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M S T W C T  

This paper summarizes results of experiments designed to evaluate the PMlO 
emission factor for unpaved road.. Particulate matter from unpaved roads was 
generated by repeatedly driving vehicles in front of the samplers for a minimum 
of 100 passes in order to generate sufficient material. Particulate matter was 
collected using dichotomous aardaol iamplera located in a vertical array 
downwind of the roads. Since the dichotomous samplers collect particlea in the 
two size ranges of leas than 2.5 microns and less than 10 microns, emission 
factora for both s i t e  ranges are found. The exposure profillng method was used 
to determine the emission factors for 21 aeparate experiments. The PMlO 
emission factors were found to be larger than expected, ranging from 1 to 10 
lba./vahicle-mile. A model that best fits the' data yields the emission factor 
to vary approximately ae ths vehicle speed aquared times the square root of the 
silt content. The model only explains about half of the variation of'the data. 
indicating a mora fundamental approach La needed for accurate prediction. 

INTRODUCTION 

The emission of dust into the air from travel on unpaved roads 1s commonly 
regarded aa a .significant source of fugitive emissions. Vehicle traffic on 
unpaved roads both grinda the duat from larger rocks by the force of the tires 
againat the road surface, and emits d w t  to the atmosphere during dry 

efficient mechanism for the production of PMlO particlea, vhich are defined as 
particlea ten microns and amaller in diameter. However, the unpaved road 
environment, where the aurface material is aubjectod to frequent grinding by 
vehicle traffic under a variety of. moisture conditiona, and. i n  many instances, 
during repeated freaze-thaw cycles, f a  extremely harah. Although one would not 
expect many sub-micron particles to be produced in thia way, the potential doem 

Once produced by grinding of the road surface material, the PKlO particles are 
auaceptible to being ejected into the atmosphere by the action of the passing 
vehicle. The particle ejection mechanirms are not well formulated, although 
#*vera1 mechanisms are recognized as imp~rtant'*~~~. Among thoaa that may be 
important are the following:(l) particle entrainment by the intense air flow 
that i r  undoubtedly produced at the region where the tire contecta the road 
surface, (2) wheel slippagel, that causes' particlea to adhere to the tire or 
tr?*d, and the subsequant ejection of particles from the tire surface by the 
centrifugal force associated with tire rotation, (3) entrainment by the motion 
of the air due to the aerodynamic ahape of the moving vehicle, (4) saltation, 
the ejection of small particlea from the road aurface by large psrtlclas that 
become Partially entrained and ,oubrequently, strike the surface, (5) the force 
Of the tire, as it compacts the road surface, may force some air and entrained 
Particlea from the surface material,. and. 6 under moist conditions small 
,particles might agglomerate with larggr o r ~ e a ~ . ~  'thua changing the character of 

conditionr. Particle formation by grinding, termed comminution 1 , is not a very 

exist for the formation of significant numbers of PHlO particlea. .. 

. _ .  . . . .  
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--.--zh L.. . emissions,  and (7) stat ic  charge could b u i l d  up on the t i r e ,  and e j e c t .  : 
;ii:-- ?:ticlea i n t o , t h e  a i r  by e l e c t r i c a l  r epu l s ion ,  o r  make them adhere t o  the  t i r e  
.- .II' . =at subsequent c e n t r i f u g a l  e j e c t i o n .  
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-- ..- combined procroaes of dus t  formation and emission t o  the  atmosphara by 
__I.~ . .  . .-  mh$.c.ular t r a f f i c  on unpaved rosds.  is obviously complex. P a r t i c l e  rira vould 

W e a r  t o  be a key parameter i n  tha t  many of the e j e c t i o n  machanisma a re  
s -:  p l r t i c l e  s i z e  dependant; The r ecen t  h i s t o r y  of  the road may be important in  

=hat t r a f f i c  .during v e t  condi t ions  o r  f rozen  condi t ions might produce more 
I._ -, .. ~- .- . . a l l  p a r t i c l e a  than are e j e c t e d ,  and causa unexpectedly l a r g e  oniaaiona a t  a 

