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ABSTRACT 

S a t e l l i t e  imagery provides a convenient and inexpensive means 
f o r  monitoring smoke plumes and evaluat ing  inadver tant  weather 
modificat ion.  Visual  examination of LANDSAT-1 imagery f o r  two 
s i t e s  i n  eas t -cen t ra l  Ohio i n d i c a t e s  t h a t ,  a t  t imes,  a plume 
may extend near ly  48 km downwind and reach a width of  s i x  km. 
Density s l i c i n g  techniques provide c lues  a s  t o  t h e  p a r t i c u l a t e  
loading i n  a plume. 

The a r e a l  ex ten t  o f  plumes can be mapped and could be s tudied  
f o r  adequate s i t i n g  of  ground s t a t i o n s  i n  o rde r  t o  monitor t h e  
chemical q u a l i t y  of  p r e c i p i t a t i o n  and evaluate  t h e  e f f e c t s  on 
t h e  ecosystem. 

Several  s a t e l l i t e  images show unusual cloud s t r u c t u r e s  t h a t  
occur i n  t h e  v i c i n i t y  of  i n d u s t r i a l  s i t e s .  It i s  suspected 
t h a t  p a r t i c u l a t e s  and gases from t h e  many s t acks  a r e  r e l a t e d  
t o  t h e  o r i g i n  of  t h e  unusual cloud formations. A dense water 
vapor cloud o r i g i n a t i n g  a t  a l a r g e  cool ing  tower i s  c l e a r l y  
v i s i b l e  on one image. About 20 km downwind, t h e  snow b e l t s  
spread ou t  forming a snow f i e l d  about 20 km long and 20 km 
wide. I t  i s  suspected t h a t  t h e  water vapor re leased a t  t h e  
cooling tower i s  responsib le  f o r  t h e  l a r g e  downwind snowfall.  

INTRODUCTION 

From the  ground o r  even a i r c r a f t  it i s  d i f f i c u l t  t o  v i s u a l i z e  o r  
map the  a r e a l  ex ten t  o f  smoke plumes o r  d e t e c t  a reas  of  poss ib le  inad- 
v e r t a n t  weather modification. Without an accura te  mapping c a p a b i l i t y  it 
frequent ly  proves d i f f i c u l t  t o  determine t h e  average o r  maximum a r e a l  
ex ten t  o f  smoke o r  vapor plumes thus  adding t o  t h e  problem of  adequately 
loca t ing  ground s t a t i o n s  t o  evaluate  t h e  e f f e c t  of  atmospheric pol lu-  
t a n t s  on the  f o r e s t  o r  some o t h e r  ecosystem. 



Preliminary studies indicate that satellite data can be useful for 
the regional study of smoke plume dispersion, inadvertant weather modi- 
fication detection, and provide several other potentially important bits 
of information. Satellite data are available on a repetitive basis 
(minimum of 9 days), require no sophisticated instrumentation for many 
types of analysis, and are very inexpensive. The imagery used in this 
study was obtained from the first Earth Resources Technology Satellite 
(ERTS-11, which is now known as LANDSAT-1". 

LANDSAT-1 was launched on 23 July 1972 and stabilized in a near 
polar orbit about 900 km above the earth. The satellite contains two 
remote sensors, a multi-spectral scanner (MSS), which records reflected 
visible and near infrared radiation in four spectral bands (4,5,6, and 
7), and a return beam vidicon camera (RBV). The satellite's synchro- 
nous orbit allows fourteen orbits each day and coverage of the same area 
every eighteen days at the same local solar time, which is approximately 
0942 hours at the equator. 

The RBV systembecame inoperable shortly after launch therefore most 
of the satellite investigations have been based on the MSS. The MSS 
scans an area 185 km wide providing continuous coverage along each or- 
bital track. Pictosal images are framed at Goddard Space Flight Center, 
~ary1andwit-h 10% forward and at least 14% sidelap between images. Each 
frame covers about 34,200 km2; spatial resolution for the images aver- 
ages about 80 meters. 

