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1. INTRODUCTION

The subject of high altitude pollution from aircraft is a complicated
one. Since 1970, when the Department of Transportation requested
Congress to authorize a study of possible climatic effects from
SSTs, the Department has led Federal efforts to understand the
impact of high altitude aircraft operations on stratospheric ozone.
In March of 1971, Congress voted not to continue funding the development
of a civil supersonic transport aircraft, in part because of
questions regarding possible adverse effects of SSTs on climate. A
few months later, Congress authorized the Department to carry out
the Climatic Impact Assessment Program, which came to be called
“ClAP .” Part of the funds appropriated for ClAP were used to
support an independent study by the Climatic Impact Committee of
the National Research Council (NRC). The final reports of these
studies (1, 2) were issued in early 1975. It is partly because of
the Department ’s efforts that the potential impact of effects from
fluorocarbons, fertilizers, nuclear weapons tests and other chemical
pollutants can be understood and appreciated .

The ClAP report concluded that continued , rapid growth of long—
range, high altitude aircraft flights could have potentially serious
environmental effects. It also stressed , however, that the problem
is, fortunately , not yet at the serious stage. If we act promptly ——
and we are, giving the matter high priority —— we can avoid environmental
degradation, while at the same time provide the growth in aviation
services demanded by a healthy economy. Though the report of the
NRC Climatic Impact Committee differed somewhat on a few specific
technical details, it essentially confirmed the ClAP conclusions.

With the publication of the ClAP findings in January 1975, came the
announcement by the Federal Aviation Administration (FAA) that a
high altitude pollution study would be developed as a part of the
total environmental program of the agency . Since ClAP was a wide—
ranging multidisciplinary “technology assessment,” as directed in
the enabling legislation, it did not provide all the data needed to
judge at what time there might exist a need for regulation of
stratospheric flight . That is what the FAA ’s High Altitude Pollution
Program (HAPP) is to do. Specifically, its objective is “to quantitatively
determine the requirements for reduced cruise—altitude emission
and , in conjunction with the Environmental Protection Agency and
the International Civil Aviation Organization, to ensure that , if
necessary, appropriate regulatory action is taken to avoid environmental
degradation” (3).

The concerns regarding stratospheric flight fall into two main
categories: likely changes in stratospheric ozone amounts and
possible climatic effects. The nitrogen oxides (nitric oxide and
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nitrogen dioxide) in the aircraft exhaust could theoretically
reduce stratospheric ozone through a series of chemical reactions
in which the nitrogen oxides themselves are regenerated until their
eventual removal by chemical and transport processes. Sulfur
dioxide (through forming aerosols), water vapor and the nitrogen
oxides could affect the climate, directly or indirectly , by altering
the radiation transfer processes in the atmosphere. With this
background of concerns, FAA has moved expediti”usly to structure a
program to provide the basis for policy decisions in regard to the
need for, timing of, and type of regulations. This is the only
Federal program specifically directed to the concerns of stratospheric
pollution by aircraft (4).

2. HAP P PROG RAM ELEMENTS

The program is organized under seven major areas of work (see
Figure 1). In order to answer a first priority question: “What is
the immediacy of need for regulation?,” we have, in the past 9 to
12 months , expanded upon the data on engine emissions, particularly
with respect to the amount at various flight cruise altitudes , for
the fleet operations we project through 1990. These are inputs to
one—and—two dimensional stratospheric models. The output will
identify the resulting impact on ozone and climate. Associated
with this work is a definition of the uncertainties relating to the
inputs as well as the capabilities of the models. This is ~why we
see at the center of the program a need to maintain and continually
update our capabilities to use the best models available. These
complex computer—based representations are our best understanding
of the relationship between cause and effect and are our only means
of projecting quantitatively the likely consequences of future
actions. Laboratory work is required to maintain an accurate
technical data base on important chemical reactions. Reliable
field measurements of concentrations of key atmospheric gases are
also needed , both to verify, and to provide input data to, the
niathematical models. There is a “back—and—forth” exchange among
all of these elements. While the primary utility of models is to
diagnose atmospheric behavior and make projections, they are also
used in studies which determine where the greatest uncertainties
lie. This “feedback” process goes on continually , providing guidance
in regard to optimum expenditure of our resources.

The models tell us what the expected physical result of emissions
from a given fleet would be, but assessment of the significance of
that result is another matter. It is clearly not the respons ibility
of the FAA to make either implicit or explicft judgments regarding
the “permissibility” of a given amount of environmental pollution.
That responsibility has been delegated to other agencies, or falls
within purview of Congress. Thus, the FAA ’s assessment of the
“significance” of environmental effects projected by the use of
models must be made with respect to a prescribed air—quality standard
which we do not now have for the stratosphere. Since these environmental
protection efforts must have a framework within which goals are set
and assessments are made on at least a preliminary basis, the FAA
has initiated HAPP using , admittedly arbitrary , guidelines. 
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stress that these are meant only for the purposes of this program,
in the absence of any helpful information from other Federal or
international bodies. When appropriate standards are set in the
future, FAA , will, of course, use them. In the meantime, our ad
hoc guideline is as follows (3):

“Aircraft—induced decreases in the average ozone—column thickness
in the Northern Hemisphere should not exceed one—half percent.”
(We assume that air traffic will be greater in the Northern Hemisphere,
so that related environmental changes in the Southern Hemisphere
will be less.)

The fact that FAA was required to establish this guideline points
up the need for establishing an internationally—agreed—upon set of
stratospheric air quality standards for ozone. We further believe
that such standards should take into account all presently—known
substances thought to have a deleterious effec t on ozone. This
standards—setting procedure would, then, include a detailed benef it—
cost analysis to arrive at legislated “allocations” for, as an
example , ozone reduction. As an arbitrary illustration, it might
be determined that a three—percent ozone reduction from all causes
in the United States is the maximum acceptable amount. A detailed
economic analysis, performed in conjunction with the appropriate
Federal agencies (Federal Aviation Administration, Department of
Commerce, etc.), might then dictate a maximum acceptable reduction
of 0.5 percent from aviation, 1.5 petcent for fluorocarbons, 0.5
percent for agriculture, etc. Realizing these individual limitations
would then be the individual responsibility of the appropriate
Federal regulatory body: FAA for aviation, Department of Agriculture
for fertilizers, Environmental Protection Agency for fluorocarbons,
etc.

We stress, in summary, the following points:

o There is an immediate need to establish a nationally and
internationally accepted set of air quality standards for
the stratosphere.

o Stratospheric air quality standards must be structured
specifically to include “allocations” for pollution from
all known causes based on a detailed technical and cost
analysis.

o Responsibility for ensuring adherence to the individual
source allocations by means of detailed emission controls
or other actions should remain with appropriate regulatory
bodies, to ensure maximum benefit at minimum cost to the
Nation.

On the ex~reine right of Figure 1, we have shown the program element
which deals with regulatory policy. Since exhaust emitted into the
stratosp here does not recognize national boundaries, we must concern
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ourselves with both national and international coordination of our
actions. We appreciate at the outset the importance of this coordination
function .

Finally, a few words about monitoring. Simply stated , we define
“monitoring” ~s a long—term series of measurements of something ,
for the purpose of detecting trends in its average value. To make
a simple analogy, you can measure automobile gas mileage on one
tank of gas. But in order to tell whether your engine is properly
tuned , you need to monitor your gas mileage by frequcnt measurements
to be able to see when it starts to degenerate. Atmospherir monitoring
is a complex , long—term effort. Monitoring of stratospheric effects ,
if it is to be useful, must also be a well—coordinated , international
undertaking. We see our job as one of insuring that aviation—
related concerns are adequately addressed in National Aeronautics
and Space Administration (NASA), National Oceanic and Atmospheric
Administration (NOAA ) and other on—going programs .

In Figure 2, we illustrate the administrative organization of our
program. We are in the process of formally establishing a technical
advisory group. This will be a small group principally made up of
leading workin0 ~cientists and engineers. We will look to the
group for guidance in apportioning our research efforts and appraising
the significance of our results (4).

3. F? 1976, l976T AND FY 1977 EFFORTS

Brief summaries of the HAP P efforts in FY 1976, 1976T and FY 1977
are given in Table 1.

4. PROCUREMENT PLAN FOR F? 1978

The HAPP procurement plan for FY 1978 is given in Table 2. Note
that many of the studies cited in Section 3 (preceding) have been
funded in previous years for work to be performed in F? 1978.
Thus, the procurement plan does not represent an all—inclusive list
of work to be performed in FY 1978.

5. CURRENT STATUS OF THE ASSESSMENT OF THE STRATOSPHERIC EFFE CTS
FROM AVIATION

The chemical and physical processes which determine atmospheric
ozone concentrations are very complex and involve a number of
substances, both natura l and anthropogenic .

a. Chemical Processes:

Just the known important reactions alone, relevant to stratospheric
ozone chemistry, number well over a hundred , among several
dozen different chemical trace species. To the extent presently
known, these species can be grouped into four categories: the
oxygen—based , water—based , chlorine—based and nitrogen—based
(the so—called °x’ HOx~ 

Clx, and NOR, respective ly) systems.
The nitrogen oxides mentioned earlier are part of the NO

~system.
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There are complex compet ing  re la t ionships  among the various
ozone produc t ion  and de s t ruc t i on  reac t ions , some of the species
(e .g .  NO X~ leading to fo rmat ion  of ozone throug h the w e l l —
known “ sm og ” react ions  at low a l t i t u d e s  (up to abou t 25 km or
so) or to ozone d e s t r u c t i o n  throug h c a t a l y t i c  c h a i n  r e a c t i o n s
at  higher a l t i t u d e s  (main ly  in the middle  s t ra tosphere and
above) . Fur thermore , the species of one system nay react w! th
those of another , leading to “ feedback”  loops in the c h e m i s t r y
and thus  e i the r  to reducing or enhancing the impact of a given
trace species.

