters), and it is the integrated ozone in a column of air extending
from the bottom to the top of the atmosphere. Conventionally, the unita

have boen 10™° cm. A logical choic# is milli-atmosphere-centimeters

(m atra - cm).

8D
Sl (m atm - cr) = . 46697 [ (“mmz—)
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Appendix B.
The measurements of the halogens in thiy swudy hare been cappli-d te
this euthor by his friend and colleague, Captisn Roneld L. Lininger, A
fellow graduats student in the Department oy lieteorclogy. Thsy represent
a large part of hie graduate thesis. Hias measurements have been collocted
in the Cambridge-Boston complex using a Casella four stage cescade im-
pactor. The analysis for the hglogens were conducted by pile neutron
activation. Since Captsin Lininger's project began slightly earlier than
this study, there were no ozone measur:ments for the first theree periods
or asroaol ccllection that totaled ten in all. The ozone meter operated
within 8 few yards of the cascade impacter intake crifice auring the periods

of the ramaining seven aercsol collections.
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