Previous work with LANDSAT-1 and air pollution or weather modifica- 
tion includes recent studies by: 1) Lyons and Pease (19731, and Lyons 
(1974) to detect smoke plumes over Lake Michigan, 2) Griggs (1974) to 
measure atmospheric aerosol content over San Diego and the Salton Sea, 
3)  Kahan (1974) to use the satellite data collection system to monitor 
weather conditions for cloud seeding operations in the Colorado River 
basin, and 4) Murtha (1974) to study SO2 damage to a forest in Ottawa. 

SMOU PLUME DETECTION 

In view of the recent emphasis on air pollution control by the Ohio 
Environmental Protection Agency, a cursory examination of several 
LANDSAT-1 scenes was carried out in an attempt to evaluate their useful- 
ness for monitoring smoke plumes. Enlarged prints (20 x 20 cm) were 
made from several 70 rnrn negatives representing different intervals of 
time. Originally no sophisticated techniques, such as density slicing, 
or color enhancement, were used; the images were evaluated only by a 

*Imagery is available to the public; write: United Sates Depart- 
ment of Interior, EROS Data Center, Sioux Fall, S. Dak., 57198. 



magnif y inq q l  a s s  o r  by t h e  unaided eye.  l'hotograp1il.c p r i n t s  were en- 
l a r g e d  t o  a conveni e n t  s c a l e  (approx imate ly  1 : 500,000) . The a r e a l  ex- 
t e n t  o f  v i s i b l e  smoke plumes,  a s  b e s t  s e e n  on t h e  g r e e n  and r e d  bancls 
(4  ancl 5 ,  respecl:ivel.y) was recorded  on a b a s e  map. 

Thc inajor a r e a s  o f  i n t e r e s t  incl.udecl two s i t e s  on t h e  Muskirigum 
R i v e r  i.ri s o u t h e a s t e r n  Ohio,  anci a n  i n d u s t r i a l  cotr~pl.cx a l o n g  t h e  Mahoning 
River  i r t  t h e  vi.cin.i.ty o f  Youngstown, i n  n o r t h e a s t e r n  Ohio. 

The a r e a s  examined a l o n g  t h e  Muskingum River  l i e  i n  t h e  v i c i n i t y  of 
P h i l o  and Bever ly .  I n  t h e  P h i l o  a r e a  a r c  a t  least  two major  smoke pro-- 
clueing i n d u s t r i e s .  These i n c l u d e  a E e r r o - a l l o y  p l a n t  and a n  a d j a c e n t  
coal-burni.ng e l e c t r i c  g e n e r a t i n g  p l a n t .  S a t e l : b i t c  d a t a  clear1.y i n d i c a t e  
t h a t  t h e  f e r r o - a l l o y  plant: p roduces ,  by f a r ,  t h e  g r e a t e s t  rzsilaunt o f  
smoke ( F i g u r e  l) . 

F i g u r e  I. Ver ro-a l loy  p l a n t  n e a r  Phibo,  Ohio ( S i t e  A )  . 

The generating p l a n t  i n  t h e  vic i ,n i . ty  o f  Bever1.y ( S i t e  B )  h a s  a 
c a p a c i t y  o f  a b o u t  1530 megawatts and consumed 4192.4 thousand t o n s  o f  
c o a l  i n  197%. The c o a l  had a n  a v e r a g e  s u l p h u r  c o n t e n t  o f  4.9% and  aver -  
aged 20% a s h ,  The p1.ant a l s o  consusned 46.7 thousand b a r r o b s  o f  oi.1.. 
During t h e  same y e a r  t h e  power p l a n t  a t  Phi.1.o ( S i t e  A ) ,  which h a s  a ca- 
p a c i t y  o f  500 megawatts,  consumed n e a r l y  959 thousand t o n s  o f  c o a l  w i t h  
a n  average  s u l p l ~ u r  ancl a s h  c o n t e n t s  of 3.9% and 16.8% respecti.ve1.y. 
T h i s  p l a n t  r e q u i r e d  12.5 thousand b a r r i d s  o f  0i . l .  These d a t a  ind i . ca te  
t h a t  t h e  p l a n t  a t  Bever ly  conslan~ed more t h a n  4.5 t imesas much c o a l  and 



and 3.7 t imes a s  much o i l  its t h e  L'hi1.o p l a n t  (Fi.guro 2 ) .  Unfor tuna te ly  
r e c e n t  f t ie l  constllnp2s.i.on rccorcls are not avai.1.ahl.c. 

k'igure 2. Coal-burning electr ic yenc ra t i ng  p l a n t  nca r  
Beverly,  Ohio ( S i t c  $ 3 ) .  