Given a number of reactant molecules , the ef fec t iveness  of a
chem ical reac tion be tween them can be expressed throug h a
quantity known as the chemical reaction “ra te  constant .” The
ra te  cons tan t s  are important  input data for  the atmospheric
models , and informat ion regarding a crucia l ra te  constant  has
become available only recent ly :  through the e f f o r t s  of the
Nat ional Oceanic and Atmosp heric Administration , the rate
constant  fo r  the important  reaction of the perhydroxyl  radical
(a member of the HO

~ 
fami ly )  wi th  n i t r i c  oxide (a member of

the NO
~ 

f a m i l y )  has been measured to be about f o r t y  times
fa s t e r  than was assumed during the ClAP studies.  This measurement
(5) has also been confirmed by several independent s tudies .
Using the new value fo r  th is  rate constant , the calculated
e f f e c t s  of a i r c r a f t  are substantial ly reduced from those
expected at the end of the ClAP and National Research Counc i l
e f f o r t s .  A detailed discussion of this f inding is to be found
in the Appendix to this  r epor t .  However , we have to awai t  the
results of the on—going laboratory determinations of a relatively
small number of r a te  constants  be fore  we can f u l l y  accept the
impl ica t ions  of this  f inding .

b.  Physical  Processes:

So f a r  we have considered only the resul ts  of improved ——and
improving— --chcmist ry  in the models.  The stud y of a i r c r a f t
e f f e c t s  on ozone is considerably di f f e r e n t  f rom that of , for
example , f luorocarbons  in regard to the importance of assumptions
made about  a tmospher ic  t r a n s p o r t .  Much of the important
NO

~ 
in jec t ion  f rom a i r c r a f t  takes place between abou t 10 and

18 km. This is the reg ion of the a tmosp here whe re oz one
concen t ra t ions  are almost ent i rely  control led by t ranspor t  (as
opposed to c h e m i s t r y )  and also where t ranspor t  uncer ta in t i e s
are g re at e s t .

Any model which seeks to assess the amount of ozone des t ruc t ion
associ at ed  w i t h  a i r e r a f t — N O ~ in jec t ions  must account fo r  the
ra t e  a t  w h i c h  the  NO~ is removed (upward or downward) f rom th e
reg ion of injection. Simplistically, on a global—average
scale , upward t r an spo r t  f rom a i r c r a f t  f l i ght  a l t i tudes  toward

12



the region of high ozone concentration will result in ozone
destruction, while downward or quasi—horizontal  t ransport  has
the opposite effect. Thus, transport uncertainties can place
a fundamental limit on our quantitative understand ing of
aircr a ft e f fec ts .

An e f f o r t  has been ini t iated under the sponsorship of the Hig h
Al t i tude  Pol lut ion Program to develop an obj ective methodology
for  the calculation of actual  s t ra tospher ic—tropospher ic  mass
exchange by exploitat ion of the “ tracer ” characteris t ics  of a
purely meteorolog ical quant i ty  called “potent ial  vor t i c i ty.”
It Is expected that development of this data set, using worldwide
12—hourly radiosonde data , will  provide a t ru ly  meaning f u l
data base for  use in the development and test of models which
more realistically represent transport  in the reg ion of the
tropopause . The task is a d i f f i c u l t  and challenging one ,
which will take several years.

c. Present Understand ing of Aircraft Effects

So f a r  this discussion has focused on NO~ e f f e c t s  on ozone .
What about those of water  which can lead to formation of the
members of the HO~ system? The fac t  that ozone is less sensitive
to N0~ increases than previously believed means it must be
more sensitive to other per turbat ions. The C1X species have
taken up some of the “slack, ” and HO,~ has absorbed the rest .
Thus , detai led evaluat ion of perturbat ions to ozone from water
in a i r c r a f t  exhaust needs to be considered once again.

W i t h  the l imitations we have described here in mind , we note
the conclusions we believe may be drawn (6) :

1. Realis t ic  proj ections to 1990 of aJ~r t r a f f i c  growth for
the world subsonic f leet  of a i r c r a f t  indicate that ozone
is not likely to bt s ignif icant ly a f f ec t ed  by those
a i r c r a f t , wi th  a marginal increase in ozone now being
actual ly  predicted.

2. Fur thermore , analysis of the e f f ec t s  of subsonic a i r c r a f t
emissions ( i .e .  those below a nomina l 15—km a l t i t ude )
indicates, contrary to previous studies, tha t given our
present understanding subsonic ai r c r a f t— N 0 ~ emissions
cannot forseeably result  in ozone reduction irrespective
of f lee t  size (within reasonable bounds) .

3. Earl ier  estimates of ozone reduction from supersonic
transport emissions of N0

~ 
at 17 to 20 lan appear to

13
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have been substantially in error . Based on one—dimensional
models, which include relatively complete chemistry but
t r eat t ranspor t in a h ighly  parameter ized fashion , our
present understanding leads to predicted ozone perturbations
of an absolute magnitude markedly smaller than given in
previous studies (1, 2) and outside their ranges of
estimated uncer ta in ty  (factors  of ±2 to ±10 depending
upon the a l t i tude  of emission) . -

4. It is quest ionalbe whether N0~ emissions from “Concorde—
like” supersonic transports (SSTs) (flying at about 17
kin) reduce ozone at all. Present results, from models
which consider both tropospheric and stratospheric chemistry ,
indicate that they do not.

5. The effect of N0
~ 

emissions from aircraf t cru ising at 20
km is in doubt , though small ozone reductions for very
large fleets of such aircraft are still predicted by some
models.

6. There is a crucial  need for  more data on trace constituents
in the atmosphere (especially simultaneous measurements
of N0~ species , and measurements of H0~ species),  for
laboratory measurements of critical chemical reaction
rates, for development and use of uncertainty analysis
tools , and fo r  a be t t e r  understanding of t ransport  in the
10— to 20— km a l t i tude  region.

In summary,  present understanding indicates that there is no
imminent  th rea t  of ozone reduction f rom any type of existing
aircraft , though substantial uncertainties remain. Thus there
appears to be no immediate requirement to develop regulations
which would mandate a reduction in cruise—altitude emissions
of subsonic or supersonic a i r c r a f t .  There is a clear necessity
for continued study to reduce remaining uncertainties , and to
establish a uniform and internationally agreed accurate NO~
emission measurement scheme. Building a framework for regulation
(if necessary) of future types of high—altitude aircraft , such
as those frequent ly referred to as a “second—generation SST,”
or the even higher flying hypersonic transport (HST), is also
necessary . Activities of the new International Civil Aviation
Organization (ICAO) Committee on Aircraft Emissions should be
encouraged to proceed in an orderly fashion along these lines.

d. Aircraft Effluents Relative to Other Threats

Aircraft effluents represent one among a variety of man ’s
potential threats tu the ozone shield or to the climate.
These various threats , and their unique and common aspects ,
are summarized in Table 3, from which several points should be
noted (7):
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1. Aircraft effects , at least for currently projected fleets ,
have dom inan t e f f e c ts in the upper troposphere . An
increase in the total ozone column may result from aircraf t
opera tions lead ing to unique and no t necessar ily desirable
effec ts. The upper troposphere is a reg ion of the atmosphere
which is not included in PL 95—95 , which is concerned
only with the atmosphere above the tropopause; effects in
this region are, however , obviously important in any
evaluation of world—wide aircraft effects.

2. As indicated earlier, effects of aircraft effluents are
particularly dependent on the dynamics and chemis try of
the atmosphere near the tropopause. As tropopause height
is strongly variable with latitude and season, and aircraft
traffic is concentrated in midlatitudes, aircraf t e f f e c ts
computations are best handled by models which includ e
both latitudinal and longitudinal dimensions . This is
not presently the case, though FAA has initiated efforts
in this direction.

3. The recovery time from aircraft effects , shou ld pollu tant
reduction be found to be necessary , is much shorter (1—5
yr) than is the recovery time for those materials (fluorocarbons)
having long lifetimes (50—100 yr) in the troposphere.
Any adverse ecological consequence of erroneous decisions
would thus be f at less long—lasting . Aircraft , of course ,
have long lifetimes (20 yr) so that any sudden imposition
of control measures would have severe economic impacts.
Never theless , recovery time is an important aspect of any
decision—making process.

Wh ile Table 3 does not prov ide de tails , it should be
noted that the currently projected largest threat to
ozone comes from the fluorocarbons. The revisions
in chemistry, ment ioned earlier , coup led wi th the add ition
of prev iously excluded chemistry have reduced the apparen t
threat to the ozone column from aircraft N0

~ 
emissions.

(These same revisions, however , have led to some increased
concern with the effects of aircraft water vapor (H20)
emissions.) The stratospheric research community has
come to recognize the importance of simultaneous and
coordinated measurements of chemically—interactive trace
species for the verification of the chemical part of
stratospheric models. To this end the FAA has initiated
efforts aimed at measuring the components of the N0~system within the same air sample.

The effec ts of water vapor emissions depend upon various
feedback mechan isms, among which are possible induced
alterations of stratospheric 1120 conten t due to changes
in tropopause temperatures. Evaluation of ozone changes
and climate changes due to 1120 emissions involves new
modeling and data requirements in that sources, t ranspor ts,
sinks , and feedback effects of water vapor are not well
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understood ; the feedback effects involve difficult multid imensional
aspects normally associated with climate modeling . In an
effort to address the uncertainties existing in modeling
atmospheric transport , the FAA is undertaking a feasibil i ty
study of a global experiment in which an inert tracer
will be injected into the atmosphere near the tropopause
and Its distribut ion observed over a sufficiently long
interval .

The a i r c ra f t  question remains , with many uncertainties
still evident; these uncertainties are in fact now recognized
to be larger, in the strictest technical sense, than they
were in December 1974 at the end of the CLAP e f fo r t s
(since there is now not only a question of how much , but
even whether there is an ozone column reduction which may
be attributed to aircraft). Reduction in these uncertainties
is essential if undesi rable ecological consequences on
the one hand , or unnecessary economic penalties on the
other , are to be avoided . Continued and coordinated
effort for their reduction is required .
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STRATOSPHERIC EFFECTS FROM AVIATION

Anthony J. Broderick
Federal Aviation Administration

Wash ington . D.C. 20591

Abstract pointed out that the earlier calculations concerning
ozone reduction by water vapor had bean based on

The tind ings of f u r  earlier studies (completed unverified assumptions about chemical reaction rates.
around 1975) with regard to effects of high—al titude But the “SST—ozone” problem had not been discounted ,
aircraft are summarized. Highlights of new labora— since independent work of Crutzen4.~ and Johnston6
tor y measurements are discussed , since several of had laid the foundation for a new source of environ—
these new measurements have a major effect on pre— mental concern: it was theorized that oxides of
dictions of air -raft effects. The effect of trans— nitrogen , present in small amounts in all aircraft
port in the upper troposphere— lower stratosphere on exhaust, could reduce ozone. Since material injected
ozone reduction predictions is reviewed and the directly into the stratosphere resides there for
difference between fluorocarbon and high—altitude months to years (this “residence time” increasing
aircraft perturbations in this regard is discussed, with height), it was argued tha t the stratospheric
The need f or , and a new approach to, determining buildup of oxides of nitrogen (N;) from SSTs would
stratosp heric—tropospheric mass exchange are pre— result in a considerably greater ozone reduction than
sented. A qualitative su~ sary of our best present had earlier2 been attributed to water vapor emissions.
understanding of aircraft effects on ozone is pro— It was on investigation of this phenomenon that the
v ided. This shows that, at presen t, it is not subsequent international efforts were centered .
possible to affirm the results of earlier studies in
regard to subsonic flight , as it appears that flight in the United States , the Department of ranspor—
at these altitudes will not result in ozone reduc— tation Climatic Impac t Assessment Program (CIA?) was
tion. The Case is less definite for SST operations; initiated in August 1971 , and a parallel independent
present results using l—D models indicate , however , eff ort by the Nationa l Academy of Sciences (NAS) was
that 17—km flig ht does not result in ozone reduction , organized shortly thereafter. Technical work on
though some models show small ozone reductions from these comprehensive programs was comp let ed by late
20-km flight. We hasten to point out , however , that 1974, and the fina l reports of the CIA? 6 and 4AS7
the new data which lead to this conclusion need studies were released in early 1975. in the United
verification before we can fully accept this impor— Kingdom , the Committe - on Meteorological Effects of
tant finding . The need for additional work is Stratospheric Aircraft (C~~1ESA) was formed and
st ressed , especially in regard to development and use conducted a similar study from 1972 to 1975 , it 5
of better methods to analyze uncertainty in these report 8 bei ng released some months after the U.S.
complex analyses. reports. During this time , the Comite sur les

