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ABSTRACT 
~ 13

A review is provided of recent (December 1976—June 1978)

~ev~~1op. - i e r t s  in problems associated with estimating the potential

‘~ ‘1’ectS that aircraft emissions at cruise altitudes may have on
the ec~~th ’ s protective ozone shield and/or surface climate.
aa :~~g r - • end information is provided as deemed necessary for con—

r ’X t .  The review shows that one recently measured key reaction
7 a ce  (HO 2 + NO + NO2 + HO) has had dramatic effects on the ozone

‘~ue i3 i~~r .  Computed effects on the ozone column of nitrogen ox—
N e c  (which , unless in very large quantity, now cause an increase)

and  -~ater vapor emissions (which , unless thermal feedback effects

are included , cause a decrease) from supersonic transports (at

J7-20 Nrc ) are now small and , on balance , apparently positive , at
ceast for moderate fleets (several hundred aircraft). Subsonic

a~ v cr a f t  also appear ~to cause small increases in the ozone column ,
h ow e v er , no new modeling results are available . The new HO2 + NO

r a te  h e s  affected model duplication of the natural atmosphere
adversely; another important new rate (HO2 + 0

3 
+ HO + 2 °2~ ’

n c - P  l.iet  incorporated in available results , may reduce this dif—

f i c u i t y . Second—order effects (thermal feedback) have become

in ortant , particularly in modeling water effects; the modeling

eN’ w a t e r  transport processes , however, involves many uncertain—
]~~~~~~~~ . Additional modeling studies are needed. Progress in

em i e sio r ~ c measurement uncertainties and brief comments on pos—

s iNa lL y important climatic aspects are also Included.

• i_ li



—~~ -~T ~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~
-
~~~

-

~~~~

— 

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

AC KNOWLEDGMENTS

This document was repared for the High A l t i t u d e  Po l lu t ion
Program of the Federal A v i a t i o n  A d m in i s t r a t i o n  under  con t rac t
DJT~ FA 77 WA ~ 396 5 .

The au thors  are indeb ted  to the numerous individuals cited

he rein who have contributed material , much of it in prepublica—

tict. or draft form , for use in preparing this report. In addi-

tion , special thanks are due -to those individuals who have pro-

vided valuable criticism and corrections on draft versions of

thi s paper. These include : Hr. J. D. Few of ARO , Inc . at the

Arnold Engineering Develcpment Center , Mr. H. Hidalgo of the

Institute for Defense Analyses , Dr. F. PT. Luther and his co-

workers of the Lawrence Livermore Laboratory , Dr . J. D. Mahiman
f’ the  G e o p h y s i c a l  F l u i d  Dynamics Laboratory , and Dr . R. C .

Whitten and coworkers at the Ames Research Center of the National

Aeronautics and Space Administration . Any errors or misinter—

pretations in the material presented are , however , entirely

the responsibility of the authors and in particular , of the

rci’incipal author , who prepared this report in its entirety,

with the exc-eruion if Appendix B.

E-RECLD1Nt~ PA~~ Lri.AMC.NOT T1LL’.ED
IC -- - -  - -  - — - -  

1~~
.~~~~~ ~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~ - 

.-



- - - - --—-—--. . -

~

-—- -,.-— - 
--I’

CONTENTS

A D E T R A C T  i i i

ACKNO WL E DG E E N T S-  V

SUMMARY

S.l Background and Status in Brief S-l
S.2 AIrcraft Emlssions 1— 4

S.2.l NOx Emissions Measurements S—P
S.2.2 Fleet Projections S— -I
S.2 .3 Fleet Emissions
S.2.LI NO. Emission Reduction 1—5

1.3 Ozone Mod~ 1ing Developments S—5
3 .3 .1  1—5 T r a n s p o r t — — G e n e r a l  .2— 5
S . 3 . 2  1— 5 Transpor t  of Water  Vapor
S .3 .3  Trace  Species Measurements
3 .3 .~ Chemis t ry  1— 7
1.3 .5  SST E f f e c t s  on O:one S— - s
S.3.6 Subsonic Effects on Ozone 3—9
S.3.7 Ifodel Validation 1— 9

S.~ Climatic Effects 1—10
S. 5 Recommendations

1.5.1 Ozone Model Development .3—10
S.5.2 Fleet Effects 3—10
S.5.3 Ozone Model Validation 1—10
S.5.LI Chemistry S—li
1.5.5 Transport and Feedback Effects S—il
S.5.6 NO x Emission Index Uncertainties S—il
S.5.7 Climate S—l2

1. I N T R O D U C T i ON  AND BRIEF REVIEW i—i
1.3. Fleet Projections and Altitude Distribution 1—3

of Emissions
1.2 NO~ Effects on the Ozone Column 1—3
1.3 Climatic Effects 1—5

2. 7JRCRAFT EMISSIONS 2-i

2.1 NO~ Measurement Uncertainties 2 —1
2.1.1 Introduction 2—i
2.1.2 Background Data 2-i
2.1.3 Related Investigations 2-5
2.1.~4 Significance: A Probably Upper—bound 2 — 1 P

Estimate of N0~ Emission Index of Concorde

vi i

1~~~ CED1NG PAUE ELA~ C.NOT 71U.~~
- - -±4



- -  -- ‘ ~~~“- “ - ---o-P- .- -.-- —-,- .~~--- —-—-. - .-- —..- - —- --.-- —‘-- --‘-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2 . 2  F lee t  Forec asts  of D r - c 1 e c t i ~~ .e 2 — 1 6
2 . 3  Cort r - u i - J e: Em i s s i o ns  E c t f o .u t e c  21—1 9
2.14 

~~~ 
S mi s si or ,  R e d u c t i o n  E f f o e N s  2 — 2 5 :

2.5 Some Comments

3. O Z O N E  ~4oS -lLl DPI DEV E LO SHENT 3— 1 0

3.1 I n t r o d u c t i o n  3-- I
3 . 2  Some Cor nnicr n t n on f L 9 5 : — 5 5  3— 

I
t

3 .3  Tv~an sp or t  P r oc e ss es :  1—S P c r a r ce t e r i z a t~~c- i-,
3 . 3 . 1 Bao~cI~i’ - )u n d  3 — 3
3.3.2 

~2
’ Tx-’acer.’ Studies an-i D e r i ved  3-

K~ Profi les
3 . 3 . 3  The NA S A— ~~rces -ioc ~e1 K 5 P r o f i l e  3 — o
3 .3. 4 Latloude—Troponause c i j u st m e nt s  3 — 9
3 . 3 . 5  Some R e l e v a n t  A s u e c t s  of ’ a 3— 11 3 — i ~

en Stu-n y
3 . 3 . 6  S te - d i e :  U s i r ~ . Z r— .i 15 D a t a  3 — i l
1.3 . 7  The W o t e r ’  P rob lem 3— I ’-

3. 4 Some lo p -a r t - a nt  H e a su r e r s r rn t s  uS l race  S p ec i es  3— 21
3 .5  Chemi s t . r t’ Ch O r e -eS an d  Mode I l r . g  F -~su1t s ~— 2 33 .5 . 1  I r . cr o -euct i on  3-23

.~~. 5.2 Chemistry Ch a r d e s  an±a u r .c e r t aint  Ics
3 . 5 . 3  O t h er  l P o d e i :r r . . . hu n r ; e s  3 — 3
3 . 5 . 1 4  E f f e c t s  of Rece n t  C h e m l s c . j  Ch an ges  3 — 3 2

on E c O e l  .-\ t re caichen’en
3 .5 . 5  Recent  C~~i~~u i c t l O f l s  of A~~r c raC t

E f f e c ts ( l — D )
3 . 5 . 1 -  2—5 Do d d R e s u l t s  3 — 5 7

3 . 6  V a l i d a t i o n  A t t e n : o t s  3— 5 7

‘4 . CL IMATIC EFFINPTC - — 1
-4 .1 i n t r o d u ct i on  I _ I

~ .2  The VarIous  ( and C h a r - i n o ) “ld :reat s ’ cc  Inane
er el C l im at e

1 4 3  Clima te ar~i C l I m a t e  t 4 o d e l i n a— — S o n t c  D e ve lo t c.entc - 4 — 1
~f Tht eras ’

1. .3 . i  1-cope P — ’I
. 3 . 2  T r ’edictab i1 i~ y c- f C11• f e -  O h o r ~ e ~. — P
.3 .  3 l t t r at o s ph e r i e  A e r o s o l  E f f e c t - s L_ 8

~~~~ A S ov i et  V i - ’; ‘4 — i C

5. R E F E E R E C E S

A F F - F N D I ’ l  A — Ar . A l t e r n a t i v e  Lock tit the  Gener a l  E l e c t  n’i A — P
E m i s s ion :  D a t a  (Nyc- n et ai .  , 157 : Lyon .,
1975 )

A P P E N D I K  t h r ~ Use ~f Nr ’ — 0 5  Data  n’rom Chin~n c 0 P —i
A ta r i  spheric Th e r m o nu c l e ar  E xp l o s i o n s  P u
St udy St r a t o s p h e ric  T r c a r c r c n ’ t  in  a Onc e—
l i c o: i c r: - i  P a n ’n m e t e r l :  d o n

T

A -~~~~ - - 
I 

-
~~~ 

-- - —
~ 

- - —  - .—
~~~~~~~~~~~

- ---
~~~~~~

-
~~~ ~~~~~~-



—.-i-. -
~
--—-- .]- ------—-- 

~~ — —.------ --- — -.- .—.---- ----—- -—— -— —- —

..... .r

TABLES

— 1 . Aver n;e ~~~ Cor . o -e- n t r - a t i en  in .  t ue  .~~X r : ~~ ua St
ot ’ a i {J 93— c ;IE- 3 hrc ; ’ine :I ::m-ar ’isoe. 0 ” Va1~~es

:~~ ~~t I r an so~ ~.on r
::~c :c- : ree  b~’ l am: l i t ; :

J 93 dD ~ H r r . i s s i o r .  I n d i c e s

1 — 3 .  C e e c u a r t  son of O r Y c  al and Probe  Hans o-an~ re c- s
or NC t e i n : a - —~~ $ Con e - a st o r

I — - . 1.- c c - o r i s o n  o ” E ~~i -~~-l nc :~ :- E’r:.;:;re.e ‘oitn t h e  2 — 1 0
ca ;i’oas c’~ he.~

,- : — ~~~~ . d~~ u: cs:~~orc inc ~- -a  D a c a  1’:::.; a c e s a r . :
— r ~~ Ic.ccc - a *  son ~1’ Carcc - c r’ -ie (~~: ‘ ; - r : - - )  once  .T :’3 1 :: R e c ;n t s  . — i r _

U n i t - e N  . c a ’ : ’o:; Y e a r -  2 100 :3cc ~~~nc ~s

~~5 .  El~~-~~
- C c c o a r I  cans

1 — ) .  - . r 4 ’c: re Eou t 7 e t , -;c-rt r .l nc:c;’cr ’ 21—IC

~— I 0 .  Er~i c - s t c : n 1 i r : l i e ~~.: fe-: 2 :-ricer (cc ~~3 9 / t : , ~‘ -e 1 l i — l i

C -c’ r c ’c i ’o e  E n c i s s i o r  n J i -p o s  ( CPu - c r ‘ N a n  D C .  1-0. 1 2 — e N

- — I c .  d c c i  F i ;c ;  I c r  a E l t e — -  . : . o r - d e F leet  —23

2— 1° . DI ? Fmis:He:~: ~cz D C 2 .-’D O V )  f o r  a Hi: ;e— - ’ nc-: n Ic
, Ann-c a A - ~e:’a~~e T e m n e r ’c r  n -e s

_~-- i .  ‘ cc:r -~r s c r  of F c s - u ] t c ;  ~
- ‘ : : :— - e N f~E r r ;t  Ee l -d o f o r  3— 13

I c — c r c  cr: . c - c c - I
c o t . :  a • ~ 3 — 3 5

A l  ‘‘n’: i’ t ac - u ~~~~~ C h o c - ; r c c e : i : t i c  3 — 3 ’
‘ — -  - O- : c ro -  Chctnccc-: ‘a 1cu 1at~~ci 1cr 1-3 0 Ai r c c o l t . 3_ 3 $

col t n c  3: f r i - -n.e ‘IS P n c : s c d -n I n d i c e s
- — 3,. 1- .~r . t ~~’ ’- ’ l’ e] i es  on ’ .n — : -ne Per ’ ’:r n a t i - r : s  3 — 4 3

In :o .;I:

.:r~~
- o c e h e r ’ . - O c t  .~ Co l e :: C h u t e--n , P- - a- c a nt  s _ I s

- — 7 .  O :co re  - - 1’ : :cr  Th;-.: n .: 2 ’h- - -.-:N ~1 -, E~’fec t :  ct ’  the H- war 3_ to
an- i  ~1n-nc: an ( 157 c -  d e i c t  ‘ -an F a t e  N e a s ;r c ” .ont

ix

C: ~~l;

_ _ _ _ _ _ _ _ _ _  -



— — 
—-- -.w. —‘--- —------- 

~
--—---- —‘-- - .—‘ ‘I—” .-- 

~~~~~~ 
—

3—8. Effects of Combined NO - H20 In jec t ions  on 3~~5F.
the Ozone Column Chang~ l976 K~ Profile

14—i. A Comparison of Anthropogenic Emissions as
Threats to Ozone and Climate

A—i . Apparent NOx EmissIon Indices vs . Downstream A — - I
Positions J85—5, Military Power , Freiiroinar- y
Test Results

A—2. Summary of Emissions Data From F’inai J85-5 T est s  A — 9
A— 3. Summary of Emissions Data From Final J79-15 Tests A-b

B— i. x0 and U(x0) From Eq. (B.9) as Functions of B—l I
Time (From Model I)

B—2. Stratospheric Burden BT (t) For the Two—Step Model B—bI-
As a Function of Time , For Various V a lu e s  of
d = K t t h /Kt h

B—3. Time Correction to as a Function of K 3-3.7

B—4. Experimental Parameters for Various Tests 3—22
Used in the Data Analysis

B—5. Effective K—Values Computed From Experimental 3-25
Da ta

B—6. Comparison of Results From Different :Podels 3— I S
for 18—km Injection

x

~

- -
.
. - —-- - -—.-- - - - —- - - --- —-- - -



rIpw_. - - - --- - - ---- -‘---‘
_ —-- ~~~~~~~~- - ~~~~~~~

--- --- --‘------ ---- -

FIGURES

2—1. NO concentration as a function of the fuel—to—air 2— 6
ratio for turbine engine combustor exhaust obtained
by various means .

2—2. Sampling portions of the baseline , quick—quench 2—9
and dilution probes .

2—3. NO concentrations and static temperature pro— 2—12
files .

2— 14 . NO
~ 

emission outlooks according to Diehl et al., 2—27
197 7.

2 5 .  NOx and CO emission indices under lean condi— 2—29
t ions .

2—6 . Theore t ica l  and exper imenta l  pressure e f f e c t s  2— 30
Ifl NOx formation at various equivalence
ratios as a function of pressure .

2-7. NOx emission index at various equivalence ratios 2—31
and inlet temperatures , showing stable flame ,
blowout , and operating margins.

2—8. Auto ignition regions and droplet evaporating 2-32
time s as a function of combustor exit pressure
and droplet diameter.

2—9 . The jet—induced combustor (JIC) and vortex air 2—33
blast (VAB ) combustor concepts.

2—10. CO emissions with a vortex air blast (VAB) corn— 2—35
bustor simulated idle pressure with various
inlet temperatures , illustrating rapid rise in
CO at low inlet temperatures.

3—i. Some eddy diffusivity profiles of interest 3—7

3—2. Tracer’ etuer y results. 3—10

3 — 3 .  Wa ter vapor mixing ratios. 3—18

3— 14 . Globally aver-c c-ed one—dimensional K~ profile 3—20
based -ri water , ozone and N02 fluxes and grad—
i e r t c - ;  cerived from 3—D results.

3-5.  W i d h o p l  rn-: de l r e s u l t s  showing how use of the 3—33
H : w c r ’d - E v e n s o n  reac t ion  ra te  d is tor ts  the model
ozone proft be relative to the measured atmosphere
v al-e e-s .

xi

.~.1 ~~~
_ 7 . _ -



~~~~~~~~ 1~ ~-- -

~~~~ r 
- - —  - -

2 _ I. NASA—Am es 1—I model result - r;- c -ctr ~d ho~’~ to c -h - -c r :  :—33’
e f f e c t:  of varying Dcx Injec’cic- r 1”1tes a: con-
s tant  ~2 0 i n j e ct i c n  r o t e c .

3 — 7 .  I t -r a r a t e  e f f e c t:  of wa te r  e e c  U - d y n,’ ect ienr at - — eN
20 ~cm cc v a r i o u s  rate :: or: tre e c ::cr . -; c o l u s t ’  a b o v e
10 km as c a l c u l a t e d  at N A I P — a m e s  ( P - c r ~ Of ot al .
19 7 $ )  for  t h~~eo K ~ c - c - f i l e : .

3 — 8 .  E f f e c t s  o - ’ DC~ ar: d DO x an d  320 i f lj € - C t i o r 3 at :- -
~v ar I ou s  a l t i t u d e s  on t he  sc e ne c o l u m n  cl ove

10 km as cal cu la t e -i  by NASA— one- c ( F o r - t ’ e f f  et
a l . ,  197 8) .

3 — 9 .  Change s in ca l cu l a t ed  ozon e - c c r - l e t : r n s  c-vet ’  the
197 4 — 1 376 period Hue to  v-c r~ our  cuang e :  in
model ing  p a r a m e t e r s .

3 — 10 .  Ozone column chant -c :  f or  eN and 20 km D x ~ i c c
t i -m s  c a lc u l a t e d  at L a w r e n c e  e L i v e r - c- - nn L abor - a n-crc- ,
us ing  the i r  l— D model , fo r two edey H i f f u s i v i t y
pr o f i l e s  (Ch ang , 1976 and H u n  oa r , 19714) with
1976 and 1977 c h e m i s t ry  sets .

3—11. Pe r c e n t age  changes  in ozone c -c . olticuje fcc - - —5 3
t h r e e  i n j e c t ion  r a t e s  of 50

X 
a t -  20 k m .

3 — 1 2 .  Lawrence  Livermore  L a b o r a t o r y  m o d e l i n g  r e su l t s  3—55
showing water effects on the  ozone  co lumn with
and w i t h o u t  c o n s i Q er e - t i o r t  ci  therrrcal  feedt - - iN
e f f e c t s .

A — i .  E m i s s i o n s  c o n c e n tr a t i o n s  vs .  CO2 for  J 8 5— 5  A — P
e n g i n e , 30 feet aft of e x h a u s t  n o z z l e , m i l i t a ry
power .

A— I . 3r~i ss ions  c o n c e n t r a t i o n:  vs. 002 for  j 8~-— 5
enpine , 30 fee t aft of exhaust nozzle , at max .
A/P  r o w e r .

A — 3 .  Em i s s i o n s  cuncer:trctions vs. C C I  for 17 ~~I5 5 7
enp— in e , (-0 feet a f t  of exhaust nozzle , at
milit-er’y rower levels.

A — 14 . E m i s s i o ns c o n c e n t r a t i o n s  v: . C02 f o r  179— 1 5 A — S
engine , 60 f ee t  a f t  of  e x h a u st nc-c - s Ic , -O t: rn-ox.
A /B p o w e r .

A — 5 .  App arent  N O x en : : i ss lo n ir ~dc x a s  a fur:otionc of  A— eN
dilut ion , J T h _ 3 m i l i t a r y  Don or .

A — C- . A r r : ~~c -en t  N-D ~ cmi::  I o n  n oc- x as a function c- f A— eN
di lu t i o n , J 79—15 m i l i t a ry pow er ’ .

A— 7 . P~nrarent Dl x em l a n i o n  in dex  as a f un c t i o n  of A —1 5
d i l u t i o n  J I 3 ,_ 5 ,  max imum a f t e r b u r n i n g .

A — -c . A p p a r e n t  DO x e m i s s i on  i n d e x  as a f u n c t i o n  of
::ilu t i - c n c , 1 T 9 — 1 5 ,  m a x i m u m  a f t - e r b u r n i n y .

x i i



-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -- — -

-~~~~~~~~~~~~~~~~~~~ _ _ - 
-
~1

F— i . Utrcecop h c-ric Z r — 9 5  burden  ( d e c a y — c o r r e c t e d )  3—6
following, the Chinese nuclear tests.

E—2. Observed vertical Zr—9 5 activity distributicn 3—7
fo r f ive  hi gh y ie ld  Chi nese nuclear  t e s t s .

1—3. Effective injection height for aerosols as a 3-— i S
f u n c t i o n  of t ime , ~ ( t ) .

3—4 . Decay of stratospheric tracer burden as a fume— 3—21
t ion of t ime .

3—5. Time for stratospheric tracer burden  to  d e c r ea r e  3—1 3
to 60 pe rcent  of i ts  peak value , t 0 6 ,  computed
with and without sedimentation , shown as a
f unc t ion  of eddy d i f f u s i v i t y  K.

3—6. The present results for an 11 km tropopause B—29
compared with some other , currently used , eddy
diffusivity profiles.

x ii i

~~~~



~ ----

SUMMARY

‘Ibi s tepoi’~ sncscsr’izes recent (December 197 _June i~~c-C~~)

- r e ’e - c l c r m e r l t s  In the  e s t i m a t i o n  of p o t en t i a l  e f f e c t :  c-f a i rcr a f ’
m i s s -on : a: cruIse altitude a-n tree n c r  cecti ye c-z cne l a y e r -  ic- .

0;: su r f a c e  c l lm: t e .  Hnrkgi’ound Information is r - r ov i cec l  as 
-
~ nece ss ary f r  c o n t e x t .  The - U L j ~ tn: cevere c ir.::L ’eNe

s~~e e e N : - m e r , t . s is, ali ’crcf t emi:sians , oz ir e mod eling (atm-: cr c - c - I c
d t n u .  , ic: ccc: chemi str”, ) , an-il b r i e f l y ,  c l iont e

S .1 BACKGROUND AND STATUS IN BRIEF

The sctjec~: d i s c u s s e d  h e re i n  have been u n d e r  cent I r . u I r c~
s tu d s  s ince  abant  1970 when the odvisat:ilitv of contInuInc~
-ievelc r:-:nt on the  L’n i t e d  St ates suc— erson ic  t ro  ,:nc-rt (SoT )  was

~eIn~ in t en s iv e ly  d e b a t e d .  The or i g i n a l  en v i r o n m e n t a l  a :’gume:t
rei : ted  t o exhaus t  w at e r  vapor r e d u c t i o n  of t h e  s t r a t o s p her i c
o:’erie lay-c c’; in  1971 a touch larger  e f f e c t  on oz on e  c-as p r e d l —
ca tc H due t~ the  n i t r o g e n  ox ides  (N 0~~) in t h e  e x h a u s t .  -Ol lma t l c
e f f ec t s  due t -o w a t e r  va r i e r  and s u l f u r  d ioxide  ( f r o m  s u l f u r  In
the  f u e l )  were 0150 forecast. Althc’n;h the  u.s. so: was can—
relIed , the i ssues  r e m a i n e d ;  a lso , o the r lISTs were In develop-

ment. . Accordingly , to rur’:cue the  ques t ions r a I sed , a large ,
s e v e r a l — y e a r , :.ultimeN l i o n — d c- l i a r  s t u dy ,  the  Cli m a t i c  impac t
As ses smen t C r’o 0’r ’:-ec (CIA?) of t h e  Dep a r tmen t  of Transport or ion ,
was u n d e r t ak e n  in late 197 1. Fesuit s  of t h i s  s tudy  ( Gr o b e c k e r
et ci . ,  19 7 6 ) ,  as we l l  as of a concu r r en t  N a t i o n a l  Acad ~-roy 01

The principal cat-a If d a t e  for this work is Jut e 1 , 197 1
Wriere I”c:nit-le - : nd  c r i t  cal however , ce r t a i n  i n f o r m a t  ion
r e p or - t e -i at- he W - - r ~ L -:c Met -eo r o l -ogi  cal Organic-at ion (WeN )
r:cet irg (Te :’on lc: , J rne eN— ~O , 19 I b )  ha : been Inc  lu~~e-d .

C,

-
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Sci-mc :c-s o l u d y  (DAl i , l 975~~, w-i iw- r’~1iea:e-d irt 197- -r— 7 5 ,

conf irmira c: m -rly ;cre-o~ coior s (b u t  r - 0 ~ - : - i - l - ~ln  c r c  xc::. - - 
-

:t i’arosph-cric Ozone :::;-leti -c an- to - O~,, xi xc - e . ~
‘ -

-::c ccncm -r Pi-;oouo , ace also ri d at in c x  -, c - ’- t ~€i c -h an , cc  ~
c o o l i n g )  ice to  -u l : ’e. ‘ -i~ - x :hcc :wu c - a c e r  e n i s s ’ 0 t03 ; -- ci

—~dve: s-c cf :  o r :  a-c rc- ~eta~ le i  at. i~- tn-’tP . Faith - - ” -

ch ~ n u r - 1,e t ~ i c u , ’t i i :  la: - ‘11:- i- c l i n c H  -tur ing  ; 117 , -: - -.

, :icn cl t h e  :t ra rca i ~ h e r l o  oc:one d en e N -t i c a  rcr-c ~ en  t .  c.

subs :Sc  t i r : r ’ ’ d t w -,S -o ld - c -u .  N an~’ u u a n : w ’ i - em o oc:c:~~: .. ,~- r

In l I 7~~, to  lri: -ler ::cnc ’ and e:-: t~~r.i ‘he : i - ~- i i r . o. - ” ’ . .

h1~ : A lt tale Pollution Pr--c m-am of the F ed e ra l ,  A-c t -a.’ i ’  ‘ - - —

c r-a r- h r. was e2 ;n - o 1 i a r e : . Ac . c b c i t  the- s.c -ri-- - f:- :’ . ‘ - —

rcc- -- c u3n l c ed  t r: - - cc. t - he c::~n-e Icycc r’ from Hal - .. n-- n-’ ~s car
i n ter , c ’-i’;-: I n s  ntiga: ion P y  och e r  cc -c - u n-c Da.:~ cog, in-- -t

:he:e ‘,‘‘ - -,rs e :fo rn - : , cci-: cher . ’ ceN nec- c ’ ior  :‘n-~~ ~ - - n s ~
riot s ~x n-:ent ha ~~

- t eec n - i c c  ta~~~ c at. i new C1O r, it. ry no: t ~~~‘ -

An :iu-c-c d , al l  0:’ whi-h: ha-c e cn-:se-: drc rr . u r ; l c  c - c c - i c  I c .  

r - ta  ci ~ L 1 C  n-c or ’ air:; an- eml ssi-:ac a- s. the ozone lc:,e-- .

c c :ho-c~. In- cc-c-icc ; al t h e s e  vcu’i- c -cs-- dcv ’ los- . -r , t - s i- i c ,  ,c - -

s cc ’ leser. .Ler 1976 ari d -Iir: -ti’il 0:1:: ::, 1577 ((~1Ie’en

1 5 - 7 ) .  The - 177 i c - - v i -  -: oh ,-oc- -c ccc.: ute c n-u 7lOriI -~ al ri “2 n-

or ozone -tat cc-n:’ ire UI inc ot ) 00 L- V -~ : : c c l l r e e . r c . n - ’  -
x

(ait:. -~~1:h n-- en-a l n : i~~s i r . -n--~~a se d) , ac- i  t h a t :  D~I t o  , ,
~ -

c o ld ron-n-t eN a t .  in-c r c - c e it: t h e  u z c n - o  ‘o ,I c r : , ra ’~~~ ’ 
c r o o n - - n - -  xvi ; -i’ie-i 1: I ’ioF .

Churn-s s in c e  hec - -:c t --- c 197 1 hav~ c - r . ’ i : - c u H ~~~~~~
- -

eN. ioF tr’ ~ r :-cr: ; eN Ut: t ’ t  f ect . s c-n ozone , b~ct Li - :--  i t ’: ’ c c c  ‘cx -

n - 2 :- - O l  “feN~~1t i~-o . in ha’~ modal in -~ :e:-iC~~s r~- r’ - - r ’ ci

f r - a :  moci ’-r l:- whi ch -H- - no 7 -: - -3m’ --:u~ ’ceI ,’ mat ch h-~ ‘3c c ‘a ll ’  - ‘ c i ”  —

spht t’~~. L’cch ing of h’~ not :r’a l a~ ”- ”- c -r - P- c-r ’ i s r ’ -~ l e ’ -~ ‘ — -

S i - c r i e l t )  be a necc- - :-iry (but o n-air-i:,’ r:o l , c s : f f L 1 e

0- i. ‘ 0 cc-c -ill ly r .- re i i ct  elf-c c s’- of ~- 2 - : t . r c : - r .  a alit:- .

‘;- , t -y  L — o : r  c h e t o i s ’ ~ cho— : -’ec , wh~ ‘H ha:-- c - i ’ ~ n- I .
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:‘ . .n-al a . rc - c  I. rax- a~ o h is px - c i ~ icr’ . Ava 1 cal I.e n ’. del  tog rn-alt... a -

0-ha: sumac-’ 0- r n - a i s f a o t , ci ’v ; nec-err : eleri s , s. deli to , ’ e f fc e r c - i 4

‘a ‘ .- Cc ,n s ’ ’ ~ .. t s  t ’ - f -  ,ted urn-n- ‘ it caii/ ç or ocr -cain observat I or.:

-~~~~ f - i l - c - c :  Cc ; ’i - n-c l  ~~~ r ’ . S b e n- w aco :’,: ’ ’ - L ’. ,.- - .f . F 1u1

“‘ tn-  r , . 7 ’ ’ ) , : , n - r o --crs  f/let I r e - Al  e ’-:r-n-~~-~~ o - ~ e c - c .’n- - a -
- ,  x -

l- .~ , o s  n- r- c o f I  oS lO a t  1 7 —f r i  2r- (~c,r :~ - n c ’ -. r’ :~~~“-; c - i . - )

c .  ~ ! ‘ i n-~i- 0 i ’ .! ‘5 05  z — ~~~ A ’ - , ‘s I l l  ‘c n t c - ’sf r a l - e  tcc cZ ’ . “ ‘ ‘r esr ’ c ~h,

n-a 02 n--.’ o~ - r ~r’e ;  cas to r  s o p o r  c ’- . ic’ sb ’:;’, ov. ~A e o t; c e r  n-p.O, cc

so c . “: SOle , ( t ’ l l l )  n- n-c ‘vi .i ,c.n ’L : o e  oz o n e  Ui; l.e. 8 ,c ’, etc s ,
- r - c C~~~~ . .’ , c  :- t s : l ts  : c a r - e , r -; ’- I f r t - n - .  : - o u - .cc ;  e:’; ’~ c : S  a ” c c ~: . ’n -, . .

os  a~ ’ ’ - ‘
~~ oc I eN o:cn o ‘ eNs ‘ , 0: ’ n-rI: in- lI ri’c z t e r ’  :- . I

5 1.:..- ’ , :.‘ it~~ c r , r r e c t  -~~ ~“. ‘
~‘ ‘beta I’:L’eo:, Is a:c-,z:’ce’ ’:

. ‘l ; ’i t l. ll p 0:-cr-n-c Tc’ h o d  ‘l a n - - c :  a; ’ ~z- b r c r c ;  ‘ -in ,“o;n-

: , rrti t a ~.ive e:;tim ,tc- s for tire ch’f - - c t s  of r r -m ~’ cc ci facets

o- omb. in ing  r ev i sed  f o r - c u a st s  co lt : .  c m ’ .’i:- ’ i  c h em i s t  c-c - , a c e  t o -  ‘.

o c a i l - .C le .  .I~: scorn s c i l c e  rn- r .ohl: , h- we ’:-:- , t b - t  lien ef f e”n -
cc-cl’ the next 20 ce- c.’: or rca l”cnc ,cu: san -c :  cill be ~r- -I-c:- t a r

t : ’ ;n : eac- c-s: ’ - -.r : i :s .  al:: s . c c  a l r ’ c r - c t ’ - t ’c. d to r.:reas’c ‘he- c c - one
col or:: c v ‘ 

:. - : - c a s o c -  t eN oson-  corn--n-trot ion i.r, tree up: ‘ :- t r ot - . -—
lcncel:rablv , this otercol icor~-ar-r ’ ::a:: 1 - -c cr o e a car--

ten I c c n c e r r .

As d . s - : r s s e c t  i n  o- .ir yr - c - c - i c --os ret -or ’  ~O Y v e r et a l . ,  1. 5 7 0 ) ,
clima tI c -e ”Lc t-s of b - .Seh sob:- .-cic c and setters n-cs are i , c a t f - a l .

b - s t :u-.y icvc-1’;e r-:a:mirn- ; water y ap Is p r -n --a c  y the es ttt - ’d

tng : - ’ ’u i  cat eN g’- - -atest c l ima tic Im p o r t  ar:c e 2 r e i t h e r  ‘
~

c-
~ 

a : ’

air- n -n -st. D .c- -c sc ar y i s  neeied or: e f f e c ts  of a l t er ed  “cr” cot : .

crc fia l-  of ’ -en-ac iv e  y s i - ’r i f i c - o r . t  spec ies  s u c h  as o s - a c e  ac. i
;~at u:- van -c . - .

- ‘ c i i  t r ie  n - s t  , sn-nv  u n c e i ’t a in t a l . s c - c occ i . , .  h c - - cer: t .r . -v c~ —

iron ’ s ar - f r  - r e s c r i n - - l i r ,  c t o -  :‘ o l ln -i ng c e o 7  i -cn : , i t c h  era — car ’ ’ s on
:o h. era.- -di sh or ’ ’ -  felt t a  c- of ,cur-r- ’-- r.’ in: r’es~

- ‘



S.2 AIRCRAFT E M ISS IO N S

S. 2.1 NO
~ 

Emiss ions Measure m ents

l..arcc’ urtc er taic t len—— la-c :- :- : of 2 t o  £ — — s ’: ill  E X i S t  In air—

cr -al :  Dc ., e ro i s s i  - . to n -I  i r ’. c~ Ic: , b~~:t~ s~ sp e c t r’oscoplc  t e c h n i c c u e s
h a v e  y in - am -.: f~. :- hi -n- - p ‘:cii:o,t for ’  Di-  t han  n -ave s t an d a r d  a-rob e-
as (‘cn1qcrec  . ic- . :-:-c.-d radu cl r . 4.~~- se- unc~cr’caintio: is
O en-i t- ’ made . I- -u t ii have b e e r .  ac-ou :: . ,,...ated i-:hi .ch ci: cc- tht;t -..nder

s_ -rice c .-~.ditic.:s , 10 In & dc ’ scar :‘ c- eam can b-c d e s t r o y e d  onx ~~
- -

~ o:: r l i ca l ,  :;rcJ tt :a t  r, eoac u x ’ed U-I c c - n t - - t o t s  vat ’:’ wil l :  p -r o b e  ‘ietih ls.
::a ~crceN.- -ac c :g.n , h- :-- .oc’-.- --r’ , ha ; : y a l c l d e d  DO r ’e s -.: it s  In hot  gas
J’ . i E ’ O I i S  as t ic ’:, Oi  t t . -~~ f ’cn-,J usi rctc u lt c ’av ic  let  o : c -cc t r c c sc crc  Ic

ec l rn i  a-o s a ’: t~hc- A r - n ~:-ld Er~gal- :cer ia  Ue ’,’elr .- r r ’ -. c r c t  Ceo t or

iet .C Sc -o c r r u s c o~- i c - - -acn .I q ’ a-:- o’ cit-c liffic.J t an—i are coc’re-nt ly

ri c ing  i::~’o.3t :1c.’e-a in dot -c - I l. Th ri-c l nesc~l .ccI c’r: of’ the dlx’f- - :-irc t

r eseNt . :  c-b t a ine ’ :  b y  p r o b e  ~~ 
- c t - e a t :  :-scop ic t - e c hn l au e s  ma:,’ w a l l

sh o w  t hat  L c r -h  c och n i q u e:  ha ’~’e been  In rc ign i f i c a r 1t  e r ro r  ‘a r c lea
sot - cm - -n-c’;-. am:tar ..:rc-: , A I o t t - c c’ c i r e : - r c c I ’,cc i ln ~r of crc-: er ’  m e a s u r e —
:crcr,t tecdrr l. rue s-  sb- - aid ‘- e-s-.ci’-

S . 2 . 2 Fleet Projections

c, r O C E : - l , t 17 t u b al n-ed (Oc t  c u a r ’y  1977 )  FAA cc-c-o r i en t , .-~r ’b a c i : n
t o  talc Yeeti ’ 10 0 0 , w h i c h  is  1 l:c .l t e - .i. “ -oi:: , -- s I  ex c l - o s iv e ly

t O  Ice n-to-i I t a te s , “ shows m i n i mal ex :- - . - c t a t i c c r ,  of I rDI t r a f f i c
0:’ f i v e  seen-cc’ I :s- sn-cs i dered , oni~’ one , “lIar . an:ive

-al’-c;wth ,” i,.clodn- : ares SST t r a f f i c ;  t h i s  imp licitly unlikely

rcoe .:ar-ia Ir~cic ics s-c-ne 230 f-ITs by teN: y i n  2000 , cr11:: :cbc~it
100 hi’ 1590. An a i r c ra f t  m a c o f a c cu r ’ - r ’ s pr- : .’e cY cn  (~-icP-or ~n e I i —

,c u - a l a : ,) i : , c ] .u .ic.c 1l~ lOTs by 1190 . Cc c l i  c r - - i  growth In ode

:-~btc :ar ric t’l . eec  is g e r e r - a l . :y  exn e  c r c - i .

S.2. 3 Fleet Emissio ns

A to cr1 1 - i  global ec- .i s ei~~r~.r es~ I r at e  p r - o- ’.-’id--c -,i ic - p B i tt  sh
Al r - a’ - i’t. Corr--c.’ ;tion Is .itccc l~~d~ d :-cr a srr:ci J’-n-: c ox ’do fl--v t

(r; al, . ~: r’c s-c It ) . Ozone change calcru lat ’I -cr ’s Icr this lie -el US

— 2 $

-LO ~~~~~~~~~~~~~~~~~~~ - -~~~~
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c ,a-rert CtiCri iotr’l— have nut beer : attenotao , b a t w~ ule he cc.-.—

c - c e - t i n g ly  smal l.

S .2 .4 NO Emission R eduction

Some rcgress  in a c h i e v i n g  l -c .wer UI ., em i s s ion  i n d ic e s  in
aLiv : ;c c e- S corobu s cor ’s  has been r e p or t e d , but the p rob lems  in
a c i D .  n-’i. r :g scrbs t ar c t ia l  r e d a c t i o n s  is. p r ac t i c a l  nyst ecic s  are cv i —
i-n-n- . A signidci-cant -cc rct-ect is tbat technolo .:; i cal advances
leach na t o  Improved per-I c:’rcc.ance (lore-c c’ sped fic fuel consumption )

au- c c- n-- to be in c o n f l i c t .  c-i t’d those ieadjr:r’ to lOWEt- emission :;

if cur ; ’,r e I :t ion a l  or m o d e s t l y  m o d i f i e d  -‘-arthur too - t e c h n ol or y  Is
,r :od , i . e. , w it h o u t  cmi ssic-n: r educ l  1cm t e c h -n i c u e s , a su b s t a n —
t i n-l I ncr-case tin DI-~ em ission index t-nlrh ci tie o c c u i c  be e x p e c t e d .

S.3 OZONE MODELING DEVELOPMENTS

S .3 .1 1-0 Transport --General

020 c o n c e n t r a t i o n  vs .  a l t  .i.t ude n~e a s u r - er o a r t :  at- va r ious
seasons  and l a t i t ud e s  by fcnrcr m - l t e k o p f  et aJ, . (19°7)  have  r e su l t ed
in. n ew e s t i m a t e s  of average v er t i c a l  t -r ans ro rt .  as used ir : l— D
::io- i~~ls . Results show ac-er-ago v e r t i c a l  t r a n sp o r t  it: the midd le
s t rat o ’o nh e r e  ( 1 7 — 2 7  km )  to  be ap p r o x i m a t e l y  t w i c e  as ra p i d a:

i -:.-n i v e d  e a r li e r  b-p soc-ce ncdelers f r - c -rn CH~ m e a s u r e m e n t s .  The
p :wec ’r ’ul effect of ir c c i . a d i r . c cone tropical r-r-ct’ile is evident.
The 

~2 ° data , however , p r ov i d e  no inf ’oc -r ’ cat ion  for -  the  reg ion
r1-n-r tb-c tropopause ci-’ t’ c r z  1 te- -sorrn -uta e tar : of al rcrref’~ e f f e c t s .
This r e in -  ~-r, i n v o l v e s  w i d e l y  d i f f er i ng  e s t I m a t e s  by v a r i o u s
cc-icier :. P. 1— 0 - an a ly s i s , ( A p r e n d i x  B) , of the  t r a n s por t  of

r— 1.-~ f r - - e m a source  at ~O° D across  the  tro- r ;-opause  i n d i c a t e s
o c r : t o s p h e r e_ t . o_ t : ’o p o -oun- .ne t r an s p o rt  r a t e s  t o  vary  seasona l ly

of , c, ‘ide  a vc ’r ’cn -o-, to be more  r ap id  tc . ’l Icic le l i e d  by some I-I
s - e l i  l es ( e .g . ,  l i un c en , 19’15; l’u :-co a r c - I  Ito :; , i-’171) and

:I~:.c h t l p  .:., -c.ocr’ t~:~c cn  in  o t h e r s  ( e . g .  , Cnarc /l97~ ) ; r t  cs  reco~-’ —
n i  a- :- i , n _ - c - e v e r , t h a t  t }; ’~ a n a l y s i s  i s  pre  .i i o in a r y  i t :  V IOW Of
cer’ t -~.L r.  s in -p - l I I I  cci tt ons I a: r - c i u - c e d .  A b r I e ” -c x c-c l oat inn  of

5— 5
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.
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a v a i l a b l e  3— D m ode l ing  r e su l t s  from P CAA _ GFDL *  i n d i c a t e s
(qualitatively , because the computations are not fully reduced)

su i . r,o r t  f o r  1,— B mode ls  ( s u c h  as C n t a n g / 1 9 7 6)  which sin-c- rather

gradu a l  t r a ns i t i o n  across  the “globally—evera gecD’ ‘e r - o n c : au s e~;
teN 3—0 modeling work also has shown earlier that feedback

(troposphere—to—stratosphere ) of excess C— 1 4 is sigrclfl:ar .t

a f t e r  c-ne year  or so , sugg e s t i ng  t h a t  t h i s  to-acer  is :gc~ l i c a t le
r r i m a ni ly  at r e l a t i v e l y  ear ly  t imes  f o l l o w i n g  injection. It
can , of cou rse , be debated  w h e t h e r  t r o p o s p h e r i c — s t r a t o s p h e ri c
transport can be adequately represented in such models for

sources near the tropopause.

S.3.2 1-0 Transport of Water Vapor

Injections of water vapor into the stratosphere by aircraft

have become of increasing interest in terms of effects on ozone
ccci climate , as noted above . Appropriate procedures for model—

teNs tracer are , however , in some doubt: sources and sinks

are not well established. The tropical tropopause cold trap

concept does not operate satisfactorily in 1-. or 2—D models.

