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-- Abst rac t  

The planned expansion of major a i r p o r t s  could lead  t o  a new 

type of a i r  p o l l u t i o n  problem. 

capable of handling annual ly  a hundred m i l l i o n  passengers and 

more than a m i l l i o n  a i r c r a f t  opera t ions .  The p o l l u t a n t s  emitted 

by a i r c r a f t  during landing ,  t ax i ing ,  and take-off w i l l  cause 

higher  ambient l e v e l s  than is now encountered a t  e x i s t i n g  air- 

po r t s .  Because a i r c r a f t  arrive and depar t  i n  a genera l ly  upwind 

d i r e c t i o n ,  the  p o l l u t a n t s  are deposi ted i n  a narrow co r r ido r  extend- 

ing downwind of the  a i r p o r t .  Vertical mixing i n  the  turbulen t  

atmosphere w i l l  not  d i l u t e  such a t r a i l ,  s i n c e  t h e  po l lu t an t s  are 

d i s t r i b u t e d  v e r t i c a l l y  during the  landing and take-off opera t ions .  

A s  a consequence, a i r p o r t  p o l l u t i o n  may p e r s i s t  twenty t o  f o r t y  m i l e s  

downwind without  much a t t enua t ion .  Based on t h i s  simple meteorological  

model, ca l cu la t ions  of the  ambient l e v e l s  of n i t r i c  oxide and par- 

t i c u l a t e s  t o  be  expected downwind of a g i a n t  j e t p o r t  show them t o  be 

about equal  t o  those i n  present  urban environments. These ca lcu la-  

t i ons  are based on measured emission rates from j e t  engines and 

estimates of a i r c r a f t  performance and t r a f f i c  f o r  f u t u r e  j e t p o r t s .  

These g i a n t  j e t p o r t s  w i l l  be  



In t roduct ion  

Emissions of a i r  p o l l u t a n t s  from j e t  a i r c r a f t  are present ly  only 

1-3 a s m a l l  proport ion of the  t o t a l  emissions i n  a metropol i tan area . 
However, i f  these  p o l l u t a n t s  are considered t o  be emitted mostly i n  

the  immediate v i c i n i t y  of an a i r p o r t ,  then the  ra te  of emissions per  

u n i t  a r e a  is comparable t o  t h a t  found i n  urban i n d u s t r i a l  environ- 

ments . 
a i r  p a r t i c u l a t e  concentrat ions were not s i g n i f i c a n t l y  i n  excess of 

2 A five-year o l d  survey' a t  JFK a i r p o r t  showed t h a t  ambient 

those i n  surrounding urban areas. Nevertheless,  concern has been 

expressed3 t h a t  the  inc rease  i n  a i r  t r a f f i c  and reduct ion i n  ground 

based emissions w i l l  make the  a i r c r a f  t-generated po l lu t an t s  a more 

s i g n i f i c a n t  f a c t o r  i n  the  o v e r a l l  a i r  po l lu t ion  problem of metropol i tan 

areas. 

Several  major a i r p o r t s  have plans f o r  expansion of a i r c r a f t  

4 handling capaci ty  a t  present  sites. O ' H a r e  a i r p o r t  is reported t o  

expect a t r i p l i n g  of i t s  passenger movements by 1980, reaching a l e v e l  

of about 90 mi l l i on  passengers per  yea r ,  t o  be accommodated wi th in  the 

present  s i t e  area. Based on present  opera t iona l  p rac t i ce ,  t h i s  would 

imply about 900,000 landing and take-off cycles  (LTO) per  year .  Pro- 

posed o r  poss ib l e  expansions of o the r  e x i s t i n g  major a i r p o r t s  would 

br ing  them t o  l e v e l s  between 500,000 and 1,000,000 LTO's per  year .  

most cases, t h i s  expansion incorpora tes  use of p a r a l l e l  runways so  

spaced as to  r equ i r e  l i t t l e  inc rease  i n  the  t o t a l  land area of t he  air- 

po r t  . 

I n  
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I f  one accep t s  t he  conventional measure of t he  i n t e n s i t y  of air- 

c r a f t  po l lu t ion ,  namely, the  ra te  of emission of po l lu t an t s  per  u n i t  of 

a i r p o r t  a r ea ,  t h e  i n s t a l l a t i o n  of mul t ip l e  runways i n  a l imi ted  area 

c l e a r l y  portends higher  ambient concentrat ions of p o l l u t a n t s  o r i g i n a t i n g  

from a i r c r a f t .  

concentrat ions i n  the  v i c i n i t y  of JFK a i r p o r t  occurred a t  a usage l e v e l  

of about 10,000 LTO's, or a f a c t o r  of f i v e  t o  t e n  less than what might 

u l t i m a t e l y  be expected f o r  g i a n t  j e t p o r t s  t en  t o  twenty years  hence., 

