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ABSTRACT

Surface ozone concentraticns were meawired !n the 73oston-
Cam~bridge complex for tiicý months of Novemiber and December, 1964
and Jarnuary, 196.9.. The instrumentation used was a Mast ozon~e meter
and recorder; a chromium triozide filter was fitted to the air inlet of
the meter to. remove negatively interbaerng sul~phur dioxide. no. effective-
noess of this filter was remarIkably appaeint In that removal of the filter
caused ozono reductions of 54)-00%.

T overadl range of ozone levels fo', the three months was 0. 1
to 6. 4 pphmv (part pe:- humdred v3i131on by volume), well below toxic
limita discussed in uetail in thi~i thesis.

The averaige VB1Ue3 for eeach of the thbree w2ont~w indicate a p~s-
sible correlation with the total ozone trend. Variation of the d~aily vulusa

* 1Is discussed-with somec meteorological factors as well as source strezngth..

Seven simnultaneous measuroments of some of the halogens,
obt~lned from~~ a separate atudy by a ecoleague,, are related ý- ozone Con-

* ~conitrations.
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I INTKODUCTION

In his State of the Union message to tnM people of the Unitcd

States of America in January of 1965, Pres!ient Lyndon Baines JohnJon

emphasized the need for air pollution studies and control, part'cularly

in the urban areas of the country, as one of the more important matters

facing the nation.

Ozone Is one of the major contaminants that exist in polluted

urban atmospheres and Is very harmful to people, plants, and andmals

If the concentration is allowed to reach certain levels. On the othter

hand, the presence of ozone in the lower stratosphere shields the earth

from the deadly ultra-violet light of the sun.

Since ozone was discovered in Germany by Schonbein over one-

htmdred years ago, much has been studied and reported about this gas;

however, the majority of the meteorological work done has been with

"the ure of ozone as a trace substance in the upper atmosphere where

it is produced by photochemical reactions. With the discovery of the

toxic properties of czone in the last few years, a fact that Is still re-

ported incorrectly in some recent literature accounts, a new Impetus

in the field of ozone pollution has arisen in measurements and mea-

surement techniques in all levels of the atmosphere partioulrly in

major urban areas known for pollution problems.
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The concentration of ozone in the upper atmosphere between

2C and 30 kilometers reaches values as high as 10 parts per million

by volume (ppmv) which is a lethal dosage for humans if exposed to it

for a specified length of time. With the advent of supersonic cormmer-

cial aircraft flying at levels close to the msxtz am 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 than effects of cosmic radiation. Elimination of ozone in these

deadly proportions will undoubtedly be done Ly the use of filter tech-

niques in the compressor system, possibly of a catalytic nature, as

are used in some high altitude military planes. ar of the activated car-

bon type used in the space field. However, the duration of flight in

commercial air travel is in most cases greater than the length of military

or space flights; thui greater dange,'s are presented due to longer ex-

posure tirmes. The effect of ozone In high-altitude cabins Is discussed

.M greater detail by Jaffe and Eates (1964).

In the lower levels of the atmosphere, more specifically in

polluted urban areas, it is Important that the levels of ozone concentra-

tion be determined and monitored. Much ct this work has been and Is

being done in noted smog areas such as Los Angeles and London where

pollution is an immodiate problem. But what about other cities and areas



-8-

of this nation and the world where population, industry, a-i d

"vehicles are increasing at a rapid and somewhat alarmring In-

this day and age, there seems to be a trend Vrward movin2, everflj2•ii

and everybody into the large city ccmpleues, particularly in the Unltcd

States.

The measurements of ozone in the past have been concerned in

large extent with the total am.ount of ozone in a vertical column of the

atmosphere. But what about surface concentration measurements or

measurements at a particular level of the atmosphere? This type of

measurement could be extremely importart to the meteorologist or

toxicologist. Recent work by Kawamur'% (1964) on meauuremnt of

surface ozone in the Tokyo area showed that the concertration of ozone

in the lower troposphere and at tha surface varied simultaneously with

total ozone amount. Howeve•, in some areas, it is possible that pol-

lution by surface sources is a greater factor in surface ozone concen-

tration than the ozone which is brought down from upper levels by

diffusion, turbulence, and vertical transport. Kawamura's result

could be extremely significant, If valid everywhere, in that former

Invstigations which used total ozone content could be reviewed some-.

what critically oerhaps In view of present surface meamrements.

It is hoped that new results can be gathered with the use of
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surface ozone measurements such as the variability of ozone in different

air masses, the effects of source strength, an-d many other comparisons

with regard to the major meteorological parameters. Also comments

about the many reactions. both direct and Wnrirect, on the formation

and deatruction of ozove would be an into, eating study area to be probed

with better instrumental techniques. Another question to be raised is

"Are the concentrations of surface ozone high enough to create a hazard

to the vital human activity in the area concerned, and It so what solu-

tions should be proposed?"

The author measured surface ozone concentration in the Boaton-

Cambridge complex using a portable Mast ozone meter with a filter that

removed the negative Interf•rence of sulfur-dioxide. The measurements

were recorded at three different sites In the city complex during the

months of November and December in 1964 and the movh of January of

1965.



U DESCI PTION OF OZONE

A. Properties

Ozone, 03, is a colorless to blue gos with :i ptinyent ouot' &i.

has a gas aensity of 2. 144giliter at 0 °C. (760ram) which in ).0% 11jotez

than oxygen, 02. In high concentrations, ozone has a characte:f!qtc

chlorine or sulfur-dioxide like odor, whereas in lower concentrations,

it has a so-called "electrical odor" dilcernable after a thunderitormn.

Ozone boils at -I I i. 90 C (760mm) andn melts at -19P. 70 C. It wil con-

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

ties of ozone are similar to thoie of oxygen, but ozone is more reactive.

Many substances that do not react at all with ozygen, or only slowly,

react reauily with ozone. 3ilver, for example, which remains bright

anci shining for years in ordinary oxygen quickly becomes covered with

a brown film of silver oxide when exposed to air containing a trace of

ozone. Also a stretched rubber bona exposeu to the action of ozonize*d

air snaps in a few seconds showing how rapidly it it oxidised.

B. Uses

Ozone is used industrially ii, the bleaching of colors and dyes

in textiles and of oils, fats, flour, starch, wad suar in foodstuffs; It

is also used in producing peroxides. The use of oson. has also bee:a

mentioned In the controlling of mold both in fruit produce. particularly

- S •
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apple-, and also in the dairy industry, namely cheese and cheese products.

Most recently, there has been thought of using high-energy liquid ozone

to replace liquid oxygen In rocket fuels, thus providing a 20% increase

in energy over former conventional liquid fuels, such as hydrogen-oxy-

gen. Recent work done at M. I. T. on the delicate job of controlling and

storing the dangerous and uwpredicatable liluidi ozone has made this a

feasable proposition.

The last mentioned use of ozone would be a boon in the present

space age; however, there exists the possibility of ozonospheric contam-

ination because the exhaust gases of the rockets. The disruption of the

upper atrmosphere could have serioua implications on our environment

and weuld be a very important factor in cousidaring ozone as a fuel for

rockets. This problem of contamination by exotic rocket exhaust gases

on LhŽe atmosphere, particularly the upper portions, is getting more

and more acute because of the augmentation in the size of rocket

boosters. The tottl m=se of constituents irn the upper atmosphere 0•

so small, it is conceivable that the exhaust gases will be ap.3roaching

these magnitudes. With a po0s3,ble fuel like fluorine which is a

scavenger if electrons, there is a chance of upsetting the ionosphera,

thus causing aevere communication problems as well as other major

disorders. The subject of atmospheric modification by rocket e•hausta
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Is not dliscusaad in detail here., but the authc;. t'efcNr , i "n c-'-: -

to the work being done by the Geophysics Corporation cf Am.•ric. (-i•.-

man et al, 1962).

A few years ago, ozone was frequently advocated as a meana

for removing deadly carbon monoxide gas from garages. The ozone

was to be produced by ozone generators. Fortunately0th scheme was

found to be too slow to convert carbon monoxide to carbon dioxioe. Of

course If the toxic properties of ozone were well known at that time,

the above proposal would have been absurd. The important topic. ozone

toxicity, is discussed in the next section.
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III TOXICITY

A. Effect on plants

In a 1962 report to the Congress of the United States, the Surgeon

General related that plant damage by air pollutJon cost the nation between

one hundred and fifty and five hundred million dollars annually. On- of

the major air pollutants mentioned as a cause of this damage was ozone.