'"=.:tar da t e .  Heavy veh ic l e s  might prepare  the  road su r face  t o  inf luence t h e  
a i a s i o n e  of subrequent l i g h t e r  vehicle.. A reasonable f i r e t  a t ep  t o  deacribing 
=ha proceee of  d u s t  emission i e  t o  parameter ize  p a r t i c l e  size inf luences by 
w a s u r e m e n t  o f  t h e  silt c o n t e n t .  o f  ,the road sur face  ma te r i a l ,  def ined A I .  the 

.. ,. ~. par cen t  mas. of .th. m a t e r i e l . l e a r  than  75  micron. i n  diameter,  although 
**itionel, p roperc ies  of , the su r face  m a t e t i e l  p a r t i c l e  d i s t r i b u t i o n  could be 
q e c i f l e d  AS wel l .  The ve loc i ty .  waighc, and number o f  wheels of  the  vehic le ,  

be room f o r  improvement i n  the s e l e c t i o n  of desc r ip t ive  variablas.however, 
since t h e  parameter iza t ion  is hard ly  s p e c i f i c  t o  any of the  number of processes 
that a re  responaible  f o r  emisaiona. 
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* ' h i l a r l y  appear t o  be important v a r i a b l e s  f o r  parameter izat ion.  "here appaara 
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b n n i d a r a b l e  a t t e n t i o n  has been given t o  develo ing equat ions t o  deecribe the 
f W i t I v e  dus t  emissions from unpaved roads 4 , 6  , 7,8,9.10,11,12. Typical ly ,  t h e  
a i s s i o n  f a c t o r ,  def ined a s  the  amount of  dus t  suspended i n  the air by a 
'whicle pe r  d i s t ance  of  road t r ave led  ( lba . /vehic le -mi le ) ,  i n  measured for 
r e p r e s e n t a t i v e  ranges of the 'underlying v a r i a b l e s .  A model is than developed 
b a s a d  on the c o r r e l a t  on of  the  emisaion f a c t o r  and the  v a r i a b l e s .  "ha model 
.re*ommanded by the EPAr2 f o r  unpaved road emissions i a ,  

(1) 6 - 5 . 9  K (s/12) (v/30) (W/3)0.7 ( w / ~ ) O * ~  (d/365) .,. .. 
vhsre: E - PMlO emission f a c t o r  ( lbs /vsh ic le -mi le )  

K - propor t iona l i t y  cons tan t  s p e c i f i c  t o  s i z e  range of  emitted 

s - lilt content  (per  c e n t  by mass of p a r t i c l e a  smaller  than 75 

v - vehic le  speed ( m i l e a  per  hour) 
Y - number of wheels on t h e  v e h i c l e  
W - vehic le  welght ( tons)  
d - number of days pe r  year  with lean than .01 inches of  r a i n .  

p a r t i c l e a  ( . 45  f o r  PHlo) 

microns) 

---. .. i 

a* motlvat ion behind our r e ~ e a r c h ~ ~ ' ~ ~  is t o  assess  t h e  ex ten t  t h a t  unpaved 
road duet amiaalona n e u t r a l i z e  ac id  r a i n ,  the emphasis, t he re fo re ,  being on 
cp\ lahed l i m e s t o n a  gravel  roads which are high i n  calcium. The amission of small 
Particles t h a t  can s t a y  a i rborne  long enough to  i n t e r a c t  with p r e c i p i t a t i o n  i a  
* f  Drlmary concsrn Emlieion f a c t o r  c a l c u l a t i o n s  are presented f o r  measurementr 
5.V Bnrnard e ~ . a l . ~ ~  o f  dust  from ynpavsd. crushed limestona grave l  roads, where 
Particles I n  r l r e  f r a c t i o n s  less than 10 and lass than 2 . 5  microns were 



.- ..::cc:sd usLng dichotomous aerosol samplers. t is made 
z ?  astireate the error associated vith the me asurementa. Correlations ar0 

p i a t i o n  r -  of the emiasion factor data vich vahicla speed, 
a:.? ... 1:h the silt content of the road surface material. 