Nore study on this problem is needed , particularly if thermal

(radiative ) feedback effects , which are evidently important ,

or both chemistry effects and water content itself (through

change: in the tropical tropopause temperature ) are to be esti—

mat ted. Only 3—D modeling, perhap s using models more advanced

then chose presently available , would seem to be adequate for

t ho  feedback estimates; as a practical necessity however , tech—

nig-se’: to decouple this aspect from the detailed chemical cal-

culations must be considered.

5.3.3 Trace Species Measurements

Of the many trace species measurement programs , t w o  merit

particular mention because of the questions raised by the results

flational Oceanic and Atmospheric Administration—Geophysical
Fluid Dynamics Laboratory
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obtained. The first of these is the vcirious Cl and -210 c-a-a--

surements of Anderson et al. (1977); one set of tc:e:e , in

particular , shows an inexplicably large st:’atccs p-h cc’l -c 110 c’O t i —

t e n t  (— C p p b ) .  C h l o r i n e  c o n t e n t  and  ch l o r i n e-  e h o c - - i s  t r y ,  D t b

of w h i c h  ( a l on g  w i t h  the  m e a s u r em n c ,ts  t c~. : c c se l c -e s )  are c - l a c € - d  in

e ju os t ion  by t h e s e  m e a s u r em e n t s , a f f e c t  f - h -u  r esp - - e r e s e  of s r i - a t e —
spher i c  ozon e  to  00- l c ject i on s .  The s en - au  r e l a t e:  t o  t h e  09 2
m e a s ur e m e n t s  by ::oxon (197 A ) ,  c -h :  tO r e d s  . C 2 c o n t en t s  i t ,  t h e
t r o p o s p h e r e  t o  ce arc c - r d e r — o f — m a g n l t u - i e sm t t le r  t h a n  r ev i o ’o s- ly

b e l i e v e d .  DC- .~ c a - n t € - n t  in t h e  i r o p -c sp h ’a r ’c  a f f e c t  tr c s ro :ch er .I c

c h e m i s t r y  ( CR , O~ c o n t e n t s)  and  t h er eb .-,- t h e  r e sr o r c e  of t r -~~p- o—

spher ic  (and , ir. f a c t , st r a t o s p h e r i c)  ozone  to  flC~, an-cc ::u:.er: as

C ’t r:er  Icc j e - c t n- :ts.

S .3.4 Chemi s t r y

The s ingle  rrc ’C-Ot s i gn i f i c an t  r e c e r i ’~ d e v e l c -p s c er ,t in ozone

c h e m i s t ry  and I t o -  mo d e l i n g  has beer  I~~ 
- 1:- c-cc oc-oas ~renent U I

t ree s-ate of t he  r e a c t i o n  of 00 2 c-ito U- ,, h ‘- c- n--c an-c 2’;enscn ,

19 , 7 ) ,  r r e c r i c a t ,n ,’ a L - I t — i o ~~a 0: 0:-ease on s-ate at  c - cr -n  ccc - . ;ce r a t~n-e
over a o r - ov l o u s  ( C l A l e —~~r a )  e v a l u a t i o n .  The c e r c r o r - a c ’.:re sc-e l ’--

f i c i e n t  has beer :  r ’~p- c r -ced to  be mc-i e r ’acei:,  osi. t ic -c , t r e a  ~.tte-

i nc reas ing  s li g h c ly  w i t h  -ce cr e -a sed  te rcc rcc e r at u r e  (11cc - or - i , 1 9 7 P ) .

Use of t :aci s r a p i d  ra tc €c l eads  to s u b s t an t i a l l y  Increase: :  en- -cc- a

c on t en t  in model  “ ca t -a r -a l”  a t m o s p h e r e s , arc inci ’-sase w h i c h  is

p a r t i c u la r - i c -  e v i d e n t  in 2 —0 models  and is of s,~f l I o I e r c I c-ca~cn i—

t u d e  to  be of co-r :cern.  However , di r e c t  m e a s u r em en t  of dcc

HO 2 + 0
3 

r e a c t i o n  r a t e  has ~r s - ~ been r e p o r ted  very  :‘ecc~~t 1y

( Z a h r ~i se r  and H oward , 19 7 % ~ ; the  new r a t e  shc-uld  a m e i . i o r - a ’. --c
the excess -ozone problem , but  e v a l u a t i o n  r u n s  are nc- c p- - cc a c - a l l —

able . iiCc- 2 chemistry is apparently hecc rc Irc ,g rccoaec -a . tely weTh

e s t a b l i s h ed , a l t h o u g h  im p cr t : nt  - snce :-t t t. n t i e s  s t i l l  ctxLn-: ( a : ,

e.g., in the 1102 + OH and m e t h an e  o x i d a t - t - e rc r e a c t i o n s)  md

p o ssi ble  c re s s u r e  d e p en d e n c i e s , t e r r p er a t ’ar- e e ft e c t s  , etc. ,

s t i l l  re e co  i n ve s tI g a t i o n .



A number of species h ave  been n o t e d  as beIng of new —,-r
altered significance; among these are F10 N02, :~~ 5 o 2 ,  and HOd .

Certain reactions and ti-ace species contents in the trocc c-:l’here

are also of indirect but ic -otentially great significance to

stratospheric ozone ; reactions affecting troposnhere O1~ content

affect the lifetime of methane and hydroger :-containlng chloro—

carbons , and thus the f lu x  of such materials into the  strato-
sphere .

S.3 .5 SST Effects on Ozone

Three recent l—D studies are reviewed: as indicated above ,
none of these specifically include the latest HO2 + 0 ’c reaction
race , b-s t ava i lab le  p a r a m e t r i c  e v alu a t ir n s  i n d i c a te  c lear ly
t h a t  the  new r a t e  wi l l  i nc rease  the  p r ob a b i l i t y  t ha t  i n —
j e c t i -en s  at SST a l t it u d e s  will lead to ccc increase in the ozone

c-slant: . In general , as computed , t he  t h r ee  s t u d i e s  r ev iewed
agr-c e c hat recent chemistry changes (primarily the HO2 + N O
crianoc ) lea-ti to local enhancement of ozone from NO iniecce ’Ix
at H U T  a l t i t u d e s  ( 1 7— 2 0  k m ) .  The net  co lumn e f f e c t  fo r  “ l i o d e r —
a te ” i n j e c ti o n s  (of  the  order  of , say , the  expans ive  g r o w t h
2 30 HIl T , year 2 000 , f l e e t  no t ed  above , is p r o b a b l y  p o s i t i v e  as
ir : : i c a t e d , b u t  depends  n e v e rt h e l e s s  on the exact choice of re—
a-c t an r a t e s , o m i s s i o n  i n d i c e s  ( U O

~~/H 2 0 :-a t i o ) ,  and a n u m b e r  of
m o d e l i n g  d e t a i l s  ( K  p r o f i l e , f e e d b a c k  e f f e c ts ) .  For  “ very
‘ n-a’~~” i n j ec t i o n s , dc-c-cc-c-i- ( t h e  m a gn i t u d e  d c -p - en d i n g  on t he  K 7
p r - c - ch i l e  u s e d ) , co lumn oz-cn e d e p l e t i o n  is- ex c e c t ed  due t o  “ s a t u r a —
b l at :” of t h e  ozc ’r :e— enha nco :c - en t  e f f e c t  In mid —c ’ i t i t u d e s  and an
Ic -r n - n-c e ire d e s t r u c t i o n  at h i g h e r  a l t i t uu e : .  W a t e r  vap o r  a d d i —

t i e r s  c use sli ght  c - z o n e  d e c r e a s e s  in t h e  l ,w o m o d e l s  w h e r e  its

c - f : e c t s  have been stud ied under f i x ed  t -r c r er at u r c  a s su m p t i o n s ;
f c: ’raol f ’cc -dl cack ( st r a to s p h er i c  c o o l in g  e f f c c t c c  of t he  au ded

c- c : - - : - ) o f f -n -b :  are i n c l u d e d , t he c - f t ’ c c t  of w a t e r  c - J I l t  I ons on
- h E : o z on e -  ccThnr .  b e c a m e  e i t’n c r  r ceg l l  ~ i b l e  or r c h a : c c i r e g .  As  i n —

a l e - c t - c a above , h l a c c e c -  o r n - - r  ciceco--iha g of such f e e d b a c k  e f f e c t :  is-
,U: 5  i - 8r  I - -~, a.: , o I v I - : - u : i y ,  c - - c o l d  be b e t t e r  kco-: - :leige c t  t h e r m a l  am—

- - ~~~~~~~~~~~~~~~~~ - 

-



~~O S S i t .  iy yr - esea: --- - effects on :‘at-~ coe-:I’icier:ts . ho - - c-c- ‘h 
/

ratio is ~1~ ar-ly a -,‘n-iabie or interest . I b~-: - - e cr ap ct- , r ae -c ,

-c: fur-teNc: evaluation of fe-,-O- - - t - :k o f’fe-c.’ S , at. or - -  -; cc- - I :-:

vet -ate - tee d lag a :‘Jrelrcur:c r-is- -c to t ho- c-anne cc-lore: , n-- - : - c t . 1

v n-’- i r:g c-IT h t L ee - t size cccii altitiri ’::

5.3 .6 S u b s o n i c  Effects on Ozone

re - -;-.- r~c c u i :  3 ror’e -available [a- z~ the - -~ff-~- : t : of s d e c c e  ‘- a

tb -c - oscc- rc e c.lcrc:n . the rc -:-o rate f-er - 1:0 2 + I I - , cT)e-c r ’r el - , ccc
b -cc e~ t-e-o t~~J to r. :1 - ease  ozone enhur . a-r,e,.t I- r s~ e~ ifiect Ill

i n j e - c t i c . s .

S . 3 . 7  M o d e l  V a l i d a t i o n

A s n-,toJ above , uSe- of “ cu r - r U n t ’ eh ecci scra (i.e. 
- 

a-i

t i c a  in-c 1:0 . + 0.. r at e  n t - s u i t )  t o  c- -c. l e t  the “c o n - c - al ’ a T ’ . - s n -cc =a cc
I n - c ic-c- sc-see ce-c- due-st l O t C O  , ‘is there I: c-ccti€-ne’ - : cC 

-dels to- cr i er - a te  ‘ 00 c a s h  000:n- c cc- r~o bl - .-r ~ s sit s - ev e t-~~.

a - l t d 1—0 models. The ra wly c -c- be - I H-3~ + x-a’ e --c i  1 cc ’ Ic ’  I -
a t - c c  tIlL: r~rn -n --cc. ,  bee r o p  1 : ,-: c- , u- .:h i s  r io- b y e t  e statli s icc.r . 1-

the n - c t -f  a c - a - ed  ac :cc-cca i i.n-- -- , sa- ::.-o a ccl era- c-ass icc cc-a t cheNg

sh :er ’t— ~~ec’c’ . ,  oc :;r- ,’c - - :  o. d e cc l e e t as ‘.o  r n - a o l  r r e c i n - ’ s r . s
ic c-en a- . e h i e -;-~ . . 1:- c c - . t h  1—0- and ?— F- mic --de - et f-~s e - . Ic-i’- c-~ ce:. events ,

b u t  .cexr iair - n - a- ocr  t s  -..- x . i s t  o r - , a I ear  :tc ’-nb a: ,n-’ezcr
‘1r1 - .:.n-l~-5 s t il l  e x i s t  ov~ r- the j r i g~~r- b e - ,  I: -ccc t :ac 1 .r ’
-it- :t :’’:- :tl-e- n p r - e - J i - s t i - e - r . e  t c -  cac c- n~- r e - u  r t O  I:: bet ~ee: ‘~‘l ’ ;c~: 

a t c st s  ned c l r i c r o f h i a c r o - e c c c d -e n r- -~’l -csse :.  A I- - t c - l c  

t o r  c~ .-r -o a r- c- to be  var - i at I :c i n ,  5 9 i n -  uJ  n - c :  le t  o a t - ~ ~~~~ w I t h

et ric- - . Ore v a r - i c - a r  c ” -dsii: a e:’? r- a l l  n - c c  - be r’~c-x - oin ’-:

r h -  l i s t cf U:~~~ t ,~~c c- ’lt r 1 e n - S t r y .  :t u c n- .: w L -  2—0 cc -

n -o l e-i s , r t - c - o g n u r e i rr g t h e  a:’ : - ec -  of knc - ;-~n c :ngc ’i ra c -  - -  ~r c , h c t O -  -

ere ce c - , s i l l  1 e of p a r t i cu l a r  1:5 - - r e s t  c c -  t : : o  - r r . ac n -  i c r  I c . v - I v -  -

A t — c - c r e r e c t  — ‘ catc is -” of c er t O r t ir: ,g ‘ .- .tO c  s av- c t ‘~~e-

t e e - c lod i~~ — i _- 7 f 5  h a:: b - :e- r, cr er- : ’ r- - - c  ( Pa t - c - , i 9 7 r ~ ) .

-— 
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3 . 4  C L I r - h i T i c  E F F E C T S

Illtt Ic c -c-c - a-i -c a t i o n  dec o been de’,’el o r-- c - d - ‘r e a l  : c be - ‘his

cet a Ti c et fec- e- s a: :ccetI o c I l l u s - n e c s .  CJi:a’ ’ c n - s- -ne -- n. of

cc-ar e : - . — cor - oIr c ec-s : an I cr11 such a- c, cc h a :  o n e - -
hr - let ce - c - ic -c-, - 

~r .c i -a-ie~ of cern -crc ’ p- c--c-bi te -cc ac - -c- ce : ~c ’n- c i-

cilcan - I . ~-LJ It is c - cc - e d t h - t  - 1-c -c o:obc -r-l e cL o a t l c  e f i o c t
of ccc’s: t lo:,~ — I i’,’e-d :00 - cc- - goal c aol ic c ,n. ‘c a (10 8 , ~~~~ halo--
s o c - c  w e : )  s :  n- rnon c -cc ccc::. I:. to cam: - - - :n-’c:Iccc -- ; there ef : ’e o b : - -

c- :- : t - :  ‘ o r - ’  c c - f t c - c c :- ( a 1 : e i  n - - - t - O J y , a or -11 ,- , c c - I a - )  uer ~- c ’ s
n - - c c :

~ P~E C i’i ’- ’ E N D l T  I O N S

S.  5 .  O z o n e  2 -Hd e i t e v e l c p m e n t

E x i s t  ; ms -Hal : :  re - e d -c:-ae: : i cat I - e n a in-ce: i - -ce -

of , -a — S c- - c c a c-:-c , a te :cI-o r:c’i for su c h  m~ del :c to 5’Ie-I:: too ‘ac-h

c-en-r e’: f -h - :- c a: ceran- ac ra c : r - laera ; i lee nec’: 11C0 + O~. rate ccc.  ‘:a:,t
ne-c :~c ec’cc - - .: , ~ a - O ’  o r o u l o  h e i r .

5 . 5 . 2  Fleet Efcects

H- c-, -acoHal :r r c-ce n t: e n e e d e d  to- d e v e i - cp  c-ne i::,:,bccs c - a .
c-Il c. e e I l f = - cc - 

- - Jo- c :ca .e ooic,irnr of f ; t - a c - e -  ( r  c -r~ i - r : l a r - l e’
a c h a c r a l  - )  :‘l n-t :  . T h e - s c  oa~ c - a l - a t 1 cc::: she -old Ic- I-- .- ~ J c r c-rein -er

ad c - I  - : 0 :  .:J ; - i - o  n - e -~- t c c - -.: t i : e - ~— or - , : c e - i e r : ’ v ar l ’ flora: Ic-. the

c - c c  o r  he re - ‘ : :0” “‘-i c - oac - - - J  rc-t. “ c c s C -an s i  h e c a ’ hi - - sh- ’ml .1

I- c g.v - r to :-JeJ.cr- ~cca d c-:L -cc ) the- e:-:r-ect-.:-c: az -ceo - - cc- lecc -cr c

cc., - - .s .,rsor. Lo c - i c- - c r - a f t  :-a:~
- ic - c n - c c  a r n - t o n  -f c- -a n e- --c’c c.

I .,e. - e n - a s  o . a  J i - c -  I : - 1,- o t h  ace :: 2—I- , ‘icYr a:. -n-la Us
- I a’ - r :  -;h c: cne’r It) cceJ ’ i t r ~ -- rn -col t Id e-c- in ’ F - c m -n -

Ha.- i - e n-ct ci’ Ic , c :-r: , cn -- ti-t ’ c-c-a cIc-rhi ’ieci.

S .5 .3 O z o n e  l’ o d e ~ t a l i d a t i o n

* c e -  cr 1- ,‘t  
- - : r c s : - f c e r e c ?c~ - t  or cc::;: - as ch o re -”:: ire ‘be

~~~~~~ It. c -  ‘a ’ - C C ~~~J e .  a t  c o - c - c :  I D  in- so l a r -  t e l t s - e v i c l o ’

[‘— J O
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vtri .’ ;L il ,i te , b- ut t e E , - v - a r - a’ ic-cc ’ c a t e  c arl’ : -con- b I c e - - ‘c - ‘ a - c ’ —

tativeli [’. 1’ hi- 1.- a s - e I , b : . c c I f - ji- rca- ri - I e , e l J . , i -  - ic - c . ‘ 0,1 ‘c c-I

~ r c s c - I n - -  :itrc a— ;ioic -t v - o n i a b i l l t ’ :  c - I c - i .  - h i -  ‘f  l L r i -e — t ” cc n b h r o —  
i c  in f a c- o c .c e s  ar -c - to t a  ve-hi fi te - e .

5 .5 .4. C h e m i s t r y

0 o e ; t . l r c u e - u s tu d y  0: ’ } irI ’ 2 h-ee-ce i s t r - ’.’ i s  cc -l i - c-i ccc’ cc n e r o - es

ci m t - t a  c rc - - o c t Ieress’sc- ’:- e f f ’e - c t : -  and cc . f ’ ”  r - s e i e a c l c e c - ,r ’ e  ‘ c .

case: ( 11 0 .  ± (OH , -o .o. ), a d c l ’ t i — c ’ r c c - I  s -an- circ e t

so:csiete’lt’-’ d a t a  - :r -, ceeic-cI , . f n- ’e c -’ e -hi~~5 ~~~ ;1 , i i : et 
~~~ ?~~~~~

‘ ‘

1 ’  

~~

‘

0 

n - S

ía ie ,~~c - l c - .  :cy -e ’cr ’c L r r , : ( su c h  ‘is- 011 + Get) ree_ - -o :-:y- :’. e - ’ ‘ n-c
‘ cc,- at ‘cc. c-’jIcJ c-c e. (it c - c - I l - a r :  ac , l i a c e i v )  : H a s - c  a - 

- 
- ‘1

. - r -

Y c t h c c t , e  c-- .. ’ 0 : 1.. i ea’~ ce erolotr I--’ c- iso n-c - -cc : - cc- -’ n-eeoc cc 

5 .5.1 T~~~~~p ort and F e e d b a c k  E f f e c t s

;-:f- :e ai.c:erccnccccc ec-. ea t- ’ n- e y l c c d. O T L r l,5 n-c ‘e ‘a- n-i a hi: - 
-

era ‘he c - c ’:-. of tr-c -n :r-crt -ac e -c- sc tre e t c - - : o : - - u n - - . t e t :A  .d oc: - - - —

ccccc- ’i ::--o solutl c-n tIl:’ - r h e :-c.c.ia :-c - 1c - c , of ’  ten -

of -: ,.-euc; t - : ’a c - s i - : , par- c i c u I~rc’ l.y fr-cc:: ‘ hose -icc o s ’d - c c - c -  hi : 
— - 

- ‘ ‘ - - - - .~ ‘1 - ‘- ‘ -~ ~~~~~~~~~“~~~~~
_ _ ‘ - -, - - — - - —

I C _ , ~~~~~~~~ ,A -‘ — I,

c o t -n-a T: lii -
‘ c-b i c ilby , -cin~: 

[‘c- :- : - , b le s t  — - .11- :nicccccr l c - -, cc - lI t e r - efI

is of c-n-’cieular f r e t s - a c - :  .-::- ~ ltec : ~c lehi ’

an-ic -a- we’,: on: c- ten t : c-cay be of  c - c h i c - c - .  I- - ac- -a l ch ic - i f  cc l-:

- h i t  c - a ’  , CIS ace sos  t ee : be: 1 c tire d fr -er - - -c I c - c ’ c- . &e’ a —

ba r - cc ’ . tO e - - I ’d  lco ’- ’e s a l g at i or : , a L :n” a ’: ro:-li- ’ cely c - h r - ir e ; ’ ‘s c - - cc cc 4 

c- n- c ’’::- r i )  3—I  r. —’ - H a l :. l’c : i , I c ’ c h i e s  : le’ r c - a : c c h i - s r i I : i l

c:t neci - C ~~ a. - , - . c - e r i z e J  f’ -~ ‘.r c - I-: : - rn- c ’ :m: - : .  hi: I c e , - h i m -  c - H a  . —

-c e-is r:,a- ’,’ c - c [‘e~~~Ih ] c - fc c’ :‘:li’-~- : n-’ ‘he : c c

in ’; : -vaci.
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5 . 5 . ” C 1 i m ~~t e

‘ j : a n t ’ c - j , J  f e E - - i ’L ’ - ,u - c  c c f t e c c - s  t e a r  i-eec . ska~-,-r to be :1 ,-c , floa nt
hi. i [~ sc-c r’ l i t , - . To bettei’ ic- n- hi”; t i -c e- c- c - c c - :  i c - : :  - n- rn-,

~ - : - j ’ - c - - ’ aced 
~, I i - ’’al-:lo- c - -s es’ c - b e- c’l: ’or,~ r’: ic e

a- ‘~~‘-~~~~~~ 1 O U r - - Ha r- ’ :::itiao- ’ f; - :: chaui~’-: It; ‘- c - n e - I s a]  - n-c- cs-
cr — c c ’’ atccr-s , a c-s i t hi-cern - , c - ref e r - c - U n-,’ 3— i- , ‘- c - de - ’ ’~~. Ha ::aj,- : ‘ii- ’
0€ ’- -- c l . ft :rd ’ i’s I:- .1~ I co-c d -c]: c t  t h e  i - ou r  I c - i
- ~“~ n- of  “Ic c-u - ‘e ar coo:: I - , ‘ c-~~ I ,  c-cs - : 110,. FiJI , ~.I ; - , etc - .~~~ • ‘c - h o c - - n - c -  ~n-- ’ - c f t , c - e r 1 n - ) :-: ‘ t i :  r e - c - -a l t c - r ;t e r I c - r n-’ : - i c e  lie c - H a l —
- 

, 

‘ - a’ I c c c c  Zr : ’ n-eel c - c - i a ’ s  a -n - -c cc l - c - r i  c- -ca I ,

‘-12
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1. INTRODUCTION AND B R I E F  R E V I E W

This  rep -c-c- f p r e s e n t- :  cont i r , .chi ra - Jr :ve - l ,n - :c-e- : nc - :  ice tre e ‘n-a bIn-cc;

of prec-ictin~ effects that fature fleets c-f bci~~h — f l ~’in: c - I c - c s - a f t
may have o re the  c- sane  c o lu mn  ace d on sa c - f a c e  c l J r c c : t e .  t h e isn’ ;es

ar—c in the 1970—71 ti -:e fr- a dur ir e l -  d e c - a t e :  ore the aivisab l I~ ’ I”
of c - n et i r ,:.r ic e t he  U n i t e d  St. -ctes su t : .c - e - r :c c’;ic  t r c i r’ec - re- c e” t ( .JIT) ~ r c—
.1x-a’~. Ir e] t led concccrc~ c-cc-s c-i f cc  ~.a ce r  e f ’ f l u c - c c t  :. , e- I UI a c-: ’:t u—
lateect decrease Ic: o: e-cr e e r e s ult in e -  a .nu ‘ -al th  soc-cc t ee ss it  le i c - c  ac ’e

on d in-cafe . The concerns s h i f t e d  la t e r  (197 1)  as s a t e  c c t e : c a n n -
were reevaluated , to emi-lcasize ~~~ n-i-n-, ~n a e at alyc ic on-n-:

d e s t r u c t i o n  c yc l e  ( - Ir u t se n , 1970; -T or ec es to a , 1)1:) , was c : t e : l a t e d

to  Ic-cad t o  s c-tn -t ac ti c - i  c - : cnc -  ~- : - :t ruc -t i cc :  L 3 to 7-0 cces’cer:

~ o ’hr est : r :  ( 97 1) , dec-to r~u c -n g  cr. assucecr -tcor ,s3 , shoald ic,sn- fn --e ’t :
of [hiT -: c-sc-,c’ i cc - c o -c’rern-ticc’: (Crutze cc , lCc-’ l , 1972; -I c- has-ton. ,

1971). i,’orccec-r , . -,’ith [hr  clirren-ic effect S of [‘Cc- ar]sir;r~ fr-or,

:a l e ’c-r ’ Ic-, t h~ fcir-1 and 1 iee cc. u i c a c ~i ce ccci -.1 derived ‘Hcer-ef c- -c-::; c- c - a r e -

also ex c- r- ssceed it ; thIn’ time frarce

Altho’eth bc - c United i’Itcate : ,i.~- f  rcs-c. :ss.cc. c - - re ac -nc -d eer , the

issue: and ‘eri e scier,:, Ific problem s s-cc-c a it~e’i , c-s c- ” h er  [‘[“hi’ w- ne

In d e v e l o p m e n t  e1s~,-c-r1er e and  [I t .’ p o s - si b l  li~~y rcc-r e l at e d t h a I -  no:-: 
- ‘

SSTs r :liCht be Jav ’c ’loped  i r e  t }~ , I ’ c -t u r c- . To ; :-ursae t h e s e  mchi t e n s

a lar-U-e rtu ti :rilIJh c-r, dc - I Ic-c- , c-cc-li I i:I c- crirhi i rc :r-t’ cr -ca - rn -c -c , t h e

C l i r c a t i c  .:.r , c c ,: ’e I:seecsrnent- FroCs-am (- h Al’), was .c[’snsored Ut 

Depart .merile of ‘[s-c-c ar os-tat: icc cc , b-n-I nr c h o C Ic-; 1111 ; h— a R-er- -’a’t ct ’

CJ, n ’ct Lce ~~s from t h i s  :‘e :rc-rc c-;as r’-]arac,’’:--l ‘ c e a r l y  l’75 (clic-Lea [e ’ n

et al . , 1I7~~) • This cc ’ ado’ , as we-il  as c o c c c u s ~r-~’--:c- s ’ mile -s ‘a.’

t h e  H a t i o r a l  L ea-i- c - ra y S -.,‘c I c r e c e -: ~hi’,.T , 197~5 ) a cc i by the  [‘cci to,]

rhL r; ’c - c- :- e (Cfl-H-hih , 1)75), I c -  c i .: a f f l r r : e c t  t ha t H’i er::ic-sI:-ns :c ~ ec-

I— I 
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:e-fs ’cc r’:e :’ t -,- c c -e c I I ’c c - c - -.- ccc celecec-tc - -e :: e f f e c t  c- c.  t I l  - 0:. mc co-l acer : , c - i —
t h ”  ‘. ‘0: 5 : : - ;  est . ir c - a t eu  ‘ : t t l t c ’ r , it a . t - . .-S  or ’ t h e  e f f i - H a c  cii t ’ 1 ’ ec -~n- • l’cc~rcecc :oc - i—
c - a r ,  c-c I ’ ;’ -c— a l ; t c  e . :tc :  - c - c -n -  :-ni.s d if :’is’jlt a-n- to th e -aide c’arn-e:
r - - ccc , . c c -  ou c - c e - J , t he  -er i : ’ e ’ .. c- i. c-a a’r rr r-c a~cn I re ne I v” -~ ( ( — l e . h a l , h - coc c i —
n c - n - c l  a , c-c- cc-s-si c - en )  , c :.t’ t - : c - r r e~ s c -t i c -r i t e s  c c c e c e - r - a e a c ’ -  I he c- c ar -ape

[‘hi Lt  h - - c - r -: n-c-  i c - c  cc - u c0’IT c-ad alec -c: - 111) t a c c J s c c i o n s  t o  b e  c x —

~‘ea:-- , - - c - c. A a - I- c-i h — c r - - I c-rn Her-’’,:: a - c c - c o  fi .’ur-c- f o r
500 las-~--e ccc - - ;-:-a cece-o mae - c:  2~~7 [‘AU: ec e c-coti r ip at 19.5 Ac- ; (riot 509 of

c-he -  o -are cel ecc U .  A .  fel l’s) a c ’c ar ’cci c e r r t o  th e  f lA b  Rer eos ’t  of Fico .ciapo
-c- L . ,  cr -cent  .ccr ~ ls t I - .a I r e  t h e  N or t h - c r - a  F e -m i s c  : . r e ;  ale-.- 1:-As
p:. coo a , e~~:-:: - - - 

- ‘ 
-- - :ec ‘Ii c ioc, -~stimates , pave ac-out

It n-s - - _ t c- (ca ~~~c tr u r a:) C ‘ i i
/,

o 1cm. c-c- c-c hic o d c - c c - c - c - s i r  it I b o d e ;  ho ’-:ec- ’c-c , c - v--c . sate —

area cat i c - J c - r - I c ’  acc ivanc e d  suhscc,lc : ope c’:;:: I n C  ‘us teen--ic-

I~ sri., c-e r - c - .I:ccIlid a:. c~ecc-r-e:-ecet. a :a’aificc-rec- :;hc- -; :- to tI-c

0: ace ccl:.,::. Ire o l e - cc o:~ ex acted ~‘r-c -cc - h ra t e s .  \ecc I en ca. salons
a- s-c- e n - a e c i d e c - e d  t o  carv e liable c- f’f’ec [c cc: c:e:- ’:e-c. TIr- -C hi’hi c’e: cr1

n-c’-:: c-n-’c J - i-n-ic dl:cu :sica ‘c t :e- a -c:o1ine~ -el’ :.’hin- eSte e :1’

hi - :11. ch c,- ’ c. -
~

- - :  c c ’t . ed i ’;  1cr-Ocr ( a t  0 . 0 5  c - e r - c  at: c -h i  fa~:’ ic~ the
t a-c :,, [:c-- -:c - , t h e  : - : c - c - e : i a p  e l f o c t  cc ’ c ater ‘.-apc:’ a ced  f l e e  ccc - .  n-I

c hic hi c-c-f:er ’ -n-el : se es T , l c r g ; ’ ; r n - o ’ : c i. cc . [‘l i r e - c - t i c  e f f ’ c- - ;c s c - -c c -

I c - c - l i c e  n- cc -  c o t t a - c -  sn -el i , - c e-cr of cc-cs-c z- -:motr: ccacre n- c , i n
a. t Ice,r~ : : e ;o :e .  1:0 cc c - c --c- - . ‘ la- cs-one eff’e:-ts.

Ha’ ] .9 ’’D , in or- -je t - to -‘ reshi.-sc-cr’r:t tee -c- [ ‘Ia - :c ic e ; ’ec of area to ex ] c rc- c- -el

ta  c r ! ’;-:’- ,-: t lp-c t cc L -
: c-e r - c- leo oat e rr C~~J- , time sen -a ,  A l t i c - a - c ce F - s l i m —

t 1 - cc .  I c ’ a ; r ’ - ; c n  ( FiLl - : ) of f Ile. Fe i cc -c -I  L v i  at  i c- ri -.n -c lr ;i :  be - a t  i sa w a s
L a -  - . I f -o u t :  ‘ella time -also , f l e e  c - f ] e c t s  c-I ’ r e c - l o c a c - t  c- rn- ( c h I c o - c —

f l ia’u: :c- c- L.r r e e e -  ee c-c e c - r h - us e :) -c - c , t h e  c -so - t e e  lah - ,’er i c - - .- c - c c , a .a c r t c ’ r
of  - .r:hi-hi-: el Ic r c c . i . r .1 s c i er , t i :’ic lc t e e e s ’ , c :In -  r u - crc  re-or -ca-o h

c - e n- .:r c - : : t e c c c - r,-r : . ‘h e ’o reei c ’:rci, :c--hi c c - i a -r e t c - le e ;  p c c-tn -  c c r : x l e x —
I cy  c t  ‘br Jo,;: h-s r-Ic c - t , - n - e  re t  ‘— :, ‘ alec-c. bc - i been recc-pai :e-.i ire CJ ,’eI ;

c-f ::,~,. : -  l c - , t ccc- ‘n-see tu the- :r i c’ .::’; St c e - oh i eca , Ic c-eve:- , a e r t a l r .
r n--c t I a rate: , n-’e’JIou:~.~; c- c- c- Ic - c -te d G e : C r - ;-: t , c -c - l i e e l i r e c t l c - , c-ce-re

tee , ~e ,  - - - - -ac - c c - cl ‘er ic-cc ] ly.

• 
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All of tnese matters were r c v i - ,e.-:e I hi’~ a r c - -e el ous r-ece - ..-rt ,

prepa red  under FAA/ J-{APP spo t e so r sh i c  ( O l iv e r ’  e ’. a l . ,  19 7 7 ) ,  1: 2 cc
on information available as of b-ec -err cbe r 1 7 6 .  The s’o’oc-rt cc-cc- ha—
sized developments in the 1975—76 time pci-i -n-er aced rec,te-i c ha n Ce s

which had occurred relat ive to findings c-ce-i a s smrce i et i -on n  r e l c c r - t e G
c-n aIAP (3robecker et a l . ,  ~97~~) and in, NAN , I 9 7 ~~. A b r i e f
review of t h a t  work , c on d u c t e d  in the 1975 — 7 6  p e r - i c - e e c -n - c - a - I tie:-
deve lopments  w h i c h  r e s u l t e d , f o l l o w s .

1.1 FLEET PROJECTIONS A N D  ALTITUDE D I S T R I B U T I O N  OF E M I S S I O N S

Changes in f u e l  p r i c e s  and gene ra l  econ - : -n : ic  con .~l t I c a s

b e t w e e n  the i n i t i a t i o n  t ime s of C IA ?  ar , a  of H A F F , area c-e-co aei th cr .

of t h e  need for  b e t t e r  a l t i t u d e  r e solut i , -e- n f o r  e- c - e i s s i c - -e c- r e a r -

t h e  t r opopause , made new orc’c-h i - ct i on s  nec-essas ’:,- . Tn -c -c  :-:-ca- -. c-c- c e

and r e su l t ed  in s u b s t a n t i a l l y  a l t e r e d  and n c-c-c : 1-c -t a  l ied 
~~~

- -  cc —
t i o n s .  These prc~~e ct io n s  did n-a t i n c l u d e  a ic - sa f e , rc aTh [ ‘ .7
advanced EA T by 1990 , as had ClAP. i tC re -ed it Ion , fu t c e ne to-a l

c o n s u m p t i o n  by SET s , exrected fleet gro:-:’eh rates , c - r e - c cli-; ] c
sumpt ion by advanced subsonic-s at c- c- c- k cruise altt ’:occcss (c-c e 

Ii km) were all found to be much iCc-Cr- thare - in CIA? . i-lca’:sv-. c ’ ,
a caveat nersisted , ice that NU~ em issi-a ce estimates c-mere hi:

t i - a re b e c a u s e  of a large m e a s u r e m e n t  d i s c r e p a n c y  h e t w ~-er ;  a c c ” i  t -hi

p robe—sampl ing  t e c h n i q u e s  c-re d a n e w  ire s i t u  u lt r a v io le t c -p --

t r o scop ic  t e c h ni c eu e . The spectc ’-c: ncoplc techrcique Indica [ - -A c-ac - Ic

large va lues  for  FO X .

1 .2 N O
~ 

E F F E C T S  ON T H E  O Z O N E  C O L U M N  • 
-

A rev iew of the  c h e m i s t r y  ( r e a c t io n  r a t -e s)  c - c - r o t c - -- l i l t - c ‘ h e

p r o d u c t i o n  and d e s t r u c t i o n  of ozone  in ar~ O
~
_F
~ ~~~~ c - I r e - c  c : çh- c - c - e

i nd ica ted  tha t  u n c e r t ain t i e s  were  c-each l a r pe r  than re-cc-anise ci

in ClAP ; it was shown t h a t  Nfl
~ 

emissions fi’on SAt’s c-cl alt- actu ally

increase the ozone column s l i g h t l y  r a t h e r  t h a n  d e e r - c - c - s e  i t  , c-n
the e f f e c t s  C oU i c r  be s u b s t an t i a l ly  more d r - l e t - s c- i sc-s t h a n  r n -  - c - ’

_  $
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in CIA?, c-li c -f  tn-- ee c rc - It- e e t lal r’esrlit ; h-ei ng -.-:ithl.c . s -c-act ion
rate uncer-t:~i re tI-~c - , lice c-i cc - c -cr-ic tcles a-.-:- -~ lon ely In r’.-c - -c t ccc

i n v o l v ing  the  HO. . t A l c - el. C a - e e c - c c -  Ira Ic:; icc  ; c c - r c - : c e e t e r i z e u
p ort a lso  a f f -  c -t ed  t he  !‘~ - c- e1 c- C c - ,  . Can-c-lI, foe- a spec-I fleer AC

in j e c t  ion c--ate co : ’e - e re r . aa -ecc - : a fc c- -c, -c-a- -’ las- c f In-- t ( 2 0 0 0 c’s 1-c- - hi-c-C

cm 3— sec  c - c - es -  1 kc - c at  17 kr: , p 1caa1I~- - cc--li.’iaIs’r:~ to :il c-mt  :, 
,

Conco;’cies), t- reS c - l t S -  C ’c- I ’i -~- c1 t i - c - c. ,  — 1 7 . 0  n - - c - c c - c t  to + 2 . 2  p e c - o - ” a ’e
global ozone chc:nc-.c-’ .

Water el ’ t’e c t z f l - c r .  hi e - c r a e t  cxhc-sr,est c- c - i S c - -  st -cel l-hi

b riefly in these u r n - c r - t o t  r I d  . a Ijec- . It was Sa u ce - er  tr ec - t c-s h e-ce

N0 ’~ ~~~~ J~~c - - -  e f f e c t s  - c - c .  -a :. - c , ~c 0 C c  r : e ax l r i c c e d  cc :-: a c h oI c e  of ta--
act i o n  r a t es , r :ate .  cc eer c - , ur c i a rc Ic - alsa pr ”c--;-cet in the cc-chase-c t ,

~ncreas-n-  cc - c-r e -c- ; c-ce , -: c - c - 0 , c - f  ‘ - - - o t s  on :n-Ofle ar e  c- .in i, or
positive , ha mat - - s c - e r - c l e r s l a - c , s  r e lu c e  o z o ne .

O u r - l ap  ch -: o mr-s e li -
- e . :re-J s-e l a c -e ’~ han -: , :-eccan -c - :,ded

c-cacti u t ,  r a t es ,:ece I. h i t, - - c i :  ‘a ~fc- .e c-nd i reteructiono of ac e d
c--z c l t h  CIO~ :1-eli sOs- ;; c-se-re hei .ccg r ’ -c c -c.e ea .i c-ni. f r e e  : a c - t i c e ~in--

reac t  I-c- n rare (his- + icC 120 + e~ ~vas rec’ic-e-e d- c ’ -,’ a c-; ,.e r d
( sc -n e c- I r a e ;- : cescc lve ly  by cur s - cc -ct c st i c - . c - t c s  ) tc-r ,— ?-o 1i; ch i c - Ae~

— c r ea e r e i  computed  d E l  e f f e c - t a  me . o:eae 5 -n-c- t hi per-cent , I me i n —
c reasc-a  e f f e c t s  of In- e : , , r r . :n  i a 7 e c t l o a c .  inter -sn-tic -ne : h i t -,

- c c - c l ’. a , c-icicle ylt: Ice ce -d ma - c -i ( an or I: iv - : - )  NAT cc fec - f c’ c- a

ozone  c-i th  Increa se- -c- h I - c  cc -hi c- c c f-c-nt , c - r ed  ec -tI-c- c~ a 1cc -apes  a l s o
aort A e :. ree-i to d ee : c-educed - iCi r ; ’ c--c-lam e ; effect S of CAl ’ on o c - o c . -:- .

n al-i l 0 1- .r c , oa-o n~~— f e  c-a - I : - -~ rece : r aces rev -c l vi c-c; r-ethc:cme OXJ .da ’: 1:-c e

-c -t er hi f r - o p e c - 1.1 -~ece , c-c -cr  ,r.Iea: -~i :,u ’~ not  ice c i , e -e l ed  in C l AP , c-- c--c-
c - c t  Ic to s -te e rec c-Jul: . I n c - i n - l a c~ of i e ee - th ur : -’ ox i d a t i c - c e  s - c a ct I -  cc c-

ic - ,  I — h  c - -eu - s i sto-l i  er: O t , O -:1 t ie - -ct e;uL~~ufllcS , icc f a c t , :~ .cc: r to

i nc -s-ease  r -: -~t i~e r- t l : c c r  Cc-~~r -etn-~ th e -  - ‘zone ccli n-cc ; in a-i- -i ic - i c-ce

ohile sn -- - rc3 c-r~i. cS tern-i c’:’i , i r e  t h e s e  c s l : ’i r l ;a t i c r , s  , to decrease tie-s

oz one  -jc-luree, , t he  c - s r r :t - l n e - ,r e f f e c t  of ’  c -he  p c - C 7 e -~ t r ’i 12 90 “ t c h i,h
f r - e I ’t ’ ’ a f l e e t , r c c l a l i s e -  b o t h  cccc - e rar c Jsc - me - -cl reel - r c i - : s , c- c - s  1 0

in c rea s e  cc-c— ne slight i[’ Th e 1 r e a r - c a n - ;  van hi w.i ’:.h s e - c c - s.- : , c a l

- ~~~~~~~~~
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Iatltc-chi’, c- it  cc a c mxi;: us e n e a r , c  - - c - e a t  r-,f 0 c c - c 1. ’- c- -c - c--ce ’.’;. Ar —

c c - r-ec - lr e c - i ’z \-; e I ’e-  recogr . i:ed  to P -  1’: r oe  it  hi -a s’ cc -i

1 .3  C L I M A T I C  E F F E C T S

Little te e ’:: c-l i— d c- c-e- :leLap e e c - f - c  -Oi r c -ce e r - t h i e c - : ,  i r e  t h e  Cd:

c-roar-- a. 1: -- - ,r c - ’,- c c- , ar cc~- c -f o - - t cc c - - -- ’~ lee- ; Ic hi c - c - et a . 19

the r ostulai cec c h i n - c e ’ cc tree- c - cr - c o ca ~-c - e c. .w

exac-cireed Ic. c.I e t c e l i , u c - l i er aa’cli l set- I -e-  c - c o l d s , c- °c. ‘ r-e ce.’er of c-n -I —

Ceas e tltec -s . ctc. the c-c o rd-c w :- . lied :1 .i-’-hi-c --: lilcu- , ac -

degree  a - o sz l h l c  ‘c c , c. e f f - m e t, of ’ - f C ’ ~ - - x h - c u s ~ me cc - : : e a - .- , i ’ -ce. ’ Ic-- c-

rha - er  f o c - u s h i -,rc , on th- -- eff’---c t s of I’ll , c - h f  ole ra c ; ’,,lhi f ’ s - c r ,  a

cc - c - c - ab le  (a t  s -~ c-, ce- s o c - f l  his -sc-I::’: nc t I ;  ‘ oc r- hi t n- c e  c - a  l i u l a c i a  a

