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Sulfur dioxide 
1 • 

and part1culate matter 

,_;~n~ral Description 

Sulfor dioxidc (SO,) and particles derivcd frorn the c.ornbuuion or fos.1il 
:::d'I arc major air pollulanl~ in u,ban arc•s of the world. Sulfur o:11ides 
,:;o,) and particulatc mattCI arc par1s of a co111plc.x pollutant mb1tusc. for 
gu1dclinc purpcucs, a division into thtcc categories u appropriatc: 

(a) sulrur dioxidc:, 
(b) theacid aero501stlut mA)' 1csull from the oxidation ohutfuc dioxidc 

1n lhc atsnosptlcrc, and 

(c) sul(ur dio~ide plus panicle,. 

Swljwr di<111:ide. Sulfur dioiüdc i, a çolourlcss gai that reacts on the 
surface of a uricty of aitbornc solid paniclcs. Je is rcadily ~lu bic io water 
and can be okÎdized within airborne water droplc1s. 

Su\fur dio1ide rcsulls frorn the combustion of sulrur-containing foui! 
lucls.1he smclling of sulfur-coruaining ol"CS, and othcr industrial proasses. 
Oomeuic firrs can also producc cminions containing sulfur dioxide. 

,frida,,0101. Sulfuric acid (H1SO.) is a stroPg acid 1hal is formcd from 
1lle ruction of sui fur trio.ide ps (S01} wilh water. Sulfuric acid is slronl,ly 
hygroscopie. As a pure ma1crial, il Ï5 a clc.ir colourlc~ liquid wi1h a 
boiling-point of 110•c. Ammonium bisu\f11c (Ntq-1so.). which i• lcss 
acidic than sulfuric acid u a pure mucrial, i, a c,y~1allioe solid, wi1h • 

mehing-point of 147•c. 

Porlic"lalt ma11~,. Airbomc pani,ulate matlcr rcprcscnts a ,omplu 
mixture of organic and i11organic:sub1aanecs. Mus and composition tend lo 
d111idc into two principal croups: coauc particlcr. large, than 2.Sl,fm in 
aerodynamtc diamctcr, and flnc par1i1.lcs stnallcr than 1.S$1m in acro­
dynacnic diamc1u. The smallcr paniclcs cont.ain 1hc sccondarily formcd 

----.:~ 
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ac:rosols (gas to particlc: con11cnion). combustion parckl~ and recondcnsed 
orpnïc and mdal vapou1s. Thdargcr pQniclcs usuallyconuin u.r1hcrus1al 
m1tcrials and (ugi1ivc dust from roads and induscncs. The ac1d componc:nt of 
particulatc malter. and m051 or its mu1ascnic ac1ivi1y, i~GCf!crally containcd in 
Che fine frac1ion, although in fog somc coarsc acid droplels are alJo prcscnt. 

Bccausc or the cornplc.11i1y or particulaac malter and the imponancc of 
particlc sizc in dctcrmining eaposurc, multiple 1crms arc 11scd 10 ckscribc 
particul,1tc mauer. Sorne tctms arc dcrivc:d Crom and delïncd by s.amphng 
metho,b, e.g. suspcnded panicullllc ma11e1, cotai suspc:nded paniculatcs, 
black smokc. 01her ter ms n:fcr mo,c 10 the site uf de pa1ition in the rnpir­
a1ory cr1c1, c:.g. inhalablc, lhoracic parliclr:5 that dcpasil pr11narily in the 
lowcr rcspirarory tract betow the larynx. Other terms. 5uch as PM 10 (par-
1icuJa1e malter wilh an aerodynamit diametcr or 10pm). have bath physio­
logicill and sarnpli11g c<1mponents. 

Mcthods for Hmpling and analy.s1ng iUSpc:ndcd pa1tkula1e mauer wuc: 
dim1s.sc:d by WHO (/)and the US Environmcntal Piot(tlion Agen cy (EPA) 
(1). 'lllcsc me1hods included ··smokc:" mcasurc:mcnts, which ma.y rcprcscnc 
1he darkncss ofstain ob1aincd on :i white filtcr-papc:r1hrough wh,ch air hu 
bccn pasud (according t<1 thc Bri1i,h smo'kc mclhod. sorne1imcs ~fcr,cd 10 

as the black smolr.c mc:lhod), and also total suspendcd particula.tc mcasurc­
mcnts (gravimctric mcasurcmcnl of partiçulatcs of ail sius collcctcd on a 
glas.s fibre file cr by a high volume sampler aocording 10 the mcthod of the US 
Ocpar1mcnc of Hcal&h, Eduauion, and Wclfarc (3). as wcll as by sevcral 
ocher mcthod5). 

.Respirable parciclcs ( J), typically wi1h a 4.jµm :icrodynamic diamc1n 
(50% eut-off point). arc collec1cd by lhc black :smo.ke method and i1s 
varia1ioru: somc partidcs up to 7-9µm arc a\so collecrcd. 

Mc1hods 10 mcasurr: total su~pcndcd particula1cs {by high volume 
umpkr) have bccn uscd cxcen.sivdy in Che USA. Thcrc arc problcms \liÏlh 
this mclhod, hov,·cvcr, in chat 1h.: ~izc range of particlcs samplcd cxtcnds well 
bc)·ond chose panicles 1ha1 arc able 10 pcnctr.uc the uppccrespira1ory tracl, 
and in arid 11:gion:s the method is liable to samp!r: wind-cntraincd dus1 of 
noncombustive origin. This problcm has bcen rc:cogni2.C'd by US EPA wh<1 
rccommcndcd tha1 particulatc mancr or Jess tlun lOµm acrodynamk di­
amercr (PM,0 ) be mrasurcd, as a bcller indicaror ofhcalrh-rcl.atcd paniclcs 

Recommcnda1ions have b«:n made by the lncc:rnacional Organ!z:a1ion 
for S1andardi1.a1ion (ISO) rcgarding the accodynamic parricle size range 
currcsponding wi1h 1horacic penctracion (4), and samplcrs lhat ha~ ac­
"plancc chaucteristic.s 1ha1 appro1ima1e rhat curvc arc bcing incrusi11gly 
uscd. S11ch thoracic par1iclc mcasurcmcnts according eu the ISO ,randard 
(ISO-TP)arc rou,ghly cq11ivalcn1101hcsamplmgcharac1c,iuics for panic1.1-
1,1c malter with a SO% eut-off poinl at IOµm diamcccr. 

Sourcn 

Su/fur dio11:ùlr 
! crc arc somc: na111ral sources of sulrur diaiudc (,uch as volcanocs) 
· · · ·'lurc 1ocnvironmen1al le,cls in lhc Europcan Rcgion, man-made 
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con11ib11cion5 from Che combustion of fou il fuels arc or prime conoem in 
ttl11ion 10 h11m:an iuposum. Ovcr the past 10-lO ya,rs chcre has becn a 
tcndencycowardsdeclining eminions in much ohhe Jlegion,duetoch:anges 
in the typn or amounls offucl used. Mon: imporcantly, how,cw:r, the cypcs 
of 1aurces have changcd cven more, away rrom small multiple sourcu 
(domcstic, commercial or indultrial) tow:nds luge singJe J<Jur«s suc:h :as 
power stations, which dupent pollulants 11 highcr altitudes. The nec resulc 
has bcFn a mark cd mfuction in conoentratiom o( sul(u, dio.xidc in man y 
large citin chat wcre al one timc highly pollutcd. A mon: widcsprud 
dislribucion, by long-dilitance transpon wi1hin the Rcgion, is now the demi• 
nanl pallern. 

Acid arro1ol 
The m.ajor proponion of sulCur cmissions from combustion sour«s is 
cmicced as sulrur dio1tide, which is further 011idiz.cd to sulfür crio11idc in the 
1cm05phcn: at a rate of 0 . .5-10% pcr hour. As a rcsulc or lhc preseni::c: of 
moislure, sulfuric acid is formed; Chis is prcsenc aJ an acrosol, oftcn as­
sociatcd wich olhu pollulants in droplcu orsolid parliclcsucendingovera 
wide r.angc or sizu. Mme of the sulruric acid in ambicn1 air rcsults rrom 
sulfurdio11ide emined by combuslion. Other direct or primary point sources 
or ,ulf'uric acid include â.cid rnanufacturing plants and consuming in­
dustries, such as rcrdlixr and pigment factories. 

Sulfuric acid and ics panial acmospheric neu1raliz.a1ion producr. am­
monium bisulfate, represenc almosi aJI or the 1trong acid content in the 
ambicnt acrosol. The ulciTnaCc ncuualization produe1, ammonium sulfate 
((NH4)iS0,), is only tffaltly acidic. Othtr sfrong acids in lhe ambient air, 
e.g. nitric acid (HN01) and hydrochloric acid (HO), will be pn:scnt as 
vapaun, ucepl whcn incorporalcd into fog droplcb. 