Consequences des Vols Stratospheriquet. (COVOS) in
Introduction France also conducted a major stud y ,  its fina l

repo r t 9 hav ing recently been made available. In
I n t i l  quite recently, interest in atmospheric ozone general , the results of these studies were in g o d
was largel y academic. More or less regular measure— agreement. Table I shows a su~~ary of their results
me n t s  o f t h i s  m i n o r  j o i st  I t i e t of the air , -Iho ut qOl concerning ozone reduc tion from SST operations. Note
ot w h i c h  e~c i st s  i n  the  st r a t o sp he r e , have been made that , to fa i l i t a t e  c o m p . ir i s n , we hay - normal ized
sinc e the r n i d — 19 2 0 s .  But du r ing  the  w i d e l y  p u b l i —  a l l  input parameters concerning aircr aft emission
cized public debate which culminated in the with— factors (18 g of N0~ per kg of f u e l  b u r n e d ) ,  c ru i se
dr iwa l of Federal financi al support for the devel— fuel consumption (19,100 kg per hour), flig ht alt i—
opmtn t of a cotmne-rcial supersonic I r l i s p i r t  (SST). tude (16.5 ba ) and annual cruise time ( 4 . 4  hours per
McDonald pointed jut tha t a small reduction in day in the stratosphere , 365 days per  year——an
average atmosp heric ozone concentr-~ ion would be implicit fleet average aircraft utilization on the
expected to lead to an increase in i.he incidence of order of 8 to 9 hours per day). These values were
skin cancer 1 . At that t ime , it had already been those concluded by the CLAP stud y to be real istic ,
cla imed 2 tha t ti~ - canonical fleet of 500 U.S. SSTs and we haracterize the aircraf t in this discussion
would likely redu the average ozone amoun t by a few as “Concorde—like ” to distinguish it from radically
p rcent. Fears were also expressed 3 about that t ime different designs (like tha t of the 1971 Boeing
that pers isten t stratospheric contrails would ni -s i l t 2707). We also intend this ‘normalized” aircraft to
from SST i crat ions , effe cting a potentially sig— broadl y represent the TU—144, insofar as it- reported
nifi cant cooling of the Earth ’s surface. liaracteristic e m are quite similar.

I n  l i / i  the U.S. Congress decided to  terminate com— I~~A~ 1: Size of “Concorde—like ” SST Fle et (see text)

m .-r cia l SST development funding. But the continuing Required to Reduce Average Northern Hemi—

Angi -Fr onch Concorde and SovIet 111—144 development spher ic  Ozon e ( in c e n t r a t i o n s  by 0.51 Af ter
programs, coupled with the general environmental Several Years of Continous Operation.

concerns of the period , gave impetus to a cooperat ive Name of Study Number ‘i Aircraf t
internationa l scientific investigation of the po— (Ref) 

- -  _______

tent ial seriousness of the environmental problems
which had become associated with supersonic fli ght. C lAP (7) 120
Qui t e- early in the forma tive stages of this effort , NAS (8) 80
it was acknowledged by most scientists that SSTs COMESA (9)
would only rarely form contrails in the stratosphere , COVOS (10) 330

owing Ii that region ’s extremely low (typically only
a few percent) relative humidity. It was also
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liie ’s,- st u d i e s  j on i  er n in g  “SST . - i i ue ” e f f e c t s  c a r r i e d  r e q u i r ed  to  ki - i ~ s t r i t o s p i i . - r l c  ozone reduc t ion f o r
major  im p l i c a t  i ii-. f o r  subsonic i i r c r i l  t ope ra t ions  the  C lA P — e st i m a t ed f leet b e low 0 .5% by about 1990 was
In t i i , i r  fina l reports . This was p a r t i c u l a r l y true placed at about $7 b i l l i o n  (1976 d o l l a r s )  by one
for the CIA? and NAS studies; the COMESA report was respected airline i xei ji t i ve ’’ . This was nearly an
not as comprehensive in thi s r i -g i rd and the COVOS order of magnitude more than the investment similarly
repo rt pr i -sente l no quantitative estimates of the calculated to be required to ensure the same level oi
subsonic ~ir ra t effect on ozone. Note that the environm ental protection from the CLAP-estimated
delineation between subsonic and supersonic flig ht is “upper bound ” SST flee t of tha t time . C lea rly, these
ac tua l ly a rtificial——it i s  f l i g h t  altitude which is matters deserved further stud y . The “upper—bound”
1 concern. ‘lo b long—range subsonic f l i ght  occur ’- f l i t g r o w t h  p r o j e c t i o n  of ClAP l , r  SSTs was widely

in the lowet s t t e t i i s p h e t e . Extrapolations of high— discounted as unrealistic , but the sam - was not so
alt itud e (20 km) SST i t  fects to i - - low as 9 km for the CIA? subsonic fle et projection (though it ,
indicated that subsonic air r i f t  would also (and too , is be lieved to be overly optimistic).

u i  sent l’~ di’) reduce ozone levels. The in it re-
duction of ozOne- on a “per-a i r rift ” basis was Further U.S. studies were initiated in 197512 by the
calculated to he considerably smaller than that f i t  Federal Aviation Admini stration (FAA) , under its High

11 - , hovever , prim.arily because the “residence time” Alt itude Pollution Program (HAPP). The HAPP objective
of pollutants injected at such l w  a l t i t u d e s  was is to r,-di ij e t h e  s c i e n t i f i c  u n c e r t a i n t i e s  in t h e
relativ i-ly short and hi gh—alt itude stratosp heric NO5 above des nib ed predictions of aircraft effects , in
concent rat tons would not be se’ severely perturbed as or d e r to develop a solid t e c h n i ca l  u n d e r s t a n d i n g  of
in the case ot SST fli ght, these’ factor s as a basis for Federal aviation policy

development. Similar studies have also been con—
The subsonic aircr a ft results ri- shown in Table 2 t inued  in the  U n i t e d  Kingdom and France , having been
(normalized by us f i r  c l a r i t y ,  as w i t h  Tab le  1). The spu r r ed  by n j -  February 4 , 1976 , d e c i s i o n  on Con—
charact ,-ri stic s .es,sjime d f o r  the  “ 1974” subsonic  f l e e t  corde 13 and the  r e s u l t i n ~ T r i p a r t i t e  Agreement  on
(ca lled the “present ” subsonic f leet by ClAP) were as S t r a t o s p h e ri c  Moni to r ing 4 . As a r e f e r e n c e  po in t .
t o l l o ws 6 : 1 ,217 “ 8 - 7 0 7 — l i k e ” a i r c r a f t ,  w i t h  c ru ise— F igu r e  1 summar izes  g rap h i c a l l y  the  r e s u l t s  of the
Ni ) emissions  of 6 g/kg  i i i  f u e l  burned , average of four  “SST s tud ies” b r i e f l y descr ibed above 15 .
~i ,~~ 4 ’i kg/hr cruise fuel consumption; 232 “DC—b ! L—
1011—type ” aircra ft with cruisi -NI~5 emissions of IS
g/kg of fuel burned • lvi r ig of 7 , ~i~2 kg/hr cruise 20 r- -— 1-- - r~~—r~~~~~-r r- —i
fuel consumption; 232 “8—747—type ” aircraft with r 

CAP
cruise—NO emissions of 15 g/kg if fuel burned ,
average o~ 10, ~‘I9 kg/hr of cruise fuel consumption ; 

E 
18 - NAS’ -~

all cru ising at 11 km for 5.4 curs per day, 365 days g COVOS
icr \ear. For the “747—SP—ty pe” aircraft , “B—747— Iii

- ~ L COMESA ’type characteri stics were assumed , bu t  the c r u i s e -  ~ 16
alt itude assumed was 13.5 km. This produced a major ~

in estimated ozone reduction , as shown in 

~ 14~-

Table 2: Estimate liirther n Hemisphere O -one-
Reductions From Various Postulated Subsonic ~ 12j

Aircraft F l e r - t s  for Different Studies 

~ .~~~~~~~~~~~Study (Re1) Percent N. Hemisphere Ozone 24 20 16 12 • 4 0 4
Reduction OZONE COLUMN CHANGE. PERCENT

“1974 CIA? Fl eet”

U~
ure_ 1: Ozone column change results by various

ClAP (6) 0.09 models. The injection rate ’ assumed at each altitude
NAS (7) 0.10 is 1.23 x lO~ kg NOx ( i s  507) per year into a heal—
( ((MESA (8) 0.024 sphere. The NAS and CLAP curves are based on 1—0
covos (9) Not available model r e s u l t , , adjusted to correspond to changes to

be expected in the “hemisphere ” (NAS) or ‘ c c u  rridor ”
100 “74 7 SP.’tvf7 ” (ClAP). Points for COMESA (X) and COVOS (0) are

i t t  r i f t  ca~ e~ulated as explained in text (after Oliver et
al ) .