1cc -Ii-~c- tc-d that , ;e c- -ec - .o: -cf I n ,a to ac- i l  c- Pl c- - n -c-dc Is , c,hse ;-:a ’. c c- -c

( vs -a r - c - c l ap )  Ire c - r e c t o r  ‘ h an  ~-h e  rc ol ’ sr- c - -St e - c- f. (eTC chil~ c - c c - c - c c’

s ul fu r ) , or - o t h - r c -  c - c ’S- s - ct  ‘ Clhi, ,  c a r e  os:c -n c c~- .:- } tIe -c r a t  c - - a c . .

r c t p — ~ar--hi to be  a - c-nit-op -cre te- to IT n c r-c r - ; ; c- c-c r c - a :’ , r . , f 1 k~a~~
‘ohm a cccl .Tcc T . lice a -c- cal.-:-m]ahi sac- : uc- ’ a r-Il-- i n-c- ‘:1-c-

subs ale fleet., it. c-hi rer; c-e ’gme r ‘ca time c - c - sic - hi . -- c C ~~h -ci- c c ’

ic s- l ’ .c-d e s r -n c t r : : l 1  e I ’C e c i .a ( :-:h lce ’a c - c - a ’  be - I - s I r e - .. : ; . ac--c I :  c i  il—

- - a c - I c .  C l I m a t i c  e f f e c t s  ‘ c- 5 c c ’ ; - hi-i p us - ’  :t cic , c: c- ;;e ‘~ ‘ .J

fI ’e- -c- t c-:er-e f’omr i to i-a sr:ec- li (‘?.CC ‘ 0. 5? 2-1 ; : , c L ’ . 
- - ‘

I . - c ’ge fl-sets c-f .-;J’,’uncc-d A NTs , c l i c c c c  is “ “ ‘ - ‘‘. c: c ’ s-- —  ‘.-:‘ ‘, -— -~

e - ’ c l . t  ;-:ehi. Iic:.it 51cc -f . sic - cc - , tc ee rc - .e- - L cc , - - cc. - - c-n--lihi -

c-s. .L c- r- 1 0 . 1 , c r  c-ce - r:er 1 cc- c’r o a  c- : r -  ‘ c - c e  C- c- I  - 
‘ - e . - - -

it  is  e v i e l e c i ’ f e - a r c :  t i e- . h oc -- : - h -ac c irc a - ;  a l e  ‘-c e’ I ‘1’ -. .c i- . - —

sa arc-i I nero o air-ce’:, ft. e S :‘~cc- 
-

- cc c - cc —cr c-- c-- c--C ice the -c: I i 5~ ic e’’ c-s e -n-c

f-c - sec -Acer 1972’ (11- - LIc e cc ‘ c -  c - I d 5  F- - rc~-c. m c ’ IA ce :ir .oz- ;

c t . aI .  , 177 - ’ ) c-c - .rc D e e ; ’ral c -;- r I c - I f , ‘ h a  cc , . ,,off Pet e c - e r r- t i n -  i . l ’” e -

cc. ci. , 19 7, rc-pur t. ‘II, ’— : - r i t c -  hi ’ c2-y-. c - - -  s. c - i c c: . 1 ’ . c a n -  Sc-c’’ -a-

cc -o n ce -u cc- er IC is-: c - r e t. . c i r a t - e n -  The -e e c- hcs v~- I r o - .. f~~e’i ,. . .- : u r - : - - c C , , e -a : —

‘ a 1 2 - c -  c c - - cc - ce c-, 0 . i e I . i r , - a c - c a .  1-5 e1a ’ hi 1 :  11’ :1  - c c - - c - c. ’

c- ’ a—c , ’ i n--, Ice s I c - - c - r i  ~ i v e - r e  ‘ -cc ct cc - ’ : - - cf ’S-n --Ca C - i . e - c c ’ S

are -c e-.ier iv let ’ .me - .r c - er a’ Ic .c i e a a ; - e -- s a:’- ac .: 1 - -p .  - h i ;  - 
‘ I ~~~~~ 

—
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5- ~. e I t .  Ic- ocr , - ; cr- it .icc-1 hoc-c - -I- , sec- c-c -in -‘ c rc-c t ic-re r e , :~~
- ~c- , tr

ccc - n- ~ n - c  ~o ~~al O r - n -  -. ,,. i n  ( ,~~, “ -. Q
1 ) .~ is to 1 c- —

:c e c - -ret -- ; -‘hIs :, : c c .-cn-- have  b e - e r r  c - c - s o r t  C-- c :l-.crc- iro ~ -n-en s - 1978 h e ;  i.e-a:
r eels . ~1ri -c- t n-c-res t ifs C-:- , a s.c-- c’’- :— , a ~- Icn- ‘c ’e . ’. :- uc- ’r: ~-ihi ’, l c - - e n - I

C ;rcc-t-~r-i ‘hi c-c-c- Sac-f cchc- ’-—x ece c - t c -  - er - e e c e c t i - : - -  ac - c :., -l r. —

lIes - cc sfc -~c- -~ .e- I c,: ;: folios: is i - c - c . I  ac-cl ic, Sac a cme-c a-:coi:. c-cl
c a : i c i o r - r arc  1.-c he-err pr- . - hi.eca- c--s r c - eta (5;-s i.e -~k-;r- cc a1 ., hin-’~~;
C ih i - e r -  -c- c; c- i., i, C 7 c - ) ;  ‘o:-n-s, ahi’.- .c’ -f”e e c - l s :I- c - c t-— ar -c  Si c-ar t :hi3 —’
c - a s s -c- - .: , fc-II c-:-o .e - -J i . ’, a hi- -me r - - a t  of’ c- eec— c-c e ed e n-etc -c-ni ~c: ,lc i;,n-,.’:-
-sl irce c -tia eft ’e --- -- f s .  d c n c c l : e e I o c c r- c c c ,  2 e ’ a - .r n r c rc . ce - a i -ct i - ce: Sr- - er - - t i , - c c - c c
et ’f c . - r t s  2 - c - c c - c  be - c -s t - r :-..~ -’i,t f or;-.’a ; - : i  t o  sic - ;  - ;‘ac- . ’- , eer - e’ - s c u f f -  c .,  c-Ire
f- c-c : c - a c , 1  cr - i
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2.  A IRCRAF ’ I EMISSIONS

2 .1 NO
~ 

M E A S U R E M E N T  U N C E R T A I N T I E S

2. 1 . 1  I n t r o d u c t i o n

As discussed in the earlier report (Oliver et a l . ,  19 7 7 ) ,
optical measurements of NO ire aircraft exhaust have disagreed

sharply with measurements made according to standard praise “ cc-h—

niques (SAE ARP 1256). The disagreements were first c-.oticed ice

c--a r-k begun at AEDC In 1972 (Davidson and Domal , 1973) aced are

rr-ace yet resolved , but some new information is available. A

brief history of the problem , some reinterpretatIon of cl-i data ,

an-i these recent developments follow .

2.1.2 Backgroun d Data

Representative data obtained by Davidson and Dorceal (19731

are given in Table 2—1 . The t e s t s  were made w i t h  a 93  e ng i n e -
m o u n t e d in an altitude test cell. The optical procedure (see

i - Ic- ic - c~gor et a l .  , 1973) utilized the NO (0 , 0) y—b .c - nc d , me a su r in s r
absorption in individual spectral lines in the ultraviolet (225

to 227 nm). The probe procedure used standard techniques , with

t h e  gas samples be ing  b rough t  th rough  an o r i f i c e  and a s a m p l i n r o
l ine  to  a n a l y t i c a l  appara tus .

Not e that large disagreements occurred , part icularly at-

higi-v— r mac-h numbers and altitudes and under after-burning cocc-

ditions. No data were obtained at subsonic conditions.

2-1
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TABLE 2—1 . AVERAGE NO CO NCENTRATION IN  THE EXHAUST OF A e~J 9 3-G E—3 E NC I NE
COMPARISON OF VALUES MEASURED IN-SITU BY UV ABSORPT J UN UND

MEASURED BY SAMPLIN G. (DAVIDS ON AND DOMAL , 19 73)

Simula t e d Flight Cond it ions Concentration Measure m ents , ppm
Altitude ,

Mac h thousands of ft Power Settf~,~, Ab sorpt ion  Sampling

1.4 35 M i l i tar y 75 56
2.0 55 Military 165 70

M i n i m u m  Af terburn in g 175 80

Maximum Af terburn in g 278 11 0
2.6 66 Military 323 100

Maximum Aft erb urn in g 6 17 130

it  is of ’ i n t er - cu t .  t h a t  a c e c - Ih i c i er a l  d at a  o b ” a i . r :nci c-co c c - c c . : - I:

p c - s e a -  w i c i c h  he e d p .c- -u s e d  tIc-a eph a P r r ~t~m err ol sac- c Ic- li-c- w- - c--~ Ice

re-ac-cr c-isle a.ge- - .--s rc.c-’ r’.t u c e i c e r o  cc -t ’- - r a i  t e c h r . L e : ’. eea , ~c . - . - ] - . c~i i ! - a  sic 
l u c - c i . c s - u c -  ~e-acc ’ , .11 c-2 - .- - sr s i v -~ I c c f r a r e d  , a- cC wee- ’: - - h - c - c c -i . s ‘ ry - cc - I ce  1 a .e- - - S

( - a ce - i , as ;-cIil ha c;L-.:c-.n c:h c- r ’-i y ,  ,- ‘‘V sp ecCe c -m c - . - e -~ a ) .  h i c - r - -sc - er f erc-
i r ; f r - : r c c - ’ d  .1-Ic ;- - (c- a tIes- p ;-;be— re-;mp l -e- i c - c - sc - c - I c-s c-c-- - n-I c-a I 2-a:
Forccav ( i - - I f ~ ) a r c J  c - se -c-- : e-s .2 4:ni .rs 10 or l~ c , c - r c c r , ’ of  ‘ i n- ci. -:c-. ihi ur:ci—

n--sc once te -hac qu- ~-c u r ic -er  c - I t  cc-r , -; :..t i o n s .  -ece:p- c son ce-f n-cc

ce}et.;::c Ie.ctc’; er’o’:a so that 2-c - - .i oc~ the sh - c -: c. lfi e;c’ , i c c - .sc’-e c c e  ic t ;; c-a -r e-

coo ’. r c a - Ic - -  2- - ’; hi : v i - ,i ; - . e - a ‘cc i i s-c eci l , 2 - u t  s c - c  r c - c :-  c - f - -i I c :  Table  Cl’
cas ing  t h e -  2 - c - - cats.

fhi-e- se - i;c:’pc c i  e ;- cc; ’s-e- ’ec:e - ; -c, ts .  c r e - c: -,: 1: -s -- i fr-r I h - - s ‘-s- - -ide . Ic c c-tee

s
__ u it’ , at Is Igacc _~~F .- c f c-c - ’:’ - r , API , a T— ~I- - .1 ~~~~ era’ t c c -  c- -c -Cc ec.~ 1.~ - - ~~

- c-s c- ce-

‘ rca--el , er red ‘, c-s o . 1 : 1 —  r- - - c .t  -ct - C i - c oi l in — cc: ’ -a - ca irn I sos- s (If- . : c r c ; I I ’1)

we - c ’ - . - uss ; ccl c e - ccg  c-s i’  1, cr- .ce v - .-- r i l  .2 - c a r d  ca :.. : 7 1 c c  c r - - .:- - -i - ac - - :;. hi-c .

~~‘n - c c l : S  (ci : r;s-.-u t por ’.o:- c; s-c :. l t e t ’ - - I’: ’s C , c - c , -.- - c-c- - c c -  hi 2

c - C  c-i. , me ‘f) c r . - .; - .- a - -  C r - - ne let- -t e e ; ’ n-a 
- 

- ‘ -~ Ie’t’vna i’: c c c i  I ;;- . - l e 19 7 6 1
The 1 : . ;  ~~~~

- c- : . . ~ c c -c ’ - e r- ‘ c-c ‘. i - c -  o’c t e;c: ’ c’ c-c c :; 72 - c A ( 9 0 - 7 ° F ) ,
1,res . ;ur - e- ‘i5’ - c -  127 c c -  2 -s’ , * cc: , - : :e I a - - i — ’ c - — s i r ’  c ’ s - c - i c -  o f ’  fl . -ihi vs -s-a

*7~ i- -n - a -c- re - c ’ - - , ‘, , : ‘~~i , _ r ’ . :‘:s: . ; , -”c’ , c c - i c - - - ’ €- c- c - -c - ’ ;’ ‘ - c - I  l o r e ,
17 - m C i  .1.97 .
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Fue l w:.cr : I—- - . ‘a c eai cn-a ~~~~~~ me a t c  C - n c - e ec- ’ as- .t 1 c-TJ ,T 2-1 ,
1700°i’) m - - .i ua-s - - ,c n-cc-au h a ccs o I-:ce - : - , 1 , - trio a hi:.,~’- cwn-: s--.- i c ,

air c-c rc ec c:ruI r e - ,, ), ‘ r r c . l . c o r ’ot,c - .a  c -c -c -ca I i  e ’  c a I , ’) — - L a ,  ct’ usc t
or ior  to  sc - e - r c - p-irr - mg Ic - c t c - i c c -u t  uc- - ’a L 2 1- ? 3 F )  

-
- 
. f-ac-ac-las c - ce - ; - t c - 5 c - c :

3 i n .  and i l  2 - c -  . -c-c - s - n - s c - c ’- an c - f  t he  I a c , .  a- o c t .  2 - T ree c - - - .’ - ‘-c-n - ..re

3 1cc . d- . ’.- r e a : c - - - ce- Lc - was  cr2 - c c - c a  e 7  
~~~~ 2 - -  c’ ’- c . c i h i . c.e  , c’ c- — - - ’  ‘c D r ’ i’ ...

en t l2 -j  i r~t c-- c-c -ca- ..: to  C-c icrcsiis’Ic ‘ ‘,a ccc s-he e- .e - r : i r - c- i-ar - s. i r e  Ian- rer~
atmc-ss-h~- i - e  ~c ai , ’. r.d e t a  c - i c - a c - c - f t .  C - - a c - I t  c ’ r- c- r. a r - c  e-71~ . - ‘cc ’: - ec p - n - c
f rom 1,2 - co ;c-, . c - e c : c . c _ ’. c -  . n 2 - e  ca - - au -, c-c r- -c r o i ’ : c c .  2 - r e C i t r i c  2 — c . A -cc -c c- ic c - c -

b oth C’-.’ - n--c- 12- i c - c - ’ f , ;  2 - - c u e -  a is, : l ie -C a de~~t c o ,;o i : .Lor .  ccl  A. - hi a .::,: 1 2- n c -
( even  a f t e r ’  c - - ace -c c - c - -- c- -c c.ec - 2-e ’ - . alec -c c-au I~ ‘t C l  

- c- , ar, c -al-c - a

surface s--c-a-c- C. ‘ ares  c c - e e l - :  ba ’-’a t c- 1”ea ‘ - f o e - s c -1. i c-u :-c-n - .- rc c-c’c ci 2- t :2 - o c - .s
d i f f e r-c - : , I t  2 - s  hi 2;icult tc’ co’cc~ so: - -: t i n -C n-SLIt,; to t I c - S — c  ob—
t aineci c - re  ~

,2-,- - c_T 9  ~ er’.o’i c - h a  1- icC -

TABLE 2 3 .  COMP A R I2 - -I N CF OC T IC I- L CI.. - P~ Cb[ MEA SU Rr ME NT S
FOP I~C’ USI NG A T-5 C flf-~C .7TU P 

sIci ca l O pc- ic a l / Probe
3 in . downstream 109 il’S. 1.63

18 in. dow n streaFs 7Cc ~i- ’ 1,63 4
Ae r on ut r on c c (iC ) (,r: c~~and 8n-ch , 197C )

O ss - Ica l Probe

Cl o t pro fi le 1 ,24

Bell profile 1.37

Asym metric 1.5 1

A s-- ; 1 ’ e- . c :-;tui ’.’ s - s - c s  c c - c - s - h i d  c , ..:t by  C — e a r  cc  c - I . ,  19 7 Y ;  s-c e
also A:; re , 1’75. It-c ~:. .Th n-ca ., a - ‘iec,~cil ed s t u d ’ ’  w a s  :c ea- . ., -c of’

em1s~l.- ’ , s , 2-n -ta a-.-- r c ce - ’te :’C c-: c-: eicec- ad C r - a - c- -c-c l - .-c’e- - sr ,ira c-’ ‘st -c- c~ -’ines

U SIf l c -’ JCG m l  , 7 ’ —c - , - i r, ’ e ’ . i - c - I c ’c- ’ a rY. cc - c , . e- ’, c - ’. c - ’~~~C r , C ;‘c eca - r- _ 2-~~
ta i r’,e c - ei a t . ‘.h~’ cc -n - inc  axle  a c—H at  a -- -‘c -s - i -I :, of ’  s ’c a t .I e-c- :’;.; hi C O
fee t  .c _ -c - .- c . u t x ’ - - r. . “ l i c e -- eI ’f ’ rc : - ~ j . r c  f e - - t n - - b ’  -. ;€c - a ..;ce 7’ , 2- at

- - - .— 

I 

,
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I
c - c .ea~ w e - : -~: - c e - - c -a u r . J e c -  c - b . c  ‘ - s i c - e ly  v a r y i ng  c o n d i t i - a r e s  b e t w e e n  the
c c , .  1. e a c .  c-st s- ic - r c a and poli ,ccs downstream . While some anomalIes

c-. - - r e a t e a , c-.o obvI ous chacoac occurred in the AC- ec-issiore index- x
-,- ; l t2 - e  - l i u t a r r c e  -io;’,- restr -€ -c-rr ,, w i t h  or w i t h o u t  a f t e r b u r’n in g , ic -c-d ing
the  2 - c ; ’~’c - s c - i g a t - m e’ t o  c o c c c i c - o ie  t h a t  probe s a m p i ir e c -  g ives  accurate
r- ’ - -a c c l t s , cc --c- rio acer aft c-rbur-:eir;g conditions . It i s  s -o ssia le  s- c-

c h i r- p- c -t  ‘Ca scite - ’ d c - c - c -  ir e a ~o :csewhat d i f f e r e n t  f a s hi o n , c-c- . is

.a.e ice -  t i  . I .c c - c ~m er c -  in A sp e c c d ix  A , w i t h  r e s u l t s  t h a t  suggest .

c-u ’ icc root cc-rov e , that reactions were taking p l a c e  in c -ha  probe

cyst e:-e , at .l’. ’ C S t  ice sce ra c- 
- . the  c - - u c - . s .

In c-.r c - c - t I e r  i r .v c ’s t ig c -t i : n  carried cut in 197C—1 975 (Few et

C c l . ,  1977), the  val idity  of the  iJ2 -~ a na l y t i c a l  t e c h n i q u e  was

s t u di e d  icy  cc-cor n --i c-c -- ‘.2 - r :ec - .a sur -e :c sent s  u s i n g  U’! and c o n v e n t i o n a l

c-a tbn-is on gases Is - c - c -- n  t h r o ugh  a s-ra t -a ;  r e s u l t s  were also ob—

tc .I r , r c -J i c c— si c - c u , o re t he hot c - S e - S s t r e am .

12-c e r ’Cn-J  ecs , era ie c-cH catc- d ear l i e r  ce-n 1 as shown in F c i g .  2 —1 ,
s : , oweC o x c e il c a t  as s-cement  i c - w a st r e a m  of the  pr obe  by c onv e n t i o n a l

c-reel in—sit u sre- e - -u froscouic techr .ioues , b-ut the values so ab t a i n c i

a-o r- -c abou t  Ca c - — S i X t h  those Cc--c-nd ire the free stream . The irs-ph -.

C c - C i o O -c-e , if f - i -se U t’ techaiqe .c_ e is Crc - rn - Ct , is t h a t  some f i v e — s i x t h s

of t he  c ’ r- e-e-e sc -c--ac -rn AC w e-ce- s d e s t r o y e d  in the s a m p l i n g  probe . The

s-e c - - ; i - i i t l e - c es us e-u ( a b o u t  600 1 c -aceb ’osto r  in l e t  t e m p e r a t u r e , 55 psia ,

a c e r  f u e l / c - J r  r at i o s  of 0 . 0 1  to  0 . 0 5 )  co r respond  r o u gh l y  t o  f u l l

~~n - ’: s- at c - b c - c c’, ::cacrc 0 . 9  acaci 36 ,000 It , and were not  excel t i o n al ;

i . e - . ,  sr f t e i - l c - ’,,c c e - : c c g  or h i s -h  a l ti t u d e , h i g h  mach  n u m b e r  f h i c -h t  was
r oot a i c - u l a t c - . l. Fu c -th e rr c -ore , s J r r -c e a 6 -f o l d  r a t i o  was f o u n l at

c - i c e  c - : c c . b e r a t - e r  e e-:ist , b u t  a much smal le r  r a t i o  im p l ie d  at er ag ir e c

e - r ’ x L t  2-- li he 11- 3 Cc - c - c - , It  c -eu l -J  be sp e c ul at e a  t h a t  c-cc-cl ~ C- a -c—

c t- c d ire t ic -c  c o r r h u c t c r  is b c -j a g  d e s tr o y e d  in the  tu r t - i ree .

2 .1.3 R e la t e d In v es t igat ions

lice p o s s i b i li t y  ‘ h a t  I s- c-be s a m p l i r a s -  of hot reactive gases

car. give erc’cceeaus . s--c- Sc -itS has 2- een recogniroed for nc-cay years ,

card c-c e- :- - e - I r ac - co t C c- s - f  e-l,i cer n - i - cj e re -’J when  d e v e l ’p - i reg A R F 12 5 6 .
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FIGURE 2—1 . NO concentration as a function of the fuel-to -
air ratio for turbin e engine combustor exhaust
obta i ned by various means .

Source : Few et al ., 1977
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hevertheless , recently obtained results—— ire addition to those

cited above—— imply that much remains to be learned .* A brie f

r e - v i e w  f’ o i l ow s .

Samuelson and J-iarns-n (1977) and Benson and Samuel son  ( 1 9 7 7 )
review past work aced the possible homogeneous and heterogeneous

reactions that can take place in samphircg combustion gases con—

taireireg nitrogen oxides ( N O  and 102), and report on experirreerets

involving mixtures of 10 (500 c-pm) ari d NO~ ( 7 5  ppm)  in, an 12
carrier gas containing various other gases (02, 002, H2, 00,

f H ~~, C 2ii~ , C cfj (’)~ with two probe materials (316 stainless steel

c-nd silica). A temperature range f r an c 25 to  ~400° C was investi—

gated. The following results seem to be of particular cnterest

here :

1. Ire general , silica probes show less reactivity than

stainless steel probes.

c - .  In marry of the tests , NO 2 was converted to NO , but ‘c-he
s-ares of the c- c-s c r ema ined  unchanged .

3. In 02 — f r e e  m i x t u r e s  con tain ing  H 2 c r  C 3H 6 (bu t  genera l ly
rot c-ith CIh),t , CO , -as - C 2 H ) , f l C~ was r e m ov e d , ira sc -n e c
C a S e e  qu c-e-r.titc-ti ’Jeiy, d- e- - r-ercdire-g c-n reducing ac-re cc- recen—

tr’ce -tia -n , c-ct tercs-eraturas of 1400°f or t o w e r - , r c e - l ’ t i c u l ” r l l ,’
over- sta i r ee - ee c - e-c steel. The c c e - r , c e n t r a c c i e r e -: use- C were  5-00

c- aC 1000 c- s.c-c- C i i ,~, c e - ro d 0.5 to 3 cr r - c e r , t  2 - i ,, .
3 s-

e - h e s~ re.eslts are of c o n s i d e r a b l e  ir et e r e s t , i r e d i c a t i n g  as

t I - c y  do c- c -se o s e - c i t i l i t y  of r e a c t i o n s  t a kin g  p l a c e  c c - the prc-2- .e

Ira or ’ in s-- h- ce- sane-c-la l i n e s .  0cC c o u r s e  • t he  :c.ixturecc used were

a -t c -e r r’eserc ’cat I ye of t y r  In-al combus to r  gases , l a c k ing e x c e s s
oxygen arc- ic corre hust ion moisture . (Results with CO might have

*Thus , w h i l e  Au at s-core tercer-eratures is known to- ho- ther cc - cc - —
‘Jv r c e r r c i c a h l  a c e - s t a b l e , i tS  kinetic stability is y es-c .- gre at.
Ae - -e - v e r t h e l e s s - , i t  care d e c om p o s e  Si o w ly  h e t e r c - gen o c ;u s iy .  H e —
c e n t ly  publle e-hc-J c - b - C a (b c - -b e r t s o n  et  a l .  , 1°77 , lee r - - :ar c- , c he ,
ru - c - - c- t h a t  1-c in 12 (250 to 1000 s-nc ) decomposes by 3.3 rn-c- c-ent-
ice ~— i0 c- co r e -th ee In steel cyl c ,neders ac-ed by 3 . 8  per c ere ’e- .1 re. 17

c-- cc-a ’. Ls-e- i c e cone rr er -c 1 2 -  cvlir , C s-s.

2— 7
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been different had 2-120 heere presec-e t , ass ac-a- -or rrc-s sc e - i f” s-ac-c’. ~-o r.s-

cc - c - i d  have r e s u l t e d  in H 2 r e a c t i on s  w i t h  I C .  2- teether t h e s e

a c u ld  take place ice s :-:y~~e r a — c o r s t a m a i n g  c -tn - c c -c :  s- is  ur .1- e r c- ;wre .

Effects of probe materials and c --robe lesions 2-cave also Cc -ac-c

st - sc-n ed r e c e n t l y  a t  AEDC ( R .  i 3r y s on ) . * 2 - h e  n r c - b e  c l c - s i g r e - e.c u .a-d

c-re  shown 2 - r e  F i g .  s — I .  An A V C O — L y c o r c i r s g -  A GI —1 500 cc’-cc2 -  u st o r  c- sa c-
u s e d .  T h i s  cc - c - cc -b c - s t a r, 5.5 inches in diameter and. 12 inches

Ic-ag, s-ic-s designed f e - c - c -  use ice a t a nc  gas t . ur - 2 - c- i c ee , is sync - cc - cc - s -i c

i i ,  c c e c e - S i g u r ’i t i on , ha s  a well—defined Cb s’.- CIE 1-I and  was thus

cc c c , s i d e r e d  r c e - c - s - i c c - i c - nv s u i t a b l e  C-c r- th e -so  t e s t s .  I 2 - c - e - s u I t s  ce - c e
c - h o --sn ice Table - — e -

~~. T h e i r  r e s u l t s  s h o w e d  c - h e  f’~~llc-c - s l. n g :

1. Th~ c - -,, c A — q u e n c h  pro s-c-c -c-s r’~~c c e. ec-c - r .d ad  b ce c-h ( L ~— ’c c c cC c - I .

1975) gives lower- flO- values thor. ~cha Alp-C bc - c - c - - Il c-ee-

c - c  - 2 - c , c- :aich l a t - t e r -  ic-evolv e-a ; a l a s - g r -  sc - a r c- 1-c- t ic-be - - c c - - ..

a rec- rocrit i-cal c--s-es-sure c-ic-crc- .

2 .  B a s el ln e r, robe  r e su l t c s were  in d e p e a d e c c - t  of c - i  m a t e ri a l .

3. .3c-r: ccr 5 -~ - r e s u l t s  were  e v l  2 - o c t f-c c -c- C C- . Hi ‘h .co calu es

c--are a s s o c i a t e d  with 1cc-s AC . IC- vaiuer Ie~ ec-n ,ir ,-_ -c-i hax
c r - C e , as w - l 1  as 110 vale s-c-s. thus as p c-air cc be icc c- our- C

: 2 - c  results at these fuel—t o—ai r c - ar c - l o s  car. h-c e s - c - i c c - c - a C e d
s’ . c -a b l y  C c - n - cc ,  Few et a l .  ( 1 9 7 7 ) ,  are c e ir i  at- - . .rC 175- c - e e c - c - v  at
0.01. 605 ~ r rc c ,c- -at 0.02 , ar -I 8E C cr- m’a a 4

~ 2 . 0 3 .  Tie :- bila ccast values

e-c-ur , -J b :- s--cu~ice at cc-c-c-earn- c - icc - t r ee soc - lit 1 crc- s (33 c - c - : v cC 0.01 , lOc-

c - v at 0.02 , 228 c-c- re-n.y at  0 . 0 ° )  were  always mcc c i’ . Ic-os-a c- ‘hare t2- e - ese

-c - s t c - t cc - ce - te e -I f’s - - c - c - c e  CV s - r c - e c t n c - c - a t r v. It ColIc- s-e s c-Scat c ’s-c-be - C e-s ic --re

is I c - c- o s - Cc - cc’ , but , p a r-ti c - c u b s-la i r e ii~1-. t or i n d e r - c r e i c e c c c €  c - f
c r- c-be es,a4.er’ial , does r iot , a r - c - e a r  i c - u  cx;’ 2 - cc - I c . t lee  c - IC f C - r e a c e s  f - c - —
t we e n  tb ,e-c C s-s o c-c-c 4 hols.

I r e -  r a e - - ’ her ’ -2-FCC e - c t u ..rc ( F e w , 10 7 7)  of’ r n e - t c r c I c - r - i r t c - e c ’ ’- r c

c c - u  n .j. s e e - r , i c  ‘ :. i r c r c c - f t  cca :e- cc- , c - t - t i c a l  c-e. -:- - c- ec - u r e -- c c ~-c e ’. e c  ‘- ea r- c c’ a

of ‘ crc r-xha u e - :t fa i  c-c- re -c - , F — l O l — l E — l 0 0  e n - i c - c e  a t  :e r .s-r , - e - e e s  c e - ,  r u- . ce - cc ,

F— ---
Pc’ c vnfa-~ c cea” oc-c. ca tl o r e C- cto h e-’-c- ii , 1277 . Ceo t’c-a’s -’c -aced Fe;-: . 197s- .
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WITH THE VARIOUS PROBES
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under subsonic  cond i t ions , and as a function of distance frc~m

the center l ine . U n f o r t u n a t e l y , probe r esu l t s  were n o t  taken ire

the same test , but extrapolations were made from probe results

(an orifice—type probe) taken on a similar engine earlier. The

results are shown in Fig. 2—3. Note that a rapid drop— off ic-i
NO occurs with distance from centerline . The apparent agree-

c-cent between probe values and optical values at larger radii is

perhaps misleading due to the extrapolation procedure used ;
in addition , mass flux as a function of radius is unknown , so

that it is i m p o s s i b l e  to o b t a i n  a re l iable  e s t i m a t e  of t o t a l
NO
~ 

flux by the two methods , although this would be of i r e - t~c - c r e s t .

If, however , uniform mass flux per unit area is assumed , and

the plot accepted as drawn , the mass weighted emissions by
optical techniques would be about 35_14 0 percent above these by

probe.

An optical procedure was also used in an attempt to measure

No discernible absorption was found , indicating , for the

setup used , less than 20 ppmv of NO2. It was concluded that . j
most of the NO is as N O .

The above results suggest significant difficulties in using

probe—saralclirl2. techniques , although there is no proof that the

spectroscopic values are correct; there are other additic -nc-e-i ,

somewhat fra~-cmentary , data which tend to confirm these diffi-

culties and indicate the need for further work . Thus , Seery

and Zabieiski (1977), in reporting on work carried out to study

chemistry in flames (rather than on measurement methods per sc),

give a compar i son  of NC con ten t  in a flame formed by methane

and air (stoichiometric at 0.1 a t m ) ,  as measured by molecular
beam samples (with mass spectroscopy) and by a quart: micro—

probe. The microprobe samples were found to show far low er

(factors of 5—10) NO values than those found by the molecular
beam system.

2—li
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F IGURE 2—3. NO con centrations and static temperature n rcf i l es.  Inter medi ate
power. The NO concentrati on values shown are at 10.2 cm down-
stream . The probe values shown have been extrapolated (with un-
certain ties introduced ) from measurements at other conditions.
The temperature profile shown is at the nozzle exit.

Source: Few (1977)
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A rc --elao ’c- - ; 1 no - c- c-c ’ ,i~ ’o ’ . 5 1  ic - c - c ’ . c - e c -  - c - c - .c -’,’ ic ‘a. ’ ’, c - . ’. c- .e-surerrent

c - cc - ’. I. re - ccc -0 e - e - c - ’’. no ~~~~~~~ Ac - ec- :c -.l us ’ ’c - e -  r e s u l c - c s c - e - r -  y ec-: a ’ c-a i i ob l e ,
but S - c - r , . c -  e - c - s u o z Y  =ac -s c-c-. c c- c “h-~ aco c-c a -c- ’.- of ‘the -c- .. - Orca-alole : spec—

o c-’oscc-r Ic ‘ e’o~~ - , j -c - ’ c- e c , , c ~- - -,‘c- a C e - s  c-c-o c- A.c - :”C h i ’,’..- ar isen
(A . I ’ . :cc-~ ~c - , l , or’ ’ ’. - -  - .- - “oe - .j - , o r i c - a : l o c , ,  I372 ; -: -c-ac: not

-

- 
apaerc - r- , c- c - c c - -c- .‘c- : - . t n t  oh~- un- :e~ oa:-.t~~ea a- issue ;--,-ou l-c: account

a :-;~~x — ”e~~.c- .:i :’ : - - r ~ c - , -;-1- , a: ~
‘c--ur.d a’ c-J’ D 1”. ‘cc-r e ‘c-:’i e s~~i c -~a—

‘ 10510 . ~ . ‘ c- ~~
‘ . 2—I,.) ‘ n . . :‘c - -lic - - In:-e- c’:.’ ..Ic - ’ :iI ’ r . .e -e-. : sc i mp o r —

4 , a r c - t c  a:... m a . ,  I n c  ne c-c s’ s. -c - c-c- h e- ’ cr - -c- -c? ,c-c- ’ . -
~~~ce-: , ice- ,~~ca’ o tha t

b o t h  ‘c - h - c- c r - d c  a . , c -  c r - -c- :..sc -,, r i c -  - e - - : c - l t :  har e  t ee - en in soc-cc-c error.

h ’ c - c - r c -’ 5 ’ 4 - A c- ‘ . n : i1 c-~.~~~t 1 O 5 . , c - , ~h -r - e 1: aIr’.. c - cc - c - s t e v i d en c e

oh 4 he ’ e~ - -j : e:, -’-~ L,S “ = , c - e - c - c-~~ arc - ” enter , ‘.~:e-, ~cch c-cold re involved

c c-c- - c - r co c) i - -~ 
- sO: Lc : ,, ’ , 1 c - c -

, 
c- r d ..a” .’ c 1 c-Ce- c - - s - c - S  oc-’ c-cc -id

s. c-c-n c-c c- Lc-cc- .-n~”h s-c- o - c c-c r ‘
~~~‘‘ s -;c-c- .’-c - -I. -~’.I n c- ho bo ’.’ s o s - c - c - c - ’ . Thus ,

3’ r ~~~ ) “ ‘e- a t ., .  o ” c~. ‘ n~~ceous

.1 - c - c - - si t , hi~~.. ’: :‘o ’~. c t -~ e-. e  t o c -  A: c - -?:’, :~~
‘ ‘ o re- , could be fr-nrc-c-cd

- uI the c - - c - a l I c e -  c - f  a c - e r - c - m I  :‘c- c - j o t-c - ce - c - - h -c- I::,’ . c - -- i c - c  c,h e study of

~~~~~~~~ c - c - - c - c - ,~~ -u  .., 4 . - - o i c c - ,  c - c ’ AC sy c - c - S c - Ac - - c - -: e - e - :-bcr - ac - (as  ire a st o  -c-xhaust

at sc-c- c - .’at c - s - -c- : of c-.ac-c- -.,r- c - cc - of ‘ - 0 - - —i’300 ° . t’he

ox 5 y c r e  Is. o n e -  : an i c-tsc - - c- - -  A c - , ‘ c-ce re -~~ O : - - ce - c- n ~~~~~~~~~~~~ 
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1 t c r ” 1  ~. . ia— d ~~~~~~ -
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t a i r , I n -~ 0 . -C c - - c’ c:c -n ’. I — - I  h , , ,  U . -- se c - - c c - - r e t  0., ,  crc - A A -A- at t h e  leve l
25

1~~- 1 C i : ” .. Cu- c c-ce- : c -, r - c~.t i . on: , of c o u r s e , Ac rac ’ e x i s t  ic-c u s u a l

ct ‘c - c - c- Ac - ic  st;’’- c-cs , c-c-J c.hc- - , - h soot ale-c--’’:: c- c : -o s e r d  f e-c-’ s - c e o

a- : s e -  . ‘- -c’ score alc - :o c - -cc -’- r’: t - t  eac--Iles ;-sor c c - s c - c - I  ch  :h- -a-ed t ha t

~~r ’ p a c - ’ e c - - c r c - c - a n t  to- a c : a c - :  by 0: -c - -c c-- c - c - l i  c - -c - c - CO c-- ,- i ’J: Ac (at

ic- :~~ . ‘IA-c - h-c - c - e -c e-: c - - c e - a.e= . - 4 a n c c - O c t i o c - c :  a:’ -. , of cc- u r-c -c~ , c - c - i c e -c of

lut e. ‘th - - c c e A s . ’ C ’ ce-- c--cord -’ - c - I s - c a - d y c i t - c d .  Fr’e .cc- .c-c e-bl ’; ,

-n:a.--.-;’ou,c- r r e - c - - c ’ .  o c - e s  ; ‘ : -c - -, - - ’  I s v - c -  Ived I r e  ;c~’c - e -”- ’ of ,Ac - c - r ivac - e - ea cc c-al

( l’.~T -~ ) ‘dcloh sc -h oc - - a c - -U ‘ hot fcc --c -I— h c’-u’e d r, ‘r- e-,~c-r ‘,: ooa’ :- c -r ’ c - - c -  t o  N8

r1 c-c -- c - ’ r c s e - - c r ’ - ’e of , “, r.i i I  2c -- c 0 i : c O  C ’ 0 1  C c- e - j e -,, r i  r ’, c - c -’ ’ ,’:’ c Au ’ I s a’ 600—

d 000 .1 .

51 0 O ~ c - c -c-c ’ c c - ’ c- ’ ic ’’ - ’ s c 4 ,I, , - ‘L e a , .  ‘ C: a ‘a - c - - s  of

c-e - n i -  .r c - n  chea  - ‘ -u n’c-os - ’er, c’- “ c - c --thoU: hc v’~ eec - :  s’ ‘ . e by  A- ’c- hews

- -  . , . — .  ~~~~~~~~~~~ : - c -~~ - ,
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et al .  ( 1 9 7 7 ) .  th c se  have to  do ‘4\’ It h  r e l a t i v e  qu~~r e -c.’ , i n c - ’ -~~~

d ec - c - - d ec C t ’ d i f f e r - c -n t  t h ~~rU b - c - d i e s — — w a t e r  r o t  c - - c -  c - - c -  c , i : c - ’- ’ e- c - . i
O .e-.E ’rc - ch i rc -O efficiency, for exan d-lo- . It arc-b - -cars t 1’e .Y. ‘e - x ’ i ”  - r ’ c~; c - f ’

20 percent -cr so may be inv o lv e-c c-i w i t h  d i f f e r - r - r e -t c - c - i c c - O u r --.;: o 4’

c . .-aAc - ’c-st i.ori gases .  In a d d i t i o n , t he  r - a s . s ib i l i cy  c c - i c c -  S

-ot h e r  n l t r o g e n — c o n t ai u I n~ gases c-ro y b~- c o n v er t - c - A t o  TO I n bc ’
a n a l y z e r .  O b v i o u sl y ,  the  q u e s t i o n s  i sc ’e -c l v ed  c-c-crlf c - t” e rcI- .r.

c - c arc -v measu remen t  pr- c”crc -am u s i n g  these tcc hnloc -c-~c - c - .

2 . 1 . 4  Si g n i f i c a n c e :  A P r o b a b l e  U p p e r - bo u n d  E s t i m a t e  o f  13 ,
E m i s s i o n  In dex of Concorde

“ihe :igre-LI’i -c- usc-ce of the AO~ r’c-easuremenc uncero c--e l c .O I ’ ’ o :0-

or’:’ 
~-°~~ :c- relatc s t o t he  q u e so l  o-s ’c- of bc- -o w ic c - c - re —.- c- I c- - c - c - ’- ’- Cc c-a c - c - I

- ‘c -a c-c- sc- c a :c~ ec ified effect. c-,’.’hc-c- t -- c - cc - ui-i he rc- c-c c-e - ei~~ i is, -c - s-c -er  ‘ cc-

b c -tor e -U su c r e  e f f e c t s  c-- so’ c - c - .’c-ase c-r ’ec- c- c -€ e-rc-ts us lr e c-c’ c-a a’alldoc ed ‘‘1 c - c - c - -c-

t rorce c- sic t ’= c hn iq u e  (if robes are sh own to ic-c u s c - c - - e l ’  at I - c--

e x i s r l s c g e rc - s :~~r e - c - s  usc - c - c - o r ’  o. s c - i r c i e - : - ac - e opec- c- c c - i r a  cc - r cd .~~c - i crc - : s c - c - c O - n
O i c - c - e -rc on c--o r .bus t - c - r :  or ’ i-the r r c ’ : e ar - c ’ h —t c ’ : --e sc Ou t  c- . It . c-dc - - e- e- c-~~c- e - c -~~ ,

of ouch i c ’ . f - c - e - r r c c - t i c -n , l I c € -  c-c~ a r c - i  f i - c c - anc e  c- c -u sc . he - c - c t - c c  c - c - i c - - i
d i r e ct  i~i .  I c- c - d c - i n ;-’ so , It  re-cost ice c i c - , n c - e -.Lder ’:- c -r t h a t  . ce - cc-
i - - c - s.c-h rcA. to- are-U T Oe -’ so e ct r o r c e cc c- c -- , t c - e- ’c - .s ’e- e-i 5e-~’ r e - c - u c - c - s r --= c ’: , ac - c - c - c  rat. Ic - s of
t h e  tc- ’ u e-,cc -c - c - r c , c-utos -“-a rc - c - c- -~ c- c - c -c - ce -c - sa n i1~z he- c-ac - c - c - I  i c e - i  fr-c’ , c - rc -’Inc

o c- c - c - c - a ’ s  c- -c-

I h - . e- c - I r st coc -c- .s c c -n c - c t .  of :rc - - e c - ’ ; - c - c - I..: ‘ i c - c e - ’ o f  t h o - - c - - i . - c-c - . i - c - c - c -

~s c u e x  dac.a cieri-;-o -c-.c- 6:- .rc the :-~- E  cC- c- c - es . ’ .c- s c - c-c- ‘ es (Ce’;’; c - c - C l . ,

1917) co ‘ t a t obtained f’ro:e - . s e : ’ I s c - c -  Oes ’ s (~ a’; .c -ic - -:- - c - c - nd  e-,-c- ’c -cc S ,

1973) roth a t  AEDC , c - c - ,  sc- hoo- c- c - -i c-c- c - c - b A c  — c-’ . The n e -’ r a A’ - s- s c ~ r c - i  c-a

case at c- se - i1 tc-r’y power ’  i s  C c - S E- -cc . c - i - nc , t i c - ’ . -  e r , .~ c - -c - c c - c - c : ,

c-- n e c -  .do c - c e --i c c -t ed usc --icr con :i-c-i- c - c r c - b i’,’ m o r e  s’~~’ose c c - c - c - c - I  o :cc -. c - ’ , ‘ ‘ c - - c

* A c c o r s i r s , - 1 0  T a v l d c c e - c - c -  an-c-i b-- -:re c-c- i. (117’3) , t A :  :;o~ c- ~c- -
~~s~~oc- c- 

‘ c
incL”c - i: c - es by Oh ’ .  2 . 5  c -o w - ’ : ’  cc- f ~..he c ,c -r c - c -~’ s c - r c - r I c - a l- c - c I e c ’A en ’ e - c  ‘ c - s e -’ .