Bccausê of ils hygroscopie proputy, sulruric acid in ambitnl air will 
.always be present u a solution drop lei whose H° concentration varies with 
ambient humidity. Pure ammonium bisulfate ca11 be prescnt as a salt cry11al 
al hurnidities up to 80%. However, once it is diuolved into droplet form il 
will net bccome a cryslal apin until the humidi1y ralls bdow 69%. Once 
inhalcd inlo the moist rcspiratory trace, il will take up water vapour and 
dcposil as dilulc droplelS. 

Partin,/01e matrn 
Suspendcd particulate mattcr is a to:rm Uffd 10 caver a range or finely 
divided solids or liquids Chat originale from a numbcr of nalural or man­
made source,. 

Paniculate matccr of ,espirablc size may be mailled Crom a numbcr or 
sourcn, ,orne of 1hem natural (e.g. volcanon and dusl storms) and many 
olhcrs Chat arc mou: widcsprcad :and more imponanl (e .g. powcrplanls and 
1nduscrat proccs.scs, vehicular craffic, domutic; COii burnins, industrial 
incineraton). The majority ofthesc OJ!.D;natur2l sources an: ronornuatcd in 
limitcd portions of Che territory, i .e. Che Ùrbanizcd arcas, wherc populations 
are also concc:nuatcd (1,5). 

SUlFUR DIOXrDE AND PARTICULATE MATTER 

Otturnncc in air 

S11lf11r dio1ûdr 

341 

As arcrnh or1hcchanges irl sourcu,annualmcan Jevelsof sulfur diokidc ,n 
major cicics. of Europe, ttarcd carlicr by WHO(/) 10 be "·ichin the range 
100-200µg/m', arc now largcly bclo"· JOOJJg/ml. Simihuly, lherc: has bccn a 
dccline in maximum éaily mran valun, which are now mainly in the 
ran1e 2.SO-SOO,igtm•. Peaks ovcr shortc:r averaging periods. such .as J hour, 
ulend to I000-2000pg/m' and in somc situations highc:r cramicnl pcals 
may also occur. Jndoor concc-nCracions of sulfur dioxidc arc gcnerally lov.-er 
Chan oucdoor concentrations, sincc absorption o( sulfur dio1ide occurs on 
walls, fornicurc, clo1hcs and in ventilation systems. An cxccption is occu­
palional CIIJl~urc, where concen1ra1ions or several clJousand micro,:nuru 
may occur rcgularly (IJ. 

Daia on Eur<1pcan conccn1ralions or sulfor dio.xidc and dcposition of 
oth,r sulfur compo11nds .ace b11scd tilhcr otl national moniloring nc:rworks. 
which arc largcly concentra&cd in urban arca.5, or on coopcrahve pro­
grammes ro,. the: study (Ir chc: long-range transpo,c of pollu1ants (6.7) . 
NacLJral conccntra1ions of sulfur dio11ide arc norm11ly below 511glm'. The 
annual mcan sulfur dioxidc conoentrarioni in mosr rural arcas or Europe 
arc bctween Spg/m1 anJ 25µg/111 1

. Howcvu, as a rcsuh orche common 
prac1icc: of using high chimncys co disperse emissions, lherc are aho large 
rural areas in Europe whc-rc average conccntralions now ucccd 2..5pgtm '. 
Sulfor dio1idc is oftcn accompanied by clcvaccd levcls of nitrogi:n 011idcs 
(NO,J(IJJ. 

Acid a,ro.sol 

Ctrrrcn1 ave,agc acid acrosol lcvels in Europe and North America arc nol 
known. The highcsl currenc level, reporrcd in rccc:n1 yea,s ha\'c been 
5Ummarittd by Lioy & Lippmann (9). They are in the range of 20-JOµg 
sulforitacid perm1(6-12hoursncrage) in \'arious parts of North America, 
and 28pg sulforic acid pcr m' in Eurnp«" (Berlin (We!I)). The h1ghesr 
r(porccd le\'cl in the UnilC'd Kingdom wa1 680JJg sulfuric acid per m' 
(1-hour avcragc:J in London in 1962. Highu lcve[s wcrc almosr ocrtainly 
prcscnc in London in earlicr yurs. Maximum ambicnt con«ntralion~ ue 
tikcly to occur in urban fogs or do11i·nwind or coal-and oil-fircd power plan es 
and induurial soun:n. The distribution of JCCondary acidic aerosol is rnuch 
more: geneul, ambicnt lcvrl, dcpcnding on che ralcs of ,ulfur dio.lidc 
o•ida1ion and the ~ubsequenc ncucralizalion of sulfuric acid in the •mbicnt 
air by ammonia (NH 1 ). Ratrs or sulrUf' dio•ide oxid.ation drpend on ambient 
tempcratur~. ftumidiry. and conœntrations or 011idan1s and ca1aly1ic com­
poncncs or part ides in the a1mosphc:re and doud droplcis. Rates or am­
monia ncurraliz.11ion drpend 011 the scrcn,:th of ammonia sources and 
a1mosphcnc mixing. Ammonia emis.sions .arc !11wc5t ovu warcr and af­
forcsrcd rcgions., and hi!her O'llrr urb:an and agriculrural regions. lndoor 
sourcc5 or sulfuric ac,d are gcncrally nol significam e11ccpt in some occu­
p3tional en~·iron ntcnls. 
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P11r1ic11latt malltr 
ln rural aras wi1hin Europe, black smote valuu range (rom nr.ar u.ro to 
abo111 lOpg/m'. ln the luger citin, annu&l mc:an concentrations or smoke 
range from 10 to.COµg/m1. Whcr• gravimetric me:uuremcnts of patticul11es 
1tt made, the pnnual valuca lie buwun :1bou1 SO and ISOµg/m 1

• Corrc­
sponding m•xima arc l00-2S0ps/m1 (black smo'le) and l00--400µg/m' 
(swpcndcd pHlic:ulalc matccr g,arimetric). 

CoaY1rdoa racron 

S11/fur dioiidc 
; r..:m = l860pg/m' 

, mg/ml = O.JSppm 

· •. ,-,owl 
1uosol conœnlfalions c:an be eaprcssed u pmols o{ 1( /m1 or as 

· · .,cid equivaknt in µg/m1• 'lnert are 98pg per µmol. 

P,u,;,11/ate molttt 
.'t.s indicat~. no gcncrally applicable conversion factors can be sec be­
l wecn black smoke values and various gravimcuic puticulate matte, 
values (e.g. total suspendcd p,ar1iculatcs or ISO-TP). 

Roules a( Exp~11re 

lnhalatiun iJ lhe only route or caposure thal is or inkreJït in rela1ion to the 
crrects of sulrur dioxide. acidic aerosol and suspendcd particulate maueron 
human hcalth. For some 1pecial substances, which arc constihienl5 such .u 
,ud andsomc hi&Jily toa:icorpniccompound,, other rouu:sofu11take such 
as the: alimcntary tract may aho bcof intercsl. ln lhis contut, howcvu, only 
he.allh effet~ on lhc rnpiratory tract will be considercd. 

Kinelics and Metabolism 

Sulfar •iollillf 
Absorption of sul(ur dioxide in the mucous membtanes 'of the nose and 
uppcr re,piralory ttatl occurs as a result of iu solubility in aqueous media. 
The absorption is concr:ntratian-<lepcndcnt, wi1h 8S91, abiorption in the 
no,c at ~mg/m1 and about 99% a, "6mg/m'. Only minimal amounts 
ruch the lower rnpiratory tract (1.10. I IJ. From the Rspiratory 1ract, sulrur 
diollidc entcn lhe blood. Eliminalion occun (a(ter biolr.ansfonnalion to 
1ulfa1e in Ille livu). mainly by the urina(} roule. 

Add acrwol 
The deposition pa1tcrn wi1hin the RSpira1AQl.lr~I is dcpendtnl on lhe size 
di11ribu1ion of the ambienl droplcts and humidity. Acidic ambicnt acro.,ol 
1yp1cdly hai a mass mcdian auodynamic diamctcr of 0.3--0.6µm. Tb\ls, 
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evcn wich hygroscopie growth in diameter in the rcspirarory airways by a 
faclor ofbe1ween 2 anc..14.panicles rcm1in w1thin the finc-particlc range and 
dcposit prcferentn,!l,Y •n lhe dinai lung airways andairspac.cs. Sorne ncutral­
iucion of the d,oL•'r;s can occur bcforc dcposition, duc to Che normal 
ncrction of cndngrnous ammonia into Che airways. Dcpositcd free W 
rucu with componcnts or the mucus or the ~piratory tract, chânging ils 
viscosily ( /1). Tiw unrcactcd pari of H° diffuses inlo 1urrounding tissue,. 
The capacicy of th\: mucus 10 rcacl with 1( is ckpcndcnt on the 1:( ab­
,orp1ion .:apacity, which i.s ttduud in acidic uturat.cd mucus as found, for 
eumple, in :1sthma1ics. 