A p a r t i a l  s a t e l 1 . i t e  scene of t h c  two sntoke prociuciny a r e a s  i.s shown 
i n  Fi.gure 3. A t  P h i l o  (SSte A) and ncar  Beverly ( S i t e  u ) ,  smoke was ev i -  
d e n t  on seven LANDSAT-l scerles, not: ev iden t  on f o u r  scenes ,  and o t~scu red  
by c louds  on t h e  o t h c r  f o u r  scenes  examined (Table I ) ,  The d e n s i t y  and 
d i rec t j .onnl  t r e n d  of  t h e  plumes a r e  c o n t r o l l e d  by l o c a l  a tmospheric  con- 
d i t i o n s .  Wincl d i r e c t i o n ,  v e l o c i t y  and atmospher.j.c mixing p l a y  dominant 
r o 1 . e ~ .  A s  i n d i c a t e d  i.n F igu re  4,  t h e  plumes range from s h o r t ,  high- 
d e n s i t y  t o  l a r g e ,  low-densi t y  f e a t u r c s .  The plume o r i g i  11at.j r~g a t  t h e  
Rcvcrly p l a n t  i s  most o f t e n  t h e  l a r g e s t  and may exceed 32 km i n  l ength .  
On 30 J u l y ,  1973, however, t h e  P h i l o  plume extended northward about  48  
km n e a r l y  t o  Coshocton and reached a width of G krn. Althoucjh scvera1.y 
f irnitcd i n  number, a v a i l a b l e  imngcry sccms t o  i.nc1icat.c t h a t  t h e  lnajor 
chxAxi.on of pll.urne movement froin both s i  tes i s generally sout l~ward ,  
ranging l a t e r a l l y  from 90° t o  2700. Ci . rc les  w i th  center:; a t  1'hi'I.o and 
ncver ly  wi.th a r a d i u s  of  40 km tqou1d most l i k e l y  cr~clor jc  t h c  major re- 
g ion  of plume in f luence .  The pl.tm'ies common1.y flow a few hunclred meters  
abovc t h e  grounci. 

I f  t h e  ilnages ware exarni nccl by more s o p h i s t  i.ccttcd technicjttes, ir-t 
p a r t i c u l a r  ciensity s l i c i n g ,  it .i.s q u i t e  c e r t a i n  t h a t  t h e  a r e a l  e x t e n t  of  



Figu re  3. P a r t i a l  T,ANl')SArl'--1 sccne showing 
smoke plumes, t r end ing  southwest ,  o r i  gina-  
ti.ng a t  P h i l o  (Si t c  A )  and Bcvcrly ( S i t e  R )  
(Scone No. 1.408-1.5410 OlfSep'l3, band 5) . 
nottorn edge of photograph is approximatel.y 

5 0  km. 

Ehe plumes could  bo more a c c u r a t e l y  mapped. Al.though it is a rel.at.ive1y 
simp1.e p roces s  t o  map srnoke plumes c l i r ec t l y  from TANDSRT-I. imagery, we 
do  n o t  know e x a c t l y  what concen t r a t i ons  of  p a r t i c u l a t e  or gaseous ma t t e r  
t h e  v i s . ib le  pltrmcs r ep re sen t .  I n  o rde r  t o  be a t r u l y  v i a b l e  monitor ing 
technique ,  it would he  necessary  t o  deterttiinc, c1irectli.y f ronn t h e  imag- 
e r y ,  t h e  t o t a l  suspended p a r t i c u l a t e  mass loadi  nys and s i z e  conccntra-  
t:ions i n  t h c  pl.umes. Vcry l i k e l y  t h i s  can he accorr~plishccl. by a i r c r a f t ,  
i n s t r u m e l l t ~ d  tli t h  sensitive a i  r p o l l u t i o n  and metcsrologicalt  s enso r s ,  
f l y i n g  through t h e  p l ~ m c s  du r ing  TdNI1SA'Z'-I. overpasses .  The measured 
concen t r a t i ons  could  then be  co~%pared t r i t h  d i f f c r c n c e s  i n  spec t ra l .  rc- 
sponse ev iden t  on the: ilnagery. 