Many observers and investigators in the nineteen forties noticed

smog effects on leafy vegetables and other crops in the Southern Califor-

nia area A constituent of photcchemical smog, ozone w"as stu•(ted VVt'.

regard, to the plant problem by Haagen-Smilt et al. (1952). They showed

that the combination of ozone at 28 parts per hundred mfilion by volume

(pphmv) and gasoline vapors at 340 pphmv produced the same plant dam-

age as observed in the area mentioned above.

Aichards et al, (t958) reported that ozone might be the cause

of stipple disease on grapes in California. Later Heggestad anrd

Midelleton (1959) showed that "weather fleck" disease on tobacco plants

could be produced by exposure to ozone, and ttat high ozone levals were

correlated witlh observed fleck reports. In a Connecticuit study, Sand

(1959) found tii~a experimental concentrations of ozone greater than 10-

20 pphmv produced this leaf tissue injury called fleck in susceptible

varieties of tobacco. This sui-ceptibility to fleck is partly genatic as
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was demonstratet by hybridization experimits Li • .

Connecticut -tattIon. Sand also montioned thE t :Thys:•2 or ehc, .*.

measures to close the leaf Stomata, or antio:ddant ýpray- i-:L,

the local concentration of ozone reduced •TIec!: injurj.

A suggestion by Daines et al, (!9601 in a prcli rinary -tuuy wa,

that a disease of spinach may be related to atmospheric ozoric concen-

tration.

The effects of ozone are probably produced by its action on the

cell enzymes of the plants discus3od. Freebairn (1959) eemonstrated

that cert-ain reducing agents such as glutathione and ascorbic acid

tended to hinder the effects of ozone upon certain reducing groups in

vital protein molecules. Further field tests indcated that the damaging

effects of smog-associated ozone upon planLs were reduced by the use

of vitamin C (ascorbic acid) sprays.

B, Effect on animals

Ozone effects on anaimale have been described by many rosearchers

in paper, for a little over a century. From this work, physiologists and

toxieol. ,isto have obtained much needed dam tn hopes of studying man's

adap•oticna to ozone.

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

LD50 (lethal dosage in fifty per cent of cases observed) for rodents



exposed for a period of four hours was 12 ppm (vol). This is a rathe-"

high concentration of ozone, and it is very unlikely that A concentration

of this magnitude would be foiuld in polluted air near the Iround.

Stokinger (1957) obeerv•d that the LD50 for rats and mice also exposed

for 4 hours was 4. 8 - 3. 8 ppm (vol). Mittier et al (1957) reported uuiwn

animals (small) exposed to ozone produced by a corona discharge ozon-

izer that the LD50 in a 3 hour exposure period war 12 ppm (vol) for

rodents in one study and over 20 ppm (vol) in another (1956).

Thorp (1941) suggested that the presence of nitrogen oxides

which could be generated by some ozonizers may enhance the toxicity

; .f ,:Q .. D i.,glc nind Gý),v -n tbhefi pr-.ý.er- s • :d 'ýIha-* m ixtr ..•.s : .,.: .

and nitrogen dioxide reacted in part to form N2O5 (nitrogen pentoxde)

which was about three times as toxic as ozone. Stokinger (19257), hoiw-

ever, claimed that as a result of many caroful studies on test aiiima•.

that there are no reasonable groundg for ihec•. clcimi that nitro:en

orddea contribute ýAgriýlicrla-t to tho tox~icity o.C ozono. in fv.-zt, [.

ieports that the lethal, offscts of ozone on mice was reduced ;iightly by

the addition of nitrogen dioxide.

'Many conflicting roepos at the above nature occur In the

literature. These discrepancies are most Maely due to the use of crude

ozonisers, unreoiable methods of analysis and measurement, and the
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presence of organic material.s readily attacked yx .

The cauxse of death in the above rnitntlonad d i;v

acute pulmonary edemna and hemorrhage. In ;ýbe ani2mr1O.C,,

was found that witi, repeated exposux'e to ozconB of I ý)prv (-mij,7llgi1Y

higher than reported in some utrban areas) 8 h~ours a~ day for periochE;

up to one9 year, the animals contracted brocnchitis, fibrosis, and br'on-

chiolitus,

Stakinger et al (1961) dfmonnstrated that several other sub-

stances of ovidatlve nature including ozone are capable of eaucing a

comparable acutely toxic reeponse and subsequently cau~sing the de-

velopment ,),f so tolerance toward further intoxication. For example,

pre-exposure to lowver levels of ozone seemed to protect animals

from subsequent otherwlae lethal dosages. Also, hydfrogen peroxide

012 02 ) administered to mice in repeated dosiages of about 20%o of the

lethal dose conferret protection on theso animals when they wero

challenged with acute lethal doioages of ozone. When ozone and carboja

dioxide uare administered to rodents, It was found that the acute toxicity

of ozone was slightly enhanced. Another Inter'esting discovery was that

oil mis1ts tended to protect small animals from the acute, effects of ozone.

This protection was only afforded if the animals were exposed to the

mist before coming In contact with the ozorna. If the exposure to ozone
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and mist was simultaneous, the toxicity was slightly intensified. White

m2ineral oil gave greater protection than motor oil. Whether this mist

protection would work on human beings is not kr--3wn.

Ascorbic acid (vitamin C) which was usei as a spray in plant

protection discussed earlier in section A decreased mortality and

lessened pulmonary edema when given to mice before exposures to

lethal concentrations of ozone. 'When combined with reducing agents

and other vitamins, ascorbic acid conferred almost complete protection

against othiarwise leteral exposures.

Serotonin although it did not influence mortality gave some pro-

tection in that it lessened the amount of pulmcnary eaeina. Serotonin,

however, was given after ozone exposure in large dosages, I mg,

(Matzen, 1059).

C. Effect on humane

Whilo there have been many studies on ozone *.fscts on anlmalu,

juch ixptriments cn human beings nrc few, as is to be expected with

any toxic gas. The few reporto that are avmlaable hr.ve dealt only wilth

a small iumber of subjects in q;estionabla einvironnments. This small

•ample tends to give some conflicting conclusions because of the wide

variability in human beings in reacting to any type of to.dcological

agent.

.I J.
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Klienfeld and Giel (1956) deoscribed the ozcn~ affrmzn.-;

welders exposed to S. 2 ppm (vol) of ozone fln .-.,arkshp air.,z~

KJleinfeld et al (1957) reportedi on intermitte-nt e~poiV'cs ~~~:G

to 8 ppm (vol) of ozone on electric r-rc woldert;. Dyspnea andi heacdachý

dieveloped rapidly ina the welders, and afte4.' a :iinez perioc., ftiall

and dyspnea were still evident although clincal recov'ery wai camplele.

Griswold et al (1957) exposed a~ volunteer to 1. 5 to 2. 0 pprn (vol) for

e period of two hours. The subject was studied with the use of a spiro-

graph, an instrument used for recording respiratory n-ovemantI,-, The

,,oltunteor suffered dryr:!aa of meu.th and &Ircatl, constrictive substernal

cW'.at pe~awJ lack of coordinating abi~ity, and cffleulty in expression

and a~rticulation, le also suidfaerd significant respiratory embarrass-

men~t immeditately after expoeure and Vida dirniniebed for 22 hours

thereafe-3-.

One of the b~etter etudles conducteu wav by Clamann anid Bancroft

(1959) on a group of 5 s~ubjects. The volunteers were expose'd to concen-

,trations of 1. 2 toc 6. 0 ppm (vol) in ,ierlods of I to 2 11/2 hours in a con-

trolled roorn over a parioo of two weexs. The highest concentration of

ozone applied was 6. 0 ppm (vol) for I hour and the longest exposure

fline was 23 1 / 2 hours at a concentration of 1. 2 ppm (vol). Although Mhere

was g~ravt individual tmnhttivity to ozone, the authors noted a deftaitte
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effect on the respiratory system with a decrease in vital capacity of

the lungs. This lung capacity decreased with increasing concentra,-

tiona of ozone. With the aid of lung function tOsts, it was observed

that edema seems to begin in men at concertrations of 4 to 5 ppm (vol)

at exposure times in the range of one hour. A definite impairinant of

all the subjectla sense of smell was found with no effects on blood

pressure, pulse rate, and bloou itself. Other discomforts such as a

bu'rAng aensation la the t1woci f£eling oZ oppressio-a of the chest and

difficulty in breathing were reported by certain indivlduals, burring

of the eyes uas not detected.

In comparing inhaled air ct 4. 8 ppm of ozone to exhaled air

which contained no ozone, it was concluded that ozone ciecomposes

completely in tho respiratory tlssues.