Under (og conditions the ambienl acid is incorporatcd inca droplct,. 
wuh avcra1c droplet $Ïze& in the ,ange of 10-l~pm. Such droplctscan also 
conlain diuolvcd nitric acid and othcr acidic vapnun. lnhaled fog drop­
Jets will dcpo.sil primarily in 1he uppcr rcspiralory tract; vcry lillle will 
pcnttrate 10 the dcepcr luns 1irways. wherc mosl or 1hc linc acidic acrosol 
will dcposi1. 

Particulate maller 
As discusscd clsrwhcrc (l.ll,/1.I./J, a portion oi the inhalcd aerosol is 
dcpositcd bycontact with airway surfaces and the rcmainder 13 exhaled. ln 
inhalation to,cicoloo, the term "dcposition" nfers to removal from 
inspircd air orïnhalcd partideJï. '"Clearance:" rcfcrs 10 the subsequcnl nmo­
val o( dcposit~ ma1erial Crom the rcspiratory tract. Within a s~ics, 
dcposition of inhalcd parlicles in the rcspiratory 1r.ac1 dcpend.s mainly on 
brcathing patttm and pariicle sizc (acrodynamicdi:amcler}. urgerpaniclcs 
(lOµm and above) are mainly deposited in lhe uua1horacic pan of the 
respira.tory tratl (1bovc the cpiglouis) and che main proportion of particlcs 
~-IOµm in si1.c arc dcposited in proximicy to the fine airways (rcspiratory 
bronchioles) wich normal nasal brea1hing. Wilh mouth bn:athing. the rc­
gional dcposirion pattern ch&11gcs markedly ,e•1rathoracic dt-posilion bting 
rcduccd and tncheobronchiaJ and pulmonary deposition cnhanONt. The 
proponion of mou1h breathing to nose brcathing incrcalC5 wi1h ntrci.c and 
conversation (JJJ. 

During mou1h brcathing, fine panicles (< 2.jpm acrodynamic cquiv­
alcnt diameler (D .. )) dieposit primarily in Che pulmonllTy rt-tion. bctW'l't'n 
about 3 and Spm o .. ,ignificanr dcpoJilion in botll ihc pulmonary and the 
uachcobronchial regions occurs; al Inger size.s (about 7-15pm O.,), dcpo­
sition ii predominantly in the lracheobronchial rcgion as opposcd 10 the 
pulmonary region (/6). 

Healrh Effecls 

S11trur dioz.ide 

.4cuu ~ffrcu 
High concentralior,~ <•f ,ulfur dioudc can sivc ris.c 10 sevcrc dfccu m the 
f orm ofbronchocons1riction and chemiail bronchitis and 1racheiti5, as sccn 
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in animal cxpcrimcn1, (1) and in occupational c.llposu,cs to more than 
10 000pg/m 1• Conc.cntralions o( &ulfur dio111.ide in the range 2600-
2700pg/m> givc risc to frank cffecu with broncho,pasm in a1thmatics (J 7). 

The cf{cclS of conccrn in n:lation Co shon-term c11p05ures arc chmc on 
the rupir1tory 1ract. Thcrc ii an utn:mely large variability or s:cnsi1ivity to 
sutrur dioJ/'idc nposurc among individu ais. This iJ truc for normal penons, 
bu1 cspccially soif asthmatics an: induded (11). A1thma1ics have vcry labile 
airwilys and ruistancc is lilcely lo change in rcsporuc to man y other s1irnuli, 
including pollens (l,1.1 JJ. EfTccts obsiervcd in as1hma1ics al rclativcly low 
conocncracions of sulfur dioxide undu Laboratory oposurc 1i1uations are 
l1~ced in Table 1 

F: f{tcu of r~ptar~d and/or lon1-t~n11 upasuru 
:..cpcucd shorl-tcrm occupa1ional opo,utt 10 lligh conccn1ration1 of sui­
' •J• cli'11tidc combined with long-tcrm c11posure 10 lower conocentrations can 

·. to an increucd pnv.lcncc of chroncc bron,hili!, cspu:ially in 
, imoli:crs. A po$Sib!c contribution or simulcancously ou:uning 

·: 11cid aef"osol has, howevcr, no( bccn cxamiocd in thcsc studie! {U). 
,1 epidemiological studic:s have associatcd 1be occurrcna: or pul· 

.. ,nary dTccu in communitics with combined uposurc 10 sulfur diollide 
and partiC1Jlate1. 

A oontinuum of rcsponsc 10 sulrur dioxide c.posures at nlativcly low 
conccntratioas has bec:n ob1uvcd in Jaboratory invatig,tions of human 
volunteen. The magnitude of the cfTccu was rnuch enhanccd whcn subjc~, 
incrcaud theif" bruthin11 ratci through e11crcist. The findings in a wide 
range of srudics among asthmatics (Table 1) arc c.oruistcnl with a linear 
rdationship (Jl) betwecn magnitude of cffffl (in Ccrms of proportionatc 
incrcase in •irway re5is1ance) and dose or sulfur dioxide ddivcred lo the 
airways (after allowing for rcmoval of a substantial proportion in 1be nosc 
or moulh). Thus, in a strict sense il would be difficuh 10 dcfinc a lowcst· 
advcne-dTecc level 1incc the cffccc appur.uobeafunc1ion of1hcscnlitivi1y 
or1hc subjccc, conccnuo1tion, duration of uposurc (10 minutu bcing the 
roosl usual dur,nion of test npo1urc), lcvel of activity and mucus rhco­
logical p10pcrtics. lt was, ncvcrlhelcn. considcrcd that effcc1s or conciem 10 
the hcalth of cxerciring asthma1ic tubj«n wcn: dcmomtrable down 10 
S'1lrur dio:11idc lcvcls of about J000pg/m 1

• with disccmiblc dTecU, of Jess 
ocnain C'On~ucncc btlow lhal le\'el. 

Anothn a.spcC1, of grue cr imparlancc 10 publichcalth, isthc proponion 
or the population li.able to be .affcClcd. Dctailcd information ,cprding che 
proportion oC o111hmatic or othcni,i~ srncitivc people in the community is 
nol a.v.ailabk, ahhough cstirnates or around 5% ha" bccn suggated. 

Surrory c/fccu 
At con«nlrations of IO OOOpg/m 1, \ 1!f..JufioJ1idc has I pungenl, irricating 
odour. Sincc the odeur clncshold cl wlfuc dio:ridc is sevcral cbous.and 
µg/m', thii criteri~n is not criuc.al i11 relation to public hcalth. 

• 
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Atid .llflOIOl: dfcds on npcrimeatal animal\ 

Acu,~ tJCpDIIIIU 

.}4j 

Rtspirotory 111td1anical fu11c1iun. Allcra1ions o( pulmon.ary fonction, 
par1icularly incrnscs in pulmonary ftow resi1t1ncc, occur af'ler acu1c Clpo­
sun. Rcpurls uf the irritant potcncy of various sulfalc specic.s arc variable 
(1, II), owing in part co diffcrcnccs in animal spccics ilnd s1rains, and alto 10 
difftrcncn in particle sitc, pH, composition and solubili1y. Sulfu,ic acid is 
more potrnt than any of the sulfate salts in tcrnu or incrraStd airway 
irrilancy. For shorl-lerm (1 -bour) uposures. the lowcst conuntr.alion of 
sutruric acid ttportcd to incre.asc airway resistancc was IOOµg/m' (in gu1nca 
pigs). The irritant polcncy of sulfwic acid dcpcnds in parc on par1iclc siu. 
with smallcr p.nticks having more cffcct. 

Partitlr<"lraranct fune1ian. Oonlccysuposc:d by inhalai ion for l hour 
ca O.J-0.6µrn sulfuric acid at concentration~ ranging from 100 10 
IOOOµg/m' uhibi1cd slowed bronchial mué:ociliary ckara.ncc funclion al 
conccntr,111ions of!!l: 200µg/rn1• while rabbi1s undcrgoing similar nposurcs 
showed an accelcration of clurance al conccntratioru he,~n 100 and 
JOOpg/m'. and a progressive slowing of clearance al conccntr111ions of 
;; S00µg/m 1 (16) . 