LLSCRIPTION OF EXPERIMENT 

A full deacription of the experimental deaign i r  given by Barnard et.al.15. In 
a given experiment dichotomow and high volume aerosol ampler8 vere placed 
*+wind and downwind of an unpaved road to meaaure the bacEground and road duat 
arrorol concentrations, raspectively. During each experiment vehicler were 
repeatadly driven past the ampler r i t e  ht a particular speed, and the 
experiment vam repeated at the erne site for varioua apeeda. .Of particular 
intereat here 11 the three atacked dlchotomow eamplere located at 20 maters 
dovnvind of tha r oad. and positioned to sample at halghta of 1 . 5 5 ,  3.0s and 
1 . 8 8  meter8. reapectively. above the nround. Using nasi concentration valuer 

~ 

?rum- dichotomous anmplera, coGrected . for- the background aerosol 
concentratlona, and vith a record of the wind speed during the course Of the 'n*p experiment, the total maaa of P H l O  particulate that paaaea above a point on the 

d j F  ground do vind of the road can be eatinutod. Thia  method, ,known a1 exposure 
)'/~ ' profilingn, enablea one to calculate the emirrion -factor without recourae to 
8/' atmospheric dispersion modeling, and i o  further free of the aesumptlon of 

continuous traffic volume on the road. 
' Both the coarae and fine particle filter iamplea from eech dichotomour namplar 

were analyzed by gravimetric techniquea. The aeroaol mas8 concentrationa of the 
0-2.5,micron diameter particles, and the concentrationo of the 2 . 5  to 10 micron 
particles vara obtainad. A PKlO emission factor aa well aa a 0-2;5 micron 
rmiarion factor vaa calculated. 

Filter Weights vera obtained using a Cahn 31 microbalance anclosed in a 
constant humidity chsmber. The accuracy of the balance Is judged to be about 
one microgram. Although the filter. were alwayr placed in the humidity chamber 
for st 1eh.t 24 hours prior to weighing, both for the tare weight and loaded 
weight measurements, the adsorption of moisture onto the filters La considered 
to be the major aource of error. in the vaighing procedure. An upper limit on 
the uncertainty due to the moiature problem is  considerid to 'be in the 

. . neighborhood of 10 microgr'amr for the loading of any. particular filter. 
Considering the most lightly expored filter., thore from the-top ampler of the 
*tacked array, the coarse filter loading Averaged about 500 aicrograme leading 
to an experimental uncertainty of about 2 percent. The average loading for the 

j corre8Pondfng fine filters vaa about 50 micrograms leading to an estimated 
j weighing error of about 20 per cant. An additional uncertainty is introduced 

when i correction i a  made for the background aeroaol, especially on the fine 
Partfcle filter., aince there the  background aeroaol uasa concentrations 
average ahoat 20 per cent of the corresponding dust concentrationr. 

i 
i 
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In previous exposure p r o f i l i n g  experimente16, the sampling s c : ~ : *  v u  ::I.: K : 
SO t h e  wind flow wae normal t o  tha eur faca ,  while t h e  aunplar fl:u vi.) 1:: -I :.w 
t o  match t h e  x lnd  flow in order  'to a r t a b l i s h  i r o k i n a t i c  con& i-- .  - I - -  ..I . :::$.@: pa:.: : 
cond i t ions ,  tha  m r r  deponitad pe r  uni t  area of f i l t e r  reprara:.zr *.* n u )  Z ? ~ I : ;  

w o u l d - p u e  through A u n l t , a r e a  of. tho  pluma, and i r  termed tha e X ; : s - - 1  ?- t.:' 

a P P w r i a t e  gaomatr ical  arrangement of the  exposure msasurenrcfr . I i 
of the .*xpoauro ovar the whole croae.. roc t ion  o f  the  p l u e  vds f 8 : J > > : * . : + : ,  : 
Considst ing the. road O o P i B B i O M  t o  ba A l i n a  source,  a l l  po in t r  A: a 6i.x:. 
heighr: d o n g  tho. road .should have the euaa oxposure, ro the  ma#+:eaf?.:d :.c :!f 1 
mado a t  e a v a r a l  ha ighte  a b w a  A givan po in t .  The v o r t i c a l  i:.:r&:A: :i :::at 

exPoeur0 ove r  the he igh t  of t h e  plume, divided by t h e  number of ~#>. i : : f  : . i . J # r . #  ; 
gives  the  smi r r ion  f a c t o r .  