I lAP (6) 0.08
NAS (7) 0. u~~u In this paper , we summarize the highlights of the
COMESA (8) S t  available current status of our understanding OX the effects of
COVOS ( ‘F Not available high—altitud e flight on ozone. Major factors in ‘ i t

percepti ons if Important atmospheric chemical re—
I r a  t ically speaking , the imp l ications if the - find— actions are reviewed , as are the relationships
ings summariz,d above w,-ru ii tually far more serious between aircraft and fluorocarbon—related strato—
in the near ter m for the subsonic aircra ft fleet t h e n  spheric pollution. Gaps in our knowledge and some of
fur supersonic aircraft . s f ~~~ u i -  t i n  pos sibilit y was the remaining scientific uncertainties are outlined .
thus raiNed tha t major combustio n system redesigns and requirements for near—term research prisented
would soon need to he accomp lished ten t a large number along with seine conclusions.
of u n - r a f t .  At a CIA?—estima t~ d cost of $50 million
fou re sect- h , development and ce r t i l l u a t  Ion of such a -

‘rv stem , p ies added hardware and maintenance Costs ,
the upper—hound estima te of ii i -  total inv estm etet
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Considerations of Chemistry Re-ac tions 6 and 11 are the major sourc e-s of hydroxyl
radicals (HO), which can also he formed by r~ actfon

in his classic work , Clu.apman~~ pre sented  a theory  ii i  c x i -  I ted oxygen atoms O(’D) with methane (C114) and
explaining the prese ’nce of stratosp heric ozone (03) hydrogen molecules (112). In turn , the HO reacts with
wh ich rel ied onl y on chemical reactions among 03, ozone (via react ion 7J to produc e- perhydr oxy l rad—
oxygen atoms (0) and oxygen molecules (02) in the icals (1100) . Both 1100 and 110 ile st toy ozone directly
presence of a neutral third bod y—— ”M”——fue led by (e.g. reactions 7 and 8) and indirectly by Inter—
solar ultraviolet energy. This “pure oxygen” chem— ference with reaction 2 (reactions 9 and 10). In the
istry explained how ozone absorbed solar ultraviolet NO5 cycle- , ozone destruction (i.e., in effec t,
energy (hv )—— tlu ~ rehy shielding the e’ucrth from most of reaction 3) is catal yzed by rea~-tLons 12 and 13 , with
this radiation , reaction 14 actually leading to small ozone pro-

duction (via reaction 2) in the’ upper troposp here and
0, + hv ‘ 20 (1) )“wer stratosphere . Reaction 15 breaks the chain of

h~ below 240 nra) catalytic ozone destruction formed by reactions 12
and 13 and , since 111103 is quite water soluble , is the

0 + 02 + M 03 + ~t (2) major “sink” mechanism for st r anui ’;ph -ric oxides of
nitrogen. (11N03 diffuses to the troposp here where it

03 + 0 ‘ 02 + 0 (3) can be removed by rain , usuall y after thousands of
ozone molecules have been destroyed by the origina l

+ hse 02 + ~ 
(~ ) 

~~2 
molecule.) Note that while 111103 is in the

rh - , below 1140 nm) stratosphere, reaction 16 serves to demonstrate that
11N03 only “buffers” the NO~ destruction of ozone,

Ozone i s  destroyed by reaction 3 and re-formed by since it may be photol yzed to yield 1102 and HO.
reactions 1 and 2. Reaction 4 usually results in
rapid refccrrnation i i  u i .~ ine ’ via reaction 2. In the course of these studies it wis recognized by

Stolaraki and Cicerone 20 , among others , that chlorine
~us measurements of ozone Improved , i t  bec ame clear atoms could also “catalyze” ozone destruct t~~o Uy a
tha t there was less ozone in the stratosp icere than mechanism parallel to the NO5 cycle :

u e p m . a n  chemistry alone had explained , and “something
,l se” must account f u r  additional ozone destruction . Cl + 03 • Cr0 + 02 (17)
~s clearly shown by Johnston ’7. More tii.-in 20 years
ago , Hampto n, among others , proposed 18 tha t loss of d O  + 0 Cl + 02 (18)
ozone by reac t ion w i t h active hydrogen (“water—based”
i t  HO E ) species might be important in this regard , a Cl + CH 4 HC 1 + CH

3 
( 19)

t I e - ory later explored further by Hunt 19 . Logical
extensions of this theory——flawed by erroneous HO + HC1 11

20 + Cl (20)
i~.s ump t uunis , u - . mentioned earlier— —led to the belief
t~ u i t  stratospheric water from SSTs would increase the The initial importance of C105 reaction cycle- was
natural 110x fraction of ozone di nu tructi i’nn , resulting thought ti be with regard t i  the NA SA Space’ Sh uttle
in anth ropu~genic uze,ne fe- i r e- as,-s~~. At about the same booster rocket , which contains HCI in its exhaust.
time that the early assumptions in w a t er — b a s e d  Thus , chlor ine  would be r e l e a s e d  in an a l  r e e d y
chemistry were re-—examined Crutzen4 and Johnston 5 “buffered” form (HC1) in the stratosphere , but
called att ention to the NO~ problem , as summarized reaction 20 would produc e the catalysts for reactions
c it 11c r. Crudely, the NOx and }IO~ destruction of 17 and 18 until the HCI was removed by rainout.
‘zone may b’ summarized in simplified fashion as u u , n n c e r n  about th i s  p r o b l e m  Space S h u t tl e  launches

fo l l ows 7 : per year have been e st i m a te d 2 to reduce ozone by
only a small fraction of 1%) was soon dwarfed by the

03 + h ‘ O~ + O(1D) (5) now famous discunvery of Moll na and R- -vl and that vast
(hv h elow 310 nm~ amounts of stratospher ic chlorine would be re ’leased

by pho tol ysis of fluecrocarbons (CFCI 1 and CF 2C12,0( 10) + 1120 2110 (6) sometimes referred to as “Fr eon ” or ~— ll and F—12 ,
respectivel y). It is this latter source of ozone

HO + 03 * 1100 + 02 (7) reduction that has dominated public attention and
research for the last two years .

HO O + 0 3 . 1 1 0 + 02 + 0 2 (8)
Clearly , a number of substances , natural and anthro—

110 0 • H 4- 02 (9) i’Osenic~ are involved in ozone chemistry . When all
of the known important reactions affecting str ,it u ’-

HO() + 0 HO + 02 (10) spheric ozone are noted , they actuall y number around
100 or so and involve seve ral dozen different chemical

H + 03 ‘ HO + 02 (Il) species depending upon the- details of the question
one wishes to pursue. Two important general conald—
orations deserve special attention : the complex

NO + 03 NO2 5 02 (12) competing relationships among the various ozone
production and destruction reactions , and the un—

50 2 ÷ . NO + 02 (13) certain ties in our ability to quci ct it u etively predict
(i.e., mathematically “model”) the system ’s behavior.

1102 I .  • i-b + 0 (14)
It is implicit in the above that the natu ral 110~ •
Cl0

~ 
acid NO5 sys tems mus t be “balanced” in the

40 + NO2 + N )1Neu~ (15) absence ~uf anthropogentc influences , since ther e is
only a fixed amount of ozone that renpresents the

111403 + 1W • HO + 1102 (It c h excess of ozone production over ozone loss by the

A 3



Chapman system (re-ac tion s 1 tl cru 
4
,, In add ition to reduction from NO5 to HO5. Reaction 24 short—c ir—

being ba l an ied , t h u - s ,  su - .te -rna are close ly  coupled , cults both the NO5 cycle and the Cl0
~ cycle , and is

both directl y and indirectly . Fcu r example, reaction thus of importance to both .

• 15 removes both HO and Nu ) from their respective
c at alytic - . - occe deatruction cycles—-reactions 7 and With the kinds of complexity described above , simple
~~, and r e a c t i o n s  12 and 13. In the case of NO 2, for uncertainty analyses should not be expected to produce
example , tf c i s slows down the speed of catalytic meaningful answers. Indeed , it is instructive to
destruction of ozone, since- th e rate at which run - note that the large uncertaint ies now recognized in
action 13 proceeds determines the amount of ozone our understanding of stratospheric chemistry were not
destr e ict ic in which will be realized . Reaction 13 is explicitly recognized in either the ClAP, NAB , COME.SA
thus sometimes termed the “rate—limiting ” step. But or COVOS reports discussed earlier. At their writing,
such a simplified view of things must be formed and attention was focused o’- atmospheric transport un-
interpreted only with grea t caution. In the simple certainties , which accoun .ed for most of the uncer—
cat al yt ic cycles which we described above , such an ta inty assigned to the final result in both the CLAP
analv .-.is may be valid. But we are now beginning to and NAS studies. In large part , this was due to a
recognize the complexity of the real atmospheric conceptual difficulty: one can measure the uncer—
cy st.em. Nit all of the important chemical subsystems tainty of something relative to a “t rue” value , but
Ire simple two—reaction mechanisms which proceed if one doesn’t know “the truth ,” how can one estimate
perhaps thousands of times before one of the con— the uncertainty of one ’s limited knowledge? To our
-.tituents is removed (e.g. by HO + 1102 + M HNO 3). knowledge , only one serious attempt at an uncertainty
h-Ccncy of the r eac t ion  sequences involve half  a dozen estimate has been published in the referred literature ,
or more steps , with ~ilternativ e’ reaction pathways at tha t by l)uewer et al23 . (For a complete discussion ,
men u- then one point along the way. These more complex one is also referred to Johnston and Nelson ’s c~~ —
r e a e -t i o n  sequences can be of major importance to the mentary 24 on that paper , and the accompanying reply
ove~rall st r~ tosp heric ozone balance, and do no t lend by Duewer et a125.)
nbcenm selves to simple anal ysis. Complex models must
be broug ht ti bear on the problem , and their results Duewer et al. present a series of model experiments

ire-full y interpreted, in an attempt to examine the sensitivity of inodel—
calculated ozone reduction for a given stratospheric

To resort , for the sake of examp le , to simple red — NO,~ injection. The model did not include chlorine
tations of the coup li ng princess we describe , cons ider reac t ions, and used the reaction—rate eatimates and
that the following reactions are all of some impor— uncertainties assigned by Hampson and Garvin26 ,
tance In attempting to model stratosp heric chemistry: which were the basis of C LAP and HAS computations

as well as the principal source of data for modeling
HO + Nuu - , + ~-1 • HNO 3 + N (15) studies under COMESA and COVOS. In br ief , they found

a startling sensitivity to uncertainties , even when
HO + Mdl ‘ 1120 + Cl (20) only a small number of rates were considered . Care-

fully stressing that they did not reall y believe that
d O  + so N C11)502 + 14 (21) it was realistic , they showed that if one were to

minimize the ozone—destroy ing effect of only thr ee
1100 ~O 

- * HO + 507 (22) reactions (but remain within the bounds of uncer-
tainty earlier established for each reaction by

HO + 1400 1170 + (23)  Hampson and Ga rv in ) ,  fli ght of “Concorde—like ” (our
term) SST aircraft would actually increase ozone .