Subchronic npaJ11rn 
Pa, liclulrara11c~ f unclian. Dc,nkeys cxposed for I houe pcr da y, j da~ 

pcr wcclt, for 6 mon1hs co an acro.sol (0.3-0.6pm) of sulfuric acid .at a 
conccntra1ion of IOOµg/m 1 dcveloped h1ghly variable clearance raits, and 
a persistent shift from basclinc rate of bronchi.:11 mucocifiary clcaranœ 
during the uposurcs and for J months aftc, che final CJ1posure. Du ring the 
J mon1h1 of follow-up, 2 a nimal.s had much slowcr clearance lhan lhc 
bascline raie, whilc 2 had ralu fast cr 1han du: basclinc (16). Rabbiuc:rporcd 
fof" 1 houe pcrday, S days pcr wcck for 20 days 10 0.3pm sulfuric acid at 
2SOµg/m' dcveloped variable rnucociliary clearance ralu during lhe capo­
sure period, and thcir clearance during a 2-wcck period foll<1wini 1hc 
uposure wa.s subs1antially rll5Ccr than &heir bascliue raies (16) . 

Hi1tolo1,. 1 n the su1dy ciccd abovc, in which ra.bbiri; "''Cf'C cxpM<"d to 
l.SOpglm' for 4 wccks and sacrificed 2 wc,eb later, histological eumi11-
a1ions of the airways sho1ud incrcucd numbcn orsecrctory cells in distal 
airways, and thickcncd cpithclial cell layen in airways c11tending from 
mcdium-sizl'd airways 10 1ermin.al bronchioles. Thcrc wcre no correspond­
ing chan11cs in 1hc cruhca or olher large airways {26). ln a scudy in which 
dogs wcrt caposcd da1ly for 5 ~ars co I IOOµg sulfur dio11ide per m1 plu1 
90µg sulfu11c acid per m 1 .and v.·crc then allowcd 10 n:main in unpollutcdair 
for 2 ycars. thcrc wcre small ctiangcs in pulmonary func1ions dunng 1he 
~~posurc, which conlinucd following the lerminacion of CIIJ)<)surc Mor­
p• .. . rnctric lung mcasurcments made at the end or rhc tWO-)'Car post-

~'- <ure pcriod showed change, ana logo us to an incipicnl uage or hurn,1 n 
. , ·,lobular emphyscma (U). 
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Table 1. Effects observed in asthmatic subjects du ring laboratory conditions of e1tpc:sure te sullvr d1oxide 

Sullu• d,o .. d• Ou1111ol'I Nwmber and 
.:o,,ce,,11~11on• or e,po1u,e 1yp1 of 
(pcml fm,11) subJect 

l J. 5 1 .,, ,o 7.nor~al ... -13 f''·r, ,,·, 7. ,atoc,e-· ..... 
' 7. IStlllTl~IIC 

~ 
., s~V·•• 

,o I !', e . .u1hma1,c 

01.0 5.0.5 10 -.. 7. b:1hm~1ic 

:.IL; • .ç.,,,$ 0. 1 30ô,ù,-', l ff• 

" 

0.50 ;_. 
1 ?ic,t) ~l 1, 1 

18C- 40. a,u,mat,c 

.. 
o.s \0 5, asr11r:·.11,e 

0 .2S. O.S 60 24. aathm~t1c 

1.20 1 S . 151,..milf•C 

ÎVD• o1 Type of 
11pc&1,1re ectivitv 

Mou111p,ec1 RH\ 

Mou11'1:11ccc btrCIH 

Oral c111mcti AHI 
Noie clip~ 

MouthD••~• E1trc11e 

Chamber Exerc,se 

Cllamber Exerc,se 

'~~----~---~-~-

Efltet~O 

S.ll•w ,nc.ruud 11gn1t,canllv 11 1 11 
conenr,,r,tior" for aathm111c. sub1ec:1~ . 
only 11 5 ppm for normal 1110 1top1,; 
IUbJ•cts . Soma Ulh"'IIÏCS tllhib111d 
merked dYUll'IOU reQuiring 
b•om:hocl11~tion th1r•DV 

S1i11w 1ign,l,c1ntly ,ncrauao an the 
as11,m11,e group at 0 .5 and 0 .25 PP"" of 
&ullur dro•ida and 11 0 .1 Pl>"' 1l'l ti'i1 h"'c 
most 1espo11,,.,, sub1ac11. At 0 .5 ppm 
111,ec as1hl'latic sub1ec11 devefoDtd 
w11tt1,r,g end st1011n1ss ol brurh 

MMFR ,1gn1f1cenlly occ,cu•d 2 . 7'1t.: 
reco11ery ''"'""' 30 nunutu 

SR1w ,ncreH9' w1ra oburvad 011er 
Hercru baaaltne 111e, !or 80% ot 
lhe subfecu 

No sta1,s11callv &ign1lican1 ch•nget '" 
FVC01 SRaw 

No pulmonarv elftcts teo" w,11, o J p;im 
Of surtur d101rdt .and C 5 DD"'1 or nrt109en 
o,o.use e1ir.oosu•1t comcared 10 1,aerc13p 
basehr,e 
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Aol acnMIOI: effccts on llumau 

Acutt tff tcU 
R~•pirotory 1ntchonic"1 fu11ction. Sulfunc acid and othc.- sulfates hnc 

been round to affccl bolh the scnsory and \hc ,npiratory func1ion in 

humans. 
Respi..-atocy c«~1s frorn cxposurc ta sui furie acid(]SO-JOOµyml)havc 

bccn n:por1cd to includc incrcascd respirato.-y rar.e and decrcascd muimal 
inspiruory and c~piralory now rates and tidal volume (1.JJ). ffo~r. 
othcr studi9 or pulmonary fuoction in nonsensitive hu.llhy adule ,ubjccls 
indica1cd thlt pulmonary mcch1111ic:al function WJU lilllc afT«tcd whcn 
1ubjccis wcn: nposed to 1~1000,ugsulruric acidpcrm' for 10-120 minuta. 
ln one s&udy, tllc bronchocomtrictivc ac1ion or ~rbachol wu po1cn1i1kd 
by sui furie aC1d and otllcr sulraac ar:rosols, more or lcss in rcla1ion to their 
acidity. Asthmatics arc substanlially more sensitive in 1crms. o( changes in 
pulmonary mr:chanics chan br:althy people. and vigorou, c1crcise potr:n­
tia1e, t~ ef'f'm, 11 a ainn concentration. The lowc.st~cmonstratcd·dl'cct 
lcvcl for sulfuric acid was 10011&/m' via mouthpicce inhalation in cxcn:i1ing 
adolescent uthm11ics. Tbc cffcc:t1 wr:n: rclatively smaU and disap_pcan:d 
within about U minurcs lnadull as1hm11ics undergoingdmilarprotocob, 
lhc lowcst-obscrvcd-cffcct lew:I was 3SOµg/m 1 (11.17). 

l"articlc clc11T011tt J11nclio11. ln hcalth)' nonsmoking adule voluntcCl5 
upoKd to O.:S11m sulfuric: acid a1 rc,t al IOOµa/m1 for I hour. lhcrc was an 
aetelcrationofbronchial mucociliuy clearance of paniclcs wbicladc11ositcd 
primarily in lar,c thoracic airway,, .and II slowin,g of ckarancc whcn the 
c11po1urc WH ~i.cd 10 1000Jtg/m1• For parûclcs tha1depo1i1cdprimarily in 
mcd ium-lizcd and small ahways, thcrc was a small but llig,uficant ,lo.ing of 
c:lcanncc at I0011g/m1 and a grulcr slowing al 1000pg/m1

• Thue changes 
arr consistent wilb lhc gratcr dcposi1ion of acid in mcdiurn-siicd to smallcr 
airways. E119osurcs to 100111/m, for 2 houes prodlic:cd slowu clearance: 
than the 111111c c11posure for I hour, indit:ating a cumulative relation ship ta 

dose (16). 