c. < f::n-i:.t 
. ,  

&&+ e. dl;cdzL 
Dichotomous esmplera 
for the  depar ture  
unbiased eampla By meaicr:?.b ::-,t m#.# I 

concen t r a t ion ,  mu l t ip l i ed  by the vind apeed, y i e l d s  A mass f l u . .  d::.. '..-.*'- ._ I : 

va1uap docreasad l i n a a r l y  with h e i g h t ;  the  smal les t  c o r r e l a t i o n  i\*t'" - * .: 1 1  :.: 

i A U ? /  

onditionn in order  :: :>:.A:: I:' ~ 

and are darign!t :: ::.vc.#.J:'f ! 

deponited on tho f i l t e r # ,  and knowing both tho flow r a t e  and #ue?:ir.$ :in* 
aerosol  Concentrat ion can be dotarmined from rho dichotomous rarplr:  A:.( 

m u l t i p l i e d  by the  sampling time glvaa the exposure.  

I n  each of the  twenty-one d i f f e r a n t  casaa analyzed,  the three F!4:.' es;.-#..;:r 

baing .91, and in only t h r e e  cane8 f a l l i n g  below .97. Accordinfly. t h e  rs?:# ' . : : r  
. r?rOf i l eS  were taken 46 l i n e a r .  The p r o f i l e  war ext rapola ted  upward. to f:?.:. :-r 
height  e t  which the  background axpoaura occurred,  and axtrapolacad dobT..uAr.1 :: 
p r e d i c t  the ground l e v e l  value.  The p r o f i l a  i n t eg ra t ed  from the ground f.- :?r 
t o p  of  t ho  plume, and divided by the  number o f  veh ic l e  pa r i ea ,  & i v r s  rhr 
emission f a c t o r .  

T a b l a  I g ive r  va luer  of tho pradicced plume height  and the r eau l t inp  cmirsi.-:. 
f a c t o r  fOK each of the  d i f f e r e n t  experiment. analyzed, nlong with chzlr 
r e s p e c t i v e  e r r o r  emtimatar. - The 1aadlnR uncar ta in ty  i n  the amierion f A C t C I .  
va1uar r a r t a i n t y  in predic t ing  tho expomure varrue h r i shc .  
?e erro- in the  p red ic t ed  duet cloud height  and in t he  
p r a d i c t r d  ground leve l  ~ X D  ornure. ara found from the s tandard a r r o r  arrociaccd 

- F n t n  t h e  calcu1nt.d elopa and i n t e r c e p t  of  the  expoaura p r o f i l e .  The 
incroaucad by tho expoaurr i n t eg ra t ion  procedurr i r  l a rger  than t h e  

u n c e r t a i n t y  of the  vaighing procedure f o r  the ooaree f i l t e r # .  

:.v 
::.I: 

P e r i o d i c a l l y ,  during the  courra of the duet  rampling axparimonti ,  E f l t  
meaouremencr ware made on aach road .  me milt content  o f  the road rUrfACa 
ma te r i a l  van found t o  be q u i t e  v a r i a b l e ,  both along e singla road And ovrr t h e  
COaree of  tlme. The ex tan t  of th in  v a r l r t i o n  i r  p re ren t ly  belng r tudied.  A s i l t  

prer.entad f o r  each sxparlmant;  uhara A s i l t  mearurament Val n o t  
ava l l ab la  for tha day o f  tho axperlmant, i t  war ort imatad by i n t a r p o l r t h g  
b a t u a e n  maanured value0 on t h a t  road taken bnfora and a f t a r  t h a  rxparlment. 

r a r u l t l n &  e l l c  va1u.a €or each axperlmant e ra  rhovn i n  Table I. 
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Table I .  PKlO emission f a c t o r  measurements and model p red ic t ions  

Exper i  Road Vehicle S i l t  Plume Em1 s s i on Model Predict ions 
ment # i d .  speed conten t  he ight  f a c t o r  Eqn.(3)  Eqn.(2) Eqn. ( l )  