‘ ...~~~ it ~€ 4’ r ~ “~~o at 330 1 ~soy tt,.A - s e l c - e - t L e - - c - e - : c - - A i p ,  A c  t-,e-dc.e ‘ c - ac- Ic - a t  6-00 K , -c-S c - a t  D o  l c -~- c- ”.
‘A- ~ / te ” e- “u h~ ~~ .. ‘ C .

‘1 c c - i c - - : -  (~~Ofl ) ic - a b c - u t  A c - c - I f  he e e - c -  Y i n - c -’. v a l c - :’. C “ c - - i n c - a c - i ’ .
tul ce- c - c - , I~c- t h- - c - c - c - i c - s c - c -’ c - c - -c - , a~ cc- re oq -.e-A c’- lenci -.c- sc-A to c - c -’ a. ”
( c - c - , a : - e a ’ am-’ - et a l . ,  19 7 5 ) .  
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IOWc : c - ’  c - -c - c - I  , c c - I c - c -n i c - c - d i c es icy s c - c - e c t : - o s c :.a o i -c ‘ e o i c r i i o c - c -c - - s t h o r .  c- - c- c - -c-

-~.- c - c c - a i r e - -e-e- c- at cc - c - c - e -  o . -, t c - c - c - t  -c-c- I ’ t i c - c  c c rc c - l c - -c - so or  c - o r ’  t h e  cor -cbus toc -’  t e s t s

c - s i c - c - a  t h e  some c e c ’h r . i q u e . Th i s  w o u l d  seem c c -  i c e - s ly  t h a~ c o n —

c - i c - c r c - c -b -Ic A
~~x c - c - c c - i c - c - - t ic-n ca k e s  c e - i c c - c e  i c -c i c - A c - -  0 - o r - c -  i r , o  ( c - h i - c - h sc-- c rc -er r

c - c - a c - c -L o t - c - i ) .

TABLE 2’-S . l-~O EMISSI ON INDEX DATA COMPARISONS

T -56 Combustor Test (Few et al ., 1977)

Tec-ciperature P r e s su r e  NO
~ 

E .I. (as e - c -~~a

In 1 e t , K m i  e t , p5 ia f/a (Pro be ) ~~(T5’:’SCTu)

598 56.4 0.010 ~.8 28.0
598 IKe -,? 0.020 8.3 48.9
600 54.4  0 .030 10 .4  46 .8
604 52.1 0.040 8.9 50.3
605 57.0 0.051 8.6 52.3

393 E,~~jj~,e Test (Davidson and Doma l 1973)

NO E .I . (as NO 2 )Ter nper atp re  P r e s s u r e  b 
— —.

Inlet , KD Inlet , ,p,~,ia f/a (Probe) ( I n ~ S i t u )  Comment

590 82 0.0211 1.60 6.04 Mach 1.4 ,
35 ,000 ft

672 53 0.0196 6.70 14.90 Mach 2.0,
5 5 , 0 0 0  f t

800 59 0 . 0 1 5 0  1 2 . 0 3  3 5 . 9  M ach 2 . 6
66 , 000 f t

a Based on NO a l o n e .  N O 2 data are not reported but should be negligible.
b From Fig.  12 , p. 44 (graphical ) Davidson and Doma l (1973).
CThese values are derived from the reported NO ratios and the NO x em i ss ion

indices from probe measurements , assuming the NO 2 component is constant .

As :c- rcctt ,er -‘- c - sc -c - c - ni s o c - c -  c - f  isc -~ er’e:I , ‘ c - b c -  ‘c - c - ?  U - ca  s a c - c -  ‘c-ac- -c- ‘c -c - —.

~-c - r- ’e-d co ‘A-:: Cc - -r o e - p i e  data (c’ /c-F tic r :oca ’ c - e - r - t c -  2 ,  s c - c - . A _ - c c - c - ) ,  ac-c ire

Ic — - . A - f ~ h - t  ‘ he - ’ 09.c- : 1  - i c - e - c- a .  i f  c oc - c - ”~~r - ’ - - a  ‘. 0  c - -c - c - c - -

c - ic Ic -c -es u sed it’. ‘ .h -’- Cor co rcc - e  , ‘on:- ’.- e w e l l  c - - i  t i c -  C’ r - n c o c - - c - e s : ’ ’ : - ’

as . - I._ 
~~~~~~~~~~~~~
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s - c -i ( l - - .7 c e - s .  Ir. .6). Also , if the spectroscopic data are cor—

c- c - c -c’,, an-U emission index (E.I) of about 50 gm NO2/kg fuel might -
c c -  c - c - s 1 2- rc -c -- cs t o  th e -  Concorde at cruise. The agreement in probe

c--c- s a l ’ s  .1cc s- sc - cc -n a t -  s - c - r r n i s in g  in that the probe data obtained

~~
:- -‘ hoDU c - c -  re - c a~- f cc - - c-- :, ’ ly som ewha t  (“j 10 p e r c e n t)  low compared to

e t c - c - c r  turt ~ -c - - i’ec d a t a .  (dee  D a v i d s o n  and Doma l , 1973 ,  p .  52 .)

TABLE 2-6. COMPARISON OF CONCORDE (PROBE) AND 393 NO
~ 

RESULTS

NO E.I.
i e r c - c p e r a t u r e  Pressure In— X (Test No .);
Inlet , K let , ps ia 

—- 
f /a ( Probe ) ( UV ) C o n d i t i o n s

Concorde

801 102 0.0147 16.8 (4) Mach 1.99
58 ,879 f t , ISA -9 K

824 95 0.014 1 17 .7 ( 7 )  Mach 2.00 ,
58 ,000 f t , I SA+5 K

J93 (m e a s u r~4)
800 59 0 .0 1 50 12.0 35.9 Mach 2 , 55 ,000 ft . 

-

393 ( conver ted  to Conco rde conditions )*

800 102 0.0 150 16.7 49.9

*Estimated values , assumi ng P0
~

6 dependence based on results p resente d by
B l a z o w s k i  et a l .,  1975; prorating the quoted results at 59 psia.

2 . 2  FLEET F O R E C A S T S  OR P R O 3 E C T I O N S

I c - i - c - C t  forecasting, the problems inherent in it , and in ‘c-he

fle- -o t, figures generated thereby, have been discussed i ra earl i er
r~.c- orts (see Oliver et al., 1977, Pozdena 1976 , Athens et al., 

-

‘

19 7 6 , t I A h  ‘~onograph 2, 1975) and will not be discussed in  de—

tail here. devertheless , it is of some interest to consider

two t afc-ers which have become available since our previous reFccrt .

One cc-- C these , , 4 c -f . 2 t i o n  Futures to the lear 2000 (published by

the Defcartrnent of Trarcsportation , FAA , February 1977), was

2—16
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sponsored by t he  FAA; the  o the r , c - Ic -c -des  ( 1 9 7 7 ) ,  is a pr o~i e c t i - - .rc-
by t~c D o r c -n € c - l i — D c - a g l a s , updating sirc-c-ila r earlier publications .

In A - J i a t i o n  Futures , five scenarios are assumed , considera—
tic - n being givere “almost exclusively ” (not further defined) to

the U.i3. fleet. The scenarios ar-c based on sets of assumptions

as to pop-aiation , business productivity , cost of domestic crude ,
etc. Certain data extracoted from the r ep a st  are given in Table

2—7. dote that A-TO trcc- c-c-’fi c is included only in the nec-st i- s c - -ti —

rc:istic “expanscl ’ie growth” scenario. dote also t he  assumed
prices of oil: in the “muddling t h n c -u gh ”  scenario , r’~itb ti~
c-il , the let fuel consumption is less in the year 2000 thare at
F-resent .

TABLE 2— 7 . UN ITED STATES; YEAR 2000 ESTIMATES *

Liniitpc- Mudj ? in ~’c- Resource Ind ivid u a l Expansive
_ a c 1 ,’6~r~a b les Ic - c  rowS - i Throc -c-olu v o n  Al lowance Growth

Po pul atic e - (millions) 212 250 297 250 250 297
Gross ca tio n a l Product 2 . 3  2, 9 51 2,9 4,1 4 ,3

2O~ 1973 e-io la rs

Cost of :- c -- - est iv Cr~-Je 11. 0 8.5 14 .0 8,0 6,0 7 ,5
1973 dol lars/barrel

Enp la ned Passengers 207 406 272 471 788 21 13
Mill i ons/yr . 

‘ 
-

c -otal Revenue 131 259 167 3C-4 485 597
Passenger M i les

Bill io ns/yr .

Jet Fuel Consu mption 190 31 7 158 327 517 850
Millions of
b a rel c , ’yr .

C a r r i e r  F leet  242 ’ . 3790 J435* 3540 5650 7670
Tota l Air cra ft

M ix (percent ug e )
747-tj’c-e 5 4 8 9 10
70 7- type  0 4 0 0 0
c - -C- s c -  type 1P 12 20 17 20
777- type  62 64 59 55 4 1

p u i c -  ( S C iS 16 10 Ii 9
passengers )

sT 0 0 0 0 3
Large (1000 0 0 3 3

c - JJs se nge rs
c - e S ‘T rI L ( iSo 0 0 4 5 13 

- P ’ s
Source: 101- . 1977

in a - - .
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Direct com p ar i s on of the A vc~a ~o~: T u 5 u 1 ’es  recults wi th t:-a- :-c-c
of McDonnell—Douglas (iiec-iues) i_ s iif f i - c - :ul ’c -, as time perio c-c-ic-c-
differ , some questions arise as t o  what is included in the t.;-:o

forecasts , and there is a diffe -renc -~- in focus , one (Geddes)

emphasizing passenger miles and she c- sc-her rasse:c-ger c-r~- 1 ai ,emec -c-t

and operations . Aeverthe less , sc-see Ci our-es 1cc-~vc- been dec’s- Icc-ca

for comparison of the two  sources , c-c- c-c-- st eow se in Table 2—s. [
TABLE 2—8. FLEET COMPARISONS

1985 1990 2000
Tota l Aircraft

Aviation Futures (“Ex pansive u.S .”) 3890 - -  7670

McDonnell -Douglas (world) 7217 7908 --
McDonnell — Dou g las (U .S .) 1 3115 3270 --

SSTs

Aviat ion Futures ( “Expansive U. S. ” )  20 (100 ) 2 230
McDonnell -Douglas (world) 16 118 --

U.S . Passenger Miles/yr. (Billions)

Aviation Futures (“Ex pansive U .S.”) 26O~ 35O~ 5973

McDonnell -Douglas 302 -~~ 380 --

1Proratin g U .S . numbers by U.S. share of world schedule/passenger-miles.
2 lnterpolate d
31n this scenario , a ra pid growth in jet STOL takes place between 1985

and 2000 , reducing avera ge passenger-miles per enp lanernent. The approxi-
mate figures shown were estimated by this au thor , assumin g 630 , 585 , and
540 (their numbers ) miles per trip average in the resp ective years .

The M c D o n n e l l — D o u g l a s  pr cc -c- e c t i c ns sh oc - -,’ a n ew SST i nt r o d u c e -i
in 1986. The A v i a t i o n  F u t u r e s  d o c u m e n t  does not  i r c - d i e a l c e crc
SS T t y p e s .  A v i a t i o n  E u t u r e s  shows a 1 0 0 2— r a s s e n g e r  p l a ne  t c -  b e
in op e r a t i o n  (

~~ ~0) in the e x r a n s i v c - — o c - - c s c t h  s c e n a r i o  by 19 2 5 ;
dc - T on ic - e l i—Douglas  does not in c l u d e  c-cuc :n a cr-aft

2—18



2.3 CONCORDE EMISSIONS ESTIMATES

1sc - a p rev ious  report  (Ol ive r  et a l . ,  19 7 7 ) ,  NO~ emiss ion
e s t i m a t e s  were provided for  the Concorde a i r c r a f t  as well  as
for a “1990—High ” estImate of a world fleet. No new world fleet

results are available , but new estimates have been provided for

the Concorde by P.C. Beadle of the  B r i t i s h  A i r c r a f t  Corpo ra t ion
(Be adle , 1977 ) .  The new e s t ima tes  are for only  a n i n e — a i r c r a f t
f l ee t , bu t  cover a wide ne twork , and are the  only  es t ima tes
avai lable  for  the fu l l  a l t i t u d e — l a t i t u d e  range . The data are
s t i l l  s u bj e c t  to a d j u s t m e nt , as ce r t a in  ap p r o x i m a t i o n s  have been
macso ire treating the various atmospheres at different latitudes.

di n e  a i r c ra f t , of course , are of l i t t l e  e n v i r o n m e n t a l  s ig r i f i —

c o n - c - c , bu t  the  d i st r ’i b u t i cr e  m a y  be of i n t e r e s t  to  t r a f f i c  mod—

d ci’s.

The network Beadle studied is that planned “for likely

o p e r a t i o n ” in 1978—197 9 .  The route  ne twork  shown in Table 2— 9
is se rved by n ine  a i r c r a f t , t o t a l in g  5 7 .5  hours  da i ly  usage ,
f r-e m 5~~24 hours  per a i r c ra f t  per day  ( a s  2232 hours  each per
2’e a r ) .

The 110 (as N O 2 ) emission index d a t a  used by Beadle is
oh own in Table 2-10. These wer’- - gen e r a t e d  by h im and invo lve

a such larger  c o r r e c t i o n  to :ero h u m i d i ty  t h a n  used  by Sco t t

(197’~) or recommended by Blazowski et a l .  (1 975 ) , so tha t  the
emis sion index values  at cruise  are 2 0— ~c -0 pe r -cent  h igher  than
g i v e - - n  r e v i o u s l y  by Scott. Beadle argues that his correction

-
‘ 

y e s  a b e t t e r  f i t  to ava i l ab l e  data for  supe r son ic  f l i g h t  con—
: i t i on s . * O t h e r  emis s ion  indices recommended by Beadle are
- -~ ‘.-e - - n ire Table  2 — l i ;  the da ta  are f rom CO NE SA ( 1 9 7 5 ) .

lj -~-cdI e ’ s cc — r r ec tion  seems excess ive  in view of the data  r e—
- -“I by dc o t t  where an 80 p e r c e n t  r e d u c t i o n  in in le t

h’~:’ , i -Ut’ ,’ resulted in an increase from 17.7 to i8 .~4 to 19 .3
~‘:~~~~~~ -~2/i c - c. ~co~ t cor rec ted  for  i h e  r emain ing  20 pe rcen t
c-ut ter wi t’ c- a ~ percent further increase. Beadle ’s (continued)

“i
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TABLE 2— 9. CONCORDE ROUTE NETWORK SUMMARY

Ro ut e
D i s t i n c e , E l  i g h t T h e , Cu i - ] . ~

-
~~~~- ;

- - p  : , e S t ~~~ 8 t 1 u ’  n: -H r - i r : u t e S  k n  ~j j - - - - ± ,~
C - n d o r  ‘c - a s i - i I lgto I  3 , 0 6  2 2 2  73 , - c - i  1

‘U-w Yo ~~1 3 ,06-3 203 6 - c- . ~ - 5 1 - I
0 c - h r , j r  3 ,056 2 2 2  7 5 , 1 1 5  - -

- a  s ’~ i n o t o ’ :  t i n d o n  3 , 4 2 3  2 0 9 77  , 9-4 P 7
P a r i s  3 ,546 2 1 5  7 9 ,~~5j  7

c- ow y o r .  L o n d - n 3 ,1 1 5  1 89 ‘.0.059 1 4
l o r i s  3 , 266  c - c - ui  q ,~~i - ~ 14
L o n d o n  3 , 0 7 0  2 3 5 73 , 7 0 -  4
S i n g a p o re 3 , 6 2 4 2 35 7 7 , 7 -c

~ 3Po , ’ is  W a s h i n : ~t on  3 ,464 2 2 6  80 , 71 7
5c - c-~c- Y o r k 3 ,2 2 1  2 08 76 , 7 7 4  1 4
Da t a ’ . 2 ,485 171 50 ,52 1 ‘/

S c - io ta !-l o r i o  1 ,4 7 4  1 1 9  35 ,76 0 1
S i ’ c ’iac - o ri- B a h r a i r c -  3 ,6 4 0  2 2 0  7 0 ,-I f- I

i p i b o u r n e  3 ,387 221 7 7 .3 1 0  3
P v r i s  2 , 5 1 2  1 1c - 6 5-1 , ,  ( 3  2
R i o  de , J a n e i r o  2 , 789 1 - 1 0  - ‘- 3 , l~~2

S I p S - “ a r i a  P a r i s  1 , 4 5 4  1 1 1  32 , 3 1~- 1
C a r a c ~~x 2 , 7 0 5  1 7 5  C l  . 02 5  1

ne S i n g a p o r e  3 , 3 5 3  2 2 3  7 - - ,~~-c - -s 4
— 1 0  -~~~ 2 i r - - i i r o  Da k c - i r 2 , 7 7 ’ o 1 7 3  C l , - c - -~ 2

I S u i r o s  A i r e s  1 , 1 5 0  c--i l 5 3 , 1 3  2 ( 1  - 7 )
i I r O C I S  S a c - t a  - a r i a  2 , 7 ° 3  1 / 2  ~ 1 - 9 S

r o s s 1 - 1~~- -s  P lo  de J a n e i r o  1 , 150  01 ,‘ ‘ ~, 4 H l  7 ( 1  ‘ 7 ° )

- u u c - 1 -~, .  1 6 7 7

cc -’ re c  ic r,  f a r  the remainirc-g 20 percent of water is 25 per’—
c~~nt c a  sca re , which iso difficult to understand in view c-f
h~~u’ - :-wnk i ’ s t h e o r ’- t ic a l  as- u m en c - :  (E la e c - -c - ’-w sk i , 197 5) .
l I a c - c - - w s k i  su g gu s t  a that -  ftc-c d i f f e rence  In A c -  em i s c s i c - rc- in d ex
I ~e ~- - - -~ r. ‘ir at 300 ppm and a ir  at S nrc-c- at s-’~t~ ’sp isere con ii—
t as-,: should be - abc - u t  1/2 r e r c e r c - t

2— 2 0

— -- --
~~
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TABLE 2—11 . CONCORDE EMISSION INDICES (OTHER THAN NO , SO2)Source : Beadle , 1977 X

Emiss ions  other than N O
~ 

Emission In dex (g/kg fuel )

Wa ter Va por 1270
Car b on dioxi de 3140
Car bon monoxide 3.5
Un b urn t  hydrocar bons 0 .2
Par t ic u la tes  0.1

Beadle t s analysis (like Scott’ s) wa s  based on use of an

I n ter n at i on a l  S tandard  Atmos ohe r e  ( ‘i:hlch is the same as the U . C .
2t-J . Atm. 1976 fo r  purposes  here ) p l u s - - o r—m i nus v a r y i n g  inc re—
mere ’es in t empe ra tu r e , wi th  the s t andard  a tm osphe re  assumed for
s-h e ts-:-pos~c -h e r e  ( t o  13 km) and a u n i f o r m l y  cooler  or warmer
atm-asnh ere above , rather than standard atmospheres far other

l a t i t udes .  Some u n c e r t o l n t y  is recogn ized  in so d o i n g ,  but  the

c’- a s ui t i r ,g e s t i m a t e s  shou ld  s t - i l l  be s u i t a b l e  for  m o d e l i n g  pur—

poc-oe -s, in view of the  other  u n c e r t a i n t i e s  involved.

The Co n c o r d e  is l i m i t e d  to a p r e s s u r e  a l t i t u d e  of 18 .3  km
cr -  e O , 000 ft (Ccott , 197~4), or about 72 mbar. The geometric

a l ti t u d e  r e s u l t i ng  var ies  w i t h  season and l a t i t u d e  from abou t

17.4 km (arctic winter) to about 18.6 km (30°N in summer).

Eceadle gives fuel flows and N0~ (as NO 2) emissions from 0

to- 19 km by 1—km bands and  fr -cs - .  ) 40 °S  to 55°N by 50 l a t i t u d e
L c - n 1 G .  IllS - results are g~ven in Tables 2—12 and 2—13 .

~2 ead1 e a lso  a n a ly z e s  n o r m a l i z e d  emis s ions  by a l t i t u d e  bands
Is ,  t h e  st r a t o s p h e r e  ( 15— 14 , 12—1 7 , 17— 18 km)  as done ea r l i e r  by
Ol iver  et  o i .  ( 19 7 7 ,  pc-’ . 2 — 3 2 )  in ucI 4 u s t i ng  A . D .  L i t - t i e  (A t h e n s

a l . ,  1975) estircea tes. Beadle finds Oliver ’s adjusted values

agree reasonably w°~11 c- - : i t h  h i s  e s t i mat e s , if t aken  to apply to
the 11cr-them Ii~ rr.ls -t here wherein most of the traffic lies. How-

ev e r , su r - r r - i s i r c g l y  la rge  r e l a ti ve  arc-counts of NO
X 

enter the  18—19 km

2—22
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b a n u , d i f f e r i n g  fr - cm e a rl ie r e s t i n c - a t e s . b e c a u s e  s o c - c - ,  :is ’ r ’il, o—
f an s  are sensitive to tde a s su m p t ion s  ic -ode in tI- CasIng s-nec

as m o s a I c - e r - i c  t c m t c - c - r a t u v e  p i -o f i le , such  - l i s c r er a n c i e c c -  s- f  - t  re
ic- oc - ’pr -l,; ina (or , pr oba b l y ,  too important)

The N O
~ emi s s i o n s  shown by Beadle  ‘i re  a l m o s t  c e r t ain l y  ‘coo

s~call  to  he n o t i c e a b l e  ii: a computer perturb ation stud~-’ . A 50— c-

f o ld  inc rease ( c o r r e s p o n d i n g  to )4 50 a~ r c r aft ) woul d erha s be
ausc-r ’ c)pr iate  for  model ing pu rposes  for  a c c u r a c y ;  h o w e v e r , to
test cossible nonlinearities (see Section ~.5.5), sever-f  f l ee t
sises would need to be examined.

The beadle resu l t s  j u s t  shown are norc -c-inai lv for’ c-oometrlc

a l ti t u d e  m o d e l s .  R e s o l u t i o n  is p r o b a b l y  such , how-: ,~er , t h c - t
little additional uncertainty will be introduced if schese 5is—

tc-ibotiorts are used in pressure coordinate models. l.a is iss-ror—

tans- s-c recognise  tha t  a s u b s t a n t i a l  pa r t  of s - h E  t o t a l  e mi s s i o n s
is released in c l i m b i n g  t o  a l t i t u d e , so ~-h ot s-c-ocu els assur’c-ing

a ,ro:-al’t at a single altitude may givc rc js iecc - cc - Imc -c r- Csults. . 

- 
-

2 . 4  NO
~ 

E M I S S I O N  R E D U C T I O N  E F F O R T S  p

The -h AP (C rc-becker et al. , l97Lc - ) and PA Il ( 1 9 7 5 )  s-sa~ ies

i r ai c at - e o  that bc-~,h s u b s o n i c  and s u p e r s  - s i c  ‘ s i r c r a f ’~c- a c - o l d  re-

duce  the osone layer if fleet growth were to cant c- -c-ce as then

e xp e ct e d  un l ess  ~~~ e m i s s i o n  i nd i c e s  are  sat  s ta nt i al i : -’ r’e d u o o — d

((—fold or m o r e ) .  This goal thus becam e an a d d — c - n  to efforts

w h i c h  had been underway fur’ some tic-se to reduce o~mis sai :ns at

talcc cfr ’ and ~ anding, based on EPA proposed stard~~r-do , c-s ad r-~- -~ —

~r- - )c - ,; s- -er -c irJ t c- ted under N AS A cop onsors ic - Ic -- . 211 these- -a f? -- c - -ts

c-a- re :‘- - ‘~Te’we .I is-c- a conference held c-~ PAP - s Pc— c--c- s in f:~
- 1977

(A ci i~~t Er g  € ss ionc , l°7 ) ~ us h s-c
on b -cductl on Program ( I I C E R P )  (h i  eh l  et: 0 1’ , 19 7 7 ,  o p. C:

sc -c O~ (mt : O ’ O c - I l  ~r terest. Nuch of t:r C I 11
C

1
c c - c -  c-c-I c - c - c - s - c r ’” w- ri:

dIr-catc h s-a lIl A goals is of genes- c- I t - e sI ,l cal a’ -c -rest I-s-P ic - -s

c-,- ,uc-st i ’ c ’ ~ - s ’ I - -nc - -c achievable by he coc-ssIc- uot -oi’ : , - .1 o a t h  - c - - sc - s

_ )  C c - i

_ _ _ _ _ _ _ _  

‘
-~~~~~~~~~ -~~~~~~
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i V ~ ’ O ’ j ” c - 1 ’ C c -  ( 2 , f , i ~-~~rn ’ c - c - - )  rce c--d-’e ~ h- ’-, p 0 c c -  ‘ c c - - s - 2 ’ d ’ c - t o s

i c - - -  L o i s - l’C IUL c- (c-- OS  - - a i l e d  “ or’ Ic -  ~~]‘ Al ’ ’- c - c - d by ~ 
CI P A P  ( c- - I c - ’ oh

OO .)c- ’5~~ were S-c c-. H~- tr c - e s--~ o f~~r-i~ ~h~ c-c- ,cs ’ :r-w “ s c - e n
- (  y r - c- - - ,~~ s- ;1 1I ~~t I - —  r - - --,’ c - 1 - -,-,w- I ic - p’s ’ - -- . ‘75,is ic - c rs ” to sac-’

‘J- ’~ c e c- Oc - ’C- ‘ c - i r c - , c - I e s s -  e c - ; c - I c - 5, c - -c - it S ‘cr c - e l;- r e rhar c- c - o r - - : r r - c - - c t i c a l
s- c S- , ], r4 - 0 ;  cc -c - - r H a C - l h v  t I n s  c -c - se a t  Cc - ’C1 Hc-C c~~c - - H 5  i c c - c - s .

- a lc - c - - t - c c -  c - s - e - 3  is the sec -Her-ac - ce ccc’ - - I~~ ccf c c - c  s - t s - s, —
I’s - I  --—s -a c - c - c - 1 c - c - c - -’ 0 c c - c - c - ,  ‘ i a 1 s

- ! - c - c - 1 (7 -7 7 ) r -  -rn; d ec - c - ct - lo ’ ( -H;- . 2— s-dc -i oh s -c - c - -c - c - cc s-i s-crc he-
r ’ 

~ ~~ ‘I f~~ c - ’ t tt c-c - s  cu- - c - i c c -  or ci ‘ c - s  - - sc - ic - r ’ c - c - c c-o-o . , o’,’er’a
‘ dc - -sd - be noted :

‘ c - c  !nar - s-ijec - atc - -If 1 - - ; c-f clear c-c- - :ust r- s - e a t r c - c - I -  t o
t~~1’ ccxpIesc - CI~h 5 ’c-c:-a lc-c ~s clear- .
Fe c- - - - c- v c -n c~-q OP Ts  - t h~ g r eat -  c r -  ‘se ’: ; .  in s : :  --oh s s i  en
c - is - - P—s o c r  c-c - c - c - I c v c - sc - c - L i c - rc- -c-1 c o n ! L - u s 5 o c - - ;  ~ 5’ -c-c- t o  e x t-‘ 

I c - 1  ‘-for- r - r 1 5: ;sc - r- - —o and t Cr’ c - c-~~r -cc - t s c - c - -~~s .
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c c - s e -c-t o cc - cc -cc -c irce t’r’ssr’,s--h -c-r,ts (rel ic - -St s-c-cc -s-s ir- s-- s-eats , CC Tc - c - p r c c —
s o ’s - stall , e’ c. ) . All thrcse problems (arc -c the SCEFI- progra:’.)

F ‘:re Ic - a r’cla:ivel’~’ carla state of d e v e l o r - m e a t .  N~~ve ; - t h e less ,

c-- c - c - c - c i ’ c - t ” r c s s - i c - c - - - -  c- solOs have ic-sen achieved. Thus ( u - ’~~- P— ss)

v~ r~ ~oc--: 
-‘ 

e::,::;sioc--~s c-arc- he achoeved , such as 0.: -c-- c-c-

e t t f  1 Q_ t 1 O YI S  S c- N , at ar u~~ ~c

0. -c- (ac- ic c - c - i s - once-s-sf’-c-c- r’s-ably close to hles’:ous ) c - - c - I t S  or -c at- sc --

‘cc - c - c - ic - : 29 ~;- ‘c- -ac - ’n t c— cc - c - o ust has -, e f H c - Ic ies s- 1c-y is- is also of in’ er- -a ct

s-hat c-c-ru -s c - cc - -c hc-s little s-ne c -cr— sc--c-Heal effect cs-c- f- r- s - ,c - c -’, ic- c-c-

at I-~c-~r, ‘c - ’.-n c - hIs - i onc - :, as sic - c c - crc - is - c -  F i r .  2 — 4 , icc- c c - c - c - O r — c c - c - st ‘c- ‘c- Ic -c
c-sou~~, 2 .5 or- I.E --c, ‘ c- c - c - - f c-n-b wi’I’, c -cc - - c - c - ’.’e- c - - c - c-c-as

frar :-c-ec - s-ac’c -’ exr’c- cc--c - ls -c -cn ta l data c--sc s-c- -’ ’ -
,

Tic-c c- c- c c - c t  irc-g s-c-ar—pa , c - c - c - C os-Ion and fuel air res- arc - t i cs -c- s-r ot—
- . ,  ‘ ,—, . ,-, —, --  C - - -a r-c s I C l a s s  c - - a t e - c - c -  a -: c - - i r s . c-nd C — c - c - .  . o te  , n o t  n c - o r-c-er s - c - c - —

lu- c-c- oh ’s - ‘c -e s - c -u u-ru ’. -sr-cs increase s-sic operat Ing c-c-a s-p in ; also c - , -,c- c-c- e

h- ’.-;u- ’,nrc- - ( I - I c - . 2 — 3 )  t h a t  t roc- p: -oi c - .c - c -bc - H _ is -~: of  s c - c - r - ch n101 , -r ’, a l c - c -s
I c - c - --: r’c-s s- s - - cs -  . 1’. c-c-cr’s-cc— c-f’ oschos- s s-chic -c -c-s c- ru - also ciiscs,~sse-i

- c - c - c - l lc - ;c- s-r -a t cc - i bp Liehi et c-I.

Forc e -c-c- c - i  s oul-c-sc- i c- c-- c- 0cc-hal -cues are d i s c u s s e d  cc -p  P - c- h c-r ’:s  and

b-u sc- c-c (I 077) Ic - . the  same d c c c -.:- . -~sct . These  i r ’c - vc- Idc e u s e  of ic c - c - s c -
cc- u - c - c - P c -ceo c - c - c - c - - h  c--re -c -c - c - c - -cc- ri. s-ed fc-eI— -c- is- mixtures with a re d ’ s - c  a l a —

blo c - c - s- cs-c-c c-H ’s ’ flame stahilI:aticr~. I ltud ies  c-n t h e s e  c on c e p ts

b - ps-sc - , In Narcn 1,57h cra , i  -,-.ec-re in the flira l stages a’c- t he
t Ic-’sc- or ’ One AI r s ’s-cc- c-h . Ln;-ir.e ic-c-ic-sions Confer-er -c- c (I-law 1277)

The ‘.c--,o c1~ncesc-- t s sc - abl e -c - i were Set—in du ced ci rcu iatic -c-s (Al- , 

-c aIr bl ocs ’, (‘.‘A E); c-foe are illustrated is-. rig. 2— 9 .

-~ 
a s , s-n  p - ; :c - er ’~~ , ‘\u-re c-ow 

~~~~~~~ 
ercossions (1.0 ro!eg) -c-long

s-h ‘ c - -c - -c - ‘ c- (0 . S ‘rfP - )  an . I  total hydrocarbon (0. ~~ c-~~,’:-c -c -c , )

em H c : i  c - c - i n c - h - c - c c -’ -st. - ‘ -c- - “t’n ctor 1cc-ft tec -c-p er c- c-c-to rc ac- sd r-c-sc -cur ’-e

cc- i’ I c-PcU °i ’, c-c-:, : ~

‘ 
c- , s - o c - c -- c - c - c - - sc- c- , ‘-c - Ic - ic - a coric-bustor -a c-s ’s let sec-c-c-erasure

c-c- ‘c ’~O°b , ,:c - Ic - : ~~~ i - — I  fuel. Oh -c - te ch niques are , in effect ,

s-o-on ’r ,ica l - :rr-oac s - ,c s- ‘ o oc-c-rr-’z c-L rsg c-c-ut c - c - he  e c - c - r  s-rcc-s-c-ixe d

- ~~~~~~~~~~~~~~~~ c ’ - ‘ ‘
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FLAME TUBE EMISSIONS
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EQUIVALENCE RAT iO

F IGURE 2 ’ 5 .  NOx and CO emission i nth ces under lean condi t ions.
The auto i gnition and blowout limits are shown for
the conditions indicates . “WSR ” re fers to a we l l-
st i rred reactor ” theoretical result .

Source: Diehi et al ., 1977
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PRESSURE EFFECT ON NO~ EMISSIONS FOR JET A

100 
~~~~

‘ EQUIVAL.ENCE
— RATIO

10 
~~PER1MENTAL

Nox EMI SSION
INDEX , f \

gNO2Ikg FU EL 1.65,.6

-\ g . 5
\ / INLE T T EMP-980° F

1 “1 1 1 ,1~0 10 20 30 40
PRESSU RE, atm 

CS -7 7- ,,47

F I G U R E  2-6. Theoretical and experimental pressure
e f f ec t s  i n  NO x formation at various
equivalence ratios as a function of
pressure .

Source : Diehi et al , , 1977
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PERFORAT ED PLATE STABI LITY MARGIN
EQUIVALENCE

RATiO
PRESSURE - 5 atm10— 0.7 11M E-2m sec
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. 1  

NO FLAME

cS~ 7 7 ~ 5/, L. 200 400 600 800 1000 1200
INLET TEMP , °F

FIGURE 2 7 . NOx emission in dex at various eq uival en ce
ratios an d inlet temperatures , show i ng
sta b le f l ame , b l owou t , and ope ra t in g
margins.
Source : Dieh l et al., 1977
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JET A AUTOIGN ITION DELAY AND
DROPLET EVAPORATION TIMES

400 — r~~~
O
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’
~
oN TiMES

,~ ,‘-IGNIllON DELAY
- 

,
/
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I V~~~-~~ :
100 —1/ ‘oc-c-c-c-c-c-V/ AUTOIGNI11ON
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~~~~~~~
, 

DROP

COMPRESSOR EXIT PRESSURE , atm c s - 7 7 - 5 3 3

FIGURE 2— 8. Auto igni t ion regions and droplet
evaporati ng times as a function of
combustor exi t  pressure and dro plet
diameter .

Source : Diehi et al. , 1977
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J I C C O MBUSTOR DETAILS

MULTI - PC I NTTORCH IGNITER /P ILOT MIXING TUBE (4 1 /A IR -BLAST
,~,, BURNE R ENTRY INJECTOR (4 1

DOME
P R E S S U R E  —-______

ATOMIZER VARIABLE AREA
PRIMARY PORT

- J

-b’ —REACTION ZONE -’--- ---’-” - -- - —DILUTION ZONE —~ — --—- -——  —

- -~~~~~~ 

I~~- - - - ---

—C-, ‘-C
~ 

-

~

INTER-PORT
PRES S URE -

ATOMIZER (4 ) VARIABLE AREA
DILUTION PORT

V A B  COMBUSTOR DETA ILS

n VA RiA BL E ANGLE

REAC lION ZONE -— —c--— - —
~
-“ DILUTIO N ZON E — ‘ ‘ -— —‘— ‘

~

~~~~~~EcOOL~~~~~~A IOMIZ ER ~
--
~z~I-FUEL VARIABLE AREA

INJECTOR DILUTION POR T

FIGURE 2— 9. The jet-induced combustor (JIC) and vortex air blast
(VAB) combus tor conce pts.

Source: Roberts and Butze , 1977
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cc -r- cvap -sr-i c-c-i-’c- soc - c - h u s t i-c - -r c - - c - - c - crc - c - es ever a r- - - o -  of’ - - - - : - c - t t~ ~~~ —

s i it l  c- ic - s (idle , takeoff’, cr- c - c - is ’ s ). In the P 2 c-g-~ c-he

an-i fuel ar-c ps-c c - c - c - c-’ c- I ’-u  cc - s d  ~
‘ c-c- I (at 3Q0 c-d c-st I via to ‘ ho c - I  -c- c- c-. -c-c-

a-’is) into a c - c - c - tc - - as t j o r c - c-~~O c - c -  be ’s- in a direeti-a n cu~ n’ er ‘ - - t i c

e v e : c - t u c l  A l ’s. T ir e  VAIl - sy s t e ;c -  nvolt c--c -c -- c- c - con- - -c’s- ’ s - c : t ic - c - a , w L t ~
van -c- c - d c a ng l e  swirl v s - c - - c s ;  r ’ea-c - t c-on c- ’ t c - c - n h l I z ’ s c -  icr. os -c - c - - c - H.

a s-esult ic -c-g voc--tex reeirculati u - r i .

s-a n y  efforts s c - ’ ~-:u-U tiiat c - o r -,- Pu f - c-P c-ssions a crc~ so soc - i—

d itlorc -s coul-i be obtained , with the VAB eonces-t s- i c - c totter cc-au-

c- r -~~” . ac - c -  e c - c - i s s i o c -s st:c - a j s - o ic - c - t at -c -crc - cI sc , ac- c - c l esse-r. b c - c - l h  - -— --c -c- I

th e goal of 1.0 g m/ k g .  s-os-eve ’s-, as s - a c - c -  r ated in ec -~sil~ 
c- c - c - si- ac -, the 1 cc - c: stability de tu - c- J orate (arc-c -22 c - -c - c - c- c - c - s i ens f—

‘:1-cc-c- co— P ) rapidly s - ic - i c - -i c — c r c - c - s i c - c - -  inf ’ t. -c - c s - c - c - c-c- n a t u r e s , ‘ac a b c - c - - c - n
c - c - .  F I g .  2 — 10 .  c-c-c- c: t i c - a t  the s i c - c - -id , I c c - c - c - c - .  us -~~mH: C~i , c o r i c - c - a - r c - f —
ge c - ac -- c- t r’i -c- c - c - c - a s - c - sc or c c -c- c - c r -c o  he cc - sc - -c : b er eP  Ce’s- u s - -c-’ s - c r -c -c-c- s the s-ac -c-p -c-’

- -a ’ cc - c c - i c - s e  c c - c - n c - l I t  I -  c - s .

:- :~~~ -~~ resenc- s- c - - s -k with these c- - c - -c - c - c c - ep i cs i c-c-- s ic -eec - c - c - c - c~’a~s-c-~~P

c--4’loh sees-Trip ways t o  a’ac- hc-i Oh ’’ ~, c - — c - hlcsc - c - ia ~ic a t —— -i abc ’:-- - , c - c - SI c - c - - c - c- c-

-,~:snjab ie di lu ti orc - . c- s - r I able sieome~ c--v . c - t c - p I - c - c -- , ‘a

b h C~ forego ing dIs - -- cc - c - cs c - c - c - , lc - c - c -s b -c- c-;- ir s- i c - c - -led c - a c - , Hcic - IIp~c-t

bc - I eI’~ y so c-c- cc of t Ie c- oss lb H, t es s - c - - i  pc - -h ic c - c - c - c - cc - .  c - cc - c - ic c - : i c - p

c - It r’ss — l’ ,w Pu com b u s i c - o r s .  It r-: - c- -s - c - I c-i s-c c-c- s-er- c- (c- b -c l cus c-c-h~c- t -c-cc - n—x - -

c- c - I i - c-’ r at ~~ t c - c - - c  ac -sd c- :unc-v wil ls be r’e-c- red I-c f’ - c - - c c- c c - c - c - c -h -c-once : tic-

- ca r: i c - c -  b r ’ -c ugs - c -’c-. to the 1c-av”l of s-a t- c - -c- , -.- c - c - n - i  sonhis c-c-ic at c - c ’, c- -c- —

- H’- - ‘‘ c c - a l ’ s - c ’ s — s i f t  c-c- s -c-- 2- c-c- at l.s- c-c-ary c-as s-c -a -b -i c - c - : syst cc - c- c-s c- c - -

a s-u’ ar c - -- i- c c- a i -I-ic - c a t l- c - c - s U c - i c -~~ ‘ Ic - Es - ’c- rsi- r’c- c - c --hes c- c - c - ic - is ’ s -ac--li

c - c - - - b e1 ’or- ~-- t io se for cc - i ’ s--:rac- ’t

2 .5 SO M E COMMENTS

s-he 0 a - -go lag U : — c c - c - c -s ion -- c-~~tc only a fe-c c - c - c-er - si dc - 5E ~’s~—

c-’ ’c-tions . bh ,c -c- :, un cn r t ai c - it - i e s c - i c - c - e : c - l c -  s c - on ~c - c - i i ce s s- ill exi st

cc -s t h e y  ‘ c - - c - c e  sic -i ce i c -f . Ai rc rc - fc ‘lc -Ct s- - c- c f- c -t ic , r’ , c- _ c- c-

c - c - s ip of ’  2 c - I T . c -  h- ,ve d rc - r ne d -n”-c - c - , a t i - c - -s - c - li y . i’ s-asic --c-sr Is fir-c-

2— c - c- -
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V A B  R E A C T I O N  Z ONE CO E M I S S I O N S

2 ? -  23c c- c-a -c- , 2c - -c - O ‘s- c - c - c -  :-
c o : e s T o ~ 3 L T L r  sc ’ s -- c- c - ’ T L~ E - ( F

FIGURE 2—1 0.  CO emissions with a vortex air blast
(VAB) combustor simula ted idle pressure
wi th various inlet temperatures , illus -
trating ra pid rise in CO at low inl et
temperatures .

Source: Ro ber ts and Butze , 1977

c - c cc’uise emission reduction programs (although the
- .‘l c- ic - c - il hc - c -.-c-is for these efforts , as will be described more
c- ally in the following sections) has been shown to be in sub—

- 
- c - c -  fi doubt) but  the  a t t e n d a n t  problems in achieving large

c - - c- c-c- c-c- ‘ ‘ as in NO >, emission index values are all too evident.

2—35
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3 .  O Z O N E  M O D E L I N G  D E V E L O P M E N T S

3 . 1  I N T R O D U C T I O N

As noted in Sectior’s 1.0 , the cut—off date for inp ut to our
c-c-:-c’:i c--us summary report. under the HAPP effort (Oliver et al.,

‘ic-as Dece rc-rtc-er 1972. Since that time , there have been a cc-

- c - c - c - b er  of deve lonrc -es- :ts a f f e c t i n g  the computed e f f e c t s  on o z o n e
of’ c - c - irc~- -c - f t emissions , chiefly i.n the kinetics area. The prim—

c-c- ic -c-al effort , is’: a national sense , in this period has been

-c-ev c t - c c - i  to tic-c halogen problem; the fertilizer question has

.lsc- t- c-- es -’c- subjected to soc-c-c study . The sheer volume of this

s-c- c- c-b -c - , and its s o c - c - e s -h a t  p e r iphe ra l  re levance  to the a i r—
cc-a ft question , preclude its detailed review here . An atterc-c-pt

s - 1 1  be c-c-c-dc to draw from these work developments which seem to - 
-

be s-f c--ac—o icuia r interest to aircraft effects and to the uncer—

ta ic-.tl-:s therein.