Ejf ttll of /a11grr-11nn e:xpa111re: 
Kitagawa (18) idr:ntificd sulfuric acid a. the probable Qu1al agent for 
appro•imatcly 600 cuu of rcspir.uory discaSiC m the Yokkaichi arca or 
central J.apan bclwccn 1960 and 1969. The patic111,· homes wcrc conœn-
1rated witbin .S km of a titanlum dioaidc plant with a l4 m s.ud:. tllal cmincd 
(tom tOOOOOtoJOOOOOkgsulfuric: acid pcr monlh in chcperiod 1961-1967. 
The average concentration ol sul(ur trioaide in Fcbruary J965 in lsozu, a 
vitlaac l-l km rrom &he pl•nt, wu I JOµg/m '• cquiv~ld11 to a 1ulfuric acid 
concentration of 1.59#/g/m>. Ki1agawa c1tirnalcd tbat pc:ak c:onc:entrations 
might be up to 100 limes as hi&h whtn a nor&h wind w.u blowing. Elcctto· 
sla&ic: pR>C:ipi1,11ou. wcre installcd to cx>n\lOI acrosol cminions in 1967, and 
after 196& rhc numbcr or ncwly foun.t.J!!!icnts wi1h ''allergie: asthmatic 
bronchici.s" or "Yolkaichi n1hm1 •• gradually'dec:rcaM:CI. Kilagawa·s quami-

"··-=- _ ..... '4 ....... A 1t..- ,..,.;,~ .. ;~ uc:.-tt1nd~cribe 
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cases or rr:sp1ratol)· discasc may d iffcr from currcnc methods. The unique 
aspccl of th1s n:port is the 1dcnlifica110:i of suJruric ac:id u the likcly cauul 
agent for cacc55 morbidity. 

Othcrcvidcncc oflinb bctwccn high conccncra1ions ofambicnt51.1l(uric 
acid .and c:ffcc:ts on hum.an hcilth is mon: c:ircumstanlial. Sulfuric acid 
c:onc.c:n,.-acioni. Ïq 1hc ambicm air wen: cc:r1a.i11ly much h1ghcr than currcn1 
lcvcf5during lhc classiccpisodts in london. lhc Mtusc vallcy, and Donora, 
bu110 wcrc conccnuations of many 01hcr pollu1a111s. Similarly, the drrline 
in the p<cvalcnce of chronic bronchitis in the llnircd Kingdnn1 nH· 
thrcc dccadcscould havc:bccn duc 10 lhcdcclinc in cmiuions o( anyt>. 
poil uunls. Ho wcvcr, on mcchani~ic gounds and in vicw of known cap<m" , ... 
rcsponsc rcl11ionship~. sulforic acid is a more plausible candidarc than suh u r 
dio.xidc, carbonaœous JJarliclcs anii ••ther lmown constitucnn (19). 

ln an analysis of 1~80 cr.:n,s·! al morcality for the USA (JO), p1~-
dic1ou of mortalily duc to ai.- p<... _ .,on ll'cu ~·• f'lrcsscd in tcrm, of four 
auosol pollutanc u1rrop1ts, i c. total S!" ;"<:r;:..Ld par1icula1e:s, inhalable 
~rticlcs < )Sµm, fine particlcs < 2.5µm, .,:,,, ,.,1fi11c (SOJ·). Amon,: thcs.c:, 
only fine particlcs and suifa" bd statis1ical ,ign1ficancc u prcdic:ton o( 
ruponsc:, but thc:s.c Iwo surmgates· P valun wc:rc typically <O.OJ. 

The mu1urc:d sulfate includcucrong acids {sui furie acid). chc lcn acidk 
sah (ammonium bisutrate)and the (ully ncuuali..ud sait (ammonium sulfate). 
Sincc the t1 /SOJ· ,a1io is highly variable in timc and loc:a1ion and is ofttn 
cloilC to uro, sulfalc is a nlativtl)' poor 5urroptc for acid acrosol conccn­
cration. The conclusion t!ut .sulfa&r: is a bcllcr !iunog.ate for lhc a,rivc com­
poncnl oHinc pauiclc.s than lhe 01hcr th1cc·:r.urrop1es docs nol neoc:11arily 
millcc 11 il aood one {1P). lt docs. however, lcnd 1up9on to the hypolhcsii 
tha1 ~ is thuctive agcnt(ll). Unforumatcly,cpidcmiokigiail :r.tudic.s arc 
nol availablc by which mor1alily and/or morbidi17 can be ttlatcd to lhc 
acidity (i.e. tr ion concc111ra1ion) or rapirable parti des {19). This would be 
cxpected 10 conni11.uc a more appropria te mca.surcrncnc ( Il). 

Sr,u,uy rffrcu 
The odou.-1hrcshold for s\llfurit 11cid haJ becn r:slimalcd Co be 750pglm1 on 
the basi1 or one uudy and l00011a/rn' on the basis of anolhcr (1). 

Sidf11r diolt.ide and partit11l1te mat1er 

.'ihor1-1trm llra/111 4/tcu rc/q1cd 10 24-hosu a.-rroge: WJ/ucJ of ss.lfur diox1de 
and p11rriculotc motter 

Variations in 14-hour average conccn1ration, of suffur dio,ude, bbck 1mokc 
and total s11spcndcd pani,ulalcs have bcen associatcd with incrcaied mor· 
ulity, motbidily and defici1s in pulmonilry funclio.n tc.sts (J.1.11). Rc­
srcssion .anal ysis of daily pollu&ion variables in rd.ation lo urban dcalh rates 
rcsuhs in si1ni(icant coefficients, cvr:n af1cr accounting for tcmpera1&1re .vicl 
othcr auocia1ions. Thcsc rclalionships unnot clcarl)- csca.blisb a thrnhold 
clTcct. Howcver, on the basis of lhc London uudw:s (JJ) in whic:h l~hour 
conc,r:ntracions of su1'ur dio•idc and black ~okc wcre abovc SOOµg/rn 1, &hc 
dail~ rnoriality incrtascd ,ignificilnlly above basclinc: raie, . This docs not 
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prcdudc the pouibdity 1h11 111ortali1y dlcc1s occur bdow 1he1e conocn­
uations . ln ract, rcccnl 1i mc-!.Cricsanalyscs of New York Ci1y mosulily data 
ovcr 1 ~ ycan (11) suucsl chai variai ions in linc pu1iclc mcasurcs can 
rxplain appro1ima1cly S'lii of 1hc nuccuacion in morialily, rcgardtcu of 
wuthcr cffccts. Conccncra1ions in I ran8c bclow .500pg blacll smokc pcr ml 
wuc rcportcd in Che London analysis, bue• ditrcrcnt mu1,urcmcn1 mclhod 
was uscd in the rcpora from 1hc USA. Short-1crm dTocu or air pollution have 
bccn invcnigatcd in scvcral scudics involving rc.sponscs in "smsilive" popu­
la1ion,. Panel studits of a\lhma1ic mdividuals h.ivc bec n the mœc frcqucn11y 
uscd dc.iign (Il). Somc of lhe carlicr studics, using the rcsponscs of asth­
matics 10 waryingdaily po)lution lcvch,, have nol bccn rclicd upon, primarily 
bec:ausî of chcir small ~mplc si,~ and inadcquacc cxposurc mcasurcmcnlS. 
Jn addi\ion, incidcnoc:1 or illness within a populaiion of bronchicic pacicnu 
have bccn s1udicd with rc.1pcct rodaily air pollutionconccn1ra1ions. Signifi­
cant changes in paticnu' condilion1 wcre observed when black smolrc 
exocedcd 2~pg/m1 and 11Jlfur dio.cdc c•cn:ded .500pg/m1 (JJJ. Talung 
into acoount indications fzom somc othcr srudies, as in the c:arlicr WHO 
reporl {l), the minimum levcl of smoke and sulrur dioxidc ncodcd 10 
producc effccts was 11.ken u 2SOµg/m 1• 

In somc ~1o:,• ·. , . dtviatiom in pulmonary fiinct1on mcasurcs have bccn 
obscrvcd i , -: t; ·: :- , ..r,d adults &tut arc as.socia1cd wich shon-tcnn fluctu­
ations in ,.; , : : , conc::111r.1tions (l,}, 1/,34.15). ln anothcr uudy of 
appro•1m ·. . . u> childrcn living in an indusuializcd commuoiry, uta1is11-
cally ,ii:r,1;i.:an1 neJative mun 1lopc of forced vital capacity (FVC) and 
rorccctupintory 11ol11mc (FEV) was found for toial suspcndcd particul.ites 
(11-212µ&/m') and sulrur dioaide (0-2JI lppm'), wilh a corrclation co­
cfficicnl r = 0.1S (36). Jo thi., study 1oul suspcndcd puticulate meuuremcnts 
wcrc oomplcmcntcd by pa~llcl inhalablc panicle mcasurcrncnls (J1,J8). 
Sin" intulablc partidc values. arr gencrall> similar 10 choruic pallidc 
values, it wu possible to cs&im,uc 101al suspcndcd panicula<c:s/JSO-TP 
ra&io.s. From the data collt<lcd by Oockcry ca al. (36) it can bt: c.1lcul,ucd 
thal in tkosc 2S% of ch1ldrcn who wcfc mosa 1cnsi1i11c. there was al lcast a 
four li111c, grcaltr dclicit in p11lmonary function comparc:d wilh chose of 
avcrazc scnsiliviay (for thi.s 1ubprnap a dccrn~ in FEV uf'O.l!J ml/pg per m 1 

~.is obscrvcd). Those cffcc(S arc as.soeiatcd wiah con«nlrations of total 
suspcndcd part1c11latu in Che raage of 1S0-200pg/M1 (in the prc:scnœ of 
,ul{UJ' dioaidc). although total suspcndcd particulaLC conccnuations have 
fRq111:ntly nccedcd 260pg/nt 1• Minimum lcvcls for cffcctuverc judacd lo 
be 1BOµg/m 1 in the ptcs.cncc or sulrur dioi,.idc . Rclacini: cotai suspended 
pacticulaccs 10 ISO-TP W011ld re5Ull in Che 1a111e ddicit in pulmonary fünc­
lion a, conccntraciom of thoracic panic les ab ove l l Opg/m1 in the prcscncc 
or uilrurdioJ1ide. ThClc vaJuc.s uc utinta&cd u,1ng spc..:ific total su,pmdcd 
panicula&cs/lSO-TP ratios {JlJ. 