One cannot expect t h i s  out-of-date s tudy t o  provide adequate informa- 

t i o n  f o r  assess ing  the  poss ib le  e f f e c t s  of the  contemplated expansions e 

The most r ecen t  survey' (1965) of ambient p a r t i c u l a t e  

Although the  f l i g h t  of a i r c r a f t  a f t e r  take-off o r  approaching a 

landing exposes t o  v i  t h e i r  smokey exhausts,  i t  is i n t u i t i v e l y  f e l t  

t h a t ,  a t  s u f f i c i e n t  a l t i t u d e ,  the  p o l l u t a n t s  emitted cannot s i g n i f i c a n t l y  

con t r ibu te  t o  'ground l e v e l  ambient concentrat ions e 

a r b i t r a r y  c e i l i n g  is se l ec t ed ,  (usua l ly  taken to  be 3,000 o r  3,500 

f e e t )  above which emissions are considered t o  be  a neg l ig ib l e  cont r ibu tor  

t o  po l lu t an t  concentrat ions a t  ground l e v e l ,  and may therefore  be d is -  

regarded. Although no t  e x p l i c i t l y  s t a t e d ,  t he  s e l e c t i o n  of a 3,000 foo t  

c e i l i n g  appears t o  have o r ig ina t ed  with a Los Angeles study' i n  which t h i s  

he ight  w a s  chosen t o  be  equal t o  average invers ion  l e v e l s  i n  Los Angeles. 

?lost  urban area meteorological models use mixing layer depths much less 

than 3,000 f e e t ,  so t h a t  i t  would not  be expected, according t o  these  

models, t h a t  p o l l u t a n t s  emitted a t  t h i s  l e v e l  would be mixed down t o  

ground l eve l .  It: would the re fo re  appear t h a t  t h e  conventional estimates 

For t h i s  reason an 
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of t o t a l  emissions during landing and take  o f f  are a r b i t r a r y  t o  the  

ex ten t  t h a t  they are propor t iona l  t o  t h i s  es t imated c e i l i n g .  

I n  the  following s e c t i o n  w e  desc r ibe  a meteorological  model 

f o r  use i n  estLmating ambient l e v e l s  of a i r c r a f t  p o l l u t a n t s  which is 

based upon the  motion of the  a i r c r a f t  as a moving source and f o r  

which no a r b i t r a r y  emission c e i l i n g  need be  chosen. 

the  only important d i l u t i o n  process  is  la teral  mixing, which is 

genera l ly  slow because of the  wide co r r ido r  through which a i r c r a f t  

move during the  LTO operat ion.  Using da ta  on emissions from e x i s t i n g  

I n  t h i s  model, 

a i r c r a f t ,  w e  subsequently estimate the  ambient concentrat ions of some 

po l lu t an t s  as a func t ion  of wind speed and frequency of LTO cycles .  

A Neteorological  Model f o r  A i r c r a f t  Po l lu t ion  

The customary urban area meteorological  models make use of 

d i s t r i b u t e d  ground sources  (or mul t ip l e  poin t  sources)  loca ted  on a 

l a t e r a l  s c a l e  which is very much g r e a t e r  than the  v e r t i c a l  he ight  of 

the  atmospheric mixing l aye r  i n t o  which the  emitted p o l l u t a n t s  are 

mixed. For t h i s  reason, v e r t i c a l  mixing of po l lu ted  a i r  wi th  clean a i r  

above i t  is t h e  p r i n c i p a l  process by which the  po l lu t an t  concentrat ion 

tends t o  be reduced i n  the  downwind d i r e c t i o n .  Lateral mixing tends 

mostly t o  smooth ou t  t he  d i s t r i b u t i o n  of concent ra t ion  from poin t  

sources ,  and has only a minor e f f e c t  i n  reducing concentrat ions by 

mixing i n  c lean  a i r  a t  the  f r inges  of the  c i t y .  

There a r e  two s p e c i a l  f e a t u r e s  of a i r c r a f t  sources  which r equ i r e  a 

new meteorological model f o r  t h e i r  t reatment .  F i r s t  of a l l ,  during 
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ascent  o r  descent  t he  p o l l u t a n t s  are d i s t r i b u t e d  v e r t i c a l l y  i n  the  

atmosphere. Secondly, t he  a i r c r a f t  f l i g h t  d i r e c t i o n  is predominantly 

i n  the  upwind d i r e c t i o n .  Thus the  po l lu t an t s  can be considered t o  

have o r ig ina t ed  i n  a vertical plane p a r a l l e l  t o  t he  wind d i r e c t i o n ,  i n  

con t r a s t  t o  t h e i r  o r i g i n  i n  a ho r i zon ta l  (ground) plane f o r  t h e  case 

of ground sources  i n  an urban area. A s  a consequence, ho r i zon ta l  r a t h e r  

than v e r t i c a l  mixing is the  important d i l u t i n g  mechanism f o r  a i r c r a f t  

po l lu t ion .  