+ ClO NO2 + Cl (24) Adopting the 1976 NAS—asaumed27 value for only one of
these reactions (here denoted reaction 23) caused a

It is c-lear that, In addition to ClO,~, 1105 and 110k reduction in the calculated effe- e t iveness of strato—
directly reacting with ozone , the reaction of many spheric NO,~ by a factor of 2. Their conclusions
forms of thee-se species directly with each other may pointed up the cau t ion  which  must  be used in t h i s  new
be of importance. The importance o~ reactions 15 and area of atmospheric science , and indicated that more
20 ~~is discussed earlier. Including reaction 21 is accurate determinations of much of the existing
of major importance L u  those attempting to understand chemical reaction—rate dat,i are sor ely needed , for
the e ffects of fluorc>carbon re-lease on ozone , and is 1102 + 1102 and our reactions 8, 15 , 22 and 23. The

~ure-se- nt ly responsible for a reduction ui the cal— reaction 1100 + NO2 + HOONO 2 was not included in this
‘ulated eu zic tue —de st e u ct ton eft cu Live-ness of ch )ucruu— study, and may also be of importance .
fluoro carbons by about a facto r of 2 (i.e. to 501 of
e’~tci t aould be c o mp u t e d  w i t h o u t  th is  one re- .uu t ion). - Transport Parnmete rlzatlons
K a i t i o n  22 is important now ic e - c ause- it had pre-
v ious ly  been thought  t i c procee d at a ra t e  approxi— The stud y of aircraft cii u-d y on ozone is consider—
m~itel y 20 tImes - l c , w e t  th en was rec ently measured by abl y different from that of fluorocarbons on ozone in
Howard and EVensi,uC . L at ti g the newly—measured rate , regard to t h e - importance of assumptions made about
thee il ’ elated ci  f e - c t ’ . of aircra ft are dramaticall y atmospheric transport. Briefly, f l u orocarbon s are
re -il uiu - ,-d . (Ihe rapid rate of t h is re- u i t ion also inert at altitudes below about 30 1cm, above which
a’ises a re— eval uiation of other important reaction they are photol yzed by solar ultraviol c-t radiation to

ta tes which cu d earlier been estimated by inter— produce chlorine . The length of time it takes the
pr et i

~~ 
experiments providing only data on ratios of average fluorocarbon molecule to reach this altitude

the rate ccun st .urat s. Thus, the measurement of Howard Is quit e long, on the order of several decades. The
and Evenson he ~ s a m a j o r effect on several rate con— active life of the chlorine atom in terms of ozone
catan tS.) Reaction 23 terminates the 110 catalytic destruction , however , is much shorter , on the order
ozone- ’i,-st rcic tion chain but , s i n c e u ba’ance among of a coup le of year s. The former (upward) transport
ozone d e s t r u c t i o n  mechan i sms  must be m a i n t a i n e d , the t ime results  f rom the f a c t  that  surface  releases must
recently accepted 27 slower rate for t h i s  reaction first uniformly mix in the lower atmosphere , slowly
shills a significa n t amount i i i  calculated ozone “tilling it up ” to some equilibrium level , before  the
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m a t e r i a l  can reach upper stratosp heric regions in Small—scale turbulence Is one form of atmospheric
significant amounts. Thus , the equilibrium amount metton that inranediately comes to mind , but a proper
ci t inert i luorocarbons is first realized in the analysis most also take into account mean meridional
lower atmosphere before- it is achieved in the upper (north—south) motions, transient disturbances
regions of the stratosphere. Once a chlorine atom propagated upward from the troposphere (as from
is released in this upper stratospheric source hurricanes), “gravity waves” and “quasi—stationary
reg ion , however , an inverse situation exists. The waves.” Unfortunately, these motions do not operate
atmosphere then fills “from the top down .” Si nce ind ependen t l y ,  and again we are forced to emp loy
the chlorine is only active in the stratosphere—— mathematical models as predictive tools. Atmospheric—
which constitutes about lO~ of the atmospheric circulation models which are based on fundamental
mass——it is relatively rapidly (on the order of 2—3 physical principles , and explicitly treat t ime—
years) removed to the troposphere and rained out (as dependent motions in all three dimensione are called
HCl). The details of the upward an’td downward trans- general-circulation models (UC?4s). Some OCMs have
port are of little importance. Whether it takes 90 been shown to represent the major atmospheric
years or 100 years for the average fluorocarbon processes reasonably well in the region of our
molecule to reach heights where it may be photolyzed interest , as described by Smagorinsky28. (An ex—
is clearly irrelevant. Similarly, estimates of cellent review of the general field is also provided
downward transport of such high—altitude “injections” by the National Academy of Sciences 29 .) Gchls are,
(via photolysis) of chlorine have been made with an unfortunately, massive and complex constructs which
accuracy sufficient to establish the magnitude of require at least several years of dedicated effort
chlor ine destruction that will occur. For fluoro— to properly design , construct and test before they
carbons , then, uncertainties in chemistry (and can be used. Calibration tests have demonstrated
particularly in the validity of the assumption of that some of these models are able to simulate the
the ir lower—atmospheric inertness) far outweigh any behavior of atmospheric trace substances well enough
n r ,ueus piur t uncertainties , owing to the altitud e of to give confidence in their usefulness as predictive
the “injection” of the active species. tools, and at least one (that described in reference

30) is currently being used at the Geophysical Fluid
Such is not the case for aircraft—NO5 injections Dynamics Laboratory to predict dispersion and trans—
which take p lace between about 10 and 18 km. This port of high—altitude aircraft exhaust (private
is the region of the atmosphere where transport Cc)mmuniCatiotl , J. 0. Mahlnnan , 1977). The complexity
u ncertainties are greatest (for consideration of of these models, however , coup led with their present
average global—scale mixing). l i re- the tropopause inability to include many chemical reactions owing
is defined as thee dividing line between stratosp her e to ceamputationa l size limitations , naturall y leads
above and troposphere below , and its location is to a desire for phys ica l l y and statisticall y val id
cescea l l y assigned to a well—defined inflection point simplifjcatjona . One examp le of a simp lified
in the lapse rate- . f i gure 2 shows -a good example of three dimensionua l model is the enuasi-geostrophic
why one cannot term t he - tropopause well behaved : it spectral mode l of Cunnold et alhi . The low spatial
is highly variable in space and time . re-suc luti ce n of seee h model - ., however , gives cause3°

fc,r i-n ice - rn div e r  t h e i r  a b i l i t y  to  i d e -u ~uat e ly s i m u —
,~b late stratosp heric behavior , sinc e a sign i flu u n i t

~~~~~~~~~~~~~~~ n ’  -o -~~~ amount of troposp heric kinetic energy is found on
10* : 24 

relativel y small scales (above p lanetary wave
,~ 

number h ) and may s ig ni h c ciii k y .et  fe - i t -.trateu s~ehe-ric

~ 

.,
~~~ 

-~~~ circula tion .
- ii

4 5#~
o A ruc ct bie- r possible method to reduce computational-~fl

2 important motions , as i s  done in two—dimensiona l”~~~~ -~ 12 ~ complexity is t cu “average- out ” pre sumab ly less

z (2—0) m d  “one—dimensional” (1—0) models. The 2—D

— 
— -~~1O models explicitl y trc- .et only north—south and ver—

~ ~I - I  ~~~ ~“ ,, t ical motions , whereas 1—0 models explicitl y t re-ut/
/ only the global—average vertical motion components.

~~s0
mL L 

/

~ -~~~~ —i---- -i--— -L — J sonas p. as so so ~ ~, ,~ 
Unfortun ately ,  there has yet to be found an Incon—

tarnuol trovertibly correct” basis i t  the- par ame teri—
zations” which must be emp loyed in simplified models
of any dimension. The more simp lifi ed the model .) i ~~u r e - 2 : M u c i . t h l y  mean t ropopause , l o n g i t u d e  78°W, the more inigicl y parameterized it must be , and the

So r t h u e r n  H e m i s p h e r e -  - more cautious one must be in interpretatio n and use
of its results. Simplified models are largel y bsse’d

Any model whic h seeks to assess the amount of ozone on intuition and phenomenology.
ile- struct Ion assoc iated with aircr.utt—NO

~ injections
must account fi r  the rate at which then MO~ is re— The most widely uaed models for s t u d  fe -s of Si t u  r i f t
m eved (upward or downward) front t h e e -  reg ion of in— e ffects have been the 1—0 models. These are highly
jection. Simp listically, on a g leubi l-average scale , parameterized transport models but , because of their
upward rranc- m por t from airc raft hl i ght altitudes ability to exp licitly include virtually all import ant
toward the region of high ozone concentration will chemistry, they have proven highly useful. Most
result in ceei e ,ne e destruction , wh ile downward or empl icv a “ver tical edd y—diffu sion” fornneelat ion ,
qeiasl-laorizontil transport has the opposite- ef f ect, which describes global- (or hemlu n i chu e - ric —) average
Thus , tran sport uncertainties can p lace a funds— net vertical transport of substances , and i. based
m,.ntal limit on our quantitative understanding of on an engineering f it of some ki nd to a trace -
aircraft effects, constituent concentration profile (the “tracer ’).
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(The eddy—diffc ision u c c e - f f i c i e n t , empirically detc - r- t ransport is the lack of fully s;etisfacr cry me- uris

•- mined by a fit to ac tual i l e t a , when multi plied h~- i c r  establishing the validit y of the models’ c m l —

the local mean trace r gradient , is equal tin the culated transport of trace constituents. In the
local t r e e -n flux.) An cxce- llent description of the case of 2—I) models mentioned above , mean meridional
derivation of one such eddy diffusion coefficient motions are inputs , and three Sets of eddy diffusion
(not specitically designed to t reat aircraft effects) coefficients (north—south , vertic al , and north—
is g iven in Appendix B of reference 21 . (The south/verti cal coupling) must be employed , all of
“-,t re tchtng ,” “ smoothing,” ‘ adiusting ,” “f itting ,” which must be , of course , mutually consistent .
‘
~h i f t i ng” and “assum i ng” described therein are hb c e r, is no well accepted set of such data , and (as
i n s t r u c t i v e , c - s p e c i a l l y  f i r  their implications.) in the c-aye of 1—fl models) considerable intuition

must be relied upon. It is interesting to note , at
Unless an eddy—diffusion coefficient is speci f— this point , that the need f i r  measured data Is
fe al t y derived from mathematical inversIon of a approxim atel y the same for the validation of all
truly inert atmospheric t racer-—and none presently models: 1—fl models need the same raw data se t  as 3-
emp loyed fulls Into this cat egor y --it is not con— 0 models , contrary to intuition , if they are ever t o
siste nt to u i r c t i n u e  ti c emp loy the diffusion co— be “validated” to the same degree of confidence.