Figttre 5 stlows c o i ~ p u t e r  l~roccssecl., d e n s i t y  s l . iccd,  imagery of t h e  
sinoko plumes a t  P11i.l.o and r3cverly. The d i f f e r e n t  shades of  g r a y  i ndi- 
c a t e  d i f f e r e n c e s  jn p a r t i c u l a t e  load ing  of t h e  stnokc pl~unes.  The 



VisabiLZty of srnokc n l  Phi10 ( S i t e  A) a id  llevcrly (Si,cc B ) ,  ~ l t i o ,  
s a t e l l i t e  scene ll\nld~er nt~cl ctzi~e o f  overpass. 

,""". 

Date ..,, """-a" ~* -- 

21 Aug. 7 2  

09  Scp, 72 

12 Jan. 73 

31. Jan. 73 

18 Yeb. 73 

08 ?far. 73 

13 Apr, 73 

18 i h y  73 

05 Jun. 73 

30 Jul .  73 

03 Sep. 73 

04 Sep.  73 

21 Sep. 73 

10 o c t .  73 

27 Oct ,  73 

1. S i t e  A not on itctage 
2 ,  S i t e  B not on i i ~ ~ g c  
3.  ExEct~t af pltmle too :;1m11 t o  b e  sllown i n  Figure f't 

i l J . u s t r a t i o n  mere ly  shows what might  be  done by means o f  d e n s i t y  s l i c i n g  
t e c h n i q u e s .  

Smoke plumes,  p e r  se, a r e  n o t  e v i d e n t  on any o f  t h e  imagery exnm- 
incci of t h e  Youngstown areti.  There  j.s v i s i b l e  on t h e  1 2  J a n u a r y  and 21  
Scptemher,  J.973, imagery,  however , what a p p e a r s  t o  b e  a v e r y  i n t e r e s t i n g ,  
seldom recognized ,  phenomenon. Long narrow c l o u d s  o r i g i n a t e  a t  s e v e r a l  
s i . t e s  j u s t  s o u t h  o f  t h e  Mahoning Kivcr  b u t  dotznwjnd of  t h e  Youngstown 
i n d u s t r i a l  complex ( F i g u r e  6 ) .  A s  t h e s e  c l o u d s  a r e  t r a c e d  n o r t h e a s t w a r d  
(downwind) t h e y  become s ign l . f i . can t ly  l a r g e r  w h i l e  t h e  cl.oucls on  e i . t h e r  
si.dc of them remain a b a u t  t h e  same s i z e .  I t  i s  strong1.y s u s p e c t e d  t h a t  
t h i s  i s  caused by par t i . cu l . a te  i n a t t e r  o r i g i r l a t j n g  upwjncl a t  10 o r  1.2 in -  
d i v i d u a l  s t a c k s .  S i m i l a r  f e a t u r e s  have becn d e s c r i b e d  f o r  t h e  Gary- 
Chicago a r e a  by Lyons and Pease  (1973)  . 



Figure  4. Map basecl on LRNI>SA'Z'--I d a t a  showing 
a r e a l  extcnl: of smoke plumes o r i g i n a t i n g  a t  

Phi1.o anci l3evck-ly. 

INADVENTANT WI.:A'X'IiEXI MOIIIYICATION 

Several. i r l t e r e s t i n g  phenomena a r c  shown on a pa r t i a l .  X,ANI>SRT-l. 
scene acqui red  on l.2 January 1973 (F igure  7 ) .  The a r e a  covered by t h i s  
in~age inc ludes  a  p a r t  of eas t -cen t ra l .  Ohio and a d j a c e n t  p a r t s  and w e s t -  
err1 West V i rg in i a .  The Ohio River  nea r ly  b i s e c t s  t h e  scene;  an  abun- 
darlce of clouds apl?ear i n  t h e  e a s t e r n  p a r t  of t h e  image wi th  t h e i r  Long 



P'igure 5 .  Density s l iced ~jlnoke plwnes a t  Fhi.lo (I.eft) and Beverly 
(ri.ght) produced from satcl . l i te  jlnagcry. T h i s  is  a contact pr in t  of 
a col.or transparency; U:e darker toncs indicate the densest smoke. 