Althouah lhesc changa arc or hcallh conocm. the physiotogjal signiCi­
cancc or such appa~n&ly rcvcniblc cITccts on the irnmcdiacc or loag-1crm 
heahh or Che individual is unknow.,!I...._ . . 

ln Table 2 thc evidcna: on ,horHcrm hcahh cf(ccts 1s summari:u:d in 
ter ms o( the lowc:1,1-obscrwd-dTcc1 lcvcl.5 of air pollutanlS on heal&h . 

:S.ULFUR OIOXIDE AN'O fAROCULATE MATIER 

Table 2 . Summary of effeccs on human he.tlth 
ol lowes«-observed-ellec& levels ol sullut d1o)lide 

and par11culace malter {shorc-term exposu,cl 

24 ,hou, 111e1n e•posu1e 10· 

-
IOlil f Uec1 so, Smokc su~,,rnded 

oa, li,ulatet 
(µg/JRlj (µg/rn>J C.,g/m11 

Excon mo11a1i1v !100 500 

lnt,easad acuto 1espora1orw 
rnorb,de1y (adullU 250 250 

0 ecr e,,nenl s In I ung lu11c110 n 
(cn1ld1en) 180 

Long-urm hral1h rff~cls related 10 annua/ mrons of su/fur d10:ûtk 
011d poflin,lau mou~, 

151 

tl10,~(1{' 

p1111cle\ 

(l,g.tmJI 

110 

/llurtolity. Vari.itiom; in monalily(all c:awcs) and, more i;ptcifically. in 
mor1ali1y from a rdiorc,piratory discasu ha\·e bc,cn fouod durrng compari-
1011 of the Cinding.s from dirTcrcnl citics in 1cvcral countrit) (/). Mukiple­
rcgrcnion 1nal)·~n.using various indices of pollution (as long-lerru me.uu), 
tO&clhcr with i;ociocconomic factor.,, indica&e a.uocialions wilh pollulants 
CpaniculaCcs and sulfate bcingthc onc511tncr.ally incorpor.arcd in analy.1c.s m 
lhc USA) 1hat accoun1 for a smaH pro pou ion (a boui 4%) ofthe variation in 
Jca1h nle.s bc1 wcen cilics (JO. J9-, IJ. Thus, it could be i;aid 1ha1 thcrc arc 
disc:crniblc effc,u of loni-,crm Cllposu,c Co rhe pollution complu or 1hc 
par1iculaac maucr/sulfu, dio1'idc type at telaiivcly low annual mcan levers, 
b11t it ïs considcrcd lhat no firm guidance on lowcu-obscrvcd-dJect lcvcls 
caA be gÎ\·cn on the basis of rcla1ionships or &bis aypc. 

Morbidity. Further cpidemiolo1iciil srudics on diffcrcnocs in rhc pRva­
lcncc or rcspiratory symproms {adulu .and childrcn) and the Crcqurncy of 
rcspira&ory illncu (childtcn) bctv.-ecn comm11ni1ic, wich ditlcring lcvcls of 
poll111ion h.avt providr:d rcsulu 1ha1 BR con1istc11r wi&h the concluuons 
,cachcd c.arlicr by WHO (I), indica1ing dcCtttablc incrca~ whcrc annual 
mcan oonœntrations of boch black smokc and sulfur dioxide c11c«d 
100µg/m 1 {4J,4J). 01hcr pollut.tnts. such .l5 sulfates {or acid st.alfarcs) may 
be rcltHnl, but no musu,cmcnts wuc avaiJablc in &hcstudics 10 qucshon 
Tllc more rcccnc s1udics have rnainly bccn an1lysc.d usini: mulriplc­
rcj\rcsi;ion modcls, talcing confoundin& variable, ui10 accounr as far as 
f'"' i.1,. '14.45). ID 1his wa)', the rclati11c importance or diUcrcni faciors 

·,v.r. .. JI-------·----
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h2s b«l1 shown more clcarly aJ'ld relatiomhips arc ta ken tolK conlinuous, 
indicating th.al effcc:15 may well c:1tend betow the pollution lc\·cls quo1cd. 

Comrnunity-based heal1h studies are uscful in auributing ucus illne!>S 
ratu or difîcrcnoe, io pulmon.ary pcrfotmana to air pollution. Com· 
munitics C,iffer for a varicty or cultural, social, economic and other factors 
that ~n rcsull in di!Trrent frrquencies of illnns. While air pollution may 
contribule to clualcd il111cs.s race,, it is diffic:ult to dcscribc wirh certainly a 
levcl, an avcnging timc or cvcn a 'sp«ific contaminant llut is uncquivoaUy 
associ11cd wi1h a thrcshold cffcct lcvel. lncnased agc-adju~ted 11lnen rates 
arc sssQClllCd with indices for sulfur dioJlidc, blaclt smokc, total suspcnded 
particulata. and fiM p1rticlcs in several studics ( 1. 2.11). Communily di(­
fertnces in illni:u rates can be dis«mcd in several more contcmporary 
nudics conducted in the latc 1970s and early 1980s. Il is of intcrcst to note 
1hat the an~al sulfur dio1eide and tol.111 suspcndtd particulatc conixn· 
:rations are lower th•n the ron«ncrations auociated wilh cffccts in earlicr 
S1udic:1. For instance, in the \ISA (46) differel\C:C!i in oom rnunity illncu r atcs 
have bccn as!~&cd with annualizcd toul sus~nded particulate con­
ccnara1ions nngjng from 30 to IOOµg/m' (2~5Sµg/m 

1 
whcn the partide1 

:neuurc lustl\ln IOµm in diamctcr). The two cornmunities with 1bc highcs\ 
:inc!$ rates had par1iclc conocntr.nions (for p.,.nidcs lcss than lOµm in 

11:amctcr) of n and SS11efm' (annu•I means). 
ln the Neiher\andi, a dccttasing differcnce in respiratory symptom 

rates bctwc:cn a pol\ultd and a c\eaner arn wu obscrff<I (47) . lnitially, 
annu.a\ av-uagc sulfur dioxide concentrations abovc 20011g/m' were ob­
scrwd in the poilu~ are.a. but aftcr Che mid-l970nu1Cur dio1ddcl~"tls were 
bcewcen •.s and tOµg/m 1• 1,bilc black smokc: dccrused from 34-45 to 
l5-l1µg/m1. ln die clr:aner area sulfur dioxidevaluu.mea5uredafter 197.S. 
wcrc 10-2S11g/m1• and black smokc: lcvels, measurcd •fttr 1981. werc 
IO-l.5pg/m1 • ln Frartct (41) diffucnoe1 in symptom talcs are auociatcd 
with annual averagcs of sulCu, diollidc oYCf • unge of U-l27µg/m1, 
mc:nurcd by acidirnctry. ar a range of 22-8Sµg/m

1
• 11.1 nu:asurcd by a 

spccific technique . 

Dtc1cmt111J llf /11111 functlon. Measurenm1ts of respiratory physiology 
wcrc included in ,cvir,al of 111c s1udics rdcrttd to above. Severa! of 1hesc 
otKerva1ions llavc b«a nvii:wcd by WHO (J}, EPA OJ 11\d Erics1on A. 
Camncr (11) . Studics thal have t,c,en condvctcd in the same ç.ommunities 
over a pcriod of ycars show auoc:iations bctwcc11 the rnagnicudc or Jung 
Cundion change, and the lcvels of pollueion. One 1eries of suth studtd, 
carricd out in ctu: USA (49-51}. indicated crrec:u anociaml with panicu-
111u (mcuurcd as 101•1 auspcndrd particutatcs) al an annual mcan of 
l 110pl,lm1, lhoughdocu111en111ion of pollution 1en1i in the seric• au whole 
was incomplecc and otbcr polluUnlS could have bcen involvcd. ffom • 
more- exteruiYc serin carried out in the Ncthcrlands ('7) il has becn 
c.oncludcd lhal consistently towc.r lung funclion values in an ur'ban. as 
compued with a nuai, arca rnight poilUJAW!Dg-lerm cl'f«I.S or pollutioo. 
Whilc much currenl information on a widc r.angc of poUutanll was avail­
ablc. il was comidcrcd 1h11 the dTcct could have rclated co carlier highr, 

SULfllR 010,CIOE ANO PARTICUUITE MAl"TEII .l:1} 

Jcvc:ls, and no firm guidanoe can be givcn ac thi5 stage in relation 10 
lowcst -obscrvtd-adverse-<ffcct lcvirls. 