icient i f n c r  changing any chemical ri te tion The only difference is the degree of averaging c i t
subroutines which directly or indirectly affect the the raw data.
ealcu lat ed concentration of the “tracer.” For
example . dii f u s i o n  cce ’ffictents based on inversion As stated earlier , one of the least understood
cu t t ic, conucentration vs. altitude profile of 014, aspects of stratosp heric pollution studies is the
when the ay ccrn ,- cf rate - of reaction for HO + HOO was 2 exchange of air across the tropopause , i.e., between
x 10—10 aol cm 1 sec 1 , are no longer strictly valid the stratosphere and the troposphere . Such exchange ,
when t b c c  assumed reaction rate is changed to 2 x 10—11. in the downward direction , conøtitutes an important
(Reacticc n with HO is an important upper—stratospheric removal mechanism for pollutants injected or formed
loss mechanism f i r CH4.) This point of internal In the stratosphere (e.g., radioactive debris or
inconsistenc y of the present approaches to 1—0 hfl~O3) ,  and in the upward direction can be a source
model ing  I s  apparently of little concern to moat of stratospheric pollutants (e.g., NOx formation
research,-rs . Since the implied uncertainties which from N20). It is appropriate to discuss this matter
result have never hue-c-n exp lic itly explored , we again more fully.
f n c i i n t  Out the need t ier caution in interpretation of
the results . It direct calculation of stratospheric—tropospheric

mass exchange is possible in principle if one has a
Me re tie the point , cc we ve r . is the fact tha t there knowledge of the distributions of vertical velocity
du e s not presently exist -i data set which can be and concenttatto~~. ~ut it is almost impossible to
us e -ui to derive an adequate parameterization of directly observe vertical velocity over the large
t r i m s 1  c r 1 in the 10— to 20—km reg ion. This arises scales of transport which are important , and so its
f rom the fact tha t the data set should concern a value has to be inferred by calculations using
species whose chemical life is appropriately matched synoptic meteorological data. Unfortunatel y,  the
to transport times in that region. The concert— known techniques of doing so, (e.g., kinematic
tration profiles which form the data set must be method, adiabatic method , vort icity method) are all
hiun u l y ac-curate , and a f- lobally representative set prone to large errors. If one can tag and follow
.uc qulre-d r at l ist severa l sears must be avail— air parcels in the course of their motion , greater
- m u l e . In addition t o  those requirements , all accuracy oeild be achieved in determining n-trato—
s:un u f i c c e n t  chem ic a l -ccc urc es arid sinks of the spheric—troposp heric exchange.
L c n - ,t itejent must be known, in order not to falsel y
ascribe , f r  exampl u - , concentration decreases Relatively inert tracers which rema in in suspension
arisi ng I re,m unknown c hemi-,try tic rapid transport in air can be expected to move with the parcels
out ~ t the region under study. (unless mixing takes p lace), and will be subject to

the same physical constraints as the parcels.
When a l l  Is said - red de,ne- , the 1—0 models must be Examples of such tracers are ozone mixing ratio (in
regarded as extremely ic e we -ri u l tools , if properly the lower stratosphere) and radioactive “fallout.”

ie cf . They have been cj s e -d  to establish the likely Any conservative physical property of the parcel can-a
importance c c i  i nd iv idua l c ic en nica l  r e a c t i o n s , t he  also be used as a “t racer ” wi th equal effectiveness ,
apparent sen sitivity of str atosp heric chemistry to in principle. One such property is the so—called
inc ,-rtain t fee  in reaction rates, and the approximate potential vorticfl~ , wh ich is conserved during
natural concentration of atmospheric trac.- con— isentropic motion.
-.1 htue ntma . Un fortun ateli . in the easc c i t  . i i r c r m f  t ,
I ’ d ,  sISte c c i  our ~nowledge (and the increasingly Mathematicall y, potential vorticity is a product of

4•e r easing c .mlc u l ‘ed sensitivity of -.trm to sph eri c the measures of the resistance of an air parcel to
o o c u r n e to ~uj~ injectIons) forces icc to incr. - - e - - a- - c c  ci -.e-r t ical and horizontal displacement. Hence ,
e~~ hasis itfl tim e i mp e a r t a n c e  - f  deveioping hig her bc - m r  trig above and cooling below (i.e., increased
dimensiona l we c c, I c .Is. Tha’emg h it is rai n cle a r that h— fl vertical s t a b i l i t y )  increases the potential vortic ity.
model . are mu T t- S.  curate thSn 1—0 models in this Thu s the heating source of the ozone layer generates
ec ,ntezt . i c e, a b i l i t y  itt principl , to mac re coalcietoly large values of potenti al vorticity in the strato—
treat trsn.pcart in the  tr c m p m ~pSum~ e region is the sphere . Conversely, h eati ng from below decreases
p riru lpa l h e a s t i f  ira t Ion  ter th ei r u SC. pcc r en t i al vortii -it v . Th is i. the case for the

tr oI~oaphe rc , which is heated by the Earth ’s surface.
e~e saws to  date rehi.d p r t r I C  i p a i t s  ma n e the e . a c ,k  ct

~~~~~~ f~~ 
c~~~ aocd.i ni utudhe. In I4~.?P .  lhc i ’  Reed and Reed and Daniela.en 35 have shown that the

p e r t  In.~” ree ,,it - f  these •tforla are 4..— sr r - i to ms p hatric values of po tential vorticity exceed
i c s  ~~t iit e c .~

ei . c i f i u l ~ 1 g.  and i rcetsen - t h e  t ri ap eu sp he ri c values by one , two or three orders
- ‘‘u- 1 er- ’ i. c~ cs I c c t ~~ w i t i c  ~ggreI tic of magnitude. This circumstance can be used to



tr ace intrei sion s of stratospheric air into the Table 3; Effect of Various Chemistry Changes on
t roposp )ern.- and v ice versa ; i.e., since each air Computed Global Ozone Reductions for N0

~
parce l conserve-s Its value of potential vorticity , Injections at 17 km and 20 km (see text)
the air cut s t n . m t u e , m p heric ori g in  can be rea d i l y
i d e n t i f i e d  even after it is considered part of the Computed
tropee rap here. Change Made Ozone Reduction

17 km 20km
l)anie1sen 3

~’, using Ism n e tr opic analyses , studied
stratosp heric— t ropospheric exchange . He showed , Start (1974—reference 39) 4.8 ‘dl
from in—situ measurements of radioactive fallout ,
nh at the tropopause “folding” phenomenon was pre— New Chang eddy diffusion 27 5.4 12
dictable , tha n it accompanied large—scale cyclo—
genesis and that the stratosptee-ric air could be (N20 + liv) changed from
identi fied by be eth radioactiv ity and potential Bates and Hayes1’0 t2
vorticity. Later 37 he established that the radio— Johnston and Selwyn 1 5.3 12
activit y and ozone measure ments were well corre lated.

Add “smog” reactions; OH + C02,
Thus, potent ial vort i c i l y ,  a purel y meteorological 0 + CR 4, 11202 + 0,
quantity, can be used to ana lyze stratospheric— 1102 + hv ,OH + 044 4.8 11
troposp tee ric exchange without incurring the large
exprnse ct ma king -.vnoptic observations of ozone or OH + 1102 (2 x 10 10 2 x 10—11 ) 2.1 6.4
radiceactivity.

OH + IINO3 (1.3 x 1O~~
3-.8.9g 10—14) 2.0 6.0

An effort has been initiated under the sponsorship
cdt the High Altitude Pollution Program to develop an NO3 + b c  (branching, NO + 02
objee tive methodology for the calculation of actual 2/3(1402 + 0), l/3(N O + O2~) 1.6 5.2
stratospheric-troposp heric mass exchange by exploi—
t.uti on of the “tracer” characteristics of potential 0(10) reactions with N20, N2,
vor ticity. It is expected that development of this 02, (314, 1470 changed from
data set , using worldwide 12-hourly radiosonde data , Hampson aria Garvin recommend—
will provide a truly meaningful data base for use in ations26 to Streit et al
the development and test of models which more recor,maendations42 1.5 4.9
reatistically represent transport in th~ reg ion of
the tropopause, The task is a difficult and chal- OH + 1402 + H (Tsang 43 -eAnas_
leng ing uri c, which will take several years. We are tasi et al44) 1.5 4.8
confident , however, based on the work of Danielsen 37 ,
that the undertaking is wc-rr thwhile. 1102 + 140 2 (3 x l0 11 exp ( 5001T)

• 1.7 x iO 11 exp (500/T)) 1.2 4.3
Present Understand in&

1102 + 0 (8 x l0 11 exp (500/T)
Tables  1 and 2 and Figure 1 summarized the Status of • 3 x lO~~

1) 1.2 4.2
u n d e r s t a n d i n g  of a ircraf t e f f ec ts on ozone der ived
from the CIA?, HAS , COI~~SA and COVOS studies. Since
the publication of those four reports, little add!— Note tha t the data in Table 3 still do riot directly
tional information has been gained which permits address stratosp heric chlorine , which is now be—
ma jccr modification to the approximations the.y lieved to be naturally present at a level of about
employed to represent atmospheric transport. The one part per billion (ppb) in the stratosphere , and
most dc-tailed work performed in this respec t was is increasing owing to photolyrcis of fluorocarbons
men tioned earlier (see Appendix B of reference 27), released at the surface in the past decade or so.
and Chang et a138 have adop ted th is sl ightl y modi— Includ ing abou t lppb of chlorine in the above model
f ied vertical transport estimate in their modeling reduces the ozone reduction for the respective 17—
efforts. Wha t is significant , however , are the and 20—km NOx injections from about 1.2% and 4.2% to
major modifications to our understanding of aircraft about 0.7% and 3.3%, respectively. This arises from
effects on ozone which have arisen in the chemistry the slowing down of the NO

~ 
catalytic cycle (reactions

area. These changes involve two princ ipal factors; 12 and 13) by reaction 24. In turn reaction 21,
a better appreciation of the uncertainties in our when subsequently included , tends to increase
knowledge , and a reduction in the uncertainty in somewhat the effects of the NO5 catalytic cycle
several chemical reaction rates by virtue of their again , since d O  is tied up as C1ONO2, thereby
measurement in the laboratory; and the discovery of slowing reaction 24 relative to reaction 12. (Though
the importance of chlorine in the stratosphere , wi th reac t ion 24 ac tua l ly reduces the amoun t of NO5
its direct and indirect influence, on calculations available for ozone destruction, the Increased speed
of aircraft effects, of reaction 12 more than compensates for this.)

To best understand th. impact of changes which have Increasing amounts of chlorine in the stratosphere
taken place in chemistry, Table 3 li sts 11 individual are physically inevitable for the next decade or so,
changes which have been made (private comeuntcstione, sinc e the fluorocarbons which will cause them have
D. W uebbles , 1976 , and J. Chang

~ 
1977) to one *odel alread y been released. (Even if stopped instantly,

dis cussed in Chang and Johnaton~9. Af ter each fluorocarbon releases of the past will act to in—
change , we note (to on1y two significant figures) crease the stratospheric chlorine conten t for about
the newly computed globa l reduction to ozone which a decade as they are alowly transported upwards , as
ia e:alcula ted for a Nil5 injec t ion of 2 ,000 aol cm ”3 disc ussed in the earlier section on transport.)
sec ”1 (2.5 x ~~~ kg/year) in to a 1 km thick layer Realistically, it is likely that the chlorine con—
centered at 17 or 20 km . tent of the stratosphere will increase fo r  a longer
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period , owing to the economic and political diffi— With regard to subsonic aircraft , much the same can
culties in developing and imp lementing adequate be said , though perhaps with more confidence.
substitutes on a world—wide scale. Thus, any model l I gure 4 Is essentially the same as Fi gure 1, but we
of ~~~ effects from aircraft injections cannot be have added a curve which is broadly representative
realistic without incorporating ch lc er it n e effects, of the results of studies recently described by
But it is difficult to gauge future stratospheric W idhop f 32 , Hidalgo and Crutzen 33, and those at the
chlorine contents accurately, and about all that Lawrence Livermore Laboratory (private communication ,
can intelligently be said is tha t for about the nex t 0. Wuebbles , 1976). These results have recent l
30 ;eyars at the very least, the effects of strata— been well summarized in detail by Oliver Ct al l~~,
spheric chlorine will reduce the sensitivity of and do n~~ account for chlorine in the stratosphere ,
stratospheric ozone to airc raft injections of NO5. or for the changes required to take account of the

results of h oward 22 and Evenson. It is clear ,
Before discussing Figure 3, it is important to however, tha t according to our beat present under—
recall the comments in the earlier section on standing, the effect of subsonic (i.e. below about
c h e m i s t r y  about the majo r  s ign i f i cance  of h oward and 15 1cm) flight is not such as to cause ozone reduction ,
Evenson ’s re-cent determination l 2  of the very rapid but might be to even s l i g h t l y  enhance ozone. Con—
rate for reaction 22 (1400 + NO), and its implica— sidering the implications of including eft c u t s  of
t iciu c s . rh, magnitude of this effect is clear from chlorine and the results of Howard and Evenson on
examination of Figure 3, which presents a graphic the conclusions implicit from Figure 4 , t he case
disp lay of the data in Table 3 and extends that data against ozone reduction resulting from subsonic
t u e include consideration of stratospheric chlorine aircraft operations is considerably strengthened.
and the new data of Howard and Evenson. Figure 3 is
intended to illustrate how one model39 has been 2C