The above reports are of interest because they indicate the

levels to which ozono exposure •xay go before toxlclty becom-q evident;

they do not take into consider ation however, the tolerances i::Ct man

may exhlbit when his exposur, includes not only ozone in air but other

contaminants as well,

The experimental results in ths.i report are fairly conaistent

with the maximum allowable concentration valae of 0. 1 ppm (vo]) for

an eight hour duy which wao edopted by tho American Conferenct of
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Governmental Industrial Hygienists In 195.. The •2!'t , ". .

air pollutants in ppm (vol) adopted by the Lou Angel,"' .,crýzy -•'..

lution Control District in 1955 are as foUows for ozvine: f&r:., 1 - -r0. 5

ppin,, second alert 1.0 ppor. third alert 1. 5 pore. Thn drfirtior',z of

the stages are:

First Alert: Close approach to maximum fllowvable co~icer-ra.tior

for the population at largo. Still safe but approachiing •,. point where

preventive action is required.

Second Alert: Air contamination level at which a health menace

exists In a preliminary stage.

Third Alert, Air contamination level at which a dangerous health

exists.

From the discussion in previous three sections, the requirement

for precise monitoring of ozone levels in polluted urban centers ahovAd

be obvious.



-21-

IV FORMATION AND DISTRIBUTION OF ATMOSPHERIC OZONE

A. Upper Atmosphere

Most of the ozone in the atmosphere is found between 20 and

50 km. Ozone is formed in the upper atmosphere by a photochemical

process. Similarly, photochn.mical reactions tend to destroy It. An

equilibrium between these reactions determines the concentrations of

ozone. The reactior~s thought to be most important Pre:

0
o2 + hv- 2o0 < 2420 A) (1)

02 + 0 + M-0 3 + M (2)

0
03 + hv-- 02 + 0 (; < 11540 A) (3)

03 + 0 - 202 (excited) (,)

(1) and (3) determine the production of ozono trom oxygen. It is seon

that in (1) oxygen dissociates into its ato-nic fcrm witii the abaorption

of a quantum of energy corresponding .o wavelangths less than '1420

Angstrom Uit.ts. The collision of this unstable atom with an ox~gen

molecule in the presence of a third body (either an oxyjsn or nitrogen

molecule) produces one molecule of ozone. Comcurrent to this pro-
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dhct!.or rn.tcb'irdern is the cij.6:°cticn o: o,:c by '.,: a .

t ohi U) give aiol'.cular o. yge" urid ee .. e •,. ... , . ,., x .. ,.:=-

13•y• ib tho reactio)n whkch m z'J'. O'

the -ru ~in~ 0. 'Jhe rA--2cfb1A was t-~~;h~ ~~ ~34

I;mLrn c.1ivity until thc t,:Atc prc-ed-tic.ý 7 C, .,r .we -Ce ,V(c1g'ht 'O b/,7r.

A seccnd collision reaction (4) al.so aids in 'Ži,%

Craig (1950) and Joiaiioo.w • e der:.vatlon of cin expres-

-Jon demonstrating eqiddbriui ccacentratio if o o-..e in t¢-roe of •olax

e&diation flux, rer.ctfon equrbr.um con.•tants, and beight (dennityl.

From tha expression, we cana calcua1te th2 amount of ozone podfctsd

,T-y photonhernical equill brium alone as a function oi height. Qualitatively,

the distribution would show a masrmum toti amount at ýhe equator with

a decrease towards the poles, and &L temporal maxima in the summer.

The vertical, profile predicteJ by theory la in fair accord with observa-

tion but the horizontal distribition observed has a maxima at about 60CN

and týŽ inaximum amount occurs in the Spring season.

It is evidetat from these calculatioan that the atmospharic ozone

Cý' thk %;+ol, ij indeeci not in photocberoical equilibrium. Wulf and Derv)Wg

£1CG) nvast,•p•;t:! non-equdlibrium otfects and found that above 35 kin

iit !gh giu.a angie. if all the o-zone were removed, quilfbriurn would be

restore(a dnot imrnodisieiy. Below this ir. the 25 to 30 km level, a
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at about 6 - 8 hm. (figure from Johnson, 1954)
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(STP em) on the Vigrovx ecale. (figure from Godson, 1960)



-26-

a similar Interruption would take daysi to month- t,,)~~c~i

lower altitudes. equilibriumT. is almost nev-ar reaotr _--. T~~~~

for tWs is that ozone absorbs so stargl In the ultrw')viole t wvi-vtler'gt;ý

which itduce -eactions~ that below the upper few kilorneters, a2 tnmoi~-

phcre ia protected from this light. In faCt. Mn the Hartley 1,aand (3200-

2000 A), aslow as 11145 centimeter layer' (STiP) can reduce the inten-

sity by 1/10. The entire iquanifty of atmosphei3c ozone if reduced to

standard temperature and pressuizo would form P_ layer onl~y a few

mi11lmeters thick. Hlere, and in miost other works on atmospheric

ozone,~ the concentration of ozone Is given in terms of thickness. To

convert these turits into parts per million by volumne (pprnv), one needsý

only thc appropriate coaversion factors (Appendi~t A).

B. Transport Properties

A caIrculntion pattern of some types is needed which can create

a maxlrai~m of total ozona at the latitud- end seaaon at which It is found.

There are two Immediate possibilities, one. a hort~ontal field of motion

which might concentrate It in a certain band, or secondly, a vertical

motion which muigh~t pull down ozone from the region of photochemnical

equilibrium. Tho actual fleld of motion Is probably a combination.

Although we have a fairly good understanding of tropospheric

circulations, the fact that ozone Is found mainly above 20 itm foresu
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us to look to atratospheric motionsj to describe Its behavior. In fact,

ozone is one of our better tracers to aid In the invesetigation of the

stratosphere.

It Is interesting to note that the early thinking on a stratospheric

genieral circulption followed the satare patteris as the developmennt of tl--.1

trotpos9pheric circulation, Craig (1940) found the ozone measurements

to indicate a raean meridional cell. However, a variety of data and m

natny investigators, Reed (1953), Msj'in (1958)., Diitsch (1959), Newell

(1963a, 1963b), have led to a postulattd circulation similar to the

troposphere, one in which the eddles i lay a major role in middle latitudes.

The wor'k of Read (1953) and that cf Diisch (195i9) Indicates that

there is a steady downward flux of ozone into the tropcsphere wihere it

Is dest~royad In lar'ge quantities by chormical, photochemnical, and catalyiic

reacticin3. The mechansru~ by which Lt is passed throttgh the tropopauc-s

region is not thoroughly understood but the transfer appr-rently occurc,

in the vicinity of the jet stream, in frontal -,ones, and perhaps also

directly acr'osa the tropopause imgioz2. Thnse transfer' procesoes have

bee-n discu~ssed~ by Dwanllson (M59, 11c64).. Brewer (1960), Staley (1960),

Nowell ( 19630) and Briggp, and Roach (1963). The following presentatloni

of four meehaniezms is frorn Brewer's paper (see Figurs 4):

1) Hero is a continuation heroes tt-a iropopause of 'lie flow nonaedia-
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batic (kec& rat which is presumed to ba-.'e 1'ov.-{'cht Vth. *i- ,

tropopaix.be. This process would tend to g~~!~~

of traneaer of ozone Jn~to regio-mr. Th,_ cUo-.r~ !:C,~'y~~!.±

late Spring vwhen. the high conce~wtec-ioas ý,e fotiu.i -J near toc r;i:u

2) S111ice the tropopiuise often. da)i33 relA-_ve3.y to 'h ; is:At~i C

surf "-es, espe-cialy In the regic.-n just r~ixoth of the -*~:c~~ai t S94LeetYl

motion slong the li rntrc~plc sur-facea caxi takG ozon~e ow': of die Qtrato-

sphere. This proces~s would give greates~t outflow just north of the su~b-

tropical Jei aind r'3quiresE relatively high conctsntrations of ozonte just

above the tro,*pvuse- in theoe regions.

3) Eii~~ecan occur along the isantropic surfacesi which Its In the

lowar cjtratosphei'e, of tern perate. regions anc! pass through the sabtropi-

cal Jet into the upper, tropical troposphere. Ozone-free air can enter

the 9s41ratosphere and conver3ely the ozone-rieh air can pass out of the

stratos phere. This mechanism will cconcentcate outl!ow at the region

of the saubtropical jet and will be greatest in Spring when the temperate

EatrEtooph4ere contains most ozone.

4) There Is also the possibility of this circulation pxattern through

the lower etratoophere. Any contribution which such a circulation

wi~ake@ to the transfer of ozone to the troposphere will g've outflow in

the r'egivin of the ,30btropical jet with a. strong manrium in late Spring
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and early Summer when the ozone levela sear the v,; .

is highest.

For a more quantitative estimota of the r!lati-4e in;:Ža. i_;-. o,'

the several transfer mechanisms based upon raaioactlvit & oc a,

Table by Machta, quoted by Murgatroyz (19G4).