(mph) ( t  v t )  (meters) ( l b s . /veh ic l e -mi l e )  

7 400E 25 9.60 8.86k.51 
7 40OE ~ 35 9.60 6.75k.15 

9 900N 25 3.60 6 . 0 2 i . 5 6  
900N ' 35 3 . 6 0  6 . 6 2 t . 8 5  

__1.-_409e-- 4 5 9..3.0 6....10+ .... 3D_. ...~ 

9 900N 45 3 . 6 0  . 7.,.9-421.08 
10 ~ O O E  -25----iW-i. 032. ii'-. 
LO GOOE 35 7.00 5 . 7 3 i 1 . 1 2  
10 .. .. 400E .~ 45 .. . . ..L.OO &D&_o.L 
11 900N 25 3 . 7 5  9 . 5 4 t 1 . 6 8  
11 900N 35 3 . 7 5  8 . 0 6 i . 0 3  

1 . 3 5 2 . 1 2  2.61 3.18 .97 
0 ,  OO?; 17 5 .01  ' 5 . 2 7  1 . 3 5  

1.06k.16 1 . 6 2  1 . 5 2  . 3 6  
2 . 5 8 2 . 6 3  3.04 3.61 .51 

2 .  64+.  26 2 . 2 7  '2-:,45-.'-- .70 
3 . 4 7 t 1 . 4 4  4 . 2 7  0 . 5 5  . 9 9  

J32 .,72 .->26:--+:7G.--"' 

3. 0621 ..AS~ .--4 .,E6 .. ,. ' 5 .  70 . 6 5-.:. 

3 . 6 5 T . 0 2  3.10 3 . 6 5  . 5 3  
3' .75 7 . 8 4 T . 6 9  c 5 . 3 9 T . 8 1  4.97 5.14 . 6 8  900N 45 11 

7 h O 6 E  2 5  6.00 6 . 4 6 2 . 7 3  3 . 2 8 k . 7 2  2 . 1 0  2 . 1 8  .60  
400E 3 5  6 . 0 0  6.01k.37 6 . 3 8 k . 8 2  3.94- 4 . 2 7  . 8 4  

4 . 7 5  7.11d.40 3 . 5 2 3 . 3 6  1 . 8 7  1.84 . 4 8  
400E 3 5  4.75 7.3h.39 5 . 4 1 + . 5 1  3 . 5 0  3.93 . 6 7  

-..- .-__.-___..._____.__x_......._-.._. ____ 

6.5 ~ . . ~ -  0 ~ ~ - 2 2 ~ 0 .  ~ ~ . ~ . 5 ~ ~ ~ ~ . . . 3 . ~ - ~ 3 ~  1 .... 09 

- 
\LLQQL-A~-. L-~J .-6-~~8~.ak--- . . -b.-6.~~-5~8 5.,60--6...02--. . . .. 8 6 

1L 900N 25 4.05 5 . 9 0 2 1 . 3 6  1 . 0 5 i . 4 9  1 . 7 2  1 . 6 4  . 41 
14 900N 35 4.05 5 . 6 2 k 1 . 1 7  1 . 6 5 i . 7 4  3 . 2 3  3 . 7 3  . 57  
14 , 900N 45 4 . 0 5  5.38i.29 2 . 2 5 2 . 2 8  5 . 1 6  5 . 0 2  . 7 3  