Bottom edge i s  approximately 40 km. 

itxi $5 tscndi.ny northcast-southwest:. The light: area in tlze northwest par t  
of the jlnagc reprcscnt:~ a 'r:flin cover of ..;now on the grouncl. The l ight  
bancte; oxtcndi ng dj-agonally represent: t ra i . ls  of snow, whi ch f e l l  probably 
only a few hours before thc ilxlagc:! was taken. Thc snow clouds were mov- 
in9 southeast; the ruind dircct:ion a t  the i:i.rne of satel.lii:e ovcrpass was 
blowjng t o  the eas t  as incij cated by t:he pl.umes a t  S i t e s  A,  C and 17, as  
well as scvcrai other pI.uxrles which are  not ~narkecl. S i t c  A i.s thc loca- 
i:.i.on of a large coolir~y tower a t  an alcctri.c yenerati.ny plant.  The 
large whi.tc cloud tha t  originates a t  S i t e  A is caused by condensing wa- 
t e r  vapow discharged from the cooling towcr. Noticc tha t  about 2 0  knl 



Figure 6. Partietl. X,ANDSAT-l scellc of the FJarren-Youngstown, 
Ohio, area shoru.ing man-modified cl.oud!; ( 7 )  origil-latiny i n  the 
v ic in i ty  of major industr ia l  s i t e s  along the Mahoning River 
(Scene No. 1425-15350, 21Scp73, batlci 5 )  . nottonz edge of the 

photograph reprcscnts ay?proxiniatcly 80 knx. 

cast  of S i t c  A is  a large area where snotu covers the ground (Si te  B ) .  
It is  assumeci tha t  t h i s  larger area of snowfall refl.ects .inaciverCant 
weather modif icati.on caused by the high concentrati.on of water vapor gen- 
erated a t  the cooling tower. 

Tho clondn i n  t h a  vicini ty  of S i t e  C appear t o  be l e s s  dense and 
larger than tltosc in  surrounding areas. This is a lso  the kocat.ion of a 
cooling tower, wIlj.ch i.s cvi.dcnt becxiusc of the conelensation of .tllc water 
vapor. I t  i s  suspected that  *:he large quant:ity of water vapor nncZ heat 
released a t  tht? cooling t:ovzcr i s  dircct1.y rel.ated t o  the differences j.n 
the apparent cfensj.ty OF the cl.ouds. Similar features of: d i f fe rent  loca- 
t ions are  evident on othcx: s a t c l l i t c  scenes. 



Figure 'I. Pa r t i a l  1ANDSAT-l scene of eastern Ohio. and western West 
Virginia showing snow bel t s ,  cooling towers and large arc% of snow 
caused by coo1.i ng tower vapor (Scene No. 1173-1 5362, 12Jan73, band 

5 ) .  

SUMMARY 

It is a well. kl~ot~n fac t  that  a i r  polluti.on not only decreases visa- 
b i l i t y  but  tha t  it may also have a profound ef fec t  on the quali.ty of 
r a in fa l l  thus increasing ccologic s t ress .  This i s  exemplified by the 
decreasing pfI ra in  tha t  is rel.atcd t o  the increasliny concentration of 
atmospheric gascous contami.nar~ts, such as  su3.f~xr ancl nitrogen oxicies , 
relcased by thc burning of high su3.fur fue1.s. A1.though acid lrainfall is 
not of j-minediate danger t o  humans, it does cons.i.dcrable damage t o  man- 
made struct,ures and has serious in~plications for  ccologic systems, 



It is quite evident that satellite imagery can be used to examine 
and map the areal extent of smoke plumes and indicate areas of inadver- 
tant weather modification. They can also be used to determine areas 
where ground surveys could be conducted in order to evaluate the effects 
of air pollution on vegetation. 
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