In conclusion to this section on ozone in the upp0i'A atrishere,

the author feels that with more high-quality measurom(nt~3, -esearch-3'&

can look forwardi to a regulargrid of reporting Etatio.s to ald in making

toe atuay of atmospheric ozone a very valuable tool for the purpose of

further examinnation 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 (19641) at

the Air Force Cambriage Research Laboratories in Bedford, Mass.

Hering's data from ozonesondes from different stations over North

America give the ozone 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 the studies mentioned in tei section.

The3e reported and tabulated values make it easier 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 particulary
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irn polluted air)

Most of the ozone xn wsett Jn the atmot.spiicce is p;,Ydu p;ee*

chemically in the upper levels above 20 km aw mentionec ir the previcus

sections; some of this ozone 13 ireanportcs d dowrward .n, t12e tinooi* We;

wh3re it is partially djestroy3d by chemical r•actions. "he -r.ili EIM' ý"I

that reaches the surface o* the earth is 1no3" cosptI.y ,,ti

the ozone reaction:3 witfi a1UfP.ce s)ý,l: p,&.•t. 3tC. V, h kii:

ozone prodctimoi in the pokluted sv--face 'e-,-e ... .. ,

ity of urban areas will :e discu' '.

Ozone in pcUuteu air Is p)riLarily ar•r .... ,o c.• s::c .

the following reactionrs acco-'cing b Lei ; *An aug PI:i,, i),A.

NO2 + hv-*-NO + (31,)0,. . < 37(;1il!

0 + 02 + M--- 0 V:

03 + hv-- O 2  0

NO 1 O -NO 2 +

I, (3) ozona ab.a'bs t.te-n •; i.. 10- in1

HnrtImy band:i and botween , tP(0 an 7000 t,0 tf h.: Ci,, L;;, :
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eve.- all solar rzldation of wva-i,Tlc.!th #-Jkcrt E, z~i~: L'

In the upp~er a.uosphera, 'M in (l,) Li.' c~n i~i i~v*-.

excess energy rdeleasea by the resdo:zc 1,-7,%: 0,. vw: .ý

and quaickly jisso-.11ate agalný.. Thtw 2-r6o*.r- o

react with other consdit.uerzls PeqtrA ~iiit c1~4,. ~ -

but the above mentionedi authors rep-:r~eL. itlit ý). 51ii tj 01 -. c:'

reacts with molecula-c oxygen to form c.~ont -ad that fla<r, C. -Yk t

act.9 by all other proccas~es. O~ther' ret.clarz) ave beni., sugkuctr. as

possiblt producero bqh directly rut1 inolrectly of ozine, btlt ther valt1-

ity otill. remains uncertain.

While not immediately tnvolved in~ the formaticn of ozone in pc,!,-

lutea air there are some constituents of ths `ocB", air Milich en',hnce or

slow down the above main reactiona. JVo~ example, ozone sproduction

is npparently incresesd in the presence of clefinsj, whernca the arodua-

tion rate of o.-on3 ior most paraffizw is amiald as reported by Schuck

.inu Doyle (1959). Alsoc some typs of olofirs not onl'y promote rapid

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

of ozone. Reaction (2) Is salow and ctoean not aiubaitantially decrease the

ozone concentration that (3) limits the concentraetior vhie~h can coexist

with nitrogen- dkicxde.

In view of the above reactions, ane can easily a," that the
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presence of nitrogen-oxides is very iMrt2.? i thm niuciy of 130th .1!.

and non urban pollation by ozone. The internal c umbtiator cngiric¢

other high temperature combus.on procee!i; sc-:oh as rau Atrial lurri:.4- -c3

ar* the chief sources cf nitrogen dioxiuo3 e2c,;-.Cll•y .C the ciffiuentz iA;

rapidly cooled. r-ickineon (196-1) reports tCit with the gaso •i:'.1 1 zirie.

the nitrogen oxide is almost entirely in the forrz, of nitL'ic c.:&:. !w:i.r

exhausted from the engine; howevor, on ce La t• e atmoo,. l 'J, ri.0c.

oxide converts rapidly to nitrogen dioxide. According to Loiitcn •.

Perkins, it appearn thut the conversion of nitric oxide to nf.tr.gtn c I-

oxide Is assisted by m•mny orgaric substances 3uch as ,l-!Lia.. arc•niat: ,

hydrocarbons, aldahydes, and param'flna.

An a most recent work bjr Kawamura (1964), it is juggested •,h:v..

a part of surface nitrogen-dicxide nzy originate from the surf•ec joit

as a result of bacterial reaction. Kawamrura also found froin moaeu,•.-

monte In Tokyo that nitrogen-tdioxide in the tu-lace air h•'d a meaed

duirnal variation with two maxima in the day which occw1-red :',os ctive'y

in the morning three hours after sunrise end in the evening two hcnus

after sunset. This dutenal variation of nltrogan-diomide in polluted air

could be explained as a result of meteorological conditions. photochemgi-

cal effects, and traffic density. A silmitar result was foun! by Dicki.: ,op

(1961) in the Los Angeles area.
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To show the importance of nitrogen-dioxide In the•• .... r

surface ozone, Vassy (1963) reported that the ozone con ccr.t r•-., In

Paris was but a fraction (on the order of 1/1.0) o' the concen'ration

measured in Los Angeles during comparable conaitions. Most c." this

difference was attributed to the smaller number of automobiles '61a the

French city; in a similar comparison between London and Los Angeles,

the ozone concentration ratios were in the same proportion as the en-

gine cylinder ratios. Other possible reactions of ozone with constitu-

ents of polluted air are those with members of- the halogen family, most

important of which could be chloride. These -articida: 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-Carbridge complex.

D. Other mechanisms in the production of ozone

In addition to the reactions mentioned in the previous three

sections, ozone is formed in other ways; one c! 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 atmosphere, this is 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 is a definite In-

crease in concentration during thunderstorms; however, the abrupt In-

crease of this concentration occurecd three and one-half hours before

the first discharge on the average. It is the opuiaon of KFroening and

Ney (1962) that ozone pr'oduced by lightrnng Is on the eame order as

that produced by solar ultra-violat light.

Another ozone production method discussed by Kroernng and

Ney is of nuclear origin; they calculateu that the amount of ozone pro-

duced by a fifty megaton nuclear device Is a aroxr.mately 0. l% of the

ozono in the entire atmosphere.

There is Folac a production related to the presence oi aerosa1s

as roported by Reehatov (1961). Here, the reaction of wnter and oxygen

(in air) clue to 3elective adsorpLion on the surface of the aerosol parti-

cle forma hydrogen -peroxide; the reactions that follow are dis.egeed

in full by the author and will not be repeated here. heshetov's proposal

stems from many so-called unexplained facts on ozone; one of which

w'c. fhe report of high azone content near waterfalls ana In the vicinity

of iea sprays an nmeasaired by Ltybinzon (1936). All of the facts ,•xcept

the one above can b; e44ained by conventional means; however, the

present author feels that measurement techniques at that time were

questiLoable. Regener (19,5) i.:nzidered atmoopheric aerosols to be



a ticavergew bu-41 not 1;anratoz' of uzone aiim i ;cecv*~

ch!rnical ci~iasociatiori mteth~oc~ are probnb?.y t;' nr:,e
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V INSTIMMrENTATION1

A. Ozone measuring devices

Ozone can be measured by two techniques, spectrophotoimetric

or chemical; the former' has beeni used moatly for total ozone (Appe~dIx

A) as wenl as vertical dietribution., and this "unmkebr effect" to discussed

in detail by Mltra ('1952) or Johnson (1954). Mateer (1964) conclvded

that ihe-re Is no powibility of dateraxining frornumkehr observations

whother or not thers exists a dietinct secondaZry maximuni in -the lower

stratosphere. He also aits~e thart the trertical distributionis of ozn

obt-ined Zrom unikekr observetions are to be compared with e ach other

pal when determined by the same objective technique. Great care mnust

be tak~u wheni making inferonces about atnxoupher~c xmottan% tl-v-OcA 176U-

tical distributtion of ozone obtdxned from tam!ichr observattion? since

the "&Iualu r s.:metmimsa Lwes subjective maUiods on what the vaartl',P1

distribution "shol~.d" look~ lke.