I /  

The emission fectoru are h igh ly  c o r r e l a t e d  with veh ic l e  speed f o r  each 
*xPerimOnt. I n  order  t o  determine i f  the  emission factor vuluer f o r  each 
experiment a re  o therv ise  s t a t i s t i c a l l y  d i f f e r e n t .  the  they were t e s t e d  aga ins t  
each other  i n  A series of pa i r ed  t - t e s t s ;  emission factor va lues  f o r  
corresponding v e l o c i t i e s  were pai red  i n  t h e  t e s t s .  The n u l l  hypothesis .  that- 
the emlsiion f ac to r  meam of two experiments were equal .  vas r e l e c t e d  a t  ths -- 
.IJ5 eignif icance level. The r e s u l t s  i nd ica t ed  thac'expariment; 12 and 13 were 
.in a KrouP by themselvw,  while the o 6 e r  experiments could be nrouued 
W a t h e r .  Other groupings appear poss ib l e  if the  n a t u r a l  logarithm of the 
e m h i o n  f ac to r  is used t o  c a l c u l a t e  t h e  t e s t  s t a t i s t i c ;  Phys ica l ly  th io  is not  
expected; one would r a t h e r  expect t h e  emission f a c t o r  f o r  a given road o r  f o r  a 
similar range of s i l t .  va lues  t o  group. . together .  Such behavior  suggests  t h a t  
addi t iona l  va r i ab le s  need t o  be considered in t h e  evaluar ion.  

Further ana lys i s  was performed on the  d a t a  s e t  as a whole. Mult iple  regression 
calculat ions vere performed on var ious  func t ions  o f  silt content  and vehicle  
#peed. -0 d i f f e r e n t  models were found vhich have about the  same s t a t i s t i c a l  
va l id i ty .  In  one model the  emission f a c t o r ,  E, v a r i e s  as e l i n e a r  sum of t h e  
vehlcle speed, v ,  and s i l t  conten t ,  s, and is given by,  

: 

, !  

. .  . . .  

I 
i 
I 
i 
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The mult iple  c o r r e l a t i o n  c o e f f i c i e n t  of equat ion ( 2 )  is .7S. This model murt be 
conridered phys ica l ly  unraasonabln a t  vary amall values  of v or s, but i t  ha1 
the  v i r t u e  of r h p l i c i t y .  

The other  model pred ic t s  a v a r i a t i o n  given a s ,  

(3 )  E - .0020S v1*87 s . 5 1  

Hare, the  mul t ip le  c o r r e l a t i o n  c o e f f i c i e n t ,  found by c o r r a l a t i n g  the  logarithau 
of E, v ,  end a ,  i n  .76. In both oeaes t h r  ad jus ted  R square value, a multiple 
regress ion  s ta t is t ic  t h a t  estimates the  f r a c t i o n  of the  t o t a l  va r i a t ion  of the 
dependant v a r i a b l e  accounted for, is j u s t  s l i g h t l y  over one-half .  If the  data  
l a  separated i n t o  t w o  groupa as suggested above, the same mult ip le  regrossion 
analyria nr that leading t o  equat ion (3 )  gives  a c o r r e l a t i o n  of .94 for the two 
exparimentr 12 and 13 taken togothor;  t h e  oxponent of v becornor 1 .5  whilo t h a t  
of s i nc rea re r  t o  .?. A mult ipla  r ag raa r lon  ana lys i r  of tho  o thar  grouping, 
comprining t h m  r e a t  of the  sxporiments,  y i e l d s  e mult ip la  cor ra la t ion  
c o e f f i c i e n t  of .83 and oxponentr of v e l o c i t y  and n i l e  of 2 and , S  rerpact ivaly.  
I t  ii curioua that tho d a t a  p a r n i t  ruch d i f f e r e n t  models t o  y i e l d  ruch equally 
good fits. Phyrical  p r i n c i p l a s  of the dune e j e c t i o n  mechanisms ought t o  y i e ld  
guidance t o  the modeling p a r m a t e r i r a t i o n ;  together  the  hro method. could 
dstennina the domlnant phyr ica l  du r t  a joc t ion  machanLsm, and ruggert  how thole ,  
and por r ib ly  o t h e r ,  parameters rhould be incorporated i n t o  the  model. 

. -  

A a c a t t e r  p l o t  o f  the  measured emission f a c t o r  versus equat ion (3)  ia rhown i n  
Figure 1. h a  v a r i a t i o n  is larger than the error est imater  of the mrasurementr 
which are rhovn i n  t a b l e  1. The l i n e  i n  Figure 1 f a  r l e a r t  rquarer l inear  f i t  
o f  the c a ~ c u l a t e d  t o  the  measured values, having ti c o r r a l a t i o n  of .79, m d  
gives an idea of the amount of error likely t o  be encountered f o r  our 
experlmente by re ly ing  on e single modal f o r  the emission f a c t o r  ert imacer.  