I n  order  t o  dep ic t  g raphica l ly  the  d i s t r i b u t i o n  of po l lu t an t s  

from a i r c r a f t  approaching o r  leav ing  an a i r p o r t  i n  the  upwind d i rec-  

t i on ,  t he  a i r c r a f t  f l i g h t  pa ths  through the  atmosphere f o r  a p a r t i c u l a r  

case are p lo t t ed  i n  Figure 1. The paths  of a i r c r a f t  landing and taking 

o f f  a t  the  rate of one LTO cyc le  every s i x  minutes, f o r  a two hour 

per iod,  are loca ted  with respec t  t o  the  atmosphere, which is assumed 

t o  b e  moving downwind a t  10 mph i n  a shea r l e s s  flow. Thus these  paths  

show the  loca t ion  of t he  depos i t ion  of p o l l u t a n t s  during landing o r  

take o f f .  Deposit ion rates a r e  approximately comparable along a path 

of ascent  o r  descent.  (F l igh t  paths  a r e  those spec i f i ed  i n  Reference 3. 

Note the  exaggeration of the  v e r t i c a l  s c a l e  i n  Figure 1.) Downwind of 

the  a i r p o r t ,  t he  doubly hatched region is  one i n  which the  depos i t ion  of 

p o l l u t a n t s  is on the  average uniform i n  both v e r t i c a l  and downwind 

d i r ec t ions .  

cen t r a t ion  of p o l l u t a n t s  i n  t h i s  region.  

I 

Any v e r t i c a l  o r  downwind mixing w i l l  not a f f e c t  t he  con- 

For the  purposes of es t imat ing  downwind concentrat ions w e  s h a l l  

spec i fy  - a p r i o r i  the  ho r i zon ta l  lateral  ex ten t  w (normal t o  the  wind 
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d i r e c t i o n )  of the  downwind po l lu t ed  region. 

determined by the  angle  between the  wind d i r e c t i o n  and runway o r  f l i g h t  

pa th ,  t h e  d i s t ance  between p a r a l l e l  runways when several are i n  use, 

and the  la teral  mixing due t o  atmospheric turbulence.  

- w t o  be between one and two  m i l e s  under average circumstances. 

This width w i l l  be  p a r t l y  

We would expect 

I t  is now poss ib l e  t o  c a l c u l a t e ,  using the  p r i n c i p l e  of mass con- 

se rva t ion ,  the  average concent ra t ion  5 of a p o l l u t a n t  emitted a t  a 

mass rate - m per  u n i t  of v e r t i c a l  ascent  and descent during an LTO cycle ,  

i f  the  frequency of such cycles  and wind speed - v is given: 

mf 
C f -  vw 

Although the re  is some uncer ta in ty  i n  the  choice of the  width w - of  the  

downwind t r a i l ,  t h e  remaining q u a n t i t i e s  are w e l l  defined. 

creases  wi th  d i s t ance  from the  a i r p o r t  due t o  lateral mixing, t he  con- 

cen t r a t ion  - c w i l l  diminish according to  Equation (1) .  

were i n i t i a l l y  one o r  two m i l e s ,  i t  would no t  be expected t o  double i n  

s i z e  u n t i l  about t e n  m i l e s  downwind. Thus t he  concentrat ion would decay 

only slowly with downwind d is tance .  

E s t i m a t e  of Po l lu t an t  Concentrations 

As - w in-  

However, i f  - w 

Table I,  ca l cu la t ed  from da ta  given i n  Tables I X  amd X of Reference 

3, summarizes mass depos i t ion  rates 2 f o r  var ious po l lu t an t s .  Un- 

fo r tuna te ly ,  t h i s  da t a  incorporates  emissions from ground operat ions of 

t ax i ing  and i d l e ,  which are not  d i s t r i b u t e d  v e r t i c a l l y  i n  the  atmosphere 

as a r e  those emitted during take-off and approach, Use of the  rates of 

Table I w i l l  t he re fo re  r e s u l t  i n  an overest imate  of these  concent ra t ions ,  
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pr inc ipa l ly  of carbon monoxide and hydrocarbons, However, t h e  da t a  of 

Reference 3 are the  most recent ly  reported and include measurements of 

engines equipped with "smokeless" combus t o r s  which w i l l  be i n s t a l l e d  

on a l l  new and e x i s t i n g  a i r c r a f t .  

Using the  d a t a  of Table I ,  mean annual concentrat ions of po l lu t an t s  

6 
were ca lcu la ted  from Equation (1) for the  case of 10 LTO's per  year ,  

a mean wind speed of 1 6  km/hr, and assuming a value of 2 km f o r  we 
These values  of concentrat ions are shown i n  Table I1 f o r  the  a i r c r a f t  

types given i n  Table I. are bel ieved 

t o  be t y p i c a l  of what might be expected f o r  major j e t p o r t s  of t he  

fu tu re .  