As will tc-e evident in the following material , changes in

- ‘ c - c - C c - c - I s t s - I J  which have generally reduced computed effects of NO
~

c-c-li ,i t i , o c - c - s  have brought what have been secondary issues to the

f o re - , such cc-s the effects of thermal feedback , of simultaneous

c--Tatec - ’— v cc -ro r irc-,ieolc-ion , and of detailed choices in reaction

rat-er; the sign of the effect on the ozone column change can - c-

-; c - c - ’  with choices in these matters , as well as with other model—

c- au c-i c- s-ails. A recently passed law is of interest in this con—

nt~ction and merits c-c-ms -c-eat.

3 . 2  SOME C O M M E N T S  ON P L 9 5 - 9 5

In connection wi th modeling “details ,” the apparent impact

of F c,zblic :,c-c-w 9~ c - — 9~l- , passed or. August 7, 1977, should be noted.

- — 1

— 

. 
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This -c-ct , Clea n Air Act Amendments of 1977, covers many ascects

of air quality; however , amendments to Section 126 are of price

interest here . This amendment adds a Section B to thIs section

of prior legislation entitled “Ozone Protection; ” the amendment

refers only to ozone in the “stratosphere ” . The stratosphere

by definition (Sec. 152) is “that part of the atmosphere above

the tropopause ,” and thus includes the mesosphere , etc. The

act s t a t e s  tha t  the “Admin i s tr a to r  [of the  EPA ]  shal l  c o n d uct

a study of the cumulative effect of all substances , practices ,

processes , and activities which may affect c-c-he stratosphere ,

especially ozone in the stratosphere ” and goes on to cite halo—

car bons , other sources of chlorine , bromine compounds , and

emissions from aircraft . EPA thus become s the lead agency for

protection of stratospheric ozone , and through a Coordinatinc:

Committee , reviews and comments on research by, and research

plans of , other agencies. An interim report by the Ic-’AS has ,

in fact , already been prepared under this act (s-AS , 1977).

While the full implications of this act are still developi ng , -

an apparent (if perhap s temporary ) result has transpired due to -

emphasis in the act on changes in s t r a tospheric ozone , rat her
than on changes in the ozone column , including changes in t he

upper troposphere , which total effect , of course , controls

changes at the earth’s surface . This emphasis can lead to awk-

ward repor t ing  problems for  i nves t i ga to r s .  Thu s , in c o n n e c t i o n
with climatic effects , release of halocarbons may cause depletion

of ozone in the stratosphere , which would involve a cooling at

the ea r t h ’ s su r f ace ;  however , on i nc lu s ior c -  of the  t r oposphe r i c
greenhouse effect of the halocarbons themselves , the net effect

appears to be a surface warming . Similarly, l—D atmospheric

ozone modelers , if the act is taken literally, may decide not

to include the troposphere in their models , and rr,ay obtain

thereby misleading results ,* particularly if aircraft effects

It should be noted that modelers who exclude the troposphere
have argued the opposite ; that is , tropospheric chemistry , c- c--
their view , is so poorly understood t h a t  i n clu s i on  of t h e
troposphere can lead to mis 1 eading results.
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c-re hcir 5c - coc -c-p ut ed . W i t h  a i r c r a f t  ( s e e  e . g .  , Hidalgo  ar c -ri  Cru ~. zen ,

1977), particularly realistic fleets with principal traffic in

tao n - c i -  t c - - c - o rp n er e , signi . f i c a n t  c h a nge s  can t ak e  pla ce c--zic -icl c-

c - - c-c- p h- ic-c sc-ore i s -c -p o r t - a n t  at ground level than the very s--sc - . c - il

c- i c - c - c - c - g e (ros ::bly of the oppos ite sign ) which c--cay resui c- a the

stratosp i c r - c .  Arc-y model excludin c-c- ti-se trc-nospher--: a c---c-ss c - -~ ly

V. 1 c --c - es c o n d i ti o n s  c - :ac -~ . or less arbitrarily at the I-c-- ca c- c- c c -c -ic?

b o u n d a r y  ( t he  t r o p o p a u s e ) ,  t h e r e b y  a f f e c t in g  or suc-rres - i c - c  i , ic - e

c-manges ;-rhc-Lch would take place at this altitude in a c-c-c el :-. c - i t~h

c-c- t ’ s --c- - r- -c~rc - o I ere  included . Erroneous or c- c - i s? - c - c - d ir c - - e s t - i c a c -t e- s of ’
oc -~~- rc - e  e f f e c t s , like those for clirrc-ate , could result us c - c - c - n sucl -c-

p so - ce-Juc - -e s

3 . 3  T R A N S P O R T  P R O C E S S E S :  ], -.D P A R A M E T E R I Z A T I O N

3.3.1 Back g round

s-he f’unci-ac-c-enta l problems in rec -cre cer c -tc -- i s:si atm - c-s c- ic e s -- ic i c - r _ c - c - c - c~
rcc -c- -c -’ s - r-rc - --- cesses cc - -c- ?~dy n a : c - i c s  ‘ is-c- A - c - n e — d i s c - s e c - c - s i  c c - c a l  c - - a r c - c - - c t - e r i c - c -- a-

t i - c - c - :  ( Os - c - c  “ 1 ”  p r o f i l e )  ic - ave been d-c - c - sc r ibed  at length cisc -c- ;-: ec- ’c- . 

-

( s c - c , e .g . , -s-c-Ic - ic - c -sc- n , 1975; c-fl-Is-PA , 19P5 ; is - c - f’ , l97~~, $ p r en d i ’ -c- H ;
c-L iv e r’ es- al. , 19 7 7 ) .  i leac  we c- a-,c- only t I a t  (1)  ir’c- c- ’- n i c - : o  c - p c - - c ,

ea ca  t c - uce r has cbs cs-c. p r o fi le , d c - - c -  c c - i c - c - c - c - s c -c- a:, i c-s s o u r c e s  arc-c.

:c c - c - c -- :s ; ;’:c - s t c - c - - v c - c - c - - c r, e.g ., c c i v  l ik e ly  b- -c - l aces d i f f - ~s’~’ c c - ’ s iy I c - -c - a r .

‘dues.; ~itl~c - ’ s- c - O  ox- o s - c - c - -c - - - ; (2) fuc- c - c - Ic- cc-es-c-tal ac-c - b- i cc c c - t i - c -cc- as to

c- rs ’c - e r - ;  c - - c- - s - s c - s - i  o r ,  of 1—f)  results c-c-re evide rc-t , with s- nrc-n : c - : c - J c l em s
- c - i - _ c - u i ;  :0 t h-~ir models r- e r--reser -st “ g lob a l  ( t ime ac -cd spa ‘c - )

ave r-ic -c-es ” and othe r-c , meac-’c- c-rid—iatitude conditi, -ns , c-f. ; - - c - c d

(3) fcc -- c - - - -. c-rces  nec - i -  t h e  t r o p o p a u s e , no s a t i s f a c t c ry  me c-s of’

t a k i n g  c - n c - c O acc-c-unt tic-c-c ac--sd l c - c - t i t u d e — v a r y i  c-c s - tc’ -c-lcopa us ’e Ic - cl ub ’s s

c- regIons of c- c - s-wellin g or subsidence , hoc boc - c - -n develc-r c-e c- . Ic - c -

suite 01’ tl --ce cc - sc -u other problems , however , the s-c--c-- c- - c - .  campu s  a—

ici ons - sI c - c - icc-i I Ic i t p c- tro iuced by car ’s - pc - ;, g out cc -c-c-c-of c - i l  ~- c - c - r -  i c-c-

c-. has c c - c - c -c - sc - c -c - I their casc - ’. i nued u sc-c- . Au -c - c - c - uts- to re—

f’s- c - -- s-_ s - -h c- c-c-- s r e s en t c - t i o n s  --crc H f ’ conti n u in g interest - , as- ac -- c-’

- —

—_,,_:__ - ~~,:± ~
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i r c - c - - c - - r c c r , c -u c - ’s r ’ i s -mc s  of t h e  est .  ic - c - c-c tc - c-c-- g uses ; c-- c-’ o c - f t - c - c - - cs , ac - c ,rc -c-c--r-s
Scme recent d e v e l op s- c en t s , with r e l ccca s - c -c ha-m- : u c’c- -cad s-s f’ : c- - - ’c-~ ion

follow.

3.3.2 N 20 Tracer S t u d i e s  an d D e r i v e d  P ro f i l e s

U c c - d -.c-ubtedly , the  c- c-oct extenc- : ice c- ’c- cc ec -,t. s-:- c - -k c- sc - c c - -~-cs- er- i c-: —
ing I—D transport is tic -at of ‘chc,ol’ -’ck-c-- s - , s- - c c-il. (l s- c -I , l9~~

7 u ) .

These a u t h o r s  r cc - c - c - c - or ted  os c- cr , cxc- c-c-as I -;-~ s-~r I cc of c- - c c- s ca r - c - c - c - c - c -’, s
of i20 as a c - u n - c f _ c - o n  o c - a c - s - c - bus - c - c - b c c-soc -ct c- s- -c-c- :). _ a t  c t c - c -c-c- e

(78°S to 63°:l) a c - ic - i  ( ‘ .o s s-c-c- c - -c--u . ) s--c -- a c - ac - c, c - - ’ ‘ -c- i : c - c - e r - r  r otc - s - i ac -c-
thereafter ac- to K ; c- r ’of - L 2~- s .  The ,- ,- c--k ic-c a s - c - s-’—c-c- c-c - .i c -~’ c- c - - c c- ce’

f u l l y  rcc - c - c --rteci ; t he  f - i l l - - si  c - c - s -c- - c - - c -  a : - c - c - I l ’ :  Pc - - -  c- - ,I c- c- c- c-el~ ok c--p f’

et a?. (1t77).

Schme icc -- -k c c - c - -I’ et a?. (1977) , arc-c-c-c O h s - , c - c - i _ i c-c h -~t h  c-f c - , c-s a c-:

as-c- SLib c -c -5,IC t r a c e r s , he l as s  r - -ce :ses  inc-- c- I - - c-c- c-c-c- hc-c-’ c-

s-a-c--ate : - c c - c - c e r t a i n t i e s  wi t s - c - s-H c- , so - c- c - c- c s - IC c -  i.s c-c- c - c - s - re s u i t ab le
c-c r-c-c- c - c - e s - . Ti c - s  , 2 I l ~ icc - destroyed pri.cc - c i p c - i c - v  h- c-’ 011 , t i c - c -  c- a c - c l  Ic
of w h I c h  i c - c - c - c - c t  -celc e s t a b l i s he d , -c-c- s c- - c el l  as U ’, - O ( 1c- ) ( - c- c - ;
CL , alti’.ou-c-h c-sc --c- , s - - c - t e d  by f ’— ’ s hc - c - , e l t ec-’ c -p f )  , c-’:~ c - s - c c - s  c - - c - c c-c-c- c-~l s - c - c l c - c - :  c-
I c c - c - c -  c r c - - c - c - sc -  ( ‘- ~ 80 c- cc - c -c -n t )  f o r  11 2 7 is r c - - l c t c c -l - :. c - i . s:

:;1u + a v (~ < P - 3 D  c - c - c , )  -* + 0( 1 1-)

;-;ith sec --on - -i c - c - c -  - s - t c - ’- c c t i  -cc - c - : - ‘ ec h - c - c - c - i sms  (
~ dO c- - c r c - - c - n t  f ’ca- rc O ( 1 P -) 

-

f u r s - c c - I  by  p ho t - o l c - -,r : i  c of ’ C~~, c- :ivc - i  c - c - u

110 + O( 1Fc-- ) c - s - c  (5- 0 c- c -e r - ce-nt)

or’
+ O ( ~d c - ) -

~ + 0 2 ~~~ ~ e ’s - -c - c c - ct )

-7 c n c - :c - c- l s- e? :c~cf et  c - i .  ( 19 7 7 )  s’ a t - -- t i c - a t  t he  cc -c - - c-lI s.c-c c - -s - c - ic-c-I;

in the  ph c c- - - :c-dics c- o c-~~s- .c- o c - c - s-- i - - i s  ± 50 p c ,  . (Thi.s Is c- cl —

c-~ -r.ily Ic - cs  t i c - c - c - s c -  c- ,}c - - -c - - c - - c -r-rs l I -c r c - c c - - o t c - :. : c - c - ’- ;  ilc- [ns-~ L - o r c - c e n s c - s - c - c-~~- , c - , ,
on sc-s l - l i  on ly  l i m i t e d  - I c - f _ c -  cx  c - s t — — c - -c -c ~sc - - Ie : - : c - c - c - , l 9 ’I f ’) .

~~~~~~~~
- ~~~~~~~



f-c-ac -c--ac -I ass ects’ s-c--f c - h i s -
~~ 

- c-c -c- arc- of’ pc -~c -s - c - -c- c-c I- c- a i n t e r e s t

?. Loca l  K ~--r - ’ f i  les vary s-r ’~c - :..~c - c - c -d - c - u s I y ’- ;itc - : i c - i f _ f t c - s u e, wi i’s ,
e .c- . , A a c - k c - c -  c c - c - I c - c - s c - s  b e i n~ up c - c- ‘c- -cc- .- cr - cc - cr - c c -  of ’ mai - :si’ us-i-c-

- - s--c-c-. iller cs - c - c - c - c - Pan as-c--c-. c-’a Ices . in tic-c- auc-c- hor s  a c- c - - c c-c-
‘ I s - K  c - -c c-d -s - - 1 1 i- - c - f7iles c-’ c - - r- ab ly icc -v~c L i t t l e  c - - i c - c--fcc-c-il

a- -al lO y . --
2. i s i cluc icn  of’ c- c - I c - n c - c r c - c - a  p :‘-c f i l e , of whIch only c- c-c e c- -cc - s as--all—

c - h I s  at t i c - s  t i r r se of  t i c - sc -  19 7 7  p .c-c-ocr, roughly tris-led c-c rc-c

g lob a l  a- i erc -c -u. e c--ic -d y -~~~ f f u s i v it c - -  o t h e r w i s e  o h s - a c - n e d , in th c
17 — 2 7  ic - c - s. a l t it u d e  ac-ag -c p r in c i . r c - - a l l y  d i s c u s s e d .

3 . Ti-c -c - ar - c a — a v e r a g e d  eddc -’ dl  ‘ f”c - s i v i t y  c c -c e f _ P c -  cierts derived

‘c- crc-c f _ c - c - u n - i  to  cc a f a c t o r  o f  1.5 c-c-- o 3 s - i c - -  -s chose  foss-s c-i

sc-p i - I c - :n tec - c  ( 19 7 1 )  u s in g  C1i~ h -c - t a  t aken  c- ct h a l e s t  i c - c - c
s-cc--c-as . T i c - c - s  ‘ s - e s c l c - c -  c - c c - l e d  h eavi  Ii,’ on t ic - c  Fan as -ca d a t a .

ic - i  t h t s  authc - a ’ S c - c - c - -c - s - si c- n , Ic-he ic-I c- p r o f i l e :  — c er ived  b y  pro-
c ce-c -ores , su c c -  as s-i,c sc-c use- K c - c - v  f cc -c - c -cit  eaoc - c - c -f et a? .  , seem most

c-p- prop-ri ate so a s-c-ten d , sac-c-h as K 10 or one of the lcnp,—l ived . 

-

i c - c - c - f c c - a s - a r cs , c--c-hi ch ic- c’s- lc-’-c- a c--cr-face source , w i t h  1-s--ri p- l i f e  and
. 2  c - c - c -x i s ’ s- ic - s  t h e  r- - . c osphere  , a c - c - cl  a ct - r c-c- t- a s p - h - c r c - i -c s i n k .  To

Wi ’i c- Lt e:-,c crc- t c-c - c s - e a r :  K c - c - a - s -I ’ll c- c -
~~ so der ived  are a pp l i c able  to

c-c c-c-a s-os ; herlc ssc~ a-’sos, coc - , ce n t .r at ed c - c - ’: t s r - sc - c - s of l a t i t ude , ac-id
‘.-;itr , t- ’s’ - a- ,c- : c-che ’s’io c- ic-cl-c - c- , Is c- c-oass c--r’ of some debate.

c c -ce c - - -c e -cicres “s c - c - c - ed bc - i Sc cc - c - cc - cc - - I t e l - :o c - - f  et a? .  ( 1 9 7 7 )  fcc-c- K
p r c-f. c-c - c c - c - - c- f - c a c-- c - -c c - s - Ic th e  17 — 2 7  c - c - s c - : a c - c - - s - ion, an-c- as such c-ac

al - c - c - c -c- -c-c- -c- u f ’f ’ c l - c - c -c - t  t ’or us —c 1;. i— c - c - ; c - s o d e l l c - c -p -, . 11cc - c - c - ever , c-I ruc:ec- .

-il -c-il . ( 19 7 3 )  i- c- cc-c - t b -c -  sc - i: c - ,e s-i - c - c- s , ic - c - a rc-t-cc i y of ’ cb lo r c - ca :- i c - c-c - c

c-P 1’c- c - ctc - -n ocor ce , u s- I l i z e c -  th-: -c -e arc -c - i cc - s - h o c - ’  2 — c - c - t a  to fc-rc -c-s a K~ —
-c - c - i c -  ft c - c - c - c -- - c : - - c - c -I .i ic-c- ; ‘c -h tch  hey  c c - c - c~r ’ c - c -. - ,ct es-i c-ed a c - c -  Ic- I I c - - s - s  ( . i c - c - cm 2/ sc- c c
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I x  l0~ I : i-c- 1- c - c - c -

= :-. c - .O~ + (-- x l0~ - 7 x l0~ ) ( :  - l 5) /  S 15 c-c s -

i-I s- = P >c- 10 c c--c s- [ ( , :  — 1 5 ) / 5 . 5 2 ]  15 ~- ~ 29 s-s c--

c- = 5 x 10 ’ 29 c-~ z — 5 0  c-c-sc- .

K = 5 c- -c - I l I c- ’ c c-s - 5 O ) / l O . 5 ~ > 50 , :c- c-

f-c- v a lu e s  fr - or ,  15 to  30 s - c - c - : a re  b c - sc - c -K c-n c- h-- -c s - c - a. It
ic-I c-nec’ altitcsces , the values are cased s-c - c - ;c-,c-cthac-se ‘sac-a (Li,hal:.

c - i .  c- c - I .  , I 9 7 ~~) ,  c c - s - i c c -c - c - t ed  b c -c - a factor- of’ 2 to acc - c c - c - c - I c - f i~’ s- d ay—

a’ic c- ,c c-c- ’eaa s-i c - c - g .  As ri-c-ted earlier- , the Sc -ic c - c-d c-c- Pc P 1917 K .
v a l u es  c-cc- c- c cc - c - c - c - s c - .. i — c - : - c - c L - l ’c- ,-- g re a t er -  in  cs--c- 1 5 — 2 3  P c - s . re c-cI c-c c - - bc - c - ’  -:

b ’s - c -  c - c - c - c - c - s c - c - c -c- c- 1975 v a l u e s .

T i c - i s  s- c- - f i l e  s - a c - c - icc -cc ludc-c d is-s cc- s-c- c- cr - icc -crc- s c - u h f  os he’s- c-c- i c-c- c ’
- c - I c -’~c - c t - iv c - c -  K v a l u e s  ( see  K ec t i o r c  3 . 3 . 3  ic - -el-c -c - -: ) ac-c- -c-i is  c - c - Is c -o c c - ’

c- . c - e c - a 1  j n t c c - -. - c-~~ . For - a i r c r a f t  ( a c - c d  o th e r ’ ) e f f e c c - . s c - c -- c- - , i i e ~
in a .L c-c- . c-c-~c - c - p c - c - c - - e c -~, c - i s  i n s -  a ,.— I s t e a d y  s t a t e  s c -,h ’c c , ‘-i c - c - s . a - 0 — P c - c - ,

i c-c c-- ,- i~c-- : c - n c ’ s - c - r - y  , Ic-c-ct se c - s  ari d Iicwaz~’d (1978) cc - cc - i  a nc - cc -  c - f e  I
c - c r - c c - - c - c - I c - -, s ill b-as-cc -i cc - s c- he- i- l c- O s-al- c- . c-c- s Pc-f ‘ -c- c

Ps-c--c-ce 15 P c - - -
c-c- = S x b c- e xa  [ ( Z - 1 5 ) / 8 1 ,  b ’ s t  lO~

c- c- c- j - c - c - 1- 1—1 5 Pc -c , , cs -s- 1’r - -~- f i c - cc - c - - c - c - c - c  c-c- c-c - - i
K (hL ’L)  5 x IO c- ex ~
‘I ( 1-c - c--: ) = x

c--~i tn  Z in km and K in

‘c -}s~c- state sc - e c - c - c c - c - c- c - c - c - c - c - tc - c - c - c - t }- -- K (c - _ f _
_

c- - - ) c - c - c - f ’  i-c c - c - i c - c -  c- - c- c-c
app c - - c- ,- r . r - i . sc - t -c - c-c- c, c-:~~.c-b a l  c - c - n c i i 5 i o ; s c , s - - c - - n c - s - c -  c - c -  : c - . c -- a c - c - c - c - i c - : . :; .-s

c - c -ra c - : il -. ‘ ‘‘ ‘~- r’c- I c - cc - -cc -_ c - c - ic-s-a-: 0 -  St c - c - c - s c - ;  I - -c - ac ’ , ‘.- ; i : c -c -’’ - c - _  II ,,, (ic ;-: 1

i c - c -  ri -cr ’ -: c- c c - . :  ‘sc-’ c-~-r’ iac - e ac- Ic - c ’ ~-c--;e:c pols- w -c- c- I -“P -- 0° . s-c - ,c - c - ,c- c - ’ . ‘ c - —

t io c - c , cc - , ir c- sc - a c  ~c - c - c -- c - c - c - --che c- - - c - ,  F ig .  3 — 1 .  s - c - i c c - cs- 5:1’ 1 cc --r c-c- J,c - . c c - i -.

c - o 51 1cc-c- of ic - c - te a - sc - c-
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1. 3.3 The NASA-Ames Mod el P r o f i l e

Icc-pc~~f et Ic. (1973) arc- cl s-u r ic --c c-c- rid c - c - b i t t e n  (iIc ’c-’ ) - c - I c c - - c - c - c - c - p c - c -
c,c-e h A SP — A m e s  1— D c-c-~c d e l .  The K p r o f i l e  used by them (see

Ion 3 .5 .5 ) in a recent assessment and referred to as a ‘ ‘ -~~~~~~ ‘ -c- c-
‘ ‘-‘-‘ o f s y — c - c -c--cc-c- e ” p r o f i l e  is plotted as Porcpoff et c - c - I . , 197 8 , -- c- c-

3—1 . This nrc-file includes a ‘c-cay low eddy iiPPccc - ,1 v s-c - ,’

O s - s - c - c - S i  c- sc - c- ar cs-c model tropos-ause, foil s--wed by a ac- sc - c - id i cc -c -nec - se
in K s- w i t h  a l t i t u d e . The p l ot  shows  a K

c- value f_ cr the Ic --c - c - nc - -
sphere taken Prom Turco and Whi tten ( 19 7 7 ) ;  t h ei r  r e c c - c -n ’c- c - c - c - c - i -- I —

m c - ;  e x : - a c ci s e s , however , have s-c- s-c t i n c - L u - d e s -  t h e  t c ’ c : -c - sp rcene
(Icr-sos ’:’ et c-i., 197-8). Lb-c sc-c-c-al l ed -cc - ’  dlf:’cslc -- i’c-c-’ :c-Iuc-s i c-c-

s-h-c 113— 15 ks-c- region lead to slow trans’c-cc--c-c-rt . of nc - c - c -c - -ic - I c- - o c - b c - c -

s-rot . cs~ here and large accumulations ( lc - rc -r  residence tic - c -c , or

bu s’s--c - c - s ic-f lux : frost steady stratospheric sources. s-h-:- c- c- -c - Pc - I- sc - c - c -,

c-he rec-;icn s-c-c-s developed to c-cake the model c c c - n s i s t c - c - c - s s -  ‘:itc-c-
t c’-arc- sc-. c-c-r’t of sxcess C— la , following J o b s - s f _ a c - c  cc al ( J 7 7 6 ) . *
The i -c - - s : c - t c - c -r c - / 19 7 5  profile is also shown; ic-c-. also c-c-as noted bc-c-
Johns to n et ci .  (1 97 6)  as ieadirs g to a reasc - c -rc -ab fc  r e n r e s e c - c t a f _ i c r c -
01’ s -h e  excess C_ i c - .  data. There has , ‘c-f c- - c - cc - se, been cons -no—
versc- ; 5c- c -c - ’i’ C c - s- .c’i~ 55s- the use of excess -c l —i - c - d a t a irs c - c - h i s .  cc -cc-c-c-nc r.

— Pee Chang, 1575; Ic-ahiman , 1915; d iver et a?., 1977 ( 1 I .  3 — 3 5
to 3 — 5 - 9 ) ;  also :-:.ahlmarc- and r-Icxlm , 1518 as discussed ic - c S e c t i on

3 .3 .5  below.

Turco and Whitten (1977), in ac-c-~rees-ccrt w ith Johr~~ccn et al.

(1976) note that ~t would be diff icult t o  r o er o -d u c e  - :x cess P-Ic
data with a tro~ cpause set his-ic-er t h an  13 P c--c- . This  h e i g h t  Is

thu s properly a global model bros -or -c-u sc-c whic ic- c-ray c- coc -c - (is. our

opinion) have any physic -al reality relative to airc c - ’aP c- c-’Iigh c-

in , for ex-im ple , m id— ic t~~t u d e s .

s-c-ce WT Kz profile also leads to gooc-c- ac-cr eenec -c-t c - - if _ h Oh s--
measured S c - C  and OF:-: distribut ions (P.S. W h fIte c - c . p c - - c - c - c - c
corrc-nu c-,ication, 1975).
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3 .  3 4 L a t i t u d e - T r oj o~~ u s e Adjust m ents

c-I c - ,  ‘c-h : at- c-- --;; c -c - - - c -  a c - c - - I  s- 1c- ’ c-c-- b c - - i esc - c— f sc- c’- , c - s - sc -  r c-’c c - c - c - c - ’  t c - ’ - - r-c- c- r c - - c r . t
cf c - c - c - 1 c - -- - c - - a f ’ t c-c- ic- i t c - -,.e r c-’ - ; l c - c - t i v e  to  ‘-r- ,- sor.au :c- s-- ‘c-i I i’ c - - i - c - -s .  ‘c- c-c d c - c - c--c . —

cc- e s’ c- -c-- c- c-a c - a ’ s u e s r  f_ h  c - c -o f  c- ’or - ’:cc - c - ’ iou sc - c -  ~‘:-ot I c - c - c - s  c i c - , t  c r c - - . P , c - c - c -c-
‘ c- c - c - -Cc - c - I  ~~~~~~ - c- I c - c - c-c - c - c - t o  a:’-’-c -c - ’ l :c-c- . :-, u c -c - c -c- c- , ~12 7 5 )
-c — c-s. u s - c - c - c - c -. st , ’ c - ’s c - ’ c -, ” - ; c - c - f _  c c - ’ c- ic-c-c’s-c- 4’ c-’r 1 t ~~’ c -dc - s ‘ or ‘,r- c- f’ c - i c  s - c -
-~-c - c -c-c-c - c - L -.fl~ h , c- c-c-c- - ‘ er r  - ‘ c- ‘‘ - c - - ‘ c- s-c - c- c - - c -ce c - c - i c - f -  aeneec ~~ c-:~~~’, c - - c - c - ,

a c - s - cc - s t  30° c - c - , c- os - s-.-h ’ cic i s  nods-c-l K
s- 

r a s - c - c - I c  ;-‘c-”~ I - c - - v - c - I-

c - s .c-h.  I- c - c - c - 1 - cL c - c - c - c .- s ( 1 - 7 5 )  s o f a - - c l  0 -ct S - c - S t -- c- of f_ i - c -c-c- c-Ic- f’f” i.cu1~ f ec - c- - - c - i t c-’:
c-c - I c - - c -  Ic  a r c - c - c - - c c - c c - c - b c -s o f ’  c-~~.l s  ‘c - - r e .  - Kc - ,Ic- ( 19 7 2 )  -‘c - - c -  c rc - - c l ; - :  c-c- . sc- c-c-cc-c-

alt  sc-’r’rsa t i’c-e tsdics~~sc-— n ’ r ‘- ‘c - ced ~~nc-~ -,, - en -c- c-’ -,c c’ c- s - ,n - cc - c - d- c -d c- c-- a f _ a c - c - c c ’—
p- a c - c - - c -  b c - i - c - i s p  ‘: sc - c - ’ -i ’ c- t l - u s - .-s ; ‘ f ’ . c - - io: ’ c- i , t, :c- s-- ,c - e c-c-- c c - c - c - c - c -c-c- c - c c - - c - e s  c - c - c - c - I c - i  c-c-c ’

1 - c - c - s t  5 -c - c - c - r - a c - c - - c -c - - c - c - c - c -  ~c - j c - i f _  c-c-c-c-r cc- c - ” c - ’-’- e c - . l , .- c c - b - - ’;e cc - ’ bc -c- low I C C f
,, _ao ;c- c r- .c- c--c- - ,- ic - - i -‘i c - c - : . ~~‘ ec d l I ’- .’c- c-c ’ c-’ -: 1 .,  19 7 7 ,  c c - .  c- — S c- - . )  s-he

, ‘‘c - c c - - ’ s c - c - c :s c - c - s - :c - ’c -~ U- -I r ’ u t : c - - - s c  s c - s c - - c c- h -c - c - -c -c-c- c- - c -  (1978) “-ccc- --c-I c - c - c - s cr -i c -,c- c - d
- ‘ a c - - c- c - c - c-r~ I c - c -  .le-c- ’ ic- n 3- . c-

~c~~ . i - c - -c c- c-c-c- : — - ‘. c-c- . . ( 1 9 7 % )  hc c - ’.’ -c-- ’c-c-c-a , ba r-c- c-,

- -  I — T  c-,,rJ c-—L I c-c-s-c-c ;c-- 1~ c-’ i c-’’ c - a r c - I  c-c , c-c c-’~ ’c-c-~ 
c-c- c- - -,- c ’r , c- c - c -c -c -c- f’

pr- c .-:’ile , Ic c-_ i c - c -  1 —~ c-’ , c-c-- c- c - c - c - r a c - c - - c, ‘— ci s- c- -c - c c -c -I aircoaf” alt itu d e

c-c-c -s-,c- c-. cr c - sc - c -ct

3. 3 .5 Some Rel e vant A s p ects of a 3-0 Tracer Study

c - - l a s - I n c - c - ,  c -nc - c - c - c - c - c--c c- c-. ~1 9 7 %  ha ’;- - c c - c - c - c ’  1 c c - c -  our a rcc- n ’iel e x r c r i c c - c c - c - t
c-, i , l c - h  i s :‘ c - - c-ev c- c - ; :  I. f _ c - .  c - f _ I - c -c- ,: ‘ c - s i, d scussed. In t h i s

c- c-c - c - c - is - c - - sO , c-c- c c-. c - : ,’ c -  c-c- 3 .  s - c - c - h a l  v -c -nc r -c - l .  c i - a - c -- : l a t i o c - c  m o d e l , a rc-

ln c- c -c - ’n tc-rc -c-c - c- ’c- c-c t — J se -c-P i c - c - cc - -n c - , .c - tc-c- :-~ sc- lJ:bIL c s - c - - a c e r -  c - c ’ s - s is-s ,i e ct e d

cc - .  I Sac - c - - c -c-c- cc- c- - .’ a: 65 s - I - c - c - ’ c-c-’.. 13’ . 5 c - c - n )  - ‘ .1 th c- c- cc- o e c - c - t e r  of 32°S a r c - c - s

l 8 0 0 E .  The oc-,c- se ccc - ,~~ c-c-c - c c - c - c -I c - c -  such c-c- -c-ac - ’ ‘hat c-c-ost c-f s-h f
u i - c - oc r ’  s-c- -c- s -c- c- ’,c-’c- i c - c - e c -l  I s  a “ s i c - s - I c  c-c - c c-c-c - c - - c c - s i’ s - c - - i c di s ’u r - h a c - c - c e .”
Ic r -c- c - c - c - c c’ s-s-el:’ r- -c-’- c - c - ic- z f~ of r ’ c - r’ c- c - ic’cIcc - ’ icc-ce:’-c-- s’ ,

.c - - c - r r e d  ic-v is- p . -
— . I c - .  t h i c - c -  c- Icc-c’-:, I.hcc€- ac-c d zcc- c-caf c--’ c-vc’aage .i

- I c - c - c - c - v  s-
~~c-~~~s - c - -  c c - c -c - f_ i f :  fc - c -  Oc ’c- ct - c - - c -  o f _ c- -he f-c-cr ’c - h  m o d e l  y e a r  ac- - c-

c - h - 5,_c -c - c - I c - c -  I c  is  c - s ot c- ’c c- s ’ ic-- le c- c- c - - c - n  c c--c p l - :~ c - l o r e  ~c - c  c-I c - c - O i V e

c- :,, r f c -  c- -c - c-  ( c -’  c-c- . ’ es-dc-c-’ c - c - c -  ac-c- i I stc r il- ,’ ccc sc dc-c - s r o t s -  c - c - rev s - c - i l). ft

fcc - c-P f - ‘ c-c-- c -c - c c -’ t o  c-c-c ’ c-c- - h -c - c- c-c-c- - ‘-~~h c - ’ c ss cc-c f ‘ i-c- c- “c - I -- I-al c- c -v -c - ; c-c-cc ”
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- c - - c - c - c - v -c-- u s : -  t o  3% s c - s a c - c - c - ’  s- c - c - l a :  I c -c e s-c- ‘c r — c - c-s f - cr’ ot~kj c - c -r I c - c - i c - c - cc - c -s. Ic -c-

c c -s - c - c - c - c c - ’- - .c - , a c- c - - c - c - c -  Is. ‘ -c- c c - c - v c - -  isc c ac c o-ci by a chan ge ~ c - c -  c-ho

r-c - c - i- :c - it/ of v c - c - - c -  Ic-c-c-c-I tc. c-c-c - c - :~ ar c , ;s-hi. cL ic -c- 1—Ic -  sc - c s - c  il c-cp c-c- c-c-c-Id he

c - - c - .  c - - c- cc - c s c - t c - c -- -c- c- s- y  cc-c- n ‘ c - s -i s- c’ d c -L c ’f’ u s l - : i t y. ”* A d o - c c - - e a s e  I c c -  s l o p e  is

s-- c - , ’.c- I -~ c- c - c -cc- ; to a c-cc -c-crease c-s c-c cc-c- -Jif’[’c-c-f,vic c-c- . Sc -c-c - Ii .tac-ivc--iy,

tic - -se 3—U ac-c- u1 c-c-s ( i n  c-c-a op i r s cl -c- c - c - c -c -. 1cc-s-c- c-c - ) c cc i  c- - s sc -c-s-Ic-cat the

c - c - c - c ~~ K ,, I- r- - c - - fc - iic - -rc- s-i f_ Ic - relac-c-ivc-c-ic-,’ c rc-c-c--c c-c t. c-c- r-c - c - rc- sj.tiors fr- cc- rn f_ ac - c -—

s c - o c - c c - c - - r c - - : c - ’ c i-c 0 S t  r-ac-t c, ..c - , - -c- - c - ’ c-c valc-c-c-c- , c- c- c-c- least f c-c-- “
~~iOc-.c-c-i average ”

.c- -b- ;c - cc -ue is .

As a s c - es  c- c - -c - c -c -c - c- rs c - sc - ’c - - c - s - -r , M a h J c - , c - c -s an- I  I - I n c - s ic - c - ( 1 1 - 7 8 )  sc- c-rc-c (refer—

s - ’ i r - c -g f _ u  I- . c-cis c-c- ac- c- - c- , 191,5 ,  fo r  c- c c - ca - : i-:t cc-’i I) t h a t  Pc--c- -c-bc-- c - -c - k cc- f’ C — I c
1 r ’ o c - s c -  c - - he  c - c - -c - - c  o s i -hcc - r’c-- ‘.0 t i c-c Stc’c-t . -c-’ rc- s I-c - c.- c - : w o u l d  cc - t ’ fc -cc - . ap p ar ’en t
r~e rc-c- c- c-.c-a 1 rc-c-tc - c - sc or’ excess cc-~~I c - s c’i u r’i sc - c - the ses- cc- n c-i s - c - c -c r-  lo l l  - c - - i c - p

cc- cs-, c - c - c - c -  t - c - c - c -  of tes s - ic -,, - . c - 1’c -c - c - c -5 th e  ac-c - I s - V - c - c - s c - c t’ of ex- c - -c-ss- s C l ~c- at

I c - c - c -c- - c-e r- - ‘ i c - - c - ;  c-S c-c- i - c - c - c c - -a i s -  L -c’ os .c-ght ic-c-I- c mc - c -.- sc- c - ac - c (exclcs -_ ifrip

‘ ;t ~ ac-l’ c o n s i  c c - c - - r a t I o n s )  i c - c -  s-over ’, i- ah l c - c - s c - c - c - , c- c - c - c --c- I-i c- x I c - c -, ( 1 9 7 % )  a l so

t ic - id  hoc  t c - c - , e  -,‘i’: c - . c r - — s o l - .c-L le c - s-c-c-en - c - s  b c - c - s-c- c - c -  is res-c- - s -ed  sos -e s -b .c -c -c -

c - c - ic c - i ’ d sI c- i : ’  t i c - c - c - c - c  wer ’o r s c - c -~1 c -  c- c - s l a t e s  P c - c r c - c -  c - -c - c - c - c -s - -- c - c - s  t e s t s , i n c l i c a—

c - r i s c -  f_ bc - c- sc- di: c - c - c - c - t a t ion doe’s cc- ic-c- I’ ar- c- i c . . s c-c--c- c - c - c - c t  r’c- ic -  c - -y en  i c c - c - g e l ”

c - c - i c c -c - c - c c; C s  c - c - i i c ,; s-c c-c- -ac -c- c - i c -c- c - s .  - c - s c - c - i ’ )

3.3.6 S t u d i e s  U s i n g  Zr - 95 Data

In i - c - e s - I - c - c - - c - s  c - c - c - p -c - c - c - . , Oliver et c-I ., 1977 (A c - -~c-e c-c-ii. x C) s- -nP

by c - c - c - c - c -. rc- , Oiivcr- , c-c - c - c - i c c -  c-- c -sc- ’lki , s-c - -c - lc - yc -’ ;‘c-.c s- c - c p c -- nt e d  in wh i ch the
bch.avloc- of Zr~ 55 c - c s , i c - c t c - d  b c - c -’ c - i c - i c - cc - - c - c -c-- s , a c l e s - c -  t e st s  (~ 0°I-l , 90°E ,

c-c- ps a. c - -c i s c - f _ e l y lb  Pc-c, a~~c-c- .i t , c - s c )  c-s- cc- c- ex ac - c - J , , c - - i  i s .  a 1— 0 c - c c - c c - i c - i  as a

c- c-c- cc - I c c - c - or ’ t c - : c c - - c -  a ft cr c - c -  s-oral  ev c - c - c -’c- s at d ic-’t’er-ent seaso c-c :

s-s-s- c- is bc-c- c- : ~ i s c c c - -  been rc- c - s i c -c - c- , s- c - r c - t i a l l v  c ’ c- ’’:isec-i ( c - c - c - e r  et- a l .  ,
19 7%) ac - c - I, ~

‘ - c - ’  cc - - cc - c -s Ic- t e c ess , i .c c - n clu --i c-’d as c-’s- c-p ec -cdi x B of - i,i s

‘en cs- c- •

3— U c-cc-cd -d c- ct - n ot  us c- - c - - c - ’ ; J i f c - c - s  bc-’i,t.~ es , except ic - s subgni-J
c-c-- c- c- c - e s- i c - a’ I ons in -s-c- ri ic-- c - c - yes- c--’ b y ,  va:. ues are cc-sod. In a s-c
c - - c - c - ’ c-c~c-lc -r c-- c-’,c - - er j c - cc: , t c - - s .  c c - p s -  c- -i , s-crc-c-c v e r t i c a l  c -c -~:ci es- i :,’
c - i c - f c : c - i v i c - i e s  ‘c - cs - - c - used.

i —li

‘a~~~~
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The reason a d v a n c e d  by Bauer et c -I .  , 1978 , for  exam ina ti on
of’ the Chinese data is that these data more closely resemble a

s-id—latitude stratospheric aircraft source with a tropospheric

sic-c-k than do any of the otIs-c- a data used , such as data on Cfl , or
N 2 0 which ins-c-live a globally—dispersed st~rface source and a

scratc-osphe c-ic (pr’irc-ari,Iv I c - i s~i, — c - c - l t i t u d e  t r o p i c a l )  s ink . In
b.c-c-er ’s as-pr :- ’cs c - cc - i , , the available data are treated in terms of

a t w c — s t e ~ mod e l  ( c - i  c o n s t c - n t  t r o p o s p h e r i c  K s- and a c o n s t a n t
stratospheric i-i c - , ) wh i c h  is lu s t i f i e d , at leas t  f o r  an i n i ti a l
investigatiors , on toe basis of sirnolicity ; i.e., a minis -c -u s-c in
the  rsu c - c - ,b er of c-j c - i r ’i a I - I e s  is r,eeded to describe the dat- a’ invclvec-i .

lihe appropniac-ce 
~~ 

form for mid—latitude stratospheric sources

is c-c-ct s-c-cl est ,ablc- shed in any event . A correction is included

for’ sc-di sc-c--nc -a c-ion. Two mean t ropopause  va lues  were considered
( i i  and l c -~ i-c-c-c-c-) to - c l e f_ e r m i n e  the sensitivity of results to tic -is

variable , The c-ac-a show that removal rates are much more rapid
Ic ,  t ic - c  c - -c - in te r -  t h an  in the  summer , so that difficulty is encoun-

tered ic-c attenc-ptic -ag to develop an appropriate mean ~~ fo r c-se c-I
ic - -c- i—D t i c - c - s e_  and space—averaged modeling. By making what were

co ns i -c - i erec -J to be c c - i f _ a b l e  a s sumpt ions , ho w ev er , the au thors
we re able  cc de s-s- lop -c-p- c- . r o x i m a c - t e  c-c-can s t r a to sphe r i c  eddy c c - i f f u —
civities (tropop- sc- ’-c-c-e to 18 ks-i) arcs- to calculate therefrom measc-

res idence  tic - c - c - es  and in ,i e c t i cn  c o e f f i c i e n t s  (a) in the manner of

i-bc - b .c-roy et c - I .  ( i 9 7~~) ,  or b c - c - o f _ e n  ( 1975  or ~9 7 5a ) .  R e s u l t s  are

c-s-os-cc- in Table s - — I .  Me an K v a l u e s  (K) found for the various

tests are showrc in the  t a b u l a t i o n .  The recommended  v a l u e s  are
f_ n c - s e  shown with an assumed 11—km tropopause.