~~~~~~~~~~~ 

I 
~~~~~~ T

affocted by knowledge gained in the last two or N C lAP’
three years. It is essential——and this cannot be E
stressed enough——that we remember that there are ii -

-. t i l l  major uncertainties and , l ikely,  real gaps in 0 ox °,
our knowledge. It is possible——even likely—that
some of the “revised” data shown on Table 3 and 16 -

Figure 3 will be revised once again. In addition ,

a major impact on i t s  output.  If the “Hunten ”4 5 14 -

the transport coefficient used in the model can have

e d d y — d i f f u s i o n  c o e f f i c i e n t  is used in t h i s  model , “I-‘the 20—km in ject ion of Figure 3 is calculated to
reduce ozone (as shown by the letter “H” on F igure 12 -

3 ) ,  and the product ion of ozone by 17—km N0~ in jec— ~z
lions is reduced by about a factor of 4. Never— 10 I I ithe less , one canno t  escap e the f a c t  t ha t , since the 24 -20 -18 -12 -8 -4 0 4
c o m p l e t i o n  of the  CIA? , NAS , COMESA and COVOS s tudies , OZONE cHANGE PERCENT
cow data indicate strongly that the ozone layer is

m a r ked l y less sensitive to injections of NO5 by
SSTs than was concluded by thesi- studies. At this 

Fi gure 4: Same as Figure- 1, but dashed line broadly

point , the sign of the effect (l.c. ozone decrease 
represents results of l,nter calculations before

cur increase?) is not at all clear. 
— accounting for the presence of stratosp heric

chlorine and the recentl y measured 22 fast rate for
1100 + NO (see text and Figure 4; after Oliver et
ci 115) .

u ui4~c5[s 1 I ~ T T I I r r 1 T —
______ 

Uncert ainty Pr edic tions
__________ __________ 

nrc ,,
It was mentioned earlier that an analysis of the

hr — -- — -c— u n c e r t a i n t i e s  in model p r e d i c t i o n s  of ef f e c ts on
..c,c,,~~ —- ----a--—— --——--— ozone is difficult. One approach that has proven

“ U ’ e ~U O —  - 2 0 c c -  quite useful is that of Duewer et sl23 discussed
b r i e f l y  in the soc - l i e n  on chemistry. An inherent
d if f i cul ty in any such attemp t is the extreme
complexity of the models with which we must deal .

oa’Oe ..oeo.s.— —-m-—., They may involve about 100 nonlinearl y coup led
reactions , and dozens of dii ferent reacting species.

HO No
~ 

H 
~~~~~~

. What we really seek is a method cef assi gning real—
,,u(e m HOO~ isti c probability distributions to the error in—

herent in each input parameter. But these are not
sce l ely random e rrors. They also include systematic

c~o, q n p , ~~ 
errors , not readily subject to assignment of error

- bounds . I n d u c t i v e  reasoning simp ly does not lend
500 ’ SO U

itself to straightforward error analysis.
I I ..L i L I _ I I I I J._ I 1 1 1.1 cc 4 b a 10 12 14

.eheme.,.d o,o,.,.,,,e,,e, e%e Whereas l)uewer et al used intuition and a pains-
taking trial—and—error proces,. 4n their  analysis,
Stolarski et al46 have performea a different anal—

Figaare l: Effects of changes in model assumptions ysis c c i er r or s ( in  this  case , for fl uorocarbon

(ordinate) on calculated global—ozone reduction studies , but the general results ,and methodology are

(abscissa) f o r  a NO injection of 2.46 x 1012 g*/yr applicable to NO 5 s t u d i e s ) .  They provide results  in
at indicated altitJe (after Chang39). reasonable agreement with the brief analysts of

uncertainties describe in reference 27. They
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employed a 1-0 model and assigned each reaction rate presence of ozone . This calls for truly simultaneous
an uncertainty based largely on estimates of Hampson (in space and time) measurements of the NO5 con—
and Carvin26 . The form of this assigned uncertainty stituents and ozone at various latitudes and seasons,
was tha t of a norma l (Gaussian) distribution, They as a function of a l t i t u d e  to at least 35 1cm, and
th en  performed several hundred model runs , w i t h  each p r e f e r a b l y  hi gher  in order to acqu i re da ta in a
c c i  t he  48 reac t ion  rates  b e i n g  ind ividuall y varied region of photochemical equilibrium . Availability
according to i t s  assigned p r o b a b i l i t y  d i a t r i b u t i o n, of such data , really an extension of the ongoing
and a Monte Carlo scheme employed to propagate  the measurements described b y ,  f o r  examp le , Evans et
uncertainties through the entire model calculation. al~

’8, is an absolute prerequisite to definitively
They concluded tha t a reduction of all rate measure— establishing the role of aircraft—HO5 emissions in
aent u n c e r t a i n t i e s  to !152 would result in an over— regard to s t r a tosphe r i c  ozone .
all uncertainty of ± 302 f o r  a g iven ca lcula t ion  of
ozone reduction , but that with presen t unce rtainties , As discussed in the section on transport , we see a
“th e correspondence to a Gaussian is better on the real absence of data which may be used to emulate or
hig h sid e , where a one—sigma uncertainty of a factor parameterize transport in the critical altitude
of 2 is found .~ In tuitivel y we would expect a region of 10 to 20 km or so. Discrepancies in model
somew ha t greater uncertainty on the low side (i.e. results due only to transport , such as those shown
less ozone reduction for a given d O 5 inj ection ) on Fi gure 3, may turn out to be a f undamental
sinc e , alter all , le ss—than-zero ozone reduction is limitation of our ability to predict effects of
;ace csible , but reference 46 g ives no further details , aircraft on ozone . If Figure 3 were to represent

the “f i na l ”  state of things (which we suspec t it
Thee .epproach of Stolaraki et a146 appears at first does not), the difference in the calculated effect
glance to be more rigorous than that of Duewer et on ozone due only to use of two different transport
~i 23 , b ut we question the validity of assigning parameteriza tions would be intolerable. It may mean
probab ility distributions, as they have done , to the difference between predicting adverse and
uncertainty estimates which are almost surely in insignificant effects on ozone . Presentl y ,  there is
er ror for  systema tic reasons, and no t for reasons of no rigorousl y defensible means of determining which
a lack of measurement p rec i s ion .  W i t h  the asaump — of the two parameter iza t ions  shown (of the many
t ion they have emp loyed , what does the answer really ava i lable) is “more valid.”
mean f r c c n l  a p r ac t i ca l  v iewpoint?  We believe both
methods  :o be use fu l , especially as tools for  man- Wate r—based  c o n s t i t u e n t s — t h e  }1O,~ “ f a mi ly ” ——p lay an
ag emen t of scien t i f i c  programs which  at temp t to impor tan t  role in the stratospheric ozone balance.
a u sess the stratospheric impact of var ious anthro— These constituents also directl y and indirectl y bear
poge ne ic emissions , upon the sensitivity of stratosp heric ozone amounts

to changes in stratospheric concentrations of other
While the above uncert ainty ~tud1es are useful as species , incl uding d O 5 and NO5. Finally , they in-
management tools, we believe that , given the present directl y coup le d O 5 and NOx ozone cycles. Yet we
l ack of measured data u-n atmospheric parameters do not have a reasonably good basis for assigning a
which affect ozone (including ozone itself), and the value to the amount of water vapor in the strato—
inductive nature of the fundamental problem under sphere . The recent comprehensive review of hiarries49
invest igat lceuc , neith e r stud y can be said to have demonstratea the point quite adequately. There are ,
given a true measure of uncertainty (nor do they so then , two critical needs with regard to water vapor
c laim). This ire dramatically borne out by the measurements: development of instruments capable of
a n a l y s i s  cc ! Duewer e~t al w h i c h  showed the imp o s— measur ing  wa te r  to heig h t s  of at least the s t r a t o —
~l hi l i t y  of ruling out even highly improbable pause (about 50 1~~) ,  and accompl ishment of the
combinations of nssccmed reaction rates by comparing measurements theonselvea to provide a reasonable
model  p r e d i c t i o n s  w i t h  available atmospheric meas— global stratospheric inventory of water. As a
urem ,-euts . The precision and accur ,ncy of the e x i s t —  minimum i n i t i a l  step, lower stratospheric water

u , u ~ field—measurements data , coupled with the measurements initiated by Mastenbrook5° must be
enberent (and frustrati ng) natural variability of continued and expanded to several additional sites.
meteorological parameters , render such attempts
useless except to point out grossly erroneous Not discussed elsewhere here , it is necessary to
for mulations. This capability to “bound ” the point out that the uncertainties in determination of
problem shoelId not be treate ci li ghtly, however , as aircraft exhauat— ~405 concentrations first pointed
it can occasionally prove quite useful. Au example out by McGregor et al 51 have yet to be resolved.
of an analysis of atmospheric measurements which From our extensive discussions about the validity of

proved useful in that manner is described by Ackerman their data , we can only conclude that one is neither
et ai 47 . able to di smis s it as inaccura te nor , conversely.

can one show the shortcomings of the technique (if
G~ps to be Filled there are any). Accordingly, one must acknowledge an

uncertainty in the NO5 emission rates assigned to
We are able to identif y a number of signific ant aircraft cruise operations. This uncertainty likely
areas of uncertainty which, among others , must be ranges somewhere between the order of tens of
addr essed if our understanding of the effects of per cent for “dry” engines and several times (up to a
si re -raf t—NO emissions on stratospheric ozone ia to factor of 4 or 5) for engines which employ after-
be on a sol~ d fo undation . These are outlined below, burning during cruise. Without knowing the reason
in no particular order of importance : for the discrepancy one cannot be more precise.