Sr111orJ' rfftctr 
Commun il y t1tposurc 10 urban air pollutanu. includingsulfurmudu, nilro· 
grn 011idcs and particulatc ma11u, may givc rise to feelings of discomfort, 
which c.an only be as~sstd subjeclivcly by chosC" persans wllo arc alTectcd 
(1.52). Annoyance rcaction, 10 urôan air pollut2ntureoommon phenomcna . 
ln a Swcdish study (51) of population sroups in central Stockholm, 60% of 
the population rc:poncd annoyanc:c of thi, kind. One quarl<r of lhost werc 
clan.cd as bcing vcry annoycd . Comparalilfe studies in sublirban arcu and 
smallcr Swcdish towns disclosed lower prcvalcncc figures for annoyan~. 
Sun·cys of annoyancc: are (raught wid1 many problcms (I). Sincc annoy­
ancc nactions have a larg,: sociocullural componcnl, prcYalcncc figutts in 
ttlalion 10 air pollution levcls may ~·ary from place 10 place and should be 
dctcrminNI for cach locality. 

Evaluation of Human Healtb Ruks 

Slllfur dioriclc 
When using the cvidencc from hum an cxpnimental ,tudin of !.Ulrur d ioude 
to draw up rcClOmntcndations for guidelinc va{u~ airnNI at protcccing 
people from lhe risk of adverse cfîecls, the necd to avoid bricf cxposurc, to 
pcak values is implicd. Somc prolc.ction (s.afcty) fae10, may h•\'e lob..­
incorpor.:ucd whcn using information on the lowcst-obJrtved-cfTc:ct levcl in 
ordcr to pro(cçt csprcially sensitive Hlhmatic pa1ic11ts (who ha11e not bcen 
subjtc110 tcsting), though lhey wou1d bc lus lilccly ro be'invol .. cd incurcisc 
at the: leveh used in lhe cxpcrimcn1al uposurcs. Jn rcla1ion ma lowc11-
obscrved-dlcct lrvcl ofconcern to hrahh of IOOOµg/m' (10 minute,), it 
appcars ru.son.able 10 apply a prolcction (safe&y) ractor of 2 (or the pro­
tection of public hcafch; chis would gÎ\'C a conccnfrarion or SOOp1tmJ 
( l(hniru1tcsJ. The oc.currrncc of suchconcentr.a1ionsc:an ofrcn br prcdic&ed 
from the frequrncy disuibetioa of locally rncasured conccn1ntions. by 
using s.omc c11is1in& models fo, .avcragin& values ovcr diffrn:n1 lime pcriods 
in 1he eue of diffuse or mulliple ,ourcu (5JJ. 

Prrdictions for poinl sources ca11 aho be made ir Che chanctcrtstks of 
the source and the local diŒ11sion condition~ arc known (54). Frequency 
d istribution ch1r.actr1is1ics c.an also hclp in guiding authorities towards 
solulions. Thcsc fteq\lcncy distributions IIT ltnown for a laric: number of 
towoJ in Europe (HJ and lhe USA (jdJ. As an uamplc, if the airn werc Co 
cosure 1hal 1he }().minute mcan valut of 500pg/m' WIii nol c11cctdc:d.1hcn 
on thr basi1 or calcula1ions or multiple-source situa 1ions in the Netherlands 
(JJJ. the corrrsponding 1-hour value 1ha1 ,hould not be c11cec:dNI would 
be JS0µg/m 1 

Acid acrocol 
Whi!e the data cuncndy available arc ins11Hicic:11t co cstablish a numuical 
guidclinc, the:,, do raise scrious conccm thal acidic aerosol could accounl 

~· 
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·• for p.asl .associations be1wccn parliculatc air pollution and Che exacuba1ion 
· and devclopment or chroni, broncllicis. 

Rccent l-hour acute expcrimental inhalation iuposu:c r.ata on humans 
and two animal spccict (donkc13 and rabbit,) show aimilar Cllp:Jsure­
rc,ponsc- n:lationshipt in tcrms of traruic:nt and rcvcnible changes ,n Che 
rate of tnichwbronchial mucociliuy clurancc. Comp,rablc u11osurCJ. 
whc:n rcpnted on a daily baw in the 1\\00 anim•I spccin, producui pcr­
sis1cn1 dlanga in clanr~ ra1e1. and in Ch~ one sr, , · . ~ which histolog.i­
cal examinations wcre made. duingc:1 in the airw,,, ··:r only 10 days or 
u posure wcrc of a ,imilar charackrto lhose ICCn in , , ~og h uman smokcrs 
c11amined atautopsy. The anato11 wilh c:iprc:ne smokc, which is a known 
cauul factor in chronic bronchili1,hu bccn pointcd out by Lippmann (29). 

The usod11ion 1hown in J1p1.11 (Yokkaichi) be1wcen sulfüric acid 
aerosols and rapiratory morbidity givcs support co the hypochcsis chat 
at"Ïd atrosol is an impor11n1 comp(!nenl of urban air pollution. This hy­
po,he1ls is also consi11cnt with the mul1s of cross-sectional ,cudies of d1ily 
mortalityin m1jol ci&ia in the USA, which indicatc Chat suJfa1c is a better 
prcdie1or roc marüTir, cflan any or rhc: nonspccific gnivimeuic indices th.al 
have bten u~td. 

More data on J-11 man cxposun:s arecJea.rl)' needcd 10 le.JI the: hypothcsis 
of caus;il11y. Siru.,;,ons thal would be: or conoem for moniloring purpmcs 
wouh.l b,: lho,;;: ,. i .. · rc humant wtfC c:xpo.,cd reputedly to concentrations ac 
or abovc IOµr/,·,' ,sullwic acid or equivalen1 acidity of acrosol). 

Sulfu dloud1 IUl4I partlnlatr 111aU« 
The lowc1t,obsc:rwd-cfTect lcvels for short-ccrm and long-term (annual 
mun) average air pollution mca.,uremcnts arc summarired in Tables 2 
and 3. Evaluati01\ of the mca,ured componcnts or aiT pollution in relation 
lo public hcalth is, howewcr. difficuh for a numbcr of rusons noted in lhe 

Table 3. Summarv of elfecls on human health 
ot lowest-observed-effecl levels of sulfur dio:xide 

and parciculate manu flong -term exposure) 

Annual mHn e•Po!l1re 10: 

Elf"I 

lncrtHed 1upili10ty symplom1 
o, ,Une,s 

Oec••"'*"" in tunu lunc1io<1 

so, 

!,,g/m>t 

sma\e 

Cllu/rn'I 

100 100 -.-..... : ~ 

lotal 
1u1p1nded 
pa1t1cul•U1S 

Cpg/rn•t 

160 

• 
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WHO publicauon (JJ. A numbtr of 1hcsc poinu still rcm.ain lar_aely un­
rcsoh•ed. For eumplc, ic is not clar whcthcr long-tum dfccts c.an be 
relaced simply to annu.al mean values or ln tC1Kated eaposurcs 10 J)fak 
values. Similarly, it rcm:iins uni:ertain which componcnu of the ~ulfur 
clioxidc/par&iculatn complu .are irivolvcd in the: advcrn cffec1s, lhough 
inc:rusingly auemion is being gi\-cn to the rolc of srconda,y produc1s suc}} 
.as acid suifa 1cs. Arbitrary protection (safccy) factors of 2 in relation Co 1he 
morllidiry and motlalily data, and l .!1 for d«rc:menu in lung funclions 
(considcred fo nprcscnt a ltssscvcre effcct), ucm (o be appropria cc accord­
mg lo the p1ewn1 state ofknowlcdgc. 

Me1suremcnts of black smoke can no longc:r be 1ntcrprclcd in tcrmç of 
µg/m' ÏTI many local itics, and decision, h;ivc alrc.ady bccn made (by ISO) 10 

abandon any .allcmpl a1 mus cquivalcn«. The melhod is still of, .11uc as an 
indu o( soiling capaciC)' and of the type of pollution (coal smoke) rhar ha.\ 
bccn associated in lhc pa11 with adverse hcahh dfects, and Co providc 
conlinuicy with any further cpidemiological s1udic1. Thcrcfore, ob,cr­
vations should be continucd. 