Chemical methods of ozone determination go bac!h 100 years wItf.,

meaureznents were wade in~ the layer of the eatiosphere closorat to the

earth in Germany -,vith the us* of Schoanb~'s potassuium iodide starched

paper. Dauvillier ir. 1933-35, uxed a reaction of the oxidaton by ezone

with a Utratior. &iolut~orn of sodium arsenite to measure the ozonte. The

ozono aw~nount was determ~ined by the portion of the solution which remains
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unoxidized. This portorn was titrated with ai kodin. soJotnno AI-f

at this time, a rubber cracking method waa ur.d, In tLit e ' 11

perical scheme in that it waa not specific to czne ad baci to lbe Lncý r--

preted with caution; the technique was et curu4ui1aqive test for tztzl ecb-

stances in the atmosphere effecting rubber (JQcbs.. 1960).

In the last two decades, great •mproveunento hive been trade

on the potassium iodide method for ozoei determination, and also n new

method, oxyluminescence, was discovered. At one time, a colorimet-

tic analyrv's was used, whereby the producta of the reaction were

uaually determined by comparison of the color of the indicators Mt a

certain stage of the reaction. For example, oxidation by ozone of solu-

tions of potasslum iodide and other Iodides are accompanied by an in-

crease in the solution of the effective concentration of hydrogen ions

(an increase of the ph). This kind of reaction leads to the u3e of color

indicators such as phenol, bromothymol, nirtophenol, phenolphthalein,

and others for the qualitativo determinaton of high ozone cocacentrations

in the air. Here, absolute values oZ the ozone concentration cau be ob-

talncd by comparirg the action of each indicator in a spec.fic schedule

of measurements with one of the absolute methods of measurements Mf

the ozone. Another example of the colortmet•c method is the reaction

of the omidation by ozone of indigo carmine, a substance used by Britaysi
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(1959) in a number of cases for a qualitative evalzation of comparatively

high ozone comcrrtrations in the atmosphere. The ozone concentration

is calculated by the equation of the chemical reaction and by the amoun?.

of air passed through the solution. In spite of the simplicity of the color-

imotric imalysi3, it still involves the subjectivity of the estimation of

the color alteration, and "ils is its most important fault.

Ozone causes luminescence in contact with several chemical

elements (iodine, sulphur, sodium, thaflium)., mineral compionds (the

sulphides, the chlorides, and also an oxide of nitrogen), sea water.

maUk, and also chlorophyll. Very strong luminescence can be observed

when ozone acts on liaminol in an alkaline solution. Bernanoze and

Riene (1959) determined the ozone concoutration by the intensity of oxy-

lurAnescence. However, a small amount of moisture is ansential for

this chemilumrnescent reaction to take place in luminol. R~elaor

(1964) used the chemiluminescent reaction between ozone and rhodaminn

B which does nct show this type of moist Lre effect. His instrument in

balloou-borne sonde equipment is used widely in investigations in the

upper atmosphere over North America.

The basis for the majority of present-day electrochemical

methods of oxonometry Is ahe reaction by owone of potassium iodide in

aqueous solution.
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03 + 2K1 + H 2 0---- 12 + .

The reaction with potassium ioadde is charain -%rl-ed b•,' • ..

ity with regard to ozone. Exact quantitative measmremenft cf cazon'e

are effected by electrochemical methods, where the roaction of th-

destruction of the ozone is checked by the alteration of the electrical

properties of the solution being oxddized by thie ozone. The Instrument

chosen by this author for study of the air in the Boston area was tbe

Mast ozone meter (Mast and Saunders, 1962). This particular instru-

ment was chosen for its simplicity of operation, ease of handlings cost,

and most important the quickness In obtaihing the Instrument for Im-

mediate use. In this instrument, the above chemical reaction takes

place on the cathode portion of an electrical support. At this cathode,

a thin layer of hydrogen gSa is produced by a polarization current.

2e + 2H--"H 2  (8)

When the voltage is applied to the electrodes (0. 24 volts). the hydrogen

layer builds to Its maximum, and the polarization current eo*se8 to

flow. When free Iodine to produced b' the reaction with oscne. it re-

acts Immediately with the R 2 as follows:

H2 + 12 2HZ (9)
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The removal of AMydrogen from the cathode causes a re-polarization

current of two electrons to flow in an external circuit, re-establishing

equilibrium. Thus, for every ozone molecule reacting in the sensor'.,

two electrons flow through the external circuit. Hence, the rate of

electron flow, or current, is directly proportional to mass per unit

time of ozone entering the sensor. The instrument was connected to

a recorder which was calibrated in pphrv (part per hundred million

by volume) and could be read directly when the air flow rate was 140

mi/min at STP. To correct for ambient conditions and thus get a

more accurate reading, the instrument values should be multiplied by

a (ambient) T (standard)
afactor of p (saard) T (amnbent) • The uncertay or accuracy

of the instrument Is reported to be I ppbv (parts per billion by volume)

which is approximately the limit to which the graph on the recorder

can be read. Further information desired about the Mast ozone meter

and recorder can be obtained from the Mast Development Company,

Davenport, Iowa.

B. Disturbing uents in the eiectrochemical (KI) mothod :f ozone
analysis (use of filter)

W on considering the measurement of ozone by the .lectro-

chemical method with a potaeslum lc~iide solution, one should bo aware

of possible interference from oxidizing or reducing agents or erroneous

readings from other means. '?osaible l.te.fering agento, moatly
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found in polluted air are sulfur dioxide (SO 2 ). :nitrg'-...

and nitrate ion (NO3). There is aRlo possible detctrncicn c,-:.

from the wall-effect of glass tubing (Kawamura, 1964, wh•lAc! usej

as an air inlet by many authors and researchera; howover, ir, tVne

, (i~rof Boston air, a polyethelene and teflon tubirn wan used for i!I®:

air intakes.

Of the above mentioned contiminants, sulfur dioxide is the most

important. Saltzman and Wartburg (1964), Ripperton (1964), and

Kawamura (1964) all reported on the negative interference of this gas-

eous aubstance common in poUuted or urban atmospheres; but only the

first two authors suggested a means for removal of SO2 from the air

inlet so as to improvo the accuracy of lodometric measuring devices

such as the Mast instrument. Their method is as follows: Prepare

a 10 ml solution containing .83 - 1.66 grams of chromium troLdie

and .46 - .93 cc concentrated sulphuric acid. Drop solution (with

eyedropper) onto 6 sq. in. of glass fiber filter paper; dry paper In

oven at 800 C for one hour or until paper turns pink (in MY case, this

happened in approximately one half hour). Now, cut dried filter paper

into 114 by 1/2 inch pieces and fold the pieces Into V shapes. Place

the folded paper into 100 mm Schwarz L tube (glass). U used a 100

mm straight polyethelene tube). The paper (pie shaped because I used
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cirouIar filter paper, I in. diameter) was folded to prevent nesting to-

g.ther when packed in the tube. The final product resembled a large

cigarette type filter and acted in essentially theo ame manner. Con-

ditloning 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 a small vacuum pump. The theory of this filter

technique to based on the fact that the chromium tri~xide is an excel-

lent oxidizing agent; thus the sulfur dioxide Is oxLdized to SO3 (highly

hygroscopic) which then clings to the glass fiber filter paper. Salt7m,-,

and Wartburg (1964) report that the filter Is good for thirty days end

are still In the testing phase for longer perocias of time.

Nitrogen dioxide (NO2 ) interfere positively on the inatrument

to the order of from one to ten percent of the amount of NO 2 present

depending on whether one uses Kawamura's or Ripperton's figures.

Junge (1963) gives typical values of NO 2 of app•roximately 15

^.7pphm) for large urban areas whereas for Tokyo, Kawamura reportsi

ma-imum readings of 75,/qg/m3 (3 ppihm). If maxlmumn error is used,

on gets only vaiues of .07 pphrn or 0. 3 pphm which are very small

compared to actual reading* of osoxe; in fact, these flgur'es are the samo

magnitude as the reported accuraqy cf the Instrument. Also, the USa

of a btffer•d potusciur.• iodia3 )olutlon (thlis is u3sed in Mast inatrumant)
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tends to reduce the effect of NO 2 even more; so no pro.-vi v,,2ic -o

be encountered in this aspect of the study.

The disturbing effect duo to the presence of tVe ::rate Pon (NO.)

In the atmosphere Is negligible as reported by Kawamura (12G4) in Me

research report of polluUtion in the Tokyo area.
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VI SELECTION OF THE SAMPLING SITES

The ozone concentreation data reported in thie study represent

measurements with a portable Mast ozone meter taken at three types

of sampUrng sites. It was decided to choose one location near a major

traffic thoroughfare and another a short distance away elevated above

the street level; these 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,

so ae to have a sample of non-urban classification. In addition to the

above restrictions, several other practical considerations were met

in the final selection ol the three sampling sites. The f•rat two sites

mentioned should be close encugh toCgoter to rapreserat tUhe =saru eo

oltions of industry and traffic denbity. All the site* should be ncar an

outlet for electrical power to drive the ozone meter. Luring the curb-

side period of the test, the operator must remain on eite to take and

record various readings of meteorological and traffic eomvidLons and

to safew6-4urd the eqodpment against possible interference by over-

curious passers-by. Therefore, the curb-side site should allow legal

parking to permit the operator to employ his vehicle as a buse of opera-

tiins and a place of temporary storage ior the equipment directly and

indirectly involved in the test.