The- r e s u l t s  ic - s  T a b l e  3— I sugeest  t h a t  r e s i d e n c e  t i c - c e o  or
ic .Jectbo r, coefficients for 18—km in ,iections by either the Ch a n g - ’

i 9 7 c -  pc - c -c - f ile cr the Cnang/1976 profile are soc-c-c-es-hat low , I-ct

that sc- c-c-c- of the other model values , particularly using the

2—km adjustment on t oe  i n j e c t i o n  a l t i t u d e  recommended  by  Hunter,

( 197 5 ) ,  c - l c -’ d c c - a s - s - c -cc-en s-is- high . Ac - c-- noted , a strong caveat is

is-cc l i e—c -  by the great sec-sc-nc-i variability fcc-rid ‘c- c - sd the c -i ’r c - r c - xi—

3— 12
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TABLE 3-1. COMPARISON OF RESULTS FROM DIFFERENT MODELS FOR 18-km INJECT ION *

2 
tR~

Source cm -sec yr

This an alysis (Two-Step Case )

11-km tropopause

with se d imentation (K = 7.25 x 1O3 cm2/sec ) 2.4 2.0

withou t sedimentation (K 9 .75 x 1O 3 cm2/sec) 1.8 1.5

14-km t ropopause
wit h sedimentation (K = 2.44 x ~~ cm2/sec) 5.0 3 .5

without sedimentation (K = 4.55 x 1O 3 cm2/sec) 2.5 1.9

Other K_ Profiles *
Chan g/1974 1.7 1.4

Chan g/1976 1.8 1.6

Hun ten/1975 4.6 3.6

Hunten/ 1974 (+2)(18 km , latitu de 7.1 4.6
adjusted to 20 km)

Cru tzen/l974 1.8 1.7

Crutzen-Isaksen /1975 1.9 1.7

Wofs yJl975 3.2 2.6 - 
-

Cru tzen et al ., 1978 2.3 2.0
Po ppoff et al., 1978** 4.4 3.6

Crutzen an d Howard 1977/1978

High 2.4 2.1

Low 3.3 3 .2

*
See A ppendix B (or Bauer et al ., 1978 ) for details.

* A K~ of 7 x 1O 4 in the 0-10 km region was assigne d for these calculat ions.
The tro posphere is not included in the Poppoff et al., 1978 work .

13



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.
~~mations needed to get annual means. It Is suggested , h-c-s-ever,

that since the ic-c--ge Soviet tes c-s in 1961—1962 took place in cs-e
late fa l l , o v e r e s t ima t e s  of po l lu t an t  burdens  may r e su l t  it ’ a
year—round average K2 value is appl ied  in comput ing  e f f e c t s .

Further analysis of these and other data using a more com-

p lex model (K ~ i nc reas ing  w i t h  a l t i t u d e  above the  t ropopause )  i s
a n tic i p a t e d  ir~ f o l l o w — o n work .

3 . 3 . 7  The W a t e r  P r o b l e m

a.  S t r a t o s p h e r i c  W a t e r .  The or ig inal  focus of potent ial
SST effects on ozone was on e f f e c t s  due to added water var— c-c-
(see , e.g., H. Harrison , 1970; I-leanings , 1971 , p. ~5l ff). A

change of 0.2 ppm , as was suggested might result from an SST

fleet , was estimated to cause a global average reduction in

ozone of about 0.8 percent based on calculations by London arc -s-
Pa rk (Hear ings , 1971). The reaction rates used were sub-sequec-ctls-

revised , with water vapor becoming of c- such less im p o r t a n c e . *
c - c - ’h~~ N O issue was r a i sed  in 1971 (Crutzen , 1971; Johnston , 1971)

ac-sd became of dominant interest. Lately , however , with further

revisions in reaction rates and with the s-c-~ jc-c-rcc--blem becoming

of lesser significance , the water problem has arisen again , as

will be discussed more fully in a later section. This leads to

the question of how water va por should be handled in l—D and
2—0 models.

These early calculations were based on an assumed value fcr
the rate of the }102 + 03 reaction of iO~~~ cm 3 molec 1sec~~~,as used by Hunt (1966) in modeling the o:cne column using an
HO x — O~ a tmosphere . It was l a te r  po in t ed  out by N i c o l e t
(1971) that the rate was probably much too high ; modelers
accepted his arguments and ( i n i t i a l l y )  set the  rate  to  sero
in investigating the NO~ cataiytic cycle and its effects oc-c-
ozone (Crutzen , 1971, 19714). It is of interest that f_ s- c -
early water vapor efforts , as well as later eff-~rt.o ic- c- s-e lv is ,’
1~0~~ illustrate the fact that a rn c-e.iel which reasonably dupli-
cates a “natural ” atmosphere m ay c-c - nt , correctly predict the
eff’c - c - c tc - of a perturbation to that atmosphere . Duplication
of f_ he ‘c - c - ’- tural” atmosphere in a model is ger,er-cally considered
to be a necessary , hut clearly c-c-c-Ic- a sufficient ccr c - c - ii ti o c - c -, to
pre -ci ct efIs --cc- s of r- er’turbations .

3. i / 4
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Th ere c-re severa l  r e l a t ed  a s s - c - c o t s  t o  t h e  ;-c- c-’. c - t e r — ’~ c-canc -- question .

Pic -’st , perhaps , is the  11cc-i c - c - ed dc - f _ c - base in cc-c--ms cc- i’ rel ia b le
c - c  c - c  cr ’€c- n cen t s  at  var ious  tic -cc -es ac-sd c-cc- la ce s .  (~c e~ Har r i e s  1976 ,
i- c rc - i oni c -f 1977 ,  E llsaesser  2 9 7 c -~. ) ,c - c - s c o c - c - d i c - c -c-c -— to  l i ll sacsser  (197~~) ,
‘~hc- data t ha t  do e x i s t  suggest  t h ~ic-c- f _ h-  ,cv e c - c - t i c - cc - c - al t rop ica l
t n - c -p -cc-c ause  c o l d — t r a n  argument  ( b r e w € c - c - - , 1c-~~9) is q ’ c - a n f_ i t a t i v e l y

c - c c - c - sc - c - t is f ’ ac tory  ic-c e xp l a i n i n g  s t r a t o s p h e r i c  w a t er  s - a n o n ;  a s ink ,
c -c - ec i f~~c- f -c- n i-hc- O s-spar, is. nc-c-c s-ed, s-ic-icc-, E l l isoe s s e r  su .oges t ed

c- c - as - ex i s t  i c - - c  t h e  A n t a r c t i c  n i c c - h t .  ~-T cre d c - c - t a  w i l l  be r e q u i r e d

( c - - s - c  erc -I t ur -r -s , ‘c - c -w e l l i n g  velocities , relative horc-Idities) to

., c -  ly test f_ c - c c - c -- se  s c - c - c - c - - c o t t o n s .  I t  seer s- c -o s s ih l e  t ha t  the apn ar—
-c- s-c -c- - c- - s-c- c-c- cry , i c - c -  c-c- ac t , be an art i f ’act  of a vers  sic -c-is processes. *

s-hs ’ -:c-u or ;. c’-’scsucac- ( c - f ’  c-c - c - c - t c - c- c - - c- ice) vc - c -’ Th s r -y a f a c t c - r of c-c- b -out 2
:1 c- h a -. °C c:, -c-n -: I c -c tec - - c -p- ra tuc ’e c - c - c - ar  — 8 0 ° -t , c -n i  nec-icc -c-s in the

t r o c - i c s  e x i s t  ( c - c -  n~~I r c - t e d  - c -u t  by  li li c-aes sec --, c i t i . c c - n  An g e l l  and
i-:o:— o r c - -,c - - s - e c - -- l t 7 L s ) c -c - s - c - s c -_ i c - c -  i t — n c  c - c f _ h  r u r c - n i n c -’ nec-c-c t c- r c - c -.c - e ra tu r e s  are
—~~ . 8°C to —81. ~~~~~ c - c - i y n i f i c c c - n t l y  c o l d e r  t i c - c - c - c -  t i c - c -  — .80°C n o m i n a l
c-s - - c - c -  i c c - I  t r c - c -~ c - c c - c - u s -c- used b y E l lsaesser  in his analysis. It may

b- c - c - precisely these cold regions through which air is entenirc-g

the u c - c - - a t o s r h e r e. S i m i l a r l y , t roposphe r i c  air  enter’s the s t r a t —
oc-~c-h c-r’e on the anticyclonic side of jet streams in c-sc-id—latitudes;

ic -c tcs ~ c-e regions , temlc-c-eratures considerably below zonal mean

values c-cr- c not unc cc--s-c-rnon (J.D. Mahiman , NOAA GFDL , private corn—

c- c-c rc -c-ca t ion, 1978). These s-cna l  i n h o m o g e n e i t i e s  can be (and are)
:c-c-c - d y l i c -c-d in existing 3— P rcc - -c - de ls  (as at GFDL), result m c -  in a

c a s - i c - f a c t o r i l y  cry sc -ra to sr c , c-c- c-c- r e . ** ( A CD 1 c o n tr i b u t i o n  is not
i nc lu c i e c  irc f _ c - c e  c- FDL s- c - - d e l . )  None of t h i s , of ’ course , proves

*
c-c- s-: indebted to Ic-n. J.O. Nc-his-cc-crc - of NC c - A A / G F D L  f o r p o i n t i n g

nc -c t t h i s  and other “ 3 — P ”  features of the water vapor question .
c-Hf

it is of ’  interest that t ic -c GFiI L s-c -os-el referred c - co  h a s  an
excessively cold polar n igh t , r e s u l t i ng  in arc excessive
esc - i r r — c- c-te of the Antarctic -- sic -c-k p-reposed by Ellsaesser.
i - c - c - c - c - c -  so , the resulting “ c- i c - c - k” is of almost c-co sic -c - s c- ifi —
cance. (J.D. Y a h i m a n , p - r m v a t e  c c - s - c - . u c c i c a t i o n, 19 7 8 . )
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c-c - c -c - :  t h - ~- c - .  c - - c - i c - d c--: c-i - c nl i c a t e  c- h e  real a f_ rcc - - ’ph c- c - a - , c -c - c-- - h’-- a

a r c - c c - i c r ’  c--d c- i c - h  c - c  tens ti _ c c - c - c;sc- -c -iels ic - c - i r c - c - d e c -.cc - i c - c - c - e .

f_ c-c-c c-c~~’,’e di sc c - c s ;icr c - c- cc - c t ,,, c-I-cc - c - c - - c - a c - cc- s-cc-p c- s ‘n c - ,- .:; c - c - c - c-
uco (c - c - c - cd cc-ut o f )  the  srrac-ospher c- ~s - I c - - s - - c - c - c - cc - c - s t 0c - c -  c - c - c - c -- c - c - c e _ c _ c e _ cc

-~ c I : n  can b~c- c -e c s e sen t  od is-. 3— c - - c - - c - d e l i r c y ,  c - - u t  c -b i o s -  1cc-e d to
ci:’b i _ c c - l t i c s  icc 1—i )  or’ 2—P s-c-c-aid s. In ‘-nec-c c-- i c-c-c-c- ic-s model _ c

c- s c - c  ccl-c—tc’ac-. - c - -c- c - c - c - e r - c c-arc -nc-c be c-cc-c- c- lied if cr_ cc--arc f _ n c - c -  . -c - c - c -rc - t c - c - c - - c - s -

a rc - c -  c c - c - c - i - c - c - c c - - i ;  rc-c-c- c c - e c - - , c-c c - c - - c - - c - c - furth er c--l’escr’ip tion -c s c - c- -o e s c _ c c - c  cc-
c- n c - _ c  is co;cvc-nc:onctllv s- - ,c ic -c 1— c- c- mode l s  by sr- c - c i f y i  c - c - g c -c - s - c - a c - n c -
c - a r . c- c- _ c c - n t e c - c - t  a b o v~ (or  at ) so c-c - c-c model  t r o c c - o n a c - c s e, c-c-nd S - c - c -~e—

c-c- h as  s - c - c - - c -  c- c - c - c -c-: icc -c- c--,- .c-s ys in 2—D m o d e l s .  I t  is n_ c t c - v e r l y
- c - -~ t t  t o  i-c- v el -c - c - c - c  sc- c - cc - c - c - c - r e _ c c - n c-c- d c - c - - c - c - I n  t h e s e  ,c -o de ls  s-c- b I cci j t c c - s~~s

a n e c - s o c - c a b l e  “ n a t u r a l ”  s t r a t o s p h e r e , b-ut It  is- - d i f f i c u l t  c- -c-
e_ ctab c-i sa  f_ n a t  t h is  p r e s c ri ct i on  wi l l  p e rm It  cc - i c  e s t i : c - c - a c - e  of’ dc -c-n

- c - c - ’; crc - c -c - s ions  to  r~c - c - c - expected from a s c - c r c - c - t o _ c c - c - h e - s - I c -  - c - at e : -  c o _ c s - c c - .

Tic-ic- is certaic-cly true if f_ h - c - c -, 1 feedback effect _ c of c-cater

s-c-s-cr ’, - c-c -’ effects on the tx - - c - - caical t .rorcopauce f_ cc - cc -c - c - crc - c _ cr-c- (‘c - Ic - h

-_ c ccang es ic- c- a a t e r  v a p o r )  ac-ac- in q u e s t i o n .

b. W a t e r  V a p o r  in the Upper  T r o p o s p h e r e - - I m p l i c a t i o n s .
Thc -c-t f_ h e  s tr a to -sc- .he re  is dry ( v e r y  i-ow relative h u m i d i t y ,  except ,

s - c -  s-arc-ably , cc -ear f_ he t r o p i c a l  t r ’cn c c -c - a u se )  in c e r t a i n  r eg i on s  is

s - c - - l i  esc-ab lish cc-d .* There seems to  have  c - - c - cc - c -  i c - c - s c - c -  a t t e r c - t i o n  s - i s - c -c - .
to ac -c-er- tropospheric water contents in ni .i—latit .’o-ies h u t  t he

ic - cf - c- s- s .c - f_ t on f_hat is available may has-c some ic-c-c- cclicati crc-s for

c—P c - c - cc - i 2—P modeling r-rcI-c-lems. Thus , data excist wh ich s h o w  f_hat

ac- c -or c-nc -c- - rh c- c-ni c a i r , in general , apparently bei c - c - c - sixe s- with

dry  s c - c - - a c - c - c c - p - s - e r i c  air (see  Darcie l sen  and Louis , 19 7 7 ) ,  1: also

*
~c-aic -abe an-i c - - e t r c c-c- r c-t1 c- i ( 1 9 ( 7 ) ,  a f t-e r  r e v i e w i n g  rather limited
d a ta , modeled r e l a t i v e  h u c - c - i - c - i t y  h as a f u n c t i o n  of ~ (E --s c - c - I - i cc - c t
c-.- c - c - e s sure / sur f ace  p r e s s u r e )  - c - c - c c o r -i i c--i g to Ic = 15* 

~ _ c- c -
, , s - s - cc - n —

= 0 . 7 7 ,  ~ i t h  as-i u _ cf _ s - c c - c - s to prevent f_he c-sass rc-c-ixi ng ratio-
rosc- cs-_ cs-ping below pc-mm . N c-c-nc -be a c - c d ,oc-’the~ c- c - ld (197c-i ) sc -cow

c c - -c - iel ( 2 — t )  r e l a t i v e  hum id lsc -v c-c- lies (sc-oral — cans) of’ c-’ c-)~ 53
s - c r c - e s - c c -  i c - c - large areas , i c - c olcdic c - c - — tb-c- ti- -~- p i c c c - J t c ’o p c n c c a a s e .

~~ c-~~ares pres_c-’--c - b c-c  ~~~c- c- ,. ce—c s
deser-ibed ic - c S e c - c - ti c - c -n 3.3. , ’a c-c-uvc-c.

- 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - * - ,,

:a inlv c-i c--c-; (I . c - c -- . , low r e la t i ve  h u c c - c - i i i t. y ) . * I c - c - - c -  c-c - s - c - c - r u b  cc - c - cc -
c -s .  i- i s - -. 3 . 3  at at-cut 30°N , c-h-c c--c- a relative bc -m Id c - h ’.’ - c-v

c - c - - c d t  19 c- ,- e n c e c - c - t  at t he  c - s o c - c s - a u_ c e .  c-c- It  is of ic-c-tere c- t. cl-c o

f _ c -c-at - s - c -’ c- s,c-cc -c-rfli c -data , a_c w el l  ac - c- .1_ c- t a at W c - c - c - hic - c - r’ oc-- , c- . 3 . ,
r- i. c - !I d .-c-d ( C l A P  Y oc -c -ogr csp h I , cc- . 3—5 2 ) c-h- ow a c - c - c - c -~b icc-l i  c - :nsc - rc -c--

c_cs i c c - ixi r c -g s-st i-c across the tn-c - -cs-c- sec - c- c -c - c; c - c - c - c-i c -- c --c c -n , c f _ c - c - e r  -i - c-t a (s

r e f e r e n ce )  over Or e e i c -j , a c-c -c-i shc-c-cc c-ic - s- .c-c;t i ’c-cs -ea se_ c h e - l a --c- c-c i - C _ c t  2 52
c-c - c- -a c - (catch c - c c - I c - h t  r e p re s e n t  1c c - c - c -  c u — c - c - ,  cc - n . c - c )  • ** W I c - b , c - .~- c - . - : v X C c - c -  —

c-ions , as irs t h e  cold reg ions  s c - c c - c  3cc c- - c - cc - c c - c refc-c-n-c-d c-- c

cc -c - u - c - i c r -, and s--c-ta such u sc-c t ic -c -c-c- f _ c c - - c - n c --c c - c - l ard , toe at:— c - c - c - cs- c-sc-c-

t r - cc - c -_ cp aus e  i _ Ic ‘c .i-ci— lati tc-uie s is n-c-- b _ c ac - un c - te u . tb-c-- e x i c - c - c t c --- s - c - c - c e ,
cc - .  as-cr-age, of c--ac -h -zr dry c - cr c - cc-c- c-c r- t i c -  osm- - r c - c - c - ric  c-si r c- .c- c-c- 2c -est ,c- . c- i c c -- c- c.

c- c - _ I ’ t l C c - c -.s. mox cr c - c - c - fr - c-c - cc - helc-s- ; cn cc - c - cc -  c - - con is  sc - c - ’ ( c c -  1cc -u - c c - c - s - e n - c - c - - c

e x t  r n c - c c - c - 1 y  r ap id , as is-c-s -lie-i b sc-_ cs -el e c - c - c - i c - c --: lac-ce  s - _ c l - c -c- s cc -’

c c - - c -c--p . c - s c - c - I c - e r - i c  c-c- c-i c-dc-; i i f f ’u s iv i . t y  f’u:- ’ .c - c -- :c - .- r- , t he  1c c-c -k ci’ crc-c- tic-no

a-c-ross the tr- -c c-c- cs-c-ause sc-ps-c-s t- s h_ ct -c c-s c - c - c - - c - c - sc-c- - sf _ ccc - c-han c-s ic -c -
e c -c - c-_c y di f ’ f ’ _ c c -.c - l c - - i t c - ,- at, the c - r o t c - c c -s c - c - c - _ c e  a r -c  r - c - t  s- c-c-- p r - -c - - s e n t  at  i -‘c c- t i c - c - c -’
a c t u a l  a t r cc -o sphe re . -There is s c -cc - c e ;-c - d - d t t i o n a  sc-i c cc-c-st for c - c - c - i s

Ic-ic-k of Step os-arc-ge in the s-ac- a os -c - I--s-ic- C 11s f_ n bc -ct Ions with alt i — 

~e ac - r u_ cs t he  tn c - c - .popause  (see Nc -c-or , c- an d O s t i c -  cci , 19 76 - ) s-cs-c- c- -n i r

c-b r-_ cr-- c  crc - c - c - c - s - es  in c o n c e n t r a t i o n  cc-n ic - c - s r - c - d i e s - c t  wer-—c- no t  f c c - c - c c In

c ross ing f_ he  s no p o p a u s e. ’

c .  Water Vapor - G e n e r a l .  The s - c - - s-c- --c- ;-,’ lcat murky c - ic c- us-c- (lrc-

a c - c - c - cc-c-c t Ic-a’ ive sense) of s-cc -c-ten c-a c- - c - n f_ sc - c - cc - c -p -c- ic- h in tue c-c -

Saturation m i x in g  c-c-at i on  is-. Ftc -c-’. -c- — - 3 h ave  h eec - ,  c-c -c - -cc - c - u - ted  c- c- ’ c-c- c-.
f _ c - c -c 1966 U . S .  f i c f_ an c f a r -.i A t m o s s -h e r e  arc - -i fr - cc - cc - t h e  Pc - c c - ic - i c - c - c -c - . i  c - c - s
Y et eor o c- o-gi- :al Tables  ( L i s t , 19 5 8) .

** The data ‘cc- f YcCiatchey et ai. (1972) as plotted by Ftc - c c - -n c - cs - c - -c - c - -
(1977) also indicate low relative hum idities in the c - c - . r c ---:-
t r’c-p-c-ss-hec --e in the Arctic (s-ic-c-c-er and sc-mm-cs - ) , nid—lal. i c - c - - c - es

c- c-c i sc - f_ cc - ’  and suc -c - r c c - e r j ,  and the tropics ( ‘S- 15 p e r c e n t  ac- i- c 
c- l o f _ t - c- -cc - data appear to be suspect , i c - c - s - eve r , i _ c-c c - cc -F- sc- .rc - -

c- c - c - c - c - c - s - c r c (.— 0.6 ps-mm).

it  is of interest that Poppoff’ et al. (1978) view tic -is s sc- .e
c - c - ta is. a 1 si re c t l y  o p p o s i t e  way . We p iac to ex -c- rcic-ce ‘ c- - Se
data c-cc-crc carefully in future work .
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c- . c - - c - c - -o _ cc_ c j c -~~c - - c-’ a - c - id  _ c c -c c - - -:L c - s. s - - l c - e i - n  is  ( : c c - i l o s -,- [c - -c - c - c - ’ c i  s - c -

1197 7 ,  c-c -h do s.c -t .i i scc - ucc - -s s c - c - f _ c -c-- ic - c -c - c - c - 10 d c - t c - - - :c - c- c- - ‘ c- - ‘ c c-

c -bc -c - - c - t n-c i c - c - -c-. c - o u r - c e  of stc--atosp hc- :z-ic c c - i c - -  i c - . c - r - c c - -  .~c - - c - ; ec-
e e c - - c c - i c - c -  sc - - s - i c c - c - c - c -c-c-h’ c- c -- c- : r cp i -  c-s - - c - i c -  c- c- i c - c - :  le s- - c c - c - c- cc - c- - c- c-c-c- 3

tc- i s c -_ c c - -c -h c - c - i ’- c - c - s . c-i pc -c-se. s s c L c - c l -i c- rs -s c -c- c -c - c- c- -1. c-d c-- ce 1 c - - -

c-he soc - c-: - c - S c - c - f_ c - c - c -  c-_c c-c- c-a c c  c-c - c - - c - , I c- h  I - a c-s-c-_cc- 1 1 cc- c c - c - c - . n
c- ’

S i c - i c - h , I c - c -  gc-c- s c - e r - a l , i c - c -  ic - c - s c - c - c - i i c - c - c - c - :  c a t- - c- c - c - ; c - u _ k c l c - c - s-:

- c - cc - - c-c - c - S- _ c c - I c - c - s - _c i c - c - c- C c - s c - c - f _ c - _ c p u _ c c  i c -c - - -- ‘ 5  - - 1

fu r - t i c - c -_ cr cc- c- c- xc-c-c- ci 1 - c - - s c c - i t a . i i n a i I y  - - c . - :  cnc - c - : - c - c i ’ c-u-a l I c  . f-s-cc-

c - -L - v 1 - _ c .~c- ly also is c a r - c - u - c -c ic-c-to c- c -cc - : c - c - f _ c c - c - c - c c -s _ I. ’ _ cc - - c- b

f _ c - - c - c -c- c - i — I c - s f _ i t - u - c -s c-c- c-- , cc-s ev i c -r c - c-r c - c -- -c- c c-- c- .’ c- ’C , ’ l C - c - cS  fl ’ c - -e c-~ c-c-

s at e :-  v a po r  c - c - _ i  s c - n c --; c--cu- . los ( 6  c - - p c - - cc -’ 10 j c - c - n c - v )  - - -‘

t i - c--c- v -u--se 6u °~ to 50°S at 17—19 sc-c- .) c- .‘ c - s i l~~ec- c i a c - c - .

c - c - c ta sc t c - c - c-,c- S1 f l 5 - c - c -~ s-f c- c - -c - c - st (ccIis c -c - c --c-c-er- , Iu -- (- - ;  i c - sc - c - c - -c - -’

bc -nc - c -, 1977), as c-cc-c-c; ; A c - c c - i c  sic - c - b c- , f _ a t  u-c--s .- :,.c- c-

c - c - c --s c- c r c - cc -s -c-c- f t b c - c-  s - n c - c - c -n c - c - c - c - - c - c - p c - cc c - c - c d t i ’ s _ c c _ c r c -  c- - 
- 

- c . —

- - -; c - c - t~~n v c -~,s c -u - -  i.i t i - c- --i c- . cc - ced  -u-c- - c - -c e c- c - - c -- - U S G s - C c - - c - c - c - S o  ‘ c - ,~~~ c - c-

c-as -c - c - c -  c - c - c - c~u - c - ac- i s Cc-u-- c- c - ;  c - c - c c - c - c - c -  s-cc-: : - i i c - c -rc -al .  c-- c - c - 0 .  - t c - c --

t ic -c - _ c1cc -—~ s c - c -c- c- c- - c- c - c c - c -a c - s c -  s- - c-s i -c c c - c - - t a l c - c - c - :  c - c c  c- , c-. 5 ’_c- -~ - c c- ,, 
- 

- 

-

c - c -. s c - c -  c - c r c - c e , ic - - c - c - - t i c - c - i  f _ c - - c - c - c - _ c c -c c c - -c c - -c - c - c - c - d i e  , ; c - c  - c- - -  . -

i c - c- . -
.c - c -  e c - . c - c - . c - c - - c -  c - _ cc - c -  •

ac-~oi -c- s c - u  a c-c , r e  c - c -- c -  (1

c-c
cot co n - c- :‘cc uenc-c- , C h I P  I - c- c - c - c -c - o s  c - c - c -~ c - - c r a l I - - c - n c - c -- c- c - . o c -c - ’ - - - c- --

i _ c c - c l  i c - i c - s  c- ac -c -te e vapor  i c - d c -  cc-ct I - -c -  c-c- i 0c - -if _ i c - ’-. c c - so - I- - le n- c - c - c- c- c-i - . c-c-

O i r c - _ c - - c - ’c -c- c -~c - c - t  t i c - c ats c - c - c - c - c -- K pr- c- f’ ’c i - .c - c -- - e c - c - -s- nc - c - .c- d c - - c - c - c-_c c - c - c - c - c -  : o: c-c-

vapor ‘c- c - e c- c - v c . _c ’c - 1 e t c - c--i’ t ic - c - c -n cs - c c - I C c -c - s :,O c- ( sc - c - -c- c- . 
c- — -

l c - c - - t c - r  inv ~c- 1v e . :  n ega t~~c-’ n rec - i - c c - c - c c - c c c - c - _ c a r  1-8 i-, r c - .  c - I c -  -, - v c - -  -

- Ps- U - I _ c-I rn -del  s c - i - a s  m u c h  10 0  rc - i c - c - I s  a c--c- c-c-c-er -c- c -- c - i t- c - i c - c - c - ‘ c-c ‘u ‘ S

sph ’coc - c -  ( —  50 s -prc - c - c - i  a t  20 c - c - . . ‘ c - c -  tic-c- , c- nt -i . c - -s c - c c - c - c - e s - N c - c c -  -

l t c - 1; v i :  rc- i n c - c - c - c - c c - a c -Nc -c - c - a l t i t - c - c - r e , c cc - . i va :’c- .’ c - i r . c - ; w h c - f_ c - S o c . ,  -

of’ t i c - c - _ c  - c - - l e n  oF 5 ppru ’c. at~ 33 c-sc -c - c - i. ‘c - I c - c -  f a l l ;  c - c - - - -: c- - N p .
c- - c - : t c - . c - s - c -c- , 19 7 5 ) ,  so t i c - a t  i t  i c -c c - sc ’. - - 1 c c - s c - -  t o  c - c } sc - c -L c - c - c - t e s t  c - n c -  

-c
-

:,
~ 

p rcfN le f- c -- c - kc~ O - i - c - pl c - c - c u - c - -c- c - c - se ‘ c - rc -s- ’ c - c - i s - c - - u - n c - c - sc- c - c -  - c-

c- c - c - c - c - - i  t o  crc -c  c - i c - cCrc - r~ o r .
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F c - G IIR L 3- 4 .  Global ly averaged one-d imensional
K z prof i le based on water , ozone
and  NO 2 f luxes and gradients;  derived
from 3-D resul ts.
Source : COMESA 197 5 

- . - - -c- c-c- s c-- c- c - c -- c- n~~:. c- a c - c - i  is-c- E A PP , estimates of t h e  eff -c - - ct _ c

c-u-’ c-c - - c- c - - c - c -  c - s - Oc- ’ n _ c c - - c - c-- u-c--:-. c-c- c-c d~c- us c- c-cs- sd .-’usted water c-ocs tc --c - s - ,tc - s

- s .c - c - -~ c - - c - .  r- -~-_ c . -c - i cc - c - c c - . c- - ic-c-- or - - c - c - c - c - - c c - ’  rc - c - c - c c -: c - - c - cc - c - t s  ( a s  at La;-:n cc- c-c -- e
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- 1 -  c- - -c- - - -  - -cc 10 “ s-.o . /-c- rc-c- c_ c c- .c- O c- -c s-c- ; c- -i -n c - c  ac - c - c-s c - - h i t t e r . ,  ~9 c - )  , ac- c-c- a ss c - c- n c - c- c-c

c-c - - :  i c - -  f _ I c - c - -  c - c - c - - ; I : - - s  to water as to of_ bc -n s c - - e c c - -- s .  ‘ c - - c - - c - _ c - .—
o c - c - c - fl - : I- - n: s” c - c - c -’,’ . cc - ic -i O Le c c - c - arc -n-lied i c - c -  F—U s-c- c - c - c - del is cs-c-cc-n c-e s-—

Ic - c - c - in c - c - ic -  ‘ t i -_ce c - c - s c -  Ia ’ I ‘ u-cc- c ic- c-c c - c - - c - i c - c - c - s - c - t i c - c t r o c - - o s p h e r e  (c - I  . c-sN di, c- - c

a - i - c c - c - c -- - c’ c - c - . c - , l c -’ c - t i c c - . ,  i9I ’ c- .
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3. 4 SOME IMPORTANT M EASUREMENTS OF TRACE SPECIES

is, cor ,_ ci icr-able r c - u s - c -bc ’r -  of f_ i e ld c - ce - c - c - s c - _ cr- c rc -co t s  of c r -c -ce S c - c - - c - c - es
ha_c c- c -c - c -c - c -c rc c - c - I c - ce or been reported ic -c - t } c - e  c - - c - c - c - i o u  f _ c -c-c - c  c-c-c-cr t r c - i s  - c- s,c-c-
c -u s - p c - e s - i o u _ c  re t ort , c-a c--c c of these cf _ f_ c - n c - s s c - c - c - -cc - c - cc- c _ cc - t i ::ul-:nJ-;

w o r t h y  of note in view of t r c - c -  o u e s t . i c r s c  raise-i - . - c - l~e r~c-c-c- cc - :c- c-i - c - c -~~~
is,e c - c - 1 ._ c

lb-s f i r s t  of c - c - c - c - s e  ( t i c -c Cl and Cli cc-c-c - cc- c-c- c-c-_c-- - cc c - . c c - c -c- ’c- 5 c - c -  c-I c - c - c c - c - c - -c- c-c o
et a l . ,  i c-P ’7, and An i c - c -r sc -n , 1978)  1: of c ar-t iculac- i c - c - c c-cc - c- c - c o o
c - c  c - i c - C  f_c- c-c- l oc a r b o n  prob l e rc - , bu t  Ic -s s i gn i f i c a n t  t o  c - b c - s  17 c- rsencc c -i
i - c - ,_ cc - _ cc-- c-c c- c - c - c - -.c - i c - i ;c- of o z on e  c h e m i s t r y  arc- c-I , because in. c - I c - c - c - - c - c - -c - c - c - c - c - c C I X
c o c - . t - ’-n :  is c - c c - s - o r - f _ a n t  t o  the c om p u t a t i on ; , t o c - i c c -c - c-c- c- c-c-- e l f _ i c -  c - c - ce_ c-

c- Ic - c - c - c -  c - c - F t i c - - c -  resc .-onse of stratos’c-c- hec -c--ic 0:-c-nc- to  n e c - - c-c- -i -c - c ac - i c - c - o s  b y
c - I c - e s -- c c - c- c- e:’ f _ I -_ c-c - - r , ic -s . In b r i e f , A c - c - - i e r s o c - s  c-c- ’ c - i .  ( 19 7 7 )  ic c - c - sc --c-- c-c -- c—

c-c-c - o c - t c - c -- ci t ic -c- -c - c - c- c-- c-_c t- s c-c- f’ nr c_c f_ i  le cc - cc - - c - c - c - c- c - c - r- c--c -cu-r. t’ c-c-c- o f ’  CI  c - c - c .  7 f_ IC c - ‘ a c - h e r s

:18 Jult 1 976 , 2 O c t o b e r  l9 7E , ac-c- c-I -F- s-c s--c c-- c- - c - - c - ? 7 F  o s - c - c -n F a l e st i c - :e ,
— 

‘fc- s- c - s , c c - i  a I t i t c - c -c-c -ies f r - -c - c - cc r - o ’_ cg i -ci -.’ 05 c-
c-c- Ic - c - 2 bc - -c - . A 1 ~~~J-_ cI;- .’ 1977

( - - c - s c - - s o n , on c-il r r - e s c -~cc - c - c -c - -. t i - r, , T c s - c c - , t o , 1776) al_ cc - c - c o ch
I c- c - c - . s-he dl s- cc - c - c - c - s - c - c - - cc - c c - cc - c - cs N’,c - - c - - l ’,’- c - - - I  c-c s.c - c -c - c-i c - e s: ‘Nc- c- — Cli)

s-c s€c-- c - i s i - c - --.:c-cc - c-c- r c - t c - c, Lc - c c - ; cc - c -ec -~, s i c - c - -c--c- c- -c - - c -  c- N - i c - -  c -- c - .  c - c - c - I c - ’ ’ ’,’ c - c - c - — c-c- p f_ i c c- i l : c -~
:c- c-~sc-s r c- : f_ i c - p s - t n — — a  f_ c - c - f_ os - ’ c - - f  nbc -c - c -  10. F e c - t i -c- c- - ” - c - c - c - , c-tree c c -

c
-

f - c- -c - c - s  p r o f _ l i e s  show a nec-c-: 010 cc _ c c -’ -c - -c - c - ’ c - c - c -  :1_ c c -- :- c - bc - c -n c c - c - I I e c c  i c- n ~c-~’
c- c - c - 7 ’ of’ the c-c-oue ls ; f _ c - c - c pn o f_ ’Ie f - c- -c -’ c-c- - - c - ’-rc - i c - -’-c - - c-

-u -c- 
, c - c - ‘ c - n ’ i - c - c - I - c - - ,

sh - .-; ’r - - - c - - ’~~3 c - - c - . i o f _ ; l0 cc - t  7-i hrc - , _ coc -c- c e t i c - c c - - - c - c-- ’ i c c - c - - s  ‘ c - c- nc -I ’s- - c - _ c t

c- - ; -r e c - i c - t - a s i .  A _ c c-at lea st  s - c - r e  of t i _ _ c c-N b  i s -  c- c - - c c -- n r c - c - c - i  ic-c c - I c - .

c - i c - c - c - -  f_ os-s-c of I , tb -c-- c -c - c c - f _ a l  7 IX c - c - Of _ c - c - it cf f_ bc - c - s c - c - - - u_c ’N- c - c -u - c -  c- c-
c - n  I c - c c -  I c - - c - u ic-v ‘~l c - c - c - I c - i c - i c - c -  c - c c -c s  c-lear-ic-; c - c - - c -c - - 1c - c - ’ O c c - i c - c - c - c- cc-c- ’. c- c

c-c- c-c- -c-cc- : f _ c - ’ - ’) c - - c’ I- ’,’ c- c - c - ’  ha — c - - s - c - c -  s o c - c r - e e c -  of - c - c - h o c - i c - c - c - -. 1- c - s c - -c - -
bc_cc ’ : c - c ’ c- ’c -t  c - - - c - r s  - s -x p l n i r c c d ;  c_ c - c - i s -m as s c - _ c c - c -  c - s c -  : : .cl c:- c-a -c cc- c - c - c -  i c - c - c - c-c - c c - c ,

c - ’ . I c - c -’-’ -Nc - I c - c -c- i c - - c -c- I’iicc-hc also c-d c - — c - - c - - i  c-cc-- x c-c ’c-c- _c sc- c - v - s  c - c - f c c - s - n e
(— ‘— 7 c c i ’ ; I t  i_ s of  i c - c - 1 c - -r c s~ c- c - c - c - - c  c - c - c -  ‘ s - c - s  ‘ c-’ c -c - c - ’ ‘ a c - , C c - h c - c - c - - :

—, c- c- c- s - c -en’ s IooF--d c- c - c - c-c-c- c - i (Ar. c-c c- r’ac- - c-c , c c - -  c - - c - c - s -
‘ : _ c~~, r F c -  n o c t o -,

I - N i ) ; is -c -c-- ., ‘ c- c c - c- e ;’c:es c~; c- - b c - c r c - c - c - c - c -, if ’ r- , c-c-c- c- c ’ , c - - c - c -c _ c  I c - c - ’c- ’ c - c c -f_ ’ ‘ c-c

oV i i ’ - c - , t  i c - - c - a c t  c - c - .  o s - c c - c c .  1.1_ f’ s;,-’ (197-7), N a c- c -e ’ c _ c c - I c - s c i  c- - - ’:’ - ’ ,- , of

- .
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c - c - c - I  e- - c e c - -i:’ - c - c - it c - c - i f _ h  nec- - c - - I to _c t c - - a c- -ec - c- r - i c - c - - r - i c -  - c - c - : -~

ss c - c - -c-- c- as- c - c - - . e x c e s s  c c -f ’  7 c - iO , c c - c - c - c - I c - c - -c - - c - cc - c -c-N f ’ ftc - c - c -].t i c-c- s i.n c - . c - c - ’.—

L I c -  is: - , Cc-li), . -c. c-.l C c- ,iscr ’c-’’ c- ’ io:,s ic - c- tic - c - c - c- ,rc - c- ’—r - c- ’ f _ c - - c - c c - cc- i c - c - - s e .

c - i  c- ,, s f_ ic - c- t ic - c - c -c - c - - c - -’, to  e x c - - l a i r c  ad c-c - - N c _ c f_ c-- I c-; c - h e s- c c-cc- c- - c -  i’ c- c - ’ c t : c - ’ c~ ._ cf

a t -  c - c - ac  and seas - - c - c - c - i - N c - t n . i b c - c - i c -rc- s of ND a:- .i c - c - ’:: . ‘r - - sc - c - c - - ui -c-

‘c- c-c- c-c- -i i-h-a t. ‘ c - c -  - i c - a c  r - c c - c - e — c - c - c - sc-c- c - c - r~c- c - ’ c -u- s i c - - c - c -c-c- c- ave i c - c -c-- : s-c-c -c- c-c--c--

c- 
c- ’~~’~ 1’ SI l c-_c i c - c- ’ ’ c-c- . s - c - c-c- c- - c- - - ? r c -- ‘ _ c c - c - -’ c-c-c- i c c - i , s-c- , c - , c - c - c-- 

~~
c - c-

‘- ,it c - c - - c-- h c c - -  a l l  cc -  c- i c - c - c - _ a -  c - c - f _ i -is c- ’ ,c - c - l -c-i --- -— ;c - . c-- ’; c - c - c - c -~cc) r - e ’ c - - x . c - c - c - c - c -, —

c - S  c - c f _ e d ab c -c -cc- - ’- , C c - c - c - c -  c-- c - c r c - c -  - cc - ’ of ‘h e  :f f r - a t o s 1- c - -  c - - ’ c-- c-N - - c - t n -

o c~ c-c- c - c - c - c - c -c l  f_ c - c I c - c - -  bc - Ic - c - c - c -  i c - c t  i c - c - c - c c  wi ‘c - h  ic - c - c s - cc - c - s e - c - I  c c - c - i c r - i c - c -c-N 1c c - c c - c - :

c - c -  u ’~ c - c -c) - s - c -  - c - c - c -  C 1 C S ’ S c - ’ :  c-c- f f c - — c ”- c -’c- . I c- s c has  - c c - - c-c si. c--c--c- i :

: c : L c - n t i o . s at c - c - c -c--c-- c- ce Li’;n r-c. --re T c - i c -— c - c - c - t o r v , s - c - c s -  at -- Is - c - - c - - sc-ac- I f _ s

- - c - c - c. c - c - c -- i - - c-— c - c - c -  I c - li - c - e r c - - ’ a c - . .  :- ‘~~

c-

~~7 ;  c- c - c  s u - - c - : a r  r e _ c c - i c - c - a c -  c - -:i ’c - ic t c - c -i-
- “ - — i c- - c- c - f c - - I. c - - c - ;  c - c - c -- c- c-c-I c - c -

c- c- - c- -
~~ 

c-c -c-c - c - c -~~ c-~c - c - c - c - c -c- c - - c - - - san :‘c--]_ cc-tes to - c - ;, c - c c - c -  c- c - ’ ’ c-p

- - c- ,_ c - c - ’  -~ r c - - , i’h--c- c - c - - -  c - _ c _ c r -c- - c - - - - ’ t- sc -c _ c - c - - c - s - c  — cc -c-’- - ‘ - _ c - ~
- c-’ P o x o r c

- - - c - c -  c - - f _ o ’c - o c - -’c - c - c -  ts -c - c -r c-c- c b c - _c- ( c - c - c -c- PC , ) c-c- ’-c-acc - c c - - -c - - ’ c- -c--- - c c-c- , as - -

i i -  c - ’ - c - c - ” s c - - c- ’ c - c - ’ -’ lP) ‘ - c -’- c - c - - c- c-. - c - c - ’~- c _ c - c- c - c - c-~- s - - i- c - - c-- c - c-: c -’- ” -c -c -~~~c-~i -~-- - - - - -  V - —  - - - - - - -

- - ‘ l c - c -c - c - -u c - c - lct :-c- ’ ; i - ; c - c - : I; ; . T I_ c c -- c - -  “ c - c - I ’  cc- c -c - c-’ - - .~c - c u c - - ” c - c - ’ - -c-

c-c- c- ’~ c - C.c - lc - S ‘0c c-c c - c - i f _cc - c - c - _ c f_ c c - c - c - c - ., c-b , IC , c-c c - h - , :- c - c -c - cs’ —
- - 

c-,c - c c -rb -; , c- _ c- f_’ c- - c c- ’ c-i s-cc-c-cc- , c - c - c - c - I f_ h - -c - c -- c - - c - c - ‘ _~ a - :  c - c - c - ’