There Is an e ssential need for an improved atmos— As stated several times herei n , the recent work of
p h - n c da ta base , for use in testing and cal ibr a ting Howard and Evenson 22 carries major imp lications
atmospheric models. For aircraft studies , we wi th regard to our understand ing of the mainten ance
par ticularly need data on the relati onships among of the stratospheric ozone balanc e. This work must
vario us individual species of the NO5 family in the be confirmed by an indepen dent experiment. In
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addition , the work of Duewer et al23 points up the Environmental Protection Agency (with regard to
c r u - i a l  role played by a nrumber of reactions in engine emission—rate measurement -end fluorocarbon
which  the hiO5 species p a r t i c i p a t e .  These also need c h e m i s t r y ) ,  the National  Aeronaut ics  and Space
to he measured——so me have not——and/or be independ— Administration (having a majo r  research e f f o r t  in
en tly  ve r i f i ed , t h i s  f i e ld ) , Nationa l Oceanic and Atmospheric

Administration (especially through its Boulder
We do not presently have a reasonable idea of the Laboratories , the Na t iona l Wea the r Service and its
global ozone inventory, or its variability with Geophysical Fluid Dynamics Laboratory), the Na t iona l
altitud e, season and latitude. This is a critical Science Foundation (through its support of academic
void and should be rectified as soon as possible. atmospheric sciences research generally, and of the
NASA i s  in the process of a t t e m p t in g  to anal yze data  Nat ional  Center fo r  Atmospheric Research) , and the
acquired since 1970 on its NIMSUS 4 s a t e l l i t e, but  Federal Aviat ion Administration (through its High
the comp lexity of such a task (“af ter the fac t”) Altitude Pollution Program). On an international
makes the date of availability of this information level , there is considerable work in France and the
uncertain. FAA ’s HAPP is sponsoring a study of the United Kingdom, of which we are kept abreast through
feasibility of acquiring global total ozone data arrangements under the Tripartite Agreement on
from the Department of Defense Block 50 Satellite; Stratospheric Monitoring 14 , and a number of speci f i c
ozone data from this study are not assured , because bilateral agreements. The recent decision of the
ee l the exploratory nature of the effort. We turn , International Civil Aviation Organization to form a
then , to the Ozone Data for the World , published Co~~ ittee on Aircraft Emissions chartered , among
under the ausgices of the Wcrrld Meteorological many other things, to make reconennendations on
Organization 5~ . But , as the spirited discussions at stratospheric emission standards , is a good example
th e Scientific Seminar on Stratospheric Monitoring of the seriousness of purpose which the aviation
(Pa r i s, France , March , 1977) showed, there are a coaneuni ty feels in regard to these questions .
number of problems in actually trying to use this Lastly, we must poin t to the develop ing program of
data , all of which Is always labelled “preliminary.” the United Nations Environment Programme (UNEP) in
Clearly . tt c~ lack of validated , carefully analyzed the field of stratospheric ozone . It is strongly
data on the very substance at the center of all hoped that UNEP will be successful in catalyzing the
strutospher li studies is a situation which cannot be international scientific cooperation , especiall y
tolerated if the subject is to be taken seriously, with regard to atmospheric monitoring , that is so

clearly necessary for proper understanding of these
In the section on chemistry, we alluded to the matters.
complexities of the stratospher ,- ’s chemical system ,
th e number of circuitous feedback paths , and the Concluding Remarks
nonlinear nature of the system . We also later made
re (erensce to the complexities of stratospheric From the preceding d iscussion, it should be evident
transport; Scorer53 has pointed out the “layering” that a number of significant changes in our under—
tha t can take place in this regard. In our view , standing have taken place since the completion of
there is a deep—seated need for exploration of the the CIA? , NAS , COMESA and COVOS studies. (A de—
effects of these factors in models. Instead of tailed sununary of our understanding at the time of
being satisfied with accepting the results of models these studies (August , 1975) may he found in refer-
wh ich compute results based on smoothly vary ing once 54.) The existence of this new data should not
temperature and concentration profiles for all be allowed to create an atmosphere of complacency,
•pec-ies , we must determine the sensitivity of these however. Much of the information described above ,
calculations to the jagged profil es that we know especially with regard to new chemical reaction—rate
from actua l measurement to be more realistic. It data , needs independent verification before it can
could tuirn out that nonlinearities of the strata- be accepted with confidence. Further , in the
spheric system will produce surprising results from previous section we outlined some of the major gaps
such an an a ly ø i~~. which still exist in our understanding . Future data

may not be as encouraging——from the aviation com—
Finally, we note here the need to continue to use munity ’s viewpoint——as has been the case with data
and improve upon the uncertainty analyses described acquired in the recent past.
earlier. It would be helpful if an analytic tech-
niq ue could be developed which could be economically We also hasten to point out that this discussion has
employed to determine the overall sensitivity of a focused on NO5 effec ts on ozone , What about those
model output to changes in a given input parameter , of water? The natural ozone production—destruction
espec ia l l y  if all other identifiable uncertainties system bust remain balanced , and the fact that ozone
were properly considered in the process. That is, is less sensitive to NO5 increases th an previously
w h i l e  it is helpful to know the sensitivity of the believed means it aust be more sensitive to other
output to a change in one input , all others being perturbations . ClO

~ 
has taken up some of the

held f ixed , this is not the complete story. The “slack ,” and HO,~ has absorbed the rest. Thus,
nonlinearity of these models could be such as to detailed evaluation of perturbations to ozone from
make a model appear to be insensitive to variations water in aircraft exhaust needs to be considered
in one parameter , but if that parameter and another once again. (Preliminary analysis of the sensi-
are simultaneously varied , the results might be tivity of ozone change to aircraft emissions of
vas t ly different. With as many uncertainties in water , taking into account the most updated chemistry,
inpu t parameters as have already been discussed , it indicates (private communication , J. Chang , 1977)
should not be surprising that we call for develop— only a modest effect.)
aent of such an analytic capability.

Wi th the limitations we have described here in mind ,
Most of the above research needs are presently being and drawing attent ion to the comprehensive summary
addressed , in one form or another. Major active of effects prepared by Oliver St al15, we note the
programs in the United States include those of the conclusions we b.lieve may be drawn :
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1. Realistic projections to 1990 of air traffic altitude aircraft , such as those frequently referred

P growth (or the world subsonic fleet of aircraft to as a “second—generation SST,” or the even higher
indicate that ozone will not be significantly f l ying hypersonic transpor t (lIST), is also nec—
affected by those aircraft , w ith a marginal essary. Activities of the new ICAL) Co ittee on
increase in ozone now being actually predicted. Aircraft Emissions should be encouraged to proceed

in an order ly  fashion along these lines.
2. Furthermore, analysis of the effects of subsonic

aircraft e.iaatons (i.e. those below a nominal Acknowledgements: We are indebted to a number of
15— km alt itude) indicates, contrary to previous people for conversations on these matters , but
studies, that giv en our present understand ing especially thank J. Cbauug , P. Crutzen , E. Danielse n,
subsonic aircraft NO.5—amtssions cannot forsee— V. Duewer , .1. Mahlman , It. Oliver , N. Sundararannan
ably result in ozone reduction irrespective of and 0. Wuebbles for the time they have spent with
fleet size (within reasonable bounds). us. This work was suppo ted by the High Altitude

Pollution Program of the O f f i c e  of Environmental
3. Earlier estiaatesb,7,8.9 of ozone reduction Quality, Federal Av iatiour Administration , U.S.

from SST emissions of NO~ at 17 to 20 km appear Department of Transportation. The opinions cx—
to have been substantially in error. Based on pressed herein are solely those of the author , and
simp le 1—0 models, our present understanding are not intended to ref lec t  any pol ie y of the
leads to predicted ozone perturbations of an Federal Aviation Administration or the U.S. Depart—
absolu te  magni tude markedly smaller than given meat of Transportation.
previously in these studies and outside their
ranges of estimated uncertainty (if any were
given).

4 . For the first time, we can state that i t  is
quest ionable whether NO5 emissions from
“Concorde—like “ SSTs (flying at about 17 km)
reduce ozone at all. Present results , of l—D
models which consider both tropospheric and
stratospher ic chemis t r y ,  indicate that they do
not , though these new data need verification
before we can completely accept this  important
f i n d in g .

5. S imi l a r l y ,  the e f f e c t  of NO5 emissions from
a i r c r a f t  c ru i s in g  at 20 km is In doubt , though
small ozone reductions for very large fleets of
such aircraft are still predicted by some
models.

6. 2—D models (and 3—D models, if possible) mus t
be used to corrobora te the presen t results from
1-0 models regarding SST perturbations ; the
ability of l—D models to predict the direction
of ozone perturbations (i.e. ini-:rease or
decrease) is severely st ra ined when the abso-
lute magnitude of the effect is near zero, and
lat itudinal variations in average ozone effects
may be of importance in a complete assessment
of the problem.

7.  There is a c lear need fo r  more data on trace
c o nst i t u ent s  in the atmosphere (especial ly
simultaneous measurements  of NOx species , and
measurements  of HO species) , for  laboratory
measurements of crhicai chemical reaction
rates, for development and use of uncertainty
a n a l ysi s  tools , and for a better understanding
of transport in the 10-. to 20—km altitude
region.

In suemunuary , present understanding indicates that
there is no imeinent threa t of ozone reduction from
any type of existing aircraft, though substantial
uncertainties remain. Thus ther. appears to be no
i edia te requirmeent to d.velop regulat ions which
would mandate a reduction in cruise—altitude emis-
sions ,f subsonic or supersonic aircraft. There is
a c- lear necessity for continued study to reduce
remaining uncertainties, and to establish a uniform
and internationally agreed accurate NO5 emission
mea ’iur ent scham. . gu i ldtng a framework for
regula t ion ( i f  necessary) of f u tu re  types of high —
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