The sltts actuasly chosen for this test meet the above criteria
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quite well and are dCscribed below. The icurb-.9iJf .

along the curmpus (north) aide nf Memorial "'',h ts ib C~rx ". n:.:,!?,

about two hundred and fifty yards from thb_ , Ct.c uf .

D,'ive and Masachusettv Avenue. The ozoiie mor.' , •.=--•-, o

the side of the west-boundf :6,affSc ,low, coinposed cf tVy lwýuej p'.,.s -Ul

ada1tional parking lane. Apprzemately twenty-Aive yarus acr~o-a a diAd-

or are two more traffic )aiea for flow in the cpiosite di.-ection, plus

another parking lane. The nearer lanes reprevent treffic outbound from

Boston, while the farther lws represent ifn-bmd traffir ThiI, the

ratio of near-lanes traffic to far lanew traffic changes from roughly

oi-to-tw- ~during 6ho mornng rusn nours to about one-to- one around

noon and to apprcxlmately two-to-one durinj the afteruoon and even-

ing rush hours. The distance from the c ,ntar of the near lanes to the

Inetri'ment site Is about thirty-five feet, which It ths miri-mum possible

without requiring the electrical cord to extend across a wide side walk

which It used continuously by the students eof the Institute. The speed

of the traffic on both sides of the divided thoroughfare in relatively

conatant at about thirty-five to forty miles per bho. Vehicles operat-

ing ai !Jle are infrequent to nil, with the exception of an 'casional

vehicle entering or leaning the parking iane,.

The elevated site Is on the roof of the new Cecil and Ida Green
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Center for Earn Sclencea., on conipuw approxira~tely two h.uirard

yaLrds from the curb-side site. The exact locatlon of the metor cn

the roof depends on the wind. That Is, it is almost always positioned

upwiLed of the laboratory hood exhaust and the air concitioning cooong

water spray, either cA which might act as a contaminant source with-

out suitable p,-ecautions.

The third and fbiafl site is the author's home in Hoslindale,

approxumr'Wely ten m1le southw'es•t of the Cambrtdre-Boston complex.

The Instrumient was placecd in an ups.drs (2nd floor) room about 25

fer,) *bove the g&ound with the inlet tube aticktig out of the wviodow.

Thn author internded tc alternate the meter equally between the urban

and sub'urban, sitti but the severe weather (epecifically satrong winds)

necesaitated the sheltering of the inatrument.
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VII DISCUSSION OF RESUL'IM

A, Ozone Measurements in the Boston- Carabrige C•Ar'i4•- :•

The following results wore rec.•rded • •rr• :,tr•Q frcirŽ ,

ozone measurements at the three Fmanlping Iijest!•"r; qpecific,'Jiv, ••ie

November data was obtained from the roof-to) locality with ;,ftea

hours of curb-site measarementq interfused, while tht. Deceniber adri

January values were taken from the third sampling site mentionecd

(less than ten iniles from the other two) wilh approxirr.ately three days

of roof-top site recordings Intermingled. Whlle it is difficult to make

any defendable conclusions on the effects of tite change of location, be-

cause there are no sai plies taken an all locations simultaneously or

under completely equivalent weather conditions, it is felt that since tht

measured substance is gaseous, a thorough mixing at low levals near

the surface is a reasonable assumption. Thie postulate was borne out

somewhat; &or in the several instances when the inrtruument and record-

or w-iri trarsferred between sites (transfer time less than one hour),

tih ree order values of ozone concentration did not change in this site

to site tranoferrence.

The monthly means were computed by averagimg one hur means

for the entire month concerned. This was a tedious operation because

one inch of the trace on the r©acorcer paper corresponded to one hour.
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There were approximately 700 hcurly averag•cs to Inc'ude

month.

Table J. Surface ozone in Boston-Cambzid4,i Complex

M'ionth Range (pphniv) Aversap K;phlnv)

N~ovember 1964 0. 3 - 3.5 (4.3') 1.1

December 1964 G. 4 - 6. 4 1. 3

January 1965 0. - 3.1 1.3

"*••ho 4. 3 pphmv was measured inside a dome (fiberglas) on the roof

of the Green Building at M. 1. T. where a strobe light used by the De-

partment of Electrical Engineering was operating. Although shielded

by glass. this ultraviolet light did produce 8anll amounts of oerne as

detected by the Mast inatrument, As it turned out, this roadUzg was

the maximum for the month of November; none of the reading* In the

dome (less than 2 days) were used in computing the monthly averages.

The sorobe light was not operating during the remainder of the work,

The above values (see Figure 5) demonstrate the important

result that the ozone ltvels for the Boston-Cambridge complex are a

gre-*- deal lower for the three month period sampled than the toxic
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levels for humans, animals, and plants as discussed in an earlier

set tion of this thesis (section W). Since the months of the measure-

ments include the time of year when insolation and total ozone in the

atmosphere are at a minimum, 't would be worthwhile to measure

surface ozone during the time of maximumn insolation (Summer) and

the time of maximum total ozone (Spring). Such a complementary

study is being carried out by a colleague in the Meteorology Depart-

ment. However, it Just might be that though tlie amounte of ozone in

this future report will probably contain higher concentration levels,

the nlues could still be much lower than potentialI hazardous ones.

This does not mean that measurements of surface ozone should then

be discontinued A4th regard to this aspect of the results. On the con-

trary, mueasurements of low level ozone along with other pollhtants in

the urban air should be taken periodically over the years to ins•ure that

the con,'entrat~ons reached remain at thcse same low levels.

B. Past Meaourements

As it the caae with any study in which measurements, parttcu-

larly of very small quantities, of , substance are reported, it is almost

always necesmary, If possible, to include past measurements of the

same substance if oaly for a comparison of the relative m~agnitudes.

In the rneasarement of surface or low level ozone, there are Alight prob-

lems however; first of all, not too many reportis of meaeureonents of
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surface ozone exist in the literature, and 3econdl,1 i.- tVe in oi

measurements that were reported, the reseacche.:s 6!c, rnct lech-

niques which were specific to ozone. In the cI'_scvsaucui frefjzA-e, here.

the author considers only studies in the last ! ) year's, for il -3 only

since then that fairly reliable metlhoas for surface, omne snalyqis have

appeared. If the instrumentation had failings or shortcomings Li thia

period, the researchers were essentially aware of them.

Measurements at the sui ace in the Los Angeles Basin reported

as total oxidant by A:enzeth (1954) were as follows. At night, the

values averaged between 2 and 4 pphmv. The average maximum con-

centrations foe 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 1949 to 1951 had a range

fý-om 0 to 9. 5 pphm(v). Most of these measurements were obtained

with an Ehmert electrochemical (potaasium iodide) technique.

Kawamura's measurements for the Tokyo area were obtait id

by the same method as reportsd by Cauer with only minor modifications.

The values reported for Tokyo during 1958 and 1959 showed a range

from I to 3 pphm(v).

Of all tke measurements reviewed by this author, the three



mentioned below used the Regener Rhodamin B chemiluminescent tech-

nique which is specific to ozone.

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

Minnesota during the month of May and reported daytime values of

a-proximately 2 pphm(v) with minor fluctuations; nighttime valueo weru

generally 1/30 of the daytime values.

Ripperton (1964) in analjzlng seventeen 24-hour samples taken

over a period of one year in Chapel Hill, North Carolina, reporteo

rangmes 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 pphr•(v).

Finally values computed from Hering's data for the month of

December, 1962 taken in mid-afternoon showed a range of . 8 to 2. 7

pphm. These values were for approximately a height of three-hundred

feet, the same height as the Green Blfdin' at M. 1. T.. and represented

tho first level of the measurement of the ozonesonde run for Bedford,

Massachusetts.

Of course, the measurements diricussed in the preceding para-

graphs are not going to be ezactly the same as this authorte measure-

ments in the Boston-Cambridge complex because of variation due to

geographical location, time of yeor, year, end pollutant sources, (,e.

But it is mo•'• gratifying in an investigation of a small concentration
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substance like ozone in surface air to find that one's re'2 z •

drastically different from others reported.

C. Effectiveneas of the chromium trioxide filter

During the first month of operation (November. 1964), whi1. the

ozone meter was outside on the roof of the Green Building at M. i. T.,

the filter was periodically removed for the purpose of refilling the solu-

tion In the Mast instrument which was enclosed in a weatherproof case.