Various direcl gravimccric measurcmcn1s have becn usccf in rcccnt 
decadn. nu1ably the Cotai suspcndcd parriculacc musuremen1s (by high 
volume sampler) in lht USA. Thcrc arc problcrru, howcvcr, 111·i1h the widc 
sizc range of particlcs ~ampled and the inOucncc of wind-entraincd dl13C. 
Although a large body of data on such mcasurcmcnu uis1s. il is now 
considcred mislcading Co aucmpt to sprcify guidc:lincs in lerms of tarai 
suspcndcd pu1icula1c1. 

To1al suspcnded parciculatc mcasurcmcn1s rnay, nevcrthelcss. be wed 
forcomparison wilh ncwer inditts of pollution, and the)' may be of value ll5 

a supplc:men1 10 g,a,..imcrric ISO. TP mcasurcmcnts. c.sptcially in aras 
wllerc thue is SJ>C'Cial conccrn abou1 laflcr parliclcs. 

EITorcs should now be made 10 cstablish a rnethod of gra\·1me1ric 
mcasurcmcn1 reprcs<nting more reafotic.ally chc: size range or p,trticlct 1ha1 
c.an be inhaled inlo the lhoracic ffg,Ïon, u·cn lllough uncrrt.aintics mu\! 
remain allocu chc componen1 or componenu mosr l"C'IC't'ant 10 heahh. Rcc­
ommcndations have alrcady bccn made by JSO rcgarchng the (acrod)'nam1c) 
putic:le site range corrttponding wich thoracic penerrarion, and ic is pro­
posc:d thal s:amplcrs should have a,ceplance charactcri.stin that appro-i­
malc ta thac cun•c. 

The inclusion ,1( the somcwhat widc:r site ra nie of panicles than Chose 
sampltd b)' the black smokt method would mean lhat. evcn in arcas whc~ 
coal smolcc stitl forms a clontinanc part o( 1hc susprndcd pa rCitulall'S, usult, 
from chete gravimrtric instrumcnrs would be somcwhat higher rhan ,:1,ghc 
be obtaincd lrom co-loca1td smokc samplen. Thus. in those circumsurcc.s 
the corrc:sponding guidelinn would be a liUlc h1gher in truc gravimclric 
ccrms (possibly by about 10%). Now chat the characlcriscics or prcscnt-4.i.)· 
pollution d1fTcr (rom lhose of coJl smoke pollution, rhc old data canno, be 
used wi1h 3fl)' conlidc:ncc as a basis for gurdc:hncs. 

ln view o( the con\idcr.ablc unccrtaintin invoh·cd in formula1ing guidc­
linci for par11culace ma1c~r. thcrc is a m:cd for fur1hcr cpidcmiological 
Sludics. p~rcicularly m 1hose arcn where high ron«ntration\ will occur • 

.!Mio., 
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uting wcll dcfincd mc1hodJ for par1icula\c me11..\urcmcnt and cpidemi­
ttlogit&I 1ssessmtnt, incl11di11J the con&rol or possible confounding fac&ors 

' such \ smoking. 

Caidtliaft 

Suif 11, dioxidr 
Jt appcan reasonable to apply a prolcction factor of 2 for the pro1telion of 
public hcalth; 1 guidcline value of S00pJ/m1 (10 minules, no1 10 be u­

cecdcd) is rccommcnded. A 1-hour muirnum value 1tat conforms w1th this 
guidelinc can be calculatcd as appro,.imatdy lS0..,gtm

1
• 

Ac id arro1al 
Rccommendalions for air quality 1uidcline values for the strong acid 
content of ambicnt 1cro,ol cannol no\OI be made owing 10 the spatsily of 
cuncnt d:ua on crfeclS and ambicnl cxposurc Jcvels. Howcvcr, monitorina 
;s w.tnantcd when lcvtls (,ulfuric acid or equivalcnl acidi1y of acrosof) 
ucce<I IOpg/m'. Tjmdorc, ambicnt ÏIÎI 1ho11ld be n:gul&riy monitorcd for 
the H" ion conocnltation of the aero1ol (which should be samplcd in a 
siT~-fr1ction1ting panicuflltc samplcr) whcn lcvcb of 1his magnitude a,e 

likdy to occur. 

Combintd t/futs 
ln proposint, 1uidclines bascd on the presenl lcnowlcdge of cxposure 1oboth 
sutfur dio•idc and puticulaCc m~llu, an arbitraT}' protection (wety) factor 
of 2 has bcen u1cd in relation ro morbidil)' and mort.lit y. and a factor of 1.5 
bas betn used for the dccrcmcnr in lun1 function, wltich is considcrcd to be a 
lcss scver~ cffecl. Tbc rccommcnded guiddinc values a,c shown in Table 4. 
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Vanadiurn 

Ceneral Dncriplion 

\'ana1Jii1m (V) is a bnglit wh;t~ duc1ilc mcui ;,,: 'onging :o gTOup V of the 
pcrio<li.:: ~)'stem of c!cincnts. h fom\S compou11<l~ m.a inry m s,.aicna: stalcs + ). 
+ 4 and ~ .S. ln the prcsicncc or oxy~n. airnr O).)'J:tna:ro hlood, or nxitfiting 
a,:~n,s. Viln3J1um 1s always in lhc + 5 o\irlation H3!c ln rhc p,cscn~ of 
rcducing agents. vanadium <om11c1unds ;u-r 1n lhc + 4 o_.idation 3larc (lj . 
VanaJium forms both c.a1ionic ;ind anionit s.,la, and can form co,·alcrll 
IJonds 10 yirl.i org3nom:1alhc cornçound.i which a:c mosily unstablc: 

Sources 
Vanadium is an ub:<jtio :ous ~:c1.:I. The avua.ec conCl·nlralio;i o( 11ana· ' 1•r. 
in thec:uch·~ c,us1 i, OOµg/g tl). conccntr.ilion, in soil v2.ry in rhc ,,., ;:c 
l-JIOµv!? 0) ;1n<J m3~ rcach h1gh \•JIIJC\ (up Il) 4001,1g/g)'" area..1 pollutc<l 
lly fly ash (-:J l'hc .:onc:n:rali.ir. of vanadium ir; wat~r i\ largcly dcpcnJcn1 
<•n gcogr.r:,h1,·;i: ,.,.,catrvn and rangct Crom O 2 10 mute chan IOOµi;Jhtn: m 
frcshwar" ( }) . :ond from 0.21019µ,:/htrc in scaw:Her(JJ. ·nw oc:r~n floor is 
'. hc ma,11 ln:1i;-1c,m ,inlr. of \,madium in lht 1;!.1ba: cn.:ulntion (1). T!1c 
~oncentral it•m of v:inadium "' LO.li and crudc pc:rc,lcum o ,b vary widcly 
;_ 1-ISOO miv~&.I (}) . 

lhc 1Atorld produc11011 ofvanad,ur., .... ;u abou• U :)'):) 1cnn,·~ 1r1 19H I fJ). 
r!>t major proc.ludng i:ountrirs bein,: Chilc. Finl.:imJ. N.t'.:,:b,,c, Norwa:r, 
:,ciuch Africa, USSR and lhc Unitd !itJlcs. 

Mos1 nf 1lu· \'anad,um produc.:J 1s used in f<n iJ·,a:1.;Jiur,, anJ. of this. 
r",e ma10111y 1s 'l!<ctl m h,th-s~ .1n<.1 orhcr ~lloy 11«1 (usu1llv combîncd 
.~i1h c:.;<•:mu,n, m.:kcl , manganrsc. buron and 1.:ng..\tcn). 

Il h;u b<en r,wna1ed lhat uound 6.SOOO tonnes of UMdium errnuaJly 
:nt,:r ,.~.: cnv1111nmrnc hom na1ur11I sourcu (crustal "'·calhcnng and YOl­
uni~ c::.Îs<ir::1,) ;,,nJ zmuaJ .lOO 000 :onnes as .:i rcsull of man's acriv11 iu 
{: · lh · •·1~pr .Jn1r,r, -- •r,;-en11· r,oini sources of atmosphcric cm inion .11,c 
,, · · 1 ' ·. 11 ,: ,...il work, ; j:; ,1 pcr 10;1r;c of 11anadium produccd), followcd by 
: " · ' .1 ··u•1, t>! au~c .,,· , , u<lu~I u,I ;ind coal (0.2-2 kg pcr IOO(hcrmn and 
..... !":Cf )tr Ltr: ~·, :"'!_J 
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