- ‘ ~ ‘ c - c - c - c -  ‘c-- - c-~~,— . _ c - c -  - c - s c - - c —  ~- c -’ t’ c - - : c - ’ : c c c -c c - u - - c --i — - u - c - - c ’ ;  ‘c-c
- 1 ‘1 c- c - - c -  c- c- c- ’ ’. c-c-c-i. c - c - c -c- - 

‘ is ‘ c - - - ‘c- c - c - I a’. -c- ‘ I c - - c - - c- - ‘ c -  ‘ cc - c - c - cc- b as c-i ‘ c - c - c- c- -

S - -

c- - e c - c - -~~~_cc-’r Ic - c - c - ’ -’ - . ‘ c- s -Nc - I c - c - c - - c - c - c -i . c - - c - - c - c - - c -,

- - a - c - c -  c-i c - ’ ‘ c - - c- -
, Nc-

c- f _ c -,’’- c- u:- . ’ c - - c - c -c- c. c c - c. - c - ,’ ,

- c -  5 , c - c - ’ c -,c- ‘Nc- c-- c- c- - c - - c - ’  c - c i c - ’-c--J c - c - S. -c -’ l’c - ’’c- c - ’ c- c - - c - c - c -ti - c - - c -
c-c-’ c c - c - c - ct _ cc - v a c - c - c ;~ c- - - c - i c - s c - c- c- a: (i c - 7 ” l  os - -c- - c - c : ’ ‘ - u - c - f _ c -  c - _ c

c - i   - u s _ c - c - c - c -  ‘ -7  I~c- c- ic- I c-c-  ( I  c-~ c-~ , b c - c -  c - c -  c - c - -cc a c - c - c - - c- ‘ p

- c-c- ‘ I _ - c- , ,  :-  - - c - c c -c - -  ‘ — c - c - - c- c c - - -- ‘ c- — c c - - n c - c - I c -  

c - _ , c-__

_

1 

, , -~ 
‘
~~~_~~~



,~ c- -

-- — - --c-- -- - -, --,c-- --,,-~~~~

3. 5 CHEMISTRY CHANGES AND MODELING RESULTS

3 .5. 1  I n t r oduc t i on

In the sections just precc-cc-c ic - c - c -- c - , certain develops-rents have
been noted on f_he p a r a r n e t e r i z a : i o r c -  of t r anspor t  p rocesses .  The_ ce

developments have not , c-sc- general , c-c--eec --, fully “folded” into tic - c

modeling results , c-c-artly i-c-cause ac - f_ ic - c - c -_ c ities are involved , but
also and c-c-r-ic cc-as -’iiy, because  of_ her  d e v e l o p m e n t s — — i n  c h e c - c - c - i _ c t c - - y — —
have occurred which have bees -c of cc-use is-c-mediate sic-~c- c- :ic-’icance.
These dev e lopmer ct s  in c h e m i s ts - ’ ,- have  reduced  net  e f f e c t s  of PC
i n j e c t i o n  on the  ozone  colus - !c--c- s u b s t a n t i a l l y  wh i l e  somewhat  i c - c - —
creasing H20 effects; whether- thc- s-c-ct e f f e c t  on the  ozon e -  colu :c-rr
is p o s i t i v e  or n e g a t ive  -de c- c - ends  on a number  of model ing  v a r i a b l e s ,
included among s-h i_ c c - c -, however , is the ac -nc-c-c-ct- c-sri_ cation used for
transport . Ts ’as ,sc-u-c -r ’t c-c-recesses rsc - ’c-s t h u s  s t i l l  of’ s i p r , i f ’i c a n c e .

3 .5.2 Chemistry Changes and U n c e r t a i n t i e s

a .  P r e v i o u s l y  I d e n t i f i e d  P r o b l e m  R e a c t i o n s .  Ic -c a c - c - c - t o—

c - r i s e - r i s c - f  study of c-c c - c - c c - -ta In t ac-c- _c , -- c - c- -c - - ;e i’ c-c , a l .  (1977  a c - , d  19 7 7 a )
p o i n t e d  out  t ic- c- - icc - . r c - c r c - ac - s - c -is of f i v e  be;.’ r ’ eact ic - rc s ic-c- c-valuatic - c-~
c - c - c c - c - c - c - c - - b a t  i c c - c - c - c - -  c c -c ’ si c - n a t o _ c c - s c - c - c - a - i - c  - c - cisc - S e i-c- air-c-raft (in a c - i c - i c c - c - i c - c - c -

f_ s--ce atmo _ cc - here ) : c-
~ c- c - c - ’ _ c e  c-re , u_c c - c c - :  ~~c - c c -c-- I c - -  re _ cc - f _ b c-c c - , u c - c c - c -~-_ c c - ’ _c

HO8 + N O -. oic- + “‘2 ( c -~: f _ )

~ Oh O~ + E c-O CR 19)

r iO c - + c - i c -C 1 }i
2 02 + 0 2 (~~l 8)

c- sf) + Q c -  -
~~ s-c--I + 2 0. (F,lc)

OH + :; c-c- c - IN -C-
3 

(R d - C )

i’r’c-ese reac t c-o r_ cc- cc-ac-c e s-c-lu-c e f_ c-crc - s c - - c -c - c -j e w--b  c -c - c  th e  sc - i s-ce gro~,.cc-

( I a - c - s - e r  c-ct al., :c - . t c - c - f _ c~-c - c - ’ , 19 7 7 ) .  R e c - - c - c - c -c - e c - Iec-i values for these
( c - c - .  I c- c - c c - - c - c -  ~~c c-c-c- s-c-cr a - ’ c . c c - c t i c r ; s )  c- c - c - - c - ’- ’ also tc-een i-c -vl-Jec-c in c - :_ cc - _ c~~c-c-

( 1 2 7 ’ ) ,  c - I c c - c c -  s - I c - h  d l s c u s s i o c - c  ac - c c-i esc-,Nc-,c.c- c’c-i uic -cenc - ,c- a j s- c - f_ j es .

C c - u - c _ c c - c - c -  an .i i i - ~wc -±:~- I (1279-), c - c - c - N  F c c - c - c - - c c -Ic - f cc- a1. ( 197 8- ) a l so  -fl_ c-
cuss the c - c - r i _ cc - _ c naf_ .e - c - a c -c-a f’ c-c-ci’ t I c - c - _ce c - c - c - c d  oth c -:c-r react ions of

sIc - ’r. t c- ’ c-Lc -c-cance .
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c - i . - . ac -te of a - c- -act  i c - c - c - . s  i n v o l v c - . r -c -c - c - HO~~, pc -nc - i-c-c-Nc -sly at , c - c - c c - t c ,- —
S 1 c - - c - - i c  L c - - c - c - c - c - c - c - -. cc - c - c -ci’es c - c c - c a r~s e s sur es , cc-.rc- , in c - e s - c - - c - - a l, c - t i l l  c - sOt

fI’I. u- cc- c - t a l c -  IisIcc-s , a b c - h -  ~,c - -c - ic - c -Lr ’,rc- -c-s’c- cc - c - ct  c - ’cp r ’e ss  ha _ c  bees - c  c- c-c-
b c -- c - sc - c - - c - c c - s  at 1cc- c- st one ex arc - c - c - 1-c- ( s ee  b e l o w )  c - 1 c - e  - c - r , c e a ’t a i _ c -, c-c l c - s

~ - L c - ,- c - e i , in eu- c - c- c - c - I c - ion , t e c -c i  so  be u n i e r e s t i c c - c - a t e c -  . c - c - . fart , ‘ he-

n o _ cf _ s  c - c -  cc- c- s f _ a s - c t c-s I,anc-c-c-c-c- c- i c - c  c - c - oc - . c - r -c-s c - c - ed c - In-c r - a f t  c f _ f - c -c- c c - s  c - I c c - c e  a c - c - c - -
- c c-c - c-N c-cc- s :- - : .- c-c-s -c-- c- ’t bc - c - c - c -  r e _ c - c -I ’c-ei f r o m  f _ bc - c - c cc - c -ea sc c -r- cc- c-c- e r c - c -  at n c- c - cc - . c - c - -:: —

p c - c - - a c - c - s - c - c  by s - c c - c - s . f  c - n i  Ic - c - c - - c c - soc - .  ( l c - c - 7 7 )  c -c - t he  n c - c - c -  c - f  R e a c t  icc - c c - c -.

HO~ + Ic -C -
~ OH + NO (s - c - - I )

2

n c - c - c  f _ o -~nu , (3.1 ± 1 .5)  x l0~~~
2 cm 3/sc-c at  2 9 6  K , has  si_ c- c- ce

i- c - c - n  “ - . - r , fic .c . c - _ c J  ( c -c- 0 . 1  x 10 i c - )  b c-c - c - c c - c - - or-cc-s-_c (H o w a r d , 19 7 :c - ) .
i’s-i s f_ i - c c - c  c c - c - c - c - c --e cc - a r c - c - cc - -a re --i cc- f _ f _ s c- ! c - S c - c- s c - ’ eyc - ’  value  ou st e d  Ic - c
Cl /c - c- -bc -r ,ogc - ’ac-c-c-c- 1 ( a .  5 N 2 7)  cc- c 31- 0 c-c- of 2 x b0~ ~~ c-s. c- / sec (w i t h

c - c - c - . .c- c - , c o c - ’c - a i c - . t : ’  f_ -c -c-cs ,— r - - s -c-cc - c - c -  of 3 e~~thes ’  s- c - c-c- c- - )  a f a c c - c -c-n of
-40 c - l u - c - - c - c ’.

T c -  -a-os; a c - c - - c - c - c - ct - ‘c- c - - c- c - c-c- (rec--cr ’~ e : c- Ic - c - c - c - - Ic-73) , ic -cc- -c-an al (1978)

sr -c c - c - c s ic-se foi l -cc -- c-i s-c- c- ; -c - s - c - i’ ;’c-- s - u - c - t ’c - s -c -- — i - c- -c - ,- - ’ c - c - N-c -- c-, c- n c - c - c - c  c - c s  t h i s  n - —

a c - c - C - c - s - c  ac -s

b c- c- = ( 3 . 3  ~ - 0 . 7 )  x l0~~~
’ cx c-- E ( d 5 ~ ± 5 0 ) / T I

c- c - cc --’ t h e  r ac c -~c - e i3 — - - c-c- 0 CI. ‘c-h i s  c c- o s i t i v e  t c s - c - p i s s - c - c -’ c-re dec - c- c- c - icc - c - ce,

cc - c- i c - i -c c- c - c - c - c  s - c - e a _ c u c - - e - i, c-c- c-c- c-- I a cc-cars-ed c-contrast to earlier c-a c-c -- c-

- c - i : . c - c - c - c - c - t t i c - -  c-c-c-u-s P c i_ c - b I e r .  ( 1 9 7 7 )  c c- c -por ted , e . g . ,  a r c - c - c - e  c - c - -n _ c c - -c-c-c- c-c t

c-c- c - s  - - c . c -  t e c -a c - - e ra t  s a _ c  of i x io~~ cns 3/sec ani a f_ es -C— c-nature de—

r e c - c -.c - ec - c - e, b c - sc - e d c--n -- c - s c - a c - c - c  a ssc - c - i cc - c - c - - t I c -a s  as to c - -f _ c - c e - n r ’ e c - c - c - t c - , c - c - - s - c -sc-c
c - c - c -  5~ c-c- 50 0 ) / I ’ . c- A-i c- s oc _ c  ( 1 9 7 7 )  c-’ic -v e: c -  no c - c - c - c c - s c  -c c- c - c - t u n e  ic-c--

c - c - c - c ,  1- c - cc - c - - , c- ’ c - t c-u- ’i c-c- S c-u--c- u a c c - e r t c - c - c - i n t c -  at 30 K , - ;c -: - rne _ c c -c ccc - c- c-i i c---s~r f_ c-

c-i “c, c - t t  I s - I l -c - ’ cc-f I ic-  t o  0.35 .

c-.c - . sf_ c - c - ri -- s ps c - L c - c - c - -  c -co c-he c-ic -c--ac-cc-rd (1978) s-cr;-:, ac -_ cthc -r s a s s - c - c - c c - c - i

c- c’c s-u --rc-c-sc -u: ’e ci - c - c -pen - c - er c - ce  as fol i os -c - ac-- , :-. i th  k v a lu e  cc- shown at c-~occcc-
f_ c- c - c - c - c -c- c -c - c-u-ce c -i c - c - c - a c -  a r ,c - - s - .ic -.c-c- t stc - - atc - c -sc- c-rc -h er -i c to-s -c- . erat - c-c-re :

u-u-u-c-I

~~~~~ ll. c-c- A ~~~~ . c-c- ~~~~~~~~~ 
‘ ac-c- :cc-~~~ c-c-s~~~~c-- nc-c---— “

~~~~~~
- - ‘ - ‘

~~~
c - - ——- - - - -  —.-—‘



r ~~~~~~~

-
- 

~~~~

c - ,  ‘ c -

~~~~~~~~~~~~~~~~~~~~~~ 

c - , 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _

C n u c - z c - c - c - c -  and Howard , 1978 -
a-C °d30 11

k 2 6 ( H E ) = ~ x 10~~~ exp (-390/T ) 8.0 x 10
_ I_c 

x

Luther  et a l .,  1977 (p .  s - 7)

~ 2 6 ( H E ) = x 10
11

exa(-SOCc ,’T) 7 . 9  x lO~~~
” .9 x I C~~~~

In later work at Lawrence Livers-c-cc--c L a h c c - a - a t cn v  ( L L L )  ( c -
~~~~~

-c- c - c - i - sc ,

1978), t he  above  t e m p e r a t u r e  c io s - end ec - cc - e  f or  t h i s  r e - a - c - c - i o n  s- -c - s
d roop ed  (See Section 3.5.~~c.).

The c e n t r a l  v a l u e  e x p r c -.c ss i- : c - c -  Ccc-’ K8 6  deve lop ed  b c --c - P c-c-c- c- a r- i

(197 9)  fields 9 . 9 6  x 10~~~~ at 230 K .  The m u c h  h igh er  c - s - a c - c
heretofore measured rate for t hI s  reaction , i t s  s-osi ’c- iv e f_cc-c .-

peraf_ure coefficient , and the f a c t  t h a t  s-c-easu rc-amec -cc- s i ’ c - h c

t echn l~~ce recer-tly c- sec- I by Hoc -- c -a c - c - i (and other’s) 1’edu c-c- c -c 1c-c c-—a

p r e s s u r e s  (<  10 Torn , Burrows et a l . ,  1978) have raised the

possibility that a pressc-cre—iependent . three—bc-c-i; ,-- cf_ fe-ct c a y i c-c-

i nvo lved . H oward  (197 8)  arc -cu es  h :c -w ev er , based  on c c - s - c - a l  c- _ c c- - c-- —  
. 

-

lated data , that the measured rasc-e as r ep or t e d  i_ s c--c- c - s - p I I c c - c -i-le
at atmospheric pressure .

This r -eaction , w i t h  t h is  new r a t e , has a c - c - - c c - s - c s - f c c -I i c - s c - C  c - c -n e c
on both tropospheric and strafcosoheric ozone c-bc -cc -N s f_ c-c -- Ic-c at—

mospheres containing NO
c-~
, as shall be showrc- .

c-c- second incportant react icr4, c--c -h i  c-h a c - co _ c r c - c - c-c -c- fcc - ’ s- ,_ cc-h of

the change irc- computed PO X cf_ f cc - c - s on cs-os -se between the s-er ic--i

of t he  ClA P repor t  (G r o b e ck e r  cc- a l . ,  197 8)  c- c - c - c - i cur- recent c- -c- -
po rt  (Ol iver  et a l . ,  19 7 7 ) ,  is R eact ion  19:

HO 2 
+ OH 0

2 
+ H

2
0 (RIO)

The ClAP figure of 2 x 10— 10 cm3/sec- was revise-i Ic-c c-he

previous Duewer et al. evaluation (1977) to 2 x 10~~~~ cc- c- / s c - c ;
the Hudson report recommends 3 x ~~~~~~~ Eursews  et c-N . ( 19 7 7 -

rcpcrf_ed a direct measuremenc - of 5.1 x i0~~’~~, but- this fic - cu - c~

3-c5
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based on other evidence , is considered to be high both by LLL

(Duewer et al., 1977; Luther , 1977) and by the NASA panel. (Or,e

might argue , in general , for c-he validity of direct measurements

over indirect , in view c-f experience with the H-U2 + NC rate ic-ta.)

The reaction

~c- o. + HO ~ H ,c- 0 + Cc - ( R 1 8)
2 c - 2  a

is also clearly of si~~r c - i f i c a r sc e  in view cc-f t h e  i m p o r t a n c e  of
HO

2; e.g., 
I~~ i t s  r e a c t i o n  w i t h  c - - c - C . The importance of the re-

action also depends crc- the rate of destruction of the s- c- 02 for-c--ce--c-i ,

as discussed by Pcppot’t’ et al. (1978). Several room tempes-ature

measurements of the rate have been made (Luther , 1977), which

appear to be in ccci agreement (at 2.5 x io
_12 

with ± log K of

0.3; Hudson , 19 7 7 ) .  However , t h e r e  is conc-err, (Hudson , 1977)
in l i jc -h t  of the  Howard and Evens-arc- (1977) measurement , that

compe t ing  r e a c t i o n s  may have been inadequately accounted for

(Bur rows  et a l .  , 1978). An ar~~’c - c - c - c - e nt i_ s  advanced  by t hese  a c - f_ s - c s - s

fo r  the  f o r c - c - a f _ i c n  of H 2 O~ as an i rc f_ e rme dia te  and extended to

argue for possible pressure dependence in HO2 + C -c - C c - and ClO + N O
reaction. I:o temperature dependence data exists for Reaction 15;

+ in-Do
the Luther (1977) c--epor-t suggests a range of e ~ - which  ale- s-c e

repre secc-c-s a much larger uncertainty than indicated in s-ui_cc-s-c-

(1977).

C ru t z en  ar -i  Hos- :ac-’d ( 19 7 8 )  in narametric studies used ta_ c

values  fo r  t h i s  r e a c t i o n :

k ( s t anda rd ) = ~ x io~~
2 

c- 500/T (9 .3  x io~~
3 at 298 K)

K ( h i c - ; h )  = 1.5 x i0~~~~ e_ 500/T  ( 2 . 8  x io~~~
2 at 29 8 K )

A fast rate c- c - n s f_ c -_ ca t f o r  this reaction , according to Cr- ut_ cc -n ac -si

Hos-c-ar- ,i ( 1 9 7 8 ’) and D c - s e c - c - e r  et al. (1977), increase_ c ozone dos -ic—
f_ i cr _ c.

The n c - i f_ c of f_ f_ c -c reactic-r .

HO 2 + 0
3 

-
~ OH + 2 0

2 (s-i s - )

3— 2 6



is also (still*) quite signIficant to c-c-sod d ing of ozone in nat—

c- c - c - al and perturbed atmospheres. A very recent (June 1978) cx—

s - - c - - c c - s i a n  ha _ c  been r epor ted  by Za I r crc - i se r  and Howard (1978) as

= ( 1 .4  ± 0.4) x io~~ exp (-580  ± i00 ) /T

-c - - a - cc - ’  the range 250 — 370 n -I . At 230 K , the c e n t r a l  va lue  u s in g
this c-xrnession is 1.1 x l0~~~ cc-c-/sec.

c-ic-he rate expression used by LLL for Reaction 14 is

r exc-c- (—1250/T), which yields c-4 .4 x j Q
_ 1 6  

cm 3/sec- at 230 K. The

r a t e  quoted  in Hudson , 1977 is , in cm 3/sec , K14 - 7 .3  x

e
_1275/T

, w ith  ± log c-c- equal to 0.3 (a factc-r of 2). The cx—

;c-ression yields 2.9 x 10~~~ at 230 K. Cruts-en c-nd Howard (1978)
u_ ce two values , a “standard as -_ c -C a “ h ig h ”  value as follows

- 

K standard = 10~~~ exp (-l525- ,/T), or 1.3 x l0~~
6 at 230 K

K h igh = 2 x l0~~~ e X [ c -  (-125 0/T), or 8 .7  x io l6 
at 230 K -

T he- Ps- Cl ( H u d s o n , 1977) rate is ses-c- sc itiv e to the rate of HO2 
+

HO 2, wh ich , as po in ted  out ear l ier , is unce r t a in , and may be
in f l u e n c e d  in t u r n  by r e e v a l u a t i o n  ct ’  t he  impac t  of the  HO 2 +

PC r e a c t i o n .  N o t e  t ha t  t h e  new ic-ate expression given , at 230 K , c-
a value 3 . 8  times that given by the expression in Hudson (1977).

The - _ c r c - c e s ’t a i r c - f _ y  quo ted  in Hudson  ( 1 9 7 7 )  cor responded  to a fac-

to r  of 2 .

- c - r u t s - c c - s  and Howard  ( 1 9 7 8 )  [as wel l  as P o p p o f f  et a l .  ( 1 9 7 8 ) ,
al_co Uc-ewer cc-c- c-I. (1977 ac-c-i l977a), Table 3 .5 , later herein]

c’ s-c -sc- c- h a t  if  t , c -  re-act c - cc - c , h0
2 
+ 0

3~ 
is “fast ,” the “natural”

oz - c - s - ,’ c - co lc - c - r c s rc -  is reduced , but Pci a d d i t i o n s  tend to enhancex
ozc— ne. 01cc effect lu-c- a subtle one , involving a decrease  in a
,~~~

c- iu i t io~s (s - s - icc - c - thu s becomes an enhances-sent) ; i.e., as cx—

c - -l a c - c - c - ed by Crutzen (private c-oc - c - -c-rc_cunication , A u g u s t  19 7 7 ) .  If

U;, c-ic 1, for’ w h i c h  th e -  HO c- + 0
3 

n at e  is c o c - t r o l l i n g ,

dee a ir _ c t  foot _ cc -etc dec -ti c-n 3.3.7a.
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OH + 0
3 

-
~ HO

2 
+ 0

2

H0 2 + 0
3

-~~O H +  2 0 2

2 0
3 

3 0~

is r ap id , then this ozone destruction cycle is signi fi_ ca s- sc -. A s

~~ is added , however , the cycle is slowed by the cc c - s - c - 1- e t i ti _ ’,
~e

r eac t ion  of HO 2 with Cc-U as follows:

OH + 0
3 

-
~~ HO 2 +

HO 2 
+ NO -

~~ NO 2 + OH

N0
2 

+ h~ -~ NO + 0

0 + 0
2 

0
3

No net react ion

which decreases the destructiveness of the c-c - c-7 c;c-’cle.

The fifth reaction listed by Duewer  et aI . —— f_ 1c -at f-c-- c-s-c-~ c-c--c -

Kh~ 3
——still involves a number of uncertainties but oth er reac—

tic-cns , as be low , are of greater current interest.

Hudson (1977) cites two additional reactions in t h e  HC-
series which the NASA panel felt to be worthy of particc -c-lan

a t t e n t ion ,

01-i + 0 -
~~ HO ,~ + 0

and 3 2

HO 2 + 0 
-

~~ OH + 0
2

The u n c e r t a i n t i e s  in these  r a t e s , in a d d i t i o n  to t h e  c - i s _ c t
f_ cur- cited above , contr ibute significantly, accord ing to bud_ con

(1977), to the overall uncertainty in stl atoss--he-s ic m odel _ c .

b. Some Other  R e a c t i o n s  and S p e c i e s  of New or Poss ib ly
Increased S i g n i f i c a n c e .  There has been c-c-c-csidera lc---le ef_ fon c-

f r_ c the p c - c - st few years devoted to stratospheric c-hemi str-; c ,

w h i c h  is particularly important to the haloc-arbon prc -bl er c -c  (see ,
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e.g., Hudson , 1977; Watson , 1977). As most of this work is of

secondary interest to the aircraft problem , no attempt will be

c-node to review it here. Rather , discussion will be limited to

a few items which seem to be of interest.

1102N02 
(peroxy nitric acid). HO2NO 2 was not considered ~n

modeling done under ClAP nor has it been included in most reac-

tion schemes since. Attention to this species was apparently

drawn by Simonaitis and Heicklen (1976) with subsequent atten-

tion being given it by Cox et al. (1977) and by Jesson et al.
( 19 7 7 ) .

The species is an analog of the well— known peroxyacet yl

n i t r a t e  ( P A N )  impor tan t  in smog c h e m i s t r y . A c c o r d i n g  to  Ccx

et al. (1977), H02N02 is not important in the troposphere ,

having a lifetime of only 9 second s at 298 K. At stratospheric

temperature (220 K), however , the lifetime is estimated at about

one month (Jesson et al., 1977) to 0.3 years (Cox et al., 1977).
It could thus be an important “reservoir ” for both HO 2 and NO 2 ,
and could enter into a variety of possibly significant reactions

(c-c- es_con et al., 1977); its peak concentrations would be in the

20—30 km region , and could reach 1—3 ppb , largely at the expens c-s

of RH O
3 

concentrations (Jesson et al., 1977) without NO and N O
2

concentrations being much affected.

Absorption data and photodissociation products are appar-

ently inadequate. Modeling runs showing the possible effect of

this species are not extensive; however , Poppoff et al., 1978 ,
assuming H02N02 to be photolyzed at the same rate as H202,

~
c- ,und t h a t  i t s  inc lus ion  reduced ozone p r o d u c t i o n  by NC~~, but

the absolute effect on the ozone column was small.

[fOCi. Jaffe and Langhoff (1978) have carried out a thee—

retical study of the ultraviolet photodissociat ion of’ HOd .

The results do not agree with earlier experiments which m di—

oaf_ed a double—peaked absorption spectrum with peaks at about

220 and 320 nm; the theoretic-al results showed significant
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absorption only at the short ec-- wave lengtti . The s i c - c - c - i  c- icc - roe

of’ this is , of c-curse , the 1*c--S l i_ c not p - n c t o d i s so c c -a t e c i  by the

r e l a t i v e l y  s t rong  f l u x  ic - c - t h e  3 0 C c - — 3 5 0  c - c - cc r eg i on , so t h a t  POOl

has a much l o ng er  l i f e  t h an  p r e v i o u s l y  b e l i ev e d  fcc-i ’ Cl c c - cc - i c_ c,

reducing t h e  e f f e c t i v e n e s s  of the Cl — catalys is c:-:cIe (c-see F _ c-n _ cc - i

et al., 1978). Jaff’ee c - c - c - c - i  L a r c - g n u f f  (197 C )  c _ c c -  I c c - c - c - c -  e 1100 1 l i fe

due to photodissoci c-tion (to Cl + O H )  as 5 .3  h a t  ‘I D -  Ac .. ac -_ c c - i 91

h at 30 km.  They r c - i r c - t  out , ho-s--c c-er , t h at  a t r c - e c- c - oroc ec-os es as ,

e . g . ,  r e a c t i o n  w i t h  O ( 3P )  n_ cay p r e d o m i n a t e  Ic - c -  c c c - n t s o l l i nr  t i c - c

lifetime .

HOC 1 could have so c-c - se s i _ c - c - c - i f  c c - i c - c - c e  i c - s  the a c - n c r - a f t  e f f e c t s

problem , thus such processes as

HO 2 + 010 HOC 1 +

or (hetercgenously)

01Cc -JO _c + H 2 O -
~~ HOC 1 + c- Pl c - c -a-

(These f_ c-_ c c -s ati n -c-s mechanisms were s~ ggeste -c- by d c - f f e e  ac - c - c -i I c - ac - o s - O f f ,

19 7 8 ) .

H , O~~. Po c - c - -p c - a ff  et a l .  ( 19 7 8 )  p c - ic - c t  out  c - - he  f a c t  Ic- hat a

“ long ” wave (> 255 r c - c - c - c - )  abs - cc - -c -- t i _ c r c -  t-ai_ l f-c c- ’ 11 c- c- 2 c - c - cc - c - c  b e -c c - c
glected ic-c ic- cots- ClA P c-c-cu in c - i -c - c - cc - son ( 1 97 7 ) .  Thi s c-:ec-.lect pro-

duces ac - s  err-c-nec -u_dy ic -c --n-c--c- c_ cf _ i c - c - c - a t e of ’ 
~ 2 02 i s- , ‘c - h e  lo s-c-cr s f _ s c - t o —

sphere. Ira f_ he ir c - c - o de - I, c - c - c -s-
02 is  assumed to ~ c 1c - c - - ’-a -e 1i;-u- b c- - c- - 2 .

lc -~~~1ect of t h~- icc -s c-c - w a v e l e n g t h  t a i l  s- c - c -ol d c - u t t. f _ I c -  of he_ ce

s p t C i c - c - S  at fairly i c - c - - p c -c va lues  (% 1 c - - c - - b - c )  c - c - c - 0 s-c - i c - l o s - c - - c - ft -:t cc-I .

sugges t  w o u l d  be i n c o m pat i b l e  w i t h  exp- ~c-r ir - sec -  f _ a l  d c - t a .

T~c-e i’eac’f~~on ClO + ~I! p r o ds  c c - c - i ’ . T i c - i c  c - - c -c - c o ic -s - c -, as - i c c - _ c,

i f  it  proceeds c - e e c --c - - d ing t o

Lb + OH -
~ c - i c - I  + O~

at moderate c--ate , w o u l d  be is -c-c-p- cr -c- cc -nt c - c - , s’-c-- ra t c- co ;-b c-ccc - ’ic cf _ s ec - cc - i _ cc - c-c - i

i - r two c- c -cc - ol ive species are dc_ cf_ roved (R.E. Roberts . IDA ,

c - s ’ i v a t~ ens_ cc -c-c--c-i ca t ion , 1-977)  in the  c c - n c - c - e s _ c .

3— _ c o
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CLc-c-c-_ cic -al ly , a reaction such as the one cited is assumed by

P lc - c - cc - - I c - i _ c f _ s to be a four—center reaction and too slow to be of

c-c-Orl scqueSice. In th i s  case , however , the extrec -cce energy re lease

ic -cv -:1c-,-ed (— ~ 55.6 kc-al/mol) and its possible chain—terminating

character , suggest that it merits ir_cvestigation. Its importance

abc -c o n-c-bates to CH~ content ; this reaction --:ould be of greater

ic - c - c -c -c r - c - a r c - c -c w i t h  the recent ° ~i 1_c profile measurements of A c k e r m a n
€,-t ai. (1977) than with earlier profiles (W.S. Smith , private

oo cc - sc - c -~ c-ci catio s-c-, 1977).

c- ;c-~ ss -3c c - c - l a t i ve  r e a c t i on  ÷ ClO -
~~ O 2CZO~ Jesson  (1978)

c - n a c -n e c - o la f_ c -we suggestion , commented that if the reaction

02 + d O  -
~~ O2CIO takes place ,

f c - d iow e cc -  by
hv

U2~
c-lO -

~~ 
0102 

+ 0

c-lO2~~~ CbO + 0

~-c-hnni _ ss. for odd oxy~ ec- s production would result , but no evidence

is - c - s - c - -c -c- rc- for such a reaction.

3 . 5 . 3  O t h e r  M o d e l i n g  C h a n g e s

R e c e n t  models  have bee c- improved in terms of ’ t he i r  a b i l i t y
‘ a Ic-corn-orate such effects as multiple scattering, d i u rna l

O e s ’c - c - i _ f lnc - c - ,  an d. t h e r m a l  feedback. Each  of these effects can be
c- I_ c c-n-in f_ c- be of significance ; in 1—D modeling , however , the ac--p c -- c—

c- s-:a’c-encss uf_ the  v a r i o u s  p rocedures , as in 1—D modeling in gen-

eral , c o c - c -  be debated: each represents an improvement on an al—

c- -oad y “ g lo b a l l y — a v e r a g e d ”  p r o c e s s  of s o r t s .  The apc--r_cç-niate

me :c-c-s c-f f-_ cr-ther averaging is c - c - ever  f u l l y  clear . In O COPESA

(1i75) c-Ic-forts , I—D models were used with fully diurnally and

seasonally varying sun , but w i t h  fixed eddy—diffusiv ity profile.

dcc-r- rently, cc-c-odebers feel this process uses too much c - orc -c -c- -c -te i

tIc c e , nc-U c-coy be diff icult to justify ; instead , in what see” -

‘ c - s c c  a n~- -’cs snable approach , the apur’opriate tic -c-ce— avera ged

3—3 1
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It can be anticipated that the fast HO2 + 0
3 

reaction , as
recently reported (Zahniser and Howard , 1978; Section 3.5.2),

will reduce the excess of ozone , but to what extent is not yet

known . In l—D model results (Zahniser and Howard , private

communication , 1978), use of the new HO2 ÷ 03 
rate which is

some four—fold faster than the old rate , at 230 K , brought the

l—D ozone column from 10.6 to 9.6 (x  i018, cm 2). This approx-

imate 10 percent reduction apparently would not be sufficient

to bring the computed Wldhopf model into line with the measured

values , but would be expected to improve the situation.

3 .5.5 Recent  C a l c u l a t i o n s  of A i r c r a f t  E f f ec t s  (1~~Q)
a.  The D i f f e ren t  Mode ls  Compared.  Potential SST effects

on ozone have been reestimated in detail in light of recent

(post—1976) changes in chemistry by workers at three organiza-

tions——Lawrence Livermore Laboratory (LLL), National Center for

Atmospheric Research (NCAR) and the National Aeronautics and
S 

Space Administration at Ames (NASA—Ames). These studies have

all used 1—D models , but these have varied in important details.

No new studies have been done in the subsonic question. Only

draft copies of the studies are available to us at the time of

writing .* A review as of July 1977 was prepared by Broderick

(1978), which is scheduled for early publication. The paper by

Broderick includes results as affected by the Howard and Evenson

(1977) rate for the HO2 + NO reaction; however , some effects not
included in that paper have since become available , and these

results are emphasized in the following.

The characteristics of the three l—D models which seem

most pertinent to this discussion are shown in Table 3—2. The

r~odels themselves are described in detail elsewhere (Chang et

al., 1977; Poppoff et al., 1978 , and Turco and Whitten , 1977;

The final version (Poppoff et al., 1978) became available
uuring the review period .
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TABLE 3-2 . MODELS AND RUNS COMPARED 1

Aspect LLL hASA-Anies NCAR/NOAA

Tropos ph ere I ncluded Yes No 2 No
Altitude Range , km 0-55 10-120 10-65
Steady State (SS) or

Time-Dependent (TO ) TO ID SS

Ve rti cal Resol uti on 1 km 2 km 1 km
1u itip l e Scattering Included Yes No - -

•Albedo Effects Included Yes No - -

Diurnal Averag ing Inc l ud ed Yes Yes --

The rmal Fee d back I n c l u ded Yes N o - —

Clx chemistry Ind uced Yes Yes Yes

Smoy chemistry Included Yes Yes Yes

Bas i c K
~ 

profi le(s)
4 

Chang/1976 WT; Chang/1976 5 Cru tzen et al , 19786

4~ster Vapor Changes Parameterized 7 Compu ted Com pu ted

NO inje ction rates Varied Varied Fixedx
NO /H 0 ra tio Va ri ed Var i ed Fixedx 2
H20 injection (alone) Yes Yes No

‘Refers to models in the configuration used to generate the main body of
suits discussed here . Each group has a number of models. The various ef-
fec ts listed as included can , of course, be excise d if desired ; similarly,
effects shown as not included can , i n general , be i ncluded  i f des ir ed .

2NASA—Anies has a secon d model which includes the troposphere ; they find that
tropospheric ozone is little affected by SSTs .

3Simp li fied . See Oliver et al., 1977.

4By this is meant the implicitly preferred profile. Results are reported
for var ious prof iles by eacn group.

5 Wofsy-type , a p ro fi l e  s im i l a r  to tha t  of these aut hors bu t develope d by
NASA-Ames bas ed on excess C-l4 data. See Section 3.3.3. This is referred

to elsewhere herein as the Poppoff et al . , 1978 profile.
6Two versions are used to correct approximately for latitude (see Section
3.3.2). These are referred to as Crutzen and Howard (1978) high and
low. T he m id-stratosphere portion is based on Schmeltekopf et al. (1977).

7
~ery recent calculations have included computed changes in H20.

-~ 
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Cr u t z en , 1 9 7 7) .  In a se n se , the di t e s t - u a c o  r e s~~~t f ron  d i f —
f e ror i c e s  Ln a p pr o a ch  and r u r po s e .  ‘J ’hus , he LII proup has  used

and -~~Oi f l e d  it s  model  for  a : u r n b e r  of ;, . a -c t o  :n l or e  a w i d e
v a r i e t y  of per t L o b a t  ions; PPis , a t r L c ~~h~~I i c  nu c l e a r  e xc l o s i cn s ,
and holoc  a r b o r s  h av e  all  c~~en st u d i e d  ar id  ~n s i t 1 t 1v e s  (p a r t s  —

e~~la l , l ,  us t o  ;-Ti r iO t ~c s)  €- :n loce’i . .~~~- c~~ai~: ( t o  u~~r k-: 0 / e dd e )

has t een  m o d e  th a t  i t .  “ u ; p e c c r  c m i ’ or o t he r  poi~ cy — o r i e n t e d  m c —
c u lt  Ic  i n te~•de ‘ b : t h e s e  c m l c u i ~~t I i

::ie c if i c  :JA .~~— ;u~~~ • c ~~I ~ng w n r k  j e sc r i b e d  here is de— 
S 

-

vot~~i er~t r e ly  to  tn e  T ~ r o b I c - n L ;  in i I c  work , t ne  t O n  OSpr . - :

has I~ t t l e  e f fe c t  on tn e  ‘e s u lt  as t e st e d  b y  t h e m  in s t u die s  S

w i t h  a secc .r td  a c h e l  sh ~ch in c l u d e d  the  t r op o s p h er e . They arpu c
t h ’ t e op o st he ric  - ch a’is’~cv Is cr . eer t a ln  lo ony ev en t .

one  bA A — A m e s  o ro c u  also arr -ues  ac,ain s t  toe  :nc~~u s i c n  of

~5 x - r r u l  f ee  W o c k  e f f e c t  a f cc  somewhat  s a m c i a~ ( u n c e t t a i r i t v )
r - u a s o :s .  The icy ~i~~f u s i v i t y  0 0 0 t iln  u sed  by them a c o n s i s —
t e n t  wl~.h  t k : e r m r - o a c h .  l’ m u t : en  and Ho~~ari (1 178)  also a rpue
t h at  t r o u : u L h e I ’ .cc • c h ’ r i ~~~~ -. is r a o m l v  1-a cw~ an-i t h e r e b y  j u s ti t
I t  s om i s si on  Por s t ,u i v  t np  ~~~ e f f e c t s .  m a .~ or pu rpose  c t  t h e
P r ’c t z en  and H c u u c d  paper  Is t o  ex a m i n e  st r a t o s p h e r i c  ozone s on—
s ~ : v It  :~ to  v a c i n u s  r e a c t  t ori  ra~ es ci c L ~i r ent  I mp o r t a n c e  in

st r to :~-h er i -c ~
‘1 i - ~~~I ’n In a ae n sn , L a t h  the  P A P A ~c.~~-s anc

Cru t  ae r ,  and cu lt :  - :  paperu are cu r . s i st e nt  w i t h  t h e  app aren t  in—
‘ not o f  b L ~~5— 95 (s~~i Poct~ - .n 3 . 2 ) .  V a ri at i o n s  at and near  the

-cause • wP a h wn id be excectea ‘x: tn  a lr c ra i  t cann- .~a , an

m e l  m i e n , La t a k e n  a- :ie c- a t -n i ~y I n t o  ac cc  unt  wit - h a a c i d
Wh i C h  r ~XCS conilt I ns ( c o n c en t r a t l  ‘mr s c m  f l u x e s )  at the  tm r i  c —
r o u s e.  ::-~~~e of t o n  a v a I l ab l e  m o i e l i n m  s~ udl es ret- cot •: th~~- c t . :
n ’. o~ . : ~L t a ne e u s  in e c ti  c~ P dO 2 .

The v a r i o u s  r ’ s ul t c  w i l l  no w he r ’ev~ -wed 1:0 lePly

b .  N A S A - A m e s  ( P o p p o f f et  a l  . , 1 9 7 8 ) .  b : p~- ePt ’ e~. al.
e m p h a s i z e  et ’f e st s  on c L - a t o m  I c c  Ic O S O O n  c~ t o  s Im:~m c~ US
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i n j e c t i o n s  of aria ‘2° at v a r I ou s  a l t i t u d e s , and fo r  “ n e a r —
term ” and “ f a r — t e r m :” N O n n is sl o n s  a ? oh n o l o d v . “ N e a r — t e r m ” e n —x
gine technology implies t o - l ay ’ s combustor technology ; “far —
t e r m ” technology i n c lu d e s  two  co s si b l e  Pu~ e m i s s i o n s  levels ,

roughly  ~O p e r c e n t  and  15 p e r c e n t  ml t oday - a v a l u e s .  The ac-

tua l  va lues  used are qu - , r e d  a-elsa: . The i r  m o Wn , as in d ic a  ed
above , did not i n c l u d e  a t r o m o s p o e r o .  Th e ir  r e su i s , .- , a l ch
f o l l o w , are of p a r t i c u l a r  i nt er e s t  in t h a t  they  c h o w  c l e a r ly ,
for small  to  r easonab le  SST f l e e t  s i z e s , t h a  chanp e  In s i a n i—
f i c a n c e  of P 20 and. P~ em i s sl e ns  -due l am e ly  to t h e  r e vi ci o r,  of
the  PC 2 + NO r e ac t ion  r a t e s .

IwO aircraft types were c o n s i d e r e d  by F o p p o f f  et a l . ,  1978 ,
w i t h  v a r y i n g  NO cmi sc ion  in d i c e s , as shown  in Table 3 3 .

TABLE 3—3. AIRCRAFT AND FLEET CHARACTERISTICS
(Po pp off et al . , 1 978)

Nom i nal *
Nominal Nominal Fuel NOx Emission Fleet Emissions

Nominal Altitude , Flow Rate, In dex , 108 kg /yr
Type Mach No . km kg/hr/ai rcraft g N02/kg NOx H20 S

A 2.7 20.0 37,800 15 .6 1 .47 1 25
6.0 0.57 125
2.0 0.19 125

B 2.3 17 .5 35,200 18.0 1.65 117
7 .0  0.64 117
3.0 0.27 117

*100 Ai rcraft , 7 hours/ day. From Poppoff et al. (1978)

The r e p o r te a  o s - o n e  aer l et i o r  s are ~ ive r  is T ab l e  3— ~~~. Re-

su l t s  a x e  p i v e n  Pox  t h e  “ D i c k i n c c n — d h a n g ” p r o t l ie  ( a - c Phan ~ /
197( ) , art s Poe “ .0?’ (P  F s y — t y ~~e)  r r~~?il e .
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TABLE 3-4 . OZONE CHANGES CALCULATED FOR 100 AIR CRAFT
WITH DIFFERENT NO EMISSION INDICES

X % Ozone Change *

Altitude , Nox E.I ., In jections , 108 kg/yr NOx onl y NOx plus H20
Type km g N02/kg NO~ H20 DC1 WT2 DC1 WT2

A 20 .0 15.6 1.47 125 0.12 0.12 0.07 0.03
6.0 0 . 5 7  125 0.05 0.05 0 -0.06
2.0 0 .19  125 0.02 0.02 -0.03 -0.08

B 17. 5 18.0  1.65 117 0.13 0.13 0.10 0.06
7.0 0.64 117 0.05 0.05 0.02 -0.02
3.0 0 .27  117 0.02 0.02 -0 .0 1  -0.05

*
The Ames author s point out that these near-zero numbers , obtained by inter-
polation , involve substantial (fractional) uncertainty .

‘This is referred to as the Dickinson -Chang profile; it has been referred to
elsewhere as the “Chang /l976” profile (or at times as the “new ’ Chan g pro-
file).
2This is the NASA-Ames “Wofsy-type ” profile , develo ped by NASA-Ames (see
Section 3 .3.3).

The r e s u l t s  g iven  in Table 3-Li are plotted in Fig. 3-6 for

the two K profiles. Note that the ozone column : c r e a s e s  w i t h
increased NO

~ 
injection at constant water injection rate; the

depletion appears to be due to the H20 injections. The NO
~ 

re-

sult is entirely opposite to that found in CIA?. The Fi~ O effect

on ozone was never clear in CIA? ; in one paper however (Crutser.,

19714), it was reported that water vapor , according to theta —

current Chemistry, actually increased ozone sliphtly . Friar to

ClAP and the NO~ issue , however , as noted in an earlier section ,
water vapor depletion of ozone was a major question with repard

to the SST (pection 3.3.7).

Poppoff et oil . (1978) also give effects as a function of’

rio and H20 ln~ ection rate at 20 km in FIg. 3—7 , and in yi~r . 3—8

as a function of altitude , for a specified NO injection rate.

i t i  Fig. 3— 7, the water effects and N:) effects are cu put ed sep-

arately. The scales are sized however for an NC . erissi ii latex
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NO INJECTI ON, 108 kg/y r AS NOx 2

FIGURE 3-6. NASA -Ames 1-D model results plotted here to show effects of
varying NO~ in jection rates at constant H20 in jection rates.
The water rates correspond to 100 SSTs at 17.5 and 20 km for
Dickinson-Chang (DC) and Wofsy-type (WT) profiles. The points
plotted involve approximations so the curves are not as pre-
cisely located as might be inferred .
Data Source: Poppoff et al ., 1978 (see Table 3—4 )
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FIGURE 3-7. Separate effects of water and NO~ inj ections at
20 km at various rates on the ozone colurm above
10 km as calculated at NASA-Ames (Poppoff et al.,
1978) for three Kz profiles. The water abscissa
and the NO~ abscissa are coincident for a NO~emission index of 6 gm/kg (as NO2) and water
emission i ndex of 1.3 kg/kg . For other NO~emission indices , the water effect should be
scaled; e.g., the NA SA “current ” technology SST ,
the water effect is 6/15.6 or 0.38 times the value
read at a given NO~ abscissa.

Data Source: Poppoff et al ., 1978
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N o t e  also that according to these results , or. or 4

emission index should exist , varying with selected ~~ ~-r
and fleet size , to provide m i n i m um  effect on the ozone coiuss..
This optimum is , of course , a “1— C” opt imu m , and shoulu r.ca hc
given too much credence. It is not obvious from these- r~ salte

that very low emission index values are a necessarily attrac-

tive goal.

Pot-poff et al. (1978) oi’ve an extensive discussios of On—
-certainties and effects of various rate constants. Thc:: point - ’

-oat in p a r t i c u l a r  the ser.sitiar i.ty of the results to the rate

constant used for the HO
2 

-f 0
3 

reaction. Their r e s ul t s  are in-
cluded as Table 3-5 . Note the always deleterious effect z or

w a ter  v a p o r .  For d e t a i l s  o the r thor1  t h o s e  shcocn in

notes , t h e  reader is referred to Poppoff et al., 1973. Th e— ’

alsc point out qait- e convincingly that estimates of urra c - a In—
ties are unreliable and apt to be misleading .

c .  C r u t z e n  and H o w a r d  (1978). Crutsen and :dcr.o1r-o .~~ -a- i iaC

ozone changes due to injections of :O X , O 2O~ 
and chlorcf’duora—

methanes. As noted in Table 3— 2 , a steady— state strato ,she a-lc

model was used. A cornbinatior . of concent-ratior. (N 20. -~~~~~~~~~, C D ,
10,0, L 2~ CH

3
C1) and flux (odd nitrogen , Cl

>~ 
ozone- ) h -- :ui.ta ~-y

conaitions was used at 10 Pm , the lower bcundar :’. ~k major car—

rose w a s  to investigate effects resulting from chai ass 0:. th~
r~it e  used for  the HO 2 + NO r e a c t i o n , and  to  c o n si d e r  e f i  ~- c r  s
los t o o ther  r eac t ion  ra te  u n c e r t a in t i e s .

The a u t h o rs chose equinox at 14~~0 la t i t u d e  as b e I n g
s e r . ta t ive of g loba l  c o n d i t i o n s .  Two ed dy — diffaslvity p r u f i l -~s ,
d i f f e r i n g  on ly  be low 15 km were used to  r ep resen t  g l a t a ) .  a a - e : - u o -
(K 7 h igh ) or c o n d i t i o n s  poleward of 140 ° (K ,7 low)  as n o t e d  e a r]~~c r .
(P e e  P e c t i c t ,  3.3.~~). An i n j e ct i o n  ra te  (over  1 P m )  o f ’ 1000 N C
mo l e cures cm 3sec~~ and 2 x 10~ H 2 0 m o l e c u l e s  cn sec ’ w a s  a c e d
i n al l  cases ;  t h i s  co r responds  tc an i nj e c t i on  r a te  of I . 2 ~
x ~~~ kg NO 2 pe r year and ~~~~ x ifl~~ kg, h 2 0 pe r y e a r :  a

3 — ~~~~ 2 -
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TABLL 3—5 . SENSITIVITY STUDIES OF OZONE
P E R T U R B A T I O N S  D U E  TO SSTs 1

( S o u r c e :  Po pp o f f  et al  . , H78)

Stratos ph eric ozone column
chan ges due to SST NO

~ injectionModel Modif icationjnoncumulative) without/with water vapur effect2

Increase back ground N
2

0 by 500 -O.35%/ -0.880

Increase to tal ch lor i ne to 5 ppb v 3 +2.13%/ +0.420

Eliminate chlorine nitrate formation -0.80%/ -0.81%
Eliminate scattered radiation +Q.55%/ -0.540

Eliminate diurnal effects +0 300/ -0.500

Use Moort gat CH 2O quantum yields 4 +0.680/ -0.38°
I n c l u de N02N02 formation +0.170/ —O .74~
Decrease the HO 2 + 03 ra te by a factor  of 35 -0.507 -1.100
Increase the HO2 + 03 ra te by a factor  of 35 +1.80%! +0.13% *

Increase the OH + HNO 3 rate by a factor of 36 -1.740/ -1.90%
Decrease am b ien t H2O from 1.0 to 2.5 ppbv at 14 km -0.07 / -1 .10%

‘A g lo bal NO
~~ 

i njec ti on r a te of 7 x io8 kg N09/yr and 1.5 x 1011 kg H20/yrat 20 km are ass umed ; the WT d i ffus i on coef f~c i ent has been use d for each
sens i t i v ity test. See Poppoff et al. (1978 ) for detailed discussion of
these effec ts .

2For reference , the nominal ozone column changes are +0.40’! -0.62%,
res pectivel y.

3An increase of about 3 ppbv.

~Represents an increase of about 500 (varying with altitude) in the yield of
hyd ro gen ra di cals  over basel i ne mo del va lues .

5T he basel i ne HO 2 + 03 rate is 7.3 x io 14 e~~
27S /T cm 3/sec . Note that the

corresponding tripled ra te at 230 K is 8.6 x lO~~ cm 3/sec , a ra te wh i ch i s
l ower than the value of 1 .1 x 10-15 cm 3/sec c a l c u l a t e d from the Zahn i se r
an d Howard 1978 expression (Section 3.5.2a).

6The ba s e l i n e  OH + HN O 3 rate is 8.0 x 10-14 cm3/sec .

3
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consumption of 7.71 x 1010 kg/year and an NO
~ 

emission index of

16 .0  ~ N02/kg fuel is also implied. The fuel flow corresponds

to 684 of the type A aircraft (at 7 hours per day ) described in

the previous section. Injections at 13, 16, and 20 km were

studied .

The effects due to variations in three reaction rates and

the two eddy diffusivity profiles were computed . The three reac-

tions and rate expressions used are as follows , using nomencla-

ture as in Section 3.5.2.

HO2 
4- OH -

~ 
02 + H20 (Rl9)

HO2 + 0
3 

-
~ OH + 2 °2 (R l 14 )

HO 2 + NO -
~~ 01-I + NO 2 ( R 2 6 )

HO 2 ÷ HO 2 
-

~~ H
2

0
2 

+ 02 (R 18)

Feoct ion rate effect studies used the following values in cm 3/

molecule— sec. The value at 230 K is shown as a representative

strotoseheric value .

Expressions k 230 K —

- —11k 19( ST)  
= 2.1 x ±0 same

kl9(hi) 
= 5.1 x iO~~~ same

= exp (—1525/K) 1.3 x lO
_1
~

t 1l (hi) 
= 2 x 10 13 exp (-1250/K) 8 . 7  x 10~~~

= 3 X l0~~~ exp (—390/K) 5.5 x

= s x ~o~~
2 exp (—~ 50/K) 7.1 x lO

_13

~
‘I8(ST) 

= s x io~~
2 exp (-500/K) 5.7 ~ io~

13

al6 (h.) = 1.5 x 10~~~ exp (—500/K) 1.7 ~ io
_12

3- 14k
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Here “ST” r e fe r s  to “ standard” and “hi”  to a “high” value ;
HE re fers  to the Howard and Evenson measurement (us ing a tempera-

— 11ture coe f f i c i en t  consis tent  wi th  an A f ac to r  of 3 x 10 and
the i r  value of 8 x io~~

2 cm3/sec at 296 K); and “C” refers to an
expression based on the Cox (1975) measured value .

The Cru tzen  and Howard resul t s  are sumniarized in Table 3-6 .

T A B L E  3 — 6 .  S T R A T O S P H E R I C  O Z O N E  C O L U M N  C H A N G E S , P E R C E N T

Case 1 2 3 4 5 6

k19 ST ST hi ST hi ST
k14 ST ST ST hi hi ST

k26 C HE HE HE HE HE
k18 ST ST ST ST hi hi

K , HIGH-- .POLEWARD 400
Altitude Z

Injection , km
13 -0.23 +0.07 -0.20 +0.71 +0.22 +0.08
16 -1.15 -0.37 -1.03 +1.21 0 -0.39
20 -3.08 -1.55 -2.75 +1 .11 -1.01 -1.64

Kz, LOW- -GLOBAL

13 -0.81 -0.26 -0.91 +1.67 +0.40 -0.24
16 -2.06 -1.05 -2.17 +2.19 +0.06 -1.05
20 -3.95 -2.37 -3.91 +1.82 -1.04 -2.41

The e f f e c t  of the Howard and Evenson vs .  Cox measurement
of R e a c t i o n  26 is seen by c omparing cases 1 and 2 ; the f a s t e r
ra te  r e su l t s  in smaller , or opposi te  sign , e f f e c t s  on the ozone
column . N o t e  tha t  the actual  rate used in these c a l c u l a t i o n s
is less than  the  recommended NASA r a te  (Hudson , 1977) of 8 x

io~~
2, w h i c h  assumed no temperature correction .

3 1 45
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The e f f e c t s  of the rate  of Reac t ion  19 can be seen by cc~-m-
paring Runs 2 and 3. Note  tha t  the s tandard value for  t h i s  reac-
t ion (Case 2)  is taken by the au thors  to be 2 .1  x iO

_
~ l ; the re-

commended value by NASA (Hudson , 1977) is 3 x and the  only
direct measurement (Burrows et al., 1977) is 5.1 x io~~~ ( which

Is used in Case 3). Note that the rate for this reaction was

taken as 2 x l0~~~0 in ClAP , r e su l t i ng  in large ozone d e p l e t i o n s .
Case 3 would seem to be reasonable as a perhap s conservative
es t ima te .

The powerfu l  e f f e c t  of Reac t i on  14 can be seen by c ompar ing
cases 2 and 4 , wi th  a f a s t  ra te * r e s u l t i n g  in ozone enhancemen t s
at all a l t i t udes .  The reasons for  th i s  were di scussed  in Sec-
t ion 3 . 5 . 2 .  Note that  the ra te  recommended in Hudson ( 1 9 7 7 )
at 230 K is 2 . 9  x 10—1 6 , close to  the geomet r ic  mean (3 .3) of
the two values ( 2 3 0  K )  developed from the C r u t z e n — H o w a r d  ex-
pressions . Duewer et al. (previous section) use an expression

which gives 4 . 4  x lO~~~6 cm 3/sec at 230 K.

The small e f f e c t s  of the rate  of R e a c t i o n  18 can be seen
by comparing cases 2 and 6.

The effects of using all high values vs. all low va lues
can be seen by comp aring cases 1 and 5. Assuming  P 18 has l i t t l e
effect , Case 5 can be compared to Case ~~ to  again show the
strong e f f e c t  of Reac t ion  19.

The e f f e c t  of a reduced e f f e c t i v e  t r a n sn o r t  ra te  at t h e
t ropopause  can be seen by compar ing the K~ h igh  to the  K low
values .  As most  a i r c r a f t  t r a f f i c  is poleward  of 40 ° , t h e  K 7
(high ) values  may be most app rop r i a t e , a l though  the  in terp re ta -
t ion  of these results is s u b j e c t  to some d e b a t e .

_ l o
The “ f a s t  ra te ” used here is s t i l l  s lower than  the  1.1 x 10 -

cm 3/sec value found  by Howard ( 1 9 7 8 ) .  See Sect ion  3 . 5 . 2 .

3~ L 4 C
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Crutzen and Howard also show the v e r t i c a l  r e d i s t r i b u t i o n
of ozone that takes place in Case 14 for 16 km i n j e c t i o n  ( 1 .21
percent net increase). In this case , ozone was enhanced from

10 to  about 27 km , above which ozone was depleted . Maximum

p e r c e n t a g e  local ozone enhancement was 8.36 percen t  at 10 Pr. ,
the  lowe r model boundary .

C r u t z e n  and Howard conclude tha t ozone enhancemen t  from
SP? in jec t ions , accep t ing  the  Howard — Evenson  measur emen t , wo uld
r e salt  only w i th  some c ombinat ion of a f a s t  ra te  fo r  00 2 + 03
and a slow ra te  for  HO 2 + OH . The high rate for HO2 + 03 has ,
in f a c t , s ince been reported (Zahniser and Howard , 1973), as

d i scussed  ea r l i e r .

d. Lawrence Livermore Laboratory (LLL ) Results (Luther ,

1 9 7 7 ) .  These workers  have con t inued  t he i r  ex te r,s ive  s tud ies
of a t ra csphe r i c  p e r t u r b a t i o n s  due to  a i r c r a f t , ha loca rbons , and
nuc lea r  weapons t e s t s , e t c .  Se veral  a spect s  of the i r  work are
of p a r t i c u l a r  i n t e r e s t  here .

His torical changes in aircraft ozone dep etion results

wi th changes in chemistry and K2 pro filc . The LLL w o r k e r s

break the i r  r epor t ing  of t h i s  work i n t o  two p e r i o d s :  197 1—19 76 ,
1976- —S eptember 1977.

The LLL r e su l t s  for  the 1974— 197 6 per lo l , in w h i c h  chlc -r~ ne
c h e m i s t r y  was not included , are shown in F i g .  3-9 for  17— and
20-km i n j e c t i o n s . The Chang/1974 pr o f i l e  results , w i t -h  197 1
che m i s t r y ,  represent  the s t a r t i ng  point ; the  second  poin t  (mov-
ing down ) shows changes resulting from the use of th e  C ha ng/

1976 K~ 
p r o f i l e  ( r e f e r r e d  to by N AS A— i \ r s e s  in t h e  ç~r ev i c u s  sec—

t i or : ifl the D i c k i n s o n — C h a n g  p r o f i l e) ,  wi th  t he s i m~ che m i s t r y .
Other  r e s u l t s , usi ng the  Chang/ 1976 N 7 p r o f i l e , w i t h  changes in
chemistry , are shown . The biggest single e f f e c t  in t h i s  t i m e

t r’a zr e was clearly the resu l t  of the rev is i on of the HO + HO
2

ra te  (R 19 )  f rom 2 x lO _ l O  cm 3/sec in C lA P  to  2 x i0~~~ cm 3/sec ,

t h e i r  t h e n - p r e f e r r e d  va lue .  N ote  again that a somewhat higher

3~~147
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value (3 x l0~~~~ cm 3/ s ec)  is- ~c c m - .en-: -c i n . ~’~~ zc - r ,  ( 19 7 f l .
that bo th  groups reject the 

~.l:~
- ~1 rec~ measurc-z~--nt 5.: >:

—11 . . - - ,  -10 (se e Sec t e o n .D. 4 . 2 ) .  D e t - ~~ 5- a: I n - - : e r  r a t e
are given in Luther  ( 19 7 7 ) .

Changes: ___________________________________________—

Start 0974l  ——-
~~~~~~~ 1 ;-~ n