While the filter was removed (only a couple of minutev), the ozone read-

ings were noted on t ,3 recorder; thus with ozone values with tilter on

and off, the effectiveness of the filter could be obtained. It took only a

second or tvo for the Instrument through the recorder to respond to

thl change (I. a., filter removal). The following table presents the re-

sults of this ,ptratioa along with a calculated ree'action.

Table 2. Effectiveness of Chromium TrIoxlde Filter

FILTER ON (pphmv) FILTER OFF % 1EDUCV ON

1.4 0.4 73

1.2 0.3 75

2.8 0.9 68

0.8 0.0 100

1.4 0.6 57

3.0 0.5 75
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Table 2 cont.

1.7 0.7 59

1.8 0.4 78

1.5 0.7 54

The above table clearly shows the necessity of a filtering '4cheme to

remove sulphur dioxide (in the Boston-Cambridge complex) from

negatively interfering with the instrumneut used and all other potassium

iodide methods of ozone analysis. Wartburg and Saltzman (1964) have

tested the reliability of the filter for a period of thirty daysi and are

stiU in the testing phase for' longer poriods. In my case, the iltor

was used for the entire month of November, t964 but the new filter was

left oa for the full two months of December, 1964 and January, 1965

with no apparent errors or unusual recordings observed. It is impor-

tant that the tubing and the fltter have a snug fit so that no leakage can

occur.

One other Important fact in regard to the filter to that the abov-

mertUoned authors uo not recormrmend use in areas like Loo Angeles

because there the ratio NO/SO2 is large ccmpared to the Inveree for

other locales. The ap,a-ent reason for this is the chromium trioxide

will oxidize NO to NO 2 which would thus give positive interference to

the potaswlum iodide method of ozone analyeis.



L. Discussion of results with r'espect to

1. Past Meusurements

In comparing m3, surface ozone mea. urenm.nt- with p:a'

measurements (section B, a few interesting coinuarisnns were noted.

First of all, the closeness of Hering's values taken in Becford dul'Lng

the same months as in this study although a different y wr was partic-

ularly important to this researcher. Secondly, the Los Angeles values,

al3o for the same months, but ciffezrnt year, were approximately 6

times the Boston-Cambridge values, both for daytime and nighttime

levels. This was to be expected because of the intensity of the well-

known ozone cnrichecd smog so prevalent in the California city. A

third slightly unusual comparison was ncticed between the Minneapolis

values reported by Kroening and Ney and the Boston-Cambridge measure-

ments. The size and human activity of both cittes are nearly the same.

but the month and year of ozone comparison are different. Ev..n though

tho uaytime coientrationr of both localec were almost the same, a

striktng difference Irn the nighttime values was present. n... nighttiae

concentrations of ozone in Mimieapolie were approximately 1/30 of

their daytime -values; In Boston, the nighttime levels were generally 1/6

of the concentrations reached In the daytime. Could It be that the d4-

struction of surface ozone at nigdht in the Minnesota city Is greater due
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to time of -ear, temperature, or other local mechanie msa' The Los

Angeles ratio of nighttime to daytime veluOs was nearly the same as

Boston.

2. Meteorological factors

Cholzk ALal..(1956) measured surface ozonc. ,auing a Beckman

potassium iodide method ;n ten eastern U. S. cities. They concluded

that the levels of ozone concentration were too low and too depandent

on sulphur dioxide to be reliably correlated %1th meteorological

variables. This was not the case in the presented study whnre sulphur

dioxide was filtered frorn the Instrument, land the ozone variation was

slif1rcantly discernible.

In an examination 31 wirxi direction dependence, there were

only a few clays whereby completely satitfying requirements existed

for this relationship; that is nearly the same weather conditions (cloud

cover. air meas, etc) with a strong wind directloia change. In thin

period (Ncvember 7-8), it was noted that with a northweat wind, the

ozone levels were less than those which occurred with a west or south-

west flow. Thise diftrence (a iactor of Wpproxzimately two) can prob-

ably be explained In that mauy poUution so-irce* (cities, industrial

aream) are locatedi in these directions whereas to the nos-thwevt few

sources exist.



It wa3 also decided to examine the possible ozo:,- ;.•!.,

cintent with air masses since air masses are roughly inferivdiy

homogeneous with respect to temoperature.. moisture content, etc. In

analyzing the ozone variation across fronts, no apparent reco nized

variability was noticed between the air masses. However, in the frontal

zones, where considerable overturning oi the air is present, consider-

able fluctuations of ozone levels occured; jometimes the levels came

close to daytime values, when fronts passtd during the night. Th6ee

fluctuations also happenec with strong surface winds and rapidly chang-

ing wind directions; all these conditions are conducive to low level

turbulence and will be discussed in the next fection, source strength.

Most often, in a swdo i I air pollution, researchers use rawtnd-

sonde data to make estiLiaes of the degree of dynamic stability or In-

stability present in the atmosphere. (See WiUet a.& 3ander?. (1959)

for complete discussion). The data Is obtained fr..= a rearby Weat•er

Bureau station that parti. iat• in the atmospheric sound!n network.

Robinson (1961), ý,wever, advises caution 1r assumin- :hat data

from soundings taken outside the -area of an urban pollutwat sampling

location can adequately represent the temperature structure -ver a

city, in view of the thermal modifications imposed upou the atmos-

phere by the preance of the city itself. With no vertical tMmperatue
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difference measurements available, a different parameter must oe

used. My colleague R. L. LUninger, (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. Whf'o the values for this relation3hip

will be presented, no conclusions aoe to be expected because it was

such a small sample. Turner (1961) used this index which he attrlbutvd

to the work of Dr. F. Pasquill. The method of computation Is describ-

ed br'.eily below, omitting some of ,he details.

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

by the following equation for daytim- obnervatlons:

. a sin SinL sin D + cos L cas D cos H]

where L - the latitud3 of the sampling location

H1 the hour angle, computed 1rom local noon at the rats of 150
per honbr

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

From the solar elevation angle, one obtains an insolation class number

wl~ch is modified semi-objectively for sky conditions. This modifica-

tion gives whati is termed the net radiation index (Special rules appTy

at night. but no night observations are included In this report). T7hen,
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entering a table wxh the net rsdiation index and the wind sfxei •n

one geta an Integer which expresses the degree of stabilUty. The inte-

gers, which ran,"e from I to 7 are related to verbal description of th'e

stability by the following: (Turner, 196t1)

StabiLty Class Number Class

I extremely unstable

2 unatablo

3 slightly Muntale

4 neutral

5 slightly stable

6 stable

7 extremely stable

In the study, it has been decided to use the wind at the nearest

Weather Bureau station at L~opan Intesnational Airport; the sky con-

dition likewise. The site wlnds suffered from excessive Interference

by the buildinga on the campus. The reader will note that three num-

bers are given, representing the vaues calculated at the midpoint of

each of the three 60-minute period& comprising a sampling Interval.

This is thought preferable to an arithmetic avarage, because the origi-

nal calculation method described above does not deal with non Integral

values.
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Table 3. StbWity versus ozone concentration

Date Time Mid-Hourly Stability Ozone values avg for each hr

(1964) (EST) Class Numbers (pphmv)

11106 1133-1433 3, 4, 4 1.8, 1.Q, 1.3

It/1i 0800-1049 40 4, 4 1. 8, 2.4, 2.0

11/13 0902-1202 4. 4, 4 0.7, 0.7, 0.9

11/12 1307-1607 3, 3, 4 2.1. 1.9, 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

11/14 1100-1400 4, 4, 4 1,8, 1.8, 1.9

As was eapected, no relationship is seen from the small samoling pre-

sented above. The time periods were those used in Liniritr's study. A

large sampling, Including diurnal and seasonal variatlon8, so as to al-

low a full scale range of the stability parameter whiah strongly depends

om Isi strength of incoming solar radiation, is probably necesaary to

make valid conclusions. The stabilty classification system has been

made completely objective so that a computer could be used to compile

We class numbers.

3. Source Strength

A strong diurnQl variation was observed in the surface ozor-

measurements with a broad maximum around local noon and minimum
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values during the night. At aunrise, the ozone gcnc;ý1.Uy ln:rc•ascd

then decreased at sunset. "Mhs diurnal vazia-ion w%3 more .

during days of excellent weather conditions (clear with no vir;jbi ?Ay ro,-

strictions). This observation agrees somýwh, • ,ith the s'u?'J by 'ciC

(196a in Greenland where he reported measurable qtientitles of aurface

ozone cisappeared when the sun was obscured by high level c1ouds. With

low level clouds present. stability js well as photochemical dependence

would be an important factor. However these results are not entirely

analogous to high ozone comcentrationa a'• found with smog conditlond

in Los Angeles. This is probably due to the difference of pollutants

present in the California city compared with our area whore the srooke,

haze, etc. does not contain much ozone or precursors of ozone.