9 T + 

t 

I 
i 2 3 4 5 6 7 B 9 
Predic ted  Emission F a c t o r  ( E q u a t i o n  3) 
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Values ca lcu la ted  from equat ion (l), the  recommended EPA *mlsrlon f a c t o r  ,/ 
equation, are l i s t e d  i n  the l a a t  column of Table (1).  A value o f - V  - 1 . 2 5  tons 
V ~ L  used f o r  the vehic le  ve igh t s ,  the number of vheels  vas 6 .  and d/365 vas  
taken as un i ty ,  s ince  the experiments were only done on dry days.  T h e  value of 
K, t h e  f ac to r  es t imated t o  c o r r e c t  the  t o t a l  emissions,  t o  PKlO emiss ionr ,  is 
taken as  .45;and the corresponding va lues  of vehic le  speed and s i l t  content  
aro given in Table (1). The average of t h e  r a t i o  of the  measured va lue  t o  the  
EPA estimated value is 5 . 3 7 ,  so our measurements a r e  about 5 times higher  than 
the those found uetng the  EPA method. An e a r l i e r  model by Cowhard e t .  , 
bared on data taken over a r e s t r i c t e d  ranges of veh ic l e  ve ight  and number of  
vheela ae i n  the  present  s tudy ,  gives emission f a c t o r s  more i n  l i n e  with those 
reported he re ,  

The emission f a c t o r  for p a r t i c l e s  smal le r  than 2 . 5  microns i n  diameter,  e ,  was 
ca lcu la ted ,  bu t  an es t imate  of the  arror has not been determlned. The main 
d i f f i c u l t y  is that '  the  s c a t t e r  i n  exposure value8 is Large enough t h a t  an 
accurate value of the plume h e i g h t  cannot uniformly be obtained;  the  f i n e  
p a r t i c l e  exposure values do not alvaya decrsaae l i n e a r l y  with he lght  ae do the 
Pfllo cxporurer,  and i n  a few casen they a c t u a l l y  increase v i t h  he igh t .  For 
purposes of comparison, the method of c a l c u l a t i o n  was t o  compute the emission 
fac tor  for the  p a r t i c l e s  from 2 . 5  t o  10 microns i n  diameter.  for which the  
*xposur* does l i n e a r l y  decrease vith h e i g h t ,  and s u b t r a c t  t h a t  r e s u l t  from the 

-pHlo - , v8he .  This avoids the ques t ion  of  d e t e k i n i n g  plume he ight  f o r  t h e  0- 
2 .5  micron p ~ r c i c l e s  t h a t  d i f f a r s  s u b s t a n t i a l l y  from the PHlO plume he igh t ,  
although it appears t o  underestimate the exposure i n t e g r a l  f o r  cases  where the 
fin* f r a c t i o n  exposure8 increaBe with he ight .  Figure 2 shows A p l o t  of e versus  
the PHlo emission f a c t o r ,  E. If t h e  two large values  of e are omitted from 
conaideration, the c o r r e l a t i o n  c o e f f i c i e n t  is . 8 6 ,  and the l i n e a r  r e l a t i o n ,  
sho rn  by the l i n e  i n  Figure 2 ,  becomes 

e - ,052 E + .011 

17 

( 4 )  

o.:/ 

e 0.6 

+ 
+ 

I 
2 3 4 5 6 7 a 9 10 i 

C 

Figure 2. Fine p a r t i c l e , .  e, versus PMi0, E,  
emission fac to rs  ( IbsJvehicle-mile]  . 
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n t  feature of the unpaved road emieeion factor data discussed here iS 

;ilPporssnt variables are not  taken into account in the parameterization. 

d*p*ndancs of the emission factor on s f l t  content given in equacion ( 3 )  

Mgnit’Jde Of emission factor for particles balow 2.5 microns diameter is an 
lf’t*r.*tlng queatlon. Preiant estimate. put the value in the range of .1 t o  1 
‘ub. fmhic l*-mi l*  Or about 10 per cent of the €“LO emission value.. Thm nwbar 
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