The values  chosen f o r  f-, 1 and 



-7- 

Table I. Mass Deposit ion Rates (gm/m) 

4-engine 4-engine 
Turbofan JTBD-1 "smokeless" Turbofan JT8D-7 

P a r t i c u l a t e s  

Carbon monoxide 

Oxides of n i t rogen  

Hydrocarbons 

Sul fur  d ioxide  

16.6 

22.6 

10.7 

150 

3.5 

12.8 

17.6 

15 

1 

3.5 

3 Table 11. ?lean Annual P o l l u t a n t  Concentrations (pgm/m ) 

6 (f  = 10 LTO/yr., v = 16 km/hr., w = 2 km) 

4-engine 4-engine 
"smokeless" turbofan JT8D-7 -- Turbofan JT8D-1 

P a r t i c u l a t e s  

Carbon monoxide 

Oxides of n i t rogen  

Hydrocarbons 

Sul fur  d ioxide  

60 

81 

39 

540 

13 

46 

63 

54 

3.6 

13 
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Discussion -- 
Accepting f o r  t h e  moment the  proposed values  f o r  t h e  parameters r, 

- v and - w on which Table I1 is based, the  r e s u l t i n g  mean annual concentra- 

t i ons  of p a r t i c u l a t e s  (p r inc ipa l ly  soo t )  and oxides of n i t rogen  are 

near ly  t h e  same as those i n  urban atmospheres of most l a r g e  American 

c i t i e s ,  while o the r  p o l l u t a n t s  e x i s t  i n  less than usua l  concentrat ions . 
Given t h e  slow rate of lateral  mixing, because of the  l a r g e  t r ansve r se  

s c a l e  w of the  po l lu t ed  region, t h e r e  w i l l  be only slow reduct ion of 

these  concentrat ions i n  the  downwind d i r e c t i o n .  The inf luence  of the  

a i r c r a f t  po l lu t ion  might then s t i l l  be  f e l t  a t  d i s t ances  of twenty t o  

f o r t y  m i l e s  downwind, before  p o l l u t a n t  concentrat ions were g r e a t l y  re- 

duced by d i l u t i o n .  

6 

For per iods of t he  day where LTO frequencies  are higher  than 

average, and during per iods of low wind speed, hourly average p o l l u t a n t  

concentrat ions w i l l  g r ea t ly  exceed t h e  va lues  l i s t e d  i n  Table 11. From 

s ta t is t ical  information on f l i g h t  frequency and wind speeds,  t he  

p robab i l i t y  d i s t r i b u t i o n  of p o l l u t a n t  concentrat ions can r e a d i l y  be 

ca lcu la ted  with the  a i d  of Equation (1).  

There are s e v e r a l  f a c t o r s  which tend to  make the  estimates of 

Table I1 too high. It has a l ready been mentioned t h a t  t h e  e f f e c t s  of 

ground l e v e l  opera t ions  have been included i n  the  da t a  of Table I, and 

hence a l s o  Table 11. We have assumed t h a t  t he  average veh ic l e  of t he  

f u t u r e  is the  equiva len t  of a present-day four  engine turbofan powered 

t ranspor t .  Perhaps the  lateral width - w has been underestimated. On 
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the  o t h e r  hand, t he re  are f a c t o r s  which would inc rease  these  estimates. 

The t rend of engine development is t o  inc rease  o v e r a l l  p ressure  r a t i o s ,  

and hence temperatures,  which tend t o  inc rease  n i t rogen  oxide forma- 

t ion .  A i r c r a f t  tend t o  inc rease  i n  s i z e ,  permi t t ing  more f u e l  t o  be 

burned per  veh ic l e  and, a t  l i m i t i n g  t r a f f i c  f requencies ,  more po l lu t an t  

production per u n i t  t i m e .  

Taking i n t o  account a l l  t hese  f a c t o r s ,  i t  is  d i f f i c u l t  t o  escape 

8 t he  conclusion t h a t  t he  expansion of a i r p o r t s  t o  c a p a c i t i e s  near  10 

passengers/yr w i l l  r e s u l t  i n  a not iceable  a i r  po l lu t ion  problem f o r  

l a r g e  d is tances  downwind from the  a i r p o r t .  Unless emissions of 

p a r t i c u l a t e s  and oxides of n i t rogen  during landing and take-off are 

s i g n i f i c a n t l y  reduced below present  l e v e l s ,  a i r  po l lu t ion  i n  l a r g e  areas 

surrounding such proposed g i a n t  j e t p o r t s  cannot be avoided. 
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Figure 1. Paths of depos i t ion  of air pollutants far aircraft landing a t  six minute intervals. 