From Table I, the monthly means show an increase, a trend

that is sicnilar to total ozone amounts which are a minimum in the Fall

ine.%'eaeing to a maximum the following Spring. However, a longtr per-

iod of measurement of surface ozone would be nocessary to show absolute-

ly the strong depenoence on total ozone rather than local pollution.

During the uighttime hours, when surface winds were strong

(>' lOkta) And gusting, sudden increases In the surface ozone concen-

trations were recorded. These levels occasionally approached the high-

or daytime va] a. Thoae are called turbu].nt interludes discussed by
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BlackIadar et al (1961) where the vertical gradient of wind velocity

suddenly becomes disturbed by the creatbin of turbulence which produces

a connection between the surface and higher velocity winds hundreds of

feet above the ground. This phenomena also occurred during strong

wind shifts, in frontal zones and when an upper leve•l trough was located

east of the sampling site (subsidence effect). During these turbulent

interludes, one could then assume that the ozone aloft (above the inver-

ton) is brought to the surface by the increased eddy ciffuaion and sub-

sidence. The above comments are discussed in a qualitative nature

because of the difficulty in expressing these fac.ors in a quantitative

way and correlating them with the many other vartables that come into

nlay on surface ozone values.

S-We. . ..a c .... V .alu...es thW Ula CCR.cncent., . of ra ddo-

active substances in surface air (• activity) are presented In Figure

6 since both have the lower stratosphere as an ultimate source region.

Notice the similar tr!ead 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 ft. L. Lininger

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

Date Time Traffic Average ozone
(1964) (EST) (cars in 5 min) (rphmv)

112 0902-1202 145 0.7

11/12 1307-1607 117 1.0

11/13 0830-1130 176 1.1

11/14 0704-1004 108 i. 2

tl! I ItO' 10-1400 172 1' 8

No correlation is noted here. ThL3 is probably r6u3 to depenrence of

ozone on ineolation, pollution input, etc., and to the ftct that tUe traf-

fic count is not a sensitive enough measure of area-wide exhau.st gas.

E. 4lkttonship between ozone and nr-rnlters o,* the halogen famfly

1. ielation of ozone to chlorine

Ldninger (Appondix B) and I have computed a simp$c linear cor.-

relation coefficient between the sirmultaneously-measured conc-ntratioa

of 03 and CI and found a value of -. 55. We fully realize the dangero

of ascr-ibing too much sigrificance to a correlation coefficient based on

orly seven samplas. Further, it can be argued Lnat th3 number of 9a3m-

plus which are truly independent in tho statistical sense to only five,

bocausa two of the 'namoles were taken wih e. one hour intermission.

.ai•n• a correlation ccefflctert bareu on only fftv indcpedent ocmpl-s
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1

would be even worse, from the standpoint of tbe confi,'Cic a

to the statistic computed.

Tht joint effort of attamiting an explanation of the ct)rr'le*.Ion

by possible chemical reactions along with an examinatioa 3: measure-

ments of chloride and ozone taken by other investigators t0 aes Lf any

indication of a chloride-ozone relationship can be infertrec in locales

other than the Boston-Cambridge complex is reported by LAninjer (1965).

Since chloride Increases with an off the ocean wind, ani this

fact was corroborated by Lininger'I study, careful examinstion of ozone

concentrations under these meteorological circumstances should show

a decrease (if one accepts the above correlation). However, hi the

three monhhs of the ozone study, November 164 to Januiry 1965, ant

for that matter in all winter months, an L.P-erly wind almost alwayB

brings considerable cloudiness and precipitation to Cie Boston and

coastul New England area; it was no exception during the study oiutllned

here. As dis'zussed in an earlier section, taies "weathert" alone woulc

tend to glve low ozone readings. The Ideal time to concentrate on this

type of investigation of the ozone-chloride correlation would be in the

Summer before and after the onset of a sea breese winch is a very

common occurrence t3 the New Engle• coastal ur*a during the eawly

afternoon of the Summer months.

i



It it ftrther suggesled that more simultaneous measurements

of or'ne and chlorine be takin, togother wit?- measurement" of pat a-

metcrs representing insolation and turbulence. Then the ozone vaues

can be auJuste1 to equal -onditiona of insolation and turbulence to re-

move the effects of these processes, and a more statiatically reliable

morrelatLon can be obtained with chloride content to test the above

theories. Perhaps lag correlations should also be studied. If it can

indeed be shown that chloride salts can control ozow to some extent

even at concentratiaoz ratios as low as those observed in this study

(C1/0 3 approximately 0. 0 - 0. 2), then an inexpensive method of con-

trolling the undesirable effects of atmospheric ozone is suggested; for

example, one might spray an ozone-contaminated area with droplets

of saturated salt solution. providing of courao f* corrosive effect. of

the chloride could be tolerated.

2. Relation of Bromine and lolne to Ozone

There appears to bm essentially no correlation between the oSzeie

amounte an( elther the bromine or iodine simultaneous conceotraflons.

This lack of correlation would be expected in our data even if there

co•ld be any direct reactlons (not catalytic) be:ween ozone and either

bromine or iodine, because there is a vast overabundene of ozone corn-

pared to either bromine or Iodine on a molar baesi. That is, from



-68-

Linlnger (1965) C1/0 3 " .)J moles/mole, and Bo/Cl ,-v 10-

-3 . 4
moleslmole; therefore Br/O3 ', 10 104 moles/mole. Coane-quant-

ly, a direct reaction would hardly be noticeable In the tto&l ozone amourt.

.4 -5
Similsrly for Iodine, TIC1 4 10" - 10 moles/mole; therefore 1/O3 %.,

to 5 -1006 moles/mole, and the concluslon is even more valid. A re-

action suggested by M.Mmon et a! (1982) which woulu oc'ttr more effec-

tively in photochemica! smog because of 12 quenching the free redical

chain reactions that generate 03 is:

212 + 903 - 7 '(103)3 + 902 (10)
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VIII. RECOMMENDATIONS

As mentioned in this thesis, further surface ozone measurements

should be taken in the same location to obtain concentrations during the

Spring (total. ozone maximum) and Summer (insolation maximum), to

confirm or deny if possible the surface ozone dependence on total ozonuo,

and to corroborate the ozone-chlor.de correlation by ozone readings

before and after the onset of a sea breeze. Also further measurements

might resolve the problem of local source versus stratospheric source.

Further work should be done, preferably by a graduate student

in tCe chemistry department, to investigate the f~jsability of sulphur

dioxide determinetion, either empiracally or analytically, by the filter

technique; speciflally. use the ozone values before and after filter is

removed.

Other areaas for further examrination are with the stability Index

as w•Ul as wind direction versus surface ozone. This should be done

with values for an entire year.

Also for the toxicologist, more research should be done on the

toxicity of ozone; the literature still contains some ccnf1ictLng argurments.
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Appendix A. (useful ozone conversions)

ppm(v) a parts per million by volume

pphm(v) parts per hundred million by volume

ppm(m) parts per million by mass.

I ppm(m) - 1. 66 prm(v)

I Us0-t - .468 (10 3 ) ppm(v)

m 3 (air)(STP)

ppmW ) P(/fmb) (O3)

P(mb) (air)

1gm 10-4 Atgm

liter "m

Total ozone -- Usually measured in length unit at STP (atmospheric-

centimeters), and It is the integrated ozone in a column of air extending

from the bottom to the top of the atmosphere. Conventionally, the units

have been 10 cm. A logical choici* is milli- atmosphere-centimeters

(m atm - cm),

.• ( atm - cm) a .46697 ./ W ( M-- r-)

mm • m m= m m rm= m m m m . • m =a m m m •m • mm m . • m • • m •m m
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Appendix B.

The measurements of the halogens in thi, &iudy ha re toi••L•i.Y to

this author by his friend and colleugue, Capt-.ian gonald L. LlniatýeOr.. A-

fellow graduate student in the Department oi Mcteorclogy1 . They repreczti

a large part of his graduate thesis. His measurements have been collected

in the Cambridge-Boston complex uoing a Casella four stage cascade im-

pactor. The analysis for the halogens -were conducted by pile neutron

activation. Since Captain Lininger's project began slightly earlier than

this study, there were no ozone measur~ments for the first theree periods

or aerosol collection that totaled ten In all. The ozone moetr operated

within a few yards of the cascade impactor Intake orifice curing the periods

of the remaining seven aerosol collections.
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