K 1 —~~~~~ I n J P C tIOn

N2 O 4 h v

Methane reactions
HO~~ HQO — 20 km

HO + HNO 3 
Inlect on

NO 3 1- hv
0( 1 0) react ions

HO + NO 2 4 M
HOO + HOO

HOO + 0

.___ _._~_ ________ ! -
0 -2 -4 6 -8 - 10 - 1 2

Ckmqc ~ total  ozone - -

FIGURE 3—9 . Changes in calculat ed ozone dep etions
over the 1974-1976 period due to various
changes in model ing parameters . Global
in ject ion ra te of NO~ (as N O 2 ) taken as
2 .46 x l0~ kg/yr. The K~ change refers
to the Chang /l976 p ro f i l e . See Luther ,
1977, for de tail s. See also Broderick ,
1978 .
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Fol lowing  th i s  work , a number of changes were nu d e  t o  the-
ddE model , Inc lud ing  the add i t i on  of m u l t i p l e  s c a t t e ri n g , in-
clus ion  of chlor ine chemis t ry , and m o d i f i c a t i o n  of some a-c l~~—
t iona l  react ion  ra tes  and a b s o r p t i o n  cross  s ec t ions  in acc~~r-~ —
ance w i th  the recommendat ions  in Hudson ( 1 9 7 7 ) .  (A r a t e  of

—11 3 . . -x 10 cm /sec was re ta ined  in these  raouelang ~ x e r c : se s  as
the then-preferred LLL ’value; later runs have used 3 x

These changes resu l ted  in an increase  in ozone r e du c t ~~-on f~ r-
the same i n j e c t i o n  ra te  (2000  rno l/ cm 3—s e c  over 1 Pm;  2. 16 x
lO 9kg /y r  as ~O 2 ) j~ ’0m about 1.0 pe rcen t  at 17 km ama 1 . Q  e r —
ce nt at 20 km as in Fig.  3 — 9 to 1.3 p e r c e n t  at 17 km -ant — .3
percent  at 20 Pm , r e s p e c t i v e l y .  At t h i s  point , intrc-J~~~’ c-n

— of the Howard and Evenson rate constant had d r a m at i c  ~: f e o : z ,
as shown in Table 3—7, which  t able  also inc ludes  LLL r es- u1 s

us ing  the Hun ten/ l975  K p r o f i l e .  N ote  t h a t  these :-esuits in-
clude an assumed t empera tu re  c o e f f i c i e n t  fo r  t h e  Howaru~
Evenson measurement , reducing the rate at a nominal s~ rc:o-

—12 - Qspheric t empera ture  ( 2 3 0  K)  to ~ .9  x 10 r a the r  f o a m
10 , as recommended in Hudson ( 1 9 7 7 ) ,  and p r e s u m a b l y  r eua~- -

the magni tude  of the  change in e f f e c t ;  however , the s lcw e~ - r a t e
used for  the OH + HO 2 react ion works the  o ther  wa y .

TABLE 3—7 . OZONE COLUMN CHANGES SHOWING EFFECTS OF THE HOWARD
AND EVENSON (1977) REACTION RATE MEASUREMENT. GLOBAL
NO x INJECTION 2 .46 x iO~ kg /y r ( S o u r c e : L u t h e r , 1977)

Change in 0 3 Column , -- 2iana e in ~O

NO~ Inj ection
K 2 Prof i le  A l t i tude  (km) Old Rate * HE Rate * Old -~a t ~ .e~-

Chang (1976) 20 - 4 . 7 9  0 .55  4 € . 7  47 . --’

17 - 1.31 1.96 27.3 2 7 . 8

Hunten (1975) 20 -1D .8 -6.90 96.2

17 -4 .35 0.83 6 1 - ~

* -13 3The old rate ” used is 2 x 10 cm /sec ; the HI rate is based on the
Howard and Evenson 1977 measurement , w i t h  an assumed temperature
coefficient [4.28 x 10-11 exp (-5O0/T )~ .

3~~149



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~

Injection rate effects and modeling comments. In s tudies
under ClAP , ozone dep le t ions  ca l cu la t ed  us ing  l—D models were
general ly found to  be rough ly  l inear w it h  i n j e c t i o n  ra te .  Thus ,
the Hunten fo rmula  involv ea  the  express ion

6 = l.4O5x - 0 .010 5x 2

where
6 = p ercent  ozone dep l e t i on

x = incremental mixing ratio of odd
n i t r o g e n , ppbv , which is p ropor t iona l
to i nj e c t i o n  r a t e

In the range of in t e re s t , the  l inear term domIna ted . S irn—
il a r ily , in co r r e l a ti ng  Chane - ’ s l9 7~3 — 7 4  r esu l t s , express ions
were used of the ty p e

1-
6 =

where = annual injection rate and a and b are constants.

V a l u e s  of b ranged f rom 1.0 at 9 km t o  0 . 8 9  at 23 km.  (-lee
p p .  3-32 , Oliver  et a l . ,  19 7 7 ) .

With 1976 studies (see p. 3—70 , Oliver et al., 1977) using

the Chang/l976 profile , ozone columr, changes were found to he

linear’ wits injection rate at 17 Pm ; however , nonlinearities

were evident  w i t h  the Hu n t e n  iC profile. Introduction of the

Howard-Evenson rate for the HO~ -NO r e a c t i o n  has now made non-
linearity even more pronounced . This is shown by the LLL data

~i ver ~ in Fig. 3—1 0 for 17— and 20—km injections of N0~ (and by

t h e  NA [A—Am es r e su l t s  g iven  earlier); the changes since the
rrevious report (Oliver et al. , 1077) are shown for convenience.

wat er ’  i n j e c t i o n s  are not i n c lu d e d  in Fig .  3— 1 0 nor are the rma l
f o e t h a c k  effects. Note  tha t  the  t o t a l  enhancemen t  w i t h  e I t h e r
p r o - f i l e  is less than 1 percent for 20—k:-: injections and (aprar—

ent l y )  abou t  2 percent t’or 17— km ln j  e t  i o n s .  Note  a lso the

~ale  of the  ir ~j e ct i on . :  1000 m e l e c u l e s / c m 3— s ec  over 1 km a l —
t~~t ale  cor responds  to 1.23  x 10 c kg N ( -

~ as- 
~~~2 y e r  year . With

I he year ly Nd~ em i sc~ c-n fi~~~:’~-: ( N / N , 19 7 5 )  c t ed  fc~ Co ncorde ,

_ _ _ _ _  - _______________
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FIGURE 3— 10 . Ozone column changes for 17 and 20 km NO
~ 

injections calcul atel:
a t Lawrence Livermore Laboratory , using thei, r l-D model , for
two eddy diffus ivity profiles (Chang , 1976 an d Hun ter , 1974)
wi th 1976 and 1977 chemistry sets. The 1976 values are taken
from Table 3-20 (p. 3-65)(Oliver et al., 1 977) for an atmos-
phere without chlorine. A number of changes were made in
going to the 1977 results.
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t h i s  cor r -e sr onds  to about  2000 a i r c r a f t  on a global bas is , or
about 1000 in the N o r t h e r n  H em isphe re , if the ozone d e p l e t i on
is assume d to  be tha t  in the “ co r r ido r . ” A f igure  of 500 m o l e —
cu les/ cm 3— sec at 2 0 — ~:m c o r r e s p o n d s  to  375 ( H A S , 1975) ‘ large
SSTs” on a g lcha l  b a s i s .

An I n t e r e s t i ng point no;-,’ eric!u:CS which can be s tu d i e d  c m l v
in a —D mo -id . This Is th-li i n j e c t i o n  con d i t i o n s  could exIst

whi- c n on a g l e - r a l  average b a s i s  would imply  enhancement; boa—

ev er , this :-ight c on s i s t  c - f  a “ r or r icor ’ in which deelet ion

o c c ur s , i n ,  a i-a r - -er are a elson-rher e , whe re en h a n c e m en t  o c c u r - : .
/bvieucl~~, higher dimension mode l s t u d i e s  are needed .

iluitional ios - -c rtam t saints result from these LLL calculi—

tiont . H i r - : , a: has been  monticned earlier , the NO inj ec t  1c m
a l t e r s  toe  a lt I t u d e  d i s t r i b u t i o n  of NO . This  is shown in H i .x
~— 1l , wh ic~. show: ~-e r ’o -o n tage  cha nges in local ozone concentra1lin
for th ree  -c len rates w i t h  the  Chang/ l976  K~ p r o f i l e . Tn-c
o :cne c n c e n ~~s tion is i nc reased  at low a l t i t u d e s  an-i dec reased
at hI her ’  -al t  l t u ne s .  She -abso lu t e  c o n c e n t r a t i o n , of c-cu r s e , va r ies

w i t h  a lt i t lie so tha t .  p e r cen t age  changes  in c o n c e n t r a ti on  c a n no t

be in t er u r e t e  I d i r e c t  lv in  t e rm s  of c o l umn  c h a nce s .  N o t e  so-

th at even thouo , h th e net e f f e c t  on the oz one  co lumn :-l h~ be z e r o
in a 1—0 nc-tel , a cl ima t i c  e f f e c t  could r e su l t  f r o m  the  a l t i t u d e
r e c i i st i ’ib -u t i o n  of ozone  as w~ l1 as f rom the added :li , U 2 0 an -I
SO 2 .  A f i n al  is.[ o rt crr d ; ;- oint , a l r eady  m ade , is i l lu s t r a t e d  in
Fig.  3-il , i n w h i c h  ozone  c o n c e n t r a t i o n  changes r ear the  t s a r - a —
pause (wh ich  is t h i s  a u t h o r ’ s op in io n are bes t  deve lo red  i n  a
model such as th i s  one , i . e . ,  one wi th  a t r o I - c sn h er e~~, -are oiv-c n
fo r the LLL 1—N model  w i t h  severa l  N O i nj e c t i o n  s at e s  at  20 k m .

Vu lt-5 o le sea t terzira and sNrface albeio effc~ets. The- I N N
au thor s  s tudied  the  e f f e c t s  of i n c l u d i ng  or not i r a - l u d i m  
t i p le  s c a t t e r ir s - and of ch - t n r - e s  in s u r fa c e  a l l - edo- . R e s u l t :  to- s
NO~ inj  ec t ions  w o r e  oe-ner ’ e lly  ir .serosi. I lye ( a p r r c x  [ : . a t  e l y  I or—
cent  [ n - u -  a c e )  tc ~H’-c o chara1 -z , although in one noar’—:c-ro ca~~-- ,
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the sign of the effect reversed (frau: —0.0 7 p-er-cent with u-are

aosorption to +0.39 percent wito multip le scattering and a sur—

f a c e  albedo of 0 . 2 5 .  For ha l oca rbon  in ect  I so t , howe vc- r , the
effect of mult iple scattering Is quite significant , i nc reas ing
the d e p l e t i o n  e s t i mat e  by about  20 p e r cen t .
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l f l —

40 —

I
’‘ ‘ I

-
~~ 30

-. 1 1)00 —
- .~~ -- .-. —. -

‘ 
— .5-

509) 1 000)
1 0 — 

-_
_‘
_ — 

— 
— 

—

I L I I
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Change n ozone concentrat io n 1

FIGURE 3-1 1 . Percentage changes in ozone vs.
al titude for three injection
rates cf NOx at 20 km. The rates
shown are i n molecules /cm3 sec
over a 1 km band , an d corres pond
to glo bal injection rates of 0.62,
1.23, and 1.85 x ~~ kg N O~ (asNO2) per year. Chang/l976 Kz
p rof i 1 e.
Source : Lawrence Livermore Laboratory , 1978

karer vapo r injections and t h c r r c a l  :‘e el i a l i  e ’ c e t c .  As
was found earlier by Liu et ali , 1976 , increases i: the  s t r a t o -

sphe ric wate r  vapor were  noted to lead to  a d e c r e a s e  in ozone
In the NA SA—Ames modeling work (Foppoff et al., 1978), as al-

ready d i s c u s s e d . These e f f e c t s  have been  l i r’ther  I n v e s ti g a t e d

by IL L , i nc l ud ing  st u t i e s  of t h e r m a l  f e e d b a c k  e f f e c t s , w h i c h
l a t e r  were  not i n c l u d e d  In Pop~~c-ff  et al. ( 1 9 7 3 ) .
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he LLL resu  t S , Including f ee db a c k  e f f e c t s  f o x -  p a r - a r e —

t C i ’ I S : O  w a t e r  c o nt e n t s  w i t h  the  Ch o n g/ l 9 7 ’  K ! r -liH ~o , an d r e—
vised chemistry (15cm that aced in Nigs . 3—10 a n d  — i i  , are

sb -w a in F g. 2 — ±2. Ijetails - - :  t i re  c h e o s s t r - y  u se  a o r e  gaYer . ty

lathes or .  I D u e w e r  ( 1 3 7 3 ) ;  i m p o r t a n t  ch a r ge s  I r o l - . t h e  1977 c m —
istry axon hi  1- 1gw . 3—9 ar - I 3-10 ir~c-l ude use  c-f 3. ~ 

- 

io~~
2

cn
j
— sea , irv It - l en-l ent of temp o-rat-ax e t h - i  the 0

~ 2 
+ r e c cu l o n ,

~~
‘ 3 ~ lb c. a—sec ± 

E ~~
T Q  + r 

- et  I I ~ —

2 x
ject li -n 01’ 11)00 mci/eli—sec at 20 05: was used or t h e  in,i ecti on

st -al l  c - s .  rre results sPa-: that in c r e a s e s  in w at e r , with c-s

rd t h o ut Nl- :~~ ~ct lori s. , re-lace t i c  ozone  color s : h o w e v e r ,  with

t i m - i - c a l  f e~- d l - -o - s  , t h e  e r f e c 3  on c ro ne  of t h e  i n c r e a s e  in w a t e r
content IS largely eli:ain::ted .

The LLL In-vest icatur s also sepor ’: ear l ier  c-c-me-u tati cns of

-~-a t- e:- effects usinic other- chec .istrv sets - , fox’ t-~u:th the i O a r ~~ /

e / 19 5 l i l is  h~~su l t ± c 1 e~~f~~c t s  ~~~
Ia i o ~ t~~ Cr / 1976 pro i~ t~~t ± ‘ 1 i e d  s , ~ne 5cr e

- i des leted c the d e gr e e  of d o -t i  let  i o n  decr ’eaco c l  t i  u-creased

With thea - :: al  fee:xta-c -: for the Har .’:en/1975 c a s e .  Al l  irach

c-es - -sits or e , 01 c oax-s e , s e n s it i v e  10 tHe teur er- at-ur -e coe1 fic lents

sse-i Ic r tb--a r eact J o n  r a t e s  ti m -il r a c y  of these a le  p oc x ’ly  est  cdi-
ii s hed .

l :I r e~-b1 es (1 07 8) r epor t s  c-n la ter  c a l cu l ac  i c -ms c a r - s l e d  ru t
a t PLO , i: ,- ; : - ch he wa x es Increase  wa s c a b -  slato -u  rather’ tha:.

- :  :50 ’ er - i r e -u . The react Jon r ites use i -crc those suggested by

Pci son (1 ~77 , which are - u c h  t h e  s i r .e  xis  the:- i i :3 -I In -- ire

-ccx’ p tat ions sh ow n  In I-h g . 3 — 12 .  1 ‘1O ,~ con te nt or ’ 1 .7 p-b:

(“c r-r ent ” i~ vels) was assumed , ales liP the Ch a n g/  l9 7 6~ pr ’ . —

file . The cc-r:ir ut-at tons ire lu d e u  n-u s t i n  le s c a t t e rin g ,  r u t  d i i

u t  ‘ r i r i u d e  t h e r m-c l fe~- d t x x c k .  R e s u l t  :-: a x e  shown in Table 3— ri .

N - hat water and NO I :~~
‘ ecticn e f f ec t s  01: O Z O f l~ i t  l x  km a r- c

r - n u °h l y  a dd ~~tic ’e , bu t  ;s -:-me;-d -a t- less  tim a—iuli ve a t  20 1-in. .

Ho t e n d ’ s- -,- : i t h  t i e  new :co -Jel ar e ava~ lat -le t sr’ rib’:- - iunt en

K t x - u t i l e .

-~~~~~~~~ - k --- x
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FIG URE 3— 12 . Lawrence Livermore Lab ora tory modeling results
showin g water effects on the ozone column with
an d w i thout consideration of therma l feedback
effects . Chan g/1976 K~ p rof i le . NO~ injectionrate 1000 mol/ cm 3-sec over 1 km . For d eta i l e d
chemistry , see Luther e t al , 1977; critical rates
inclu de (in cm3/ mo lecu le-sec) 8.0 x 10-12 for
1102 + NO , e x i0 11 for HO 2 + OH , and 7 .3 x iO ’ 14
ex p (-1225K) for HO 2 + 03.
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TABLE 3—8. EFFECTS OF COMBINED NO - H 20 IN J ECTIONS
ON THE OZONE COLUMN CHA NG /197~ Kz PROFILE;

H U D S O N , 1977  CH E M I S T R Y .
( S o u r c e :  W u e b b l e s , 1978 )

Ozone Column Chan ge , %

In jection Rate 17-km 20—km
mol/cm 3_ sec* In jection Injection

NO 1,000
X 1.57 1.47H20 0

NO 0
H20 177,000 -0.16 -0.47

NO 1,000

H20 177 ,000 +1.42 +1.11

1,000 +1.13 +0.42
H20 53 1,000

*
Over a 1-km altitude band , 1000 mol /cm 3-sec of NOx corresponds
to 1.23 x i09 kg/yr (as NO 2); 177 ,000 mol/cm 3-sec of H20
corres ponds to 8.5 x 1010 kg/yr of H20.
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3.5.6 2— i ) M a c e l  Re s ults

Ho l i — F  - 

~,-J~~1 re sult r: irrcccsu : - 1- c rx i r a -1 ho t s .  be Ho ;- :ar-d—E v erar on -

x ’- ste ac . I cm cric:e c::- -rl- str’~ axe availar ) e . A I— Li evaluation

in-c Iaiiisg t h e s e  is under-say ~ t PffA —Nm €-s ; the e’;alaatiorr r-xi l

cn c luue hI-tiPs -ct ’ mono u n - - re-su Its as t -ar-a 01 their study . Widhorf

rind - : l ux.  ( 1 97 5 - ) do s~ - : - r -x - t  r - I~~f 1~ - run s  using the Ho war d—
e, ’ : - e r s m - r a t e  I t m , along -: Ith c her- c ’evir  I ons- , bu t  t r o t  Inc  b u d —
Inig the V-:-5’2 :ecs- n ’ HO. + (L-~ :r c-as-a ’ - - -me ni: or chlorine chemistry .

S
TIe ‘-a . :i.a - : a roo d-  1 i le~- 4 of rcth scicro ni c and surr a x’sori:c air-

craft r ime I r. lade -a both il ,~O a nsi Hf in .~ e at  ions ;  the f l e e t  wa s
that r e r  o:-t c-I In Ol iv er ’  e~ - .  , 1977 , c :’:c -opt  that cdi~- N. in ,J ec—

,- cae a:- -a: e lb ;-:m: ( t h e  - N i  c r u Ise  c o m s - c r i e n t )  was  er ir l e d .

The o r - in c  d t f f e r - °r . c e s  t x - s m  e a r l ier  r e su L ts  (h i  cihopf’ et al. , 1977)

was irs increas e In the  r i O r i~ - 1 5:0 ire co-l atin .  over and os -ave t h a t
C-: ca- -I c-a s ~ie r’ . The t o t a l  ozon e  cclur-:n increased at 40°H by

abo~ t 3 . 5  c - C s - - s t  of t h e  hacd-:p-xr -u r J ix -, t h e  f a l l  sir . about  1 .2
e r -ce- n c. is-i e s ’l i e - r’ runs. f. -ri~~Imum i n  t h e  i nc re a s e  was fo : rnd

i x .  rae win~ cc rh ri t  ama  1 r x e r c e r . ~ icr t he  c u r r e n t  r e s u l t  v s .

ah-:u’ 0. ~ c- e rr- exit -carl Icr- . The model s--after-ed , as no~ted earlier ,

c’ s-rim as e~~e - i s -  t -o s o c - - - n t i c -  “not c u r l”  atmosphere .

3.6 -IALIDAT ~ ON ATTEMPTS

u s - i l  o s- of m c i - _ I  es- c Ir .~ es of o::one depleti on f-sr “known ” 

cs r:n - are rim c-: : p - e :-:s - r. ri-li to ~he o zone record have c on t ir . —
ce - S . The-c e ImoUi i -:- e f’ . ’ e- x a :  c- f’ ‘ h~: sc-Ira - ~:rcton event of August

~972 , of’ atmc:rrrc-r ic rxu c le ax - wo c_i _
_ s t~- t s  in the early 1960- s- ,

s--c ’ l o u t -  c- O i  ia : : - -- m - - -~~e r t  oa t  F ’- i-ac- t o  I t
it  :tab ooar-burr l- ~ -o ~ct 1 a.

Tue Au -s:’ 197? solar c r  - t o n  -venr t- x ml i t:  e f f e c t  err ozone

~~~
- -

~~~~~ o P t i c  tao Ic  s - c i ’ i b ’d  arc I co - : r r ’~xu. - I t o  s at e l l i t e  ob s e rv a t i ons
by - ‘ut:en a) . (1975) and b:- lie - -at h , Kr’ rager, and Cx-ut:en

( 1 9 7 6 ) .  r -1e- -‘i xl-: hoc: b~ - -~t - :  mt- I t r i a l  c u r r e n t  c h c o l it i ’~: hy

u a s i - r i l- : a c’s a .. (~ 8)  cm a ~— a :-:- ie I . n the Cruazen et or .

: t r r  r i c s , c’ - - -ri:-: m - c a l e  O ’ ~~~t.~~iC ( r i ’ t ic s r n r h i r a j r i e s )  b e t w e e n

• 

- 

-~~~ 
-
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theory and observation could be argued , at least over’ the early

period following the events. The Borucki et al. work showed

that the new chemistry has little effect on the results for-

perturbations at the altitudes involved ; substantial unexplaine—c
discrepancies , especially at low altitudes , were noted (P.C.

Whitten , private corrrmuni cation , 19 7 8 ) .

Injections of N0~ from nuclear weapons tests in the 1955- —
62 period have also been studied by several groups , followiror

a suggestion by Foley and Rudermar . is. 1972 (see Foley and
Ruderman , 1972, 1973; Bauer and -Gilmore , 1975; COMESA , 1975 ;
NAS , 1975). Only 1—B mo del studies have been performed , al-

though there is evidence (see Appendix ii) that the season on -ri
latitude at which the  explosion takes place is important . :-:~~d el

studies showed that hemispheric average depletions of the order

of 6 to 8 per-cent should have occurred , but whethe r t her e  was
any evidence that it did occur can be debated (see Bauer and

~ilmore , 1975; NAS , 1975, Angell and Kor-shover , 1977). The

measurement by Howard and Evenson (1977) of a much faster rate

for  the  HO 2 + HO r e a c t i o n  than  thought  ear l ier , led to an im-
mediate  poss ib l e  e x p l a n a t i o n  for  the apparent discrepancy , be —

cause it implied a much lower s e n s i t i v i t y  of the ozone co lurrrc
to I~0~ injections. Calculations by LLL (Chang et al., 1978)

have indeed shown a lesser sensitivity, with reduction in esti-

mated effect to about 2—~ percent , depending on (unknc- wr:)

stabilization altitudes for an NO cloud . The 2 oercent lever-x -

value would not be i n c o n s i s t e n t  w i t h  obse rva t ions  (Ange l l  and
Korsh ov er , 19 7 7 ) ;  within the uncertainties , then , the LLL authors

argue that there are not necessarily any incompatibilities be—

tweeri theory a-nd observation.

It shorxld be meted at this point that a major point made

in HAS (1975) is not -liscussed in Chang et al. (19T8), and re—

lates to solar cycle effects on ozone ; a missing “increase ” is

noted by HAS. Indeed , r:ubst ’:ntial erriations in tct-a l ozone

3— b 8 
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m i g h t  be e x p e c t e d  if the  solar ultraviolet and the ozone column

variation with time is as large as may be the case (global ozone

— changes of 7 per cent or more , solar maximum to solar minimum ,
Callis and Nealy, 1978). This variation , which is quite un-

certain , represents the largest known potential source of ozone

variability during the 1955—1975 time period (see Bauer , 1978).

Obviously, if an ozone record is to be examined for comparison

with models , all such variations with time should be considered.

Finally, a perhaps more significant discrepancy lies in

the ozone records versus the model results in terms of the halo—

carbon problem . Thus, Crutzen et al. (1978) compute that ozone

decreases of 0.65 percent per year should have been occurring

at about ~10 km due to transport of Cl species from habocarbons

released at the surface. However , during this same period ,
— based on Umkehr records , Angell and Korshover (1977) show a

general upward trend , as does Pittock (1977), based on balloon

flights over Aspendale , Australia. Taken at face value , these

observations would represent a serious challenge to the C1X

theories. Questions about the Umkehr data , however , and other

possible reasons for observed changes , preclude any such con—

clusion.

These various model validation questions are all evidently

confounded by a variety of time-varying phenomena (see Bauer ,

1978). A critical requirement would seem to be the difficult

one of establishing solar -ultraviolet variability with time ,

preferably as a function of sunspot number or some other easily

Identifiable variable.

3 — 5 9
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4. CL I M A T I C  EFFECTS

4 .1 I N T R O D U C T I O N

L i t t l e  s p e c i f i c  research  a t t e n t i o n  has ho -en  give s t o  t h
potential climatic effects of aircraft exhaust in the pe riod

since the cut—off date (December 1976) for inriut tc our r r-e-:Iuus

report (Oliv3r et al., 1977). The reasons for- this , of ccurc’e ,
relate to the c omplex i ty  of the climate pr’cblexr : in genera l , to
the lack of an immediate or e v i d e n t  t h r e a t  f r o m  a i r - c r - aft , anti

to the  f i n i t e  n a t u r e  of r e s o u r c e s  w i t h  w h i c h  to  s t u d y a i r c ra f t
effects; in addition , from a national stanciroint , interest has

mo ved into problems of more immediate policy relevance , princi-

pally the potential effects of halocarbons arid cf increases in.

atmospheric carbon dioxide. Even for these however , ‘site actual

level of climatic modeling work accomplished h e :  been modest.

(aithough further work ~s certainly in the r irini n irro s t a g e )  and

quite cautiously reported . (See e.g., HAS , 197 6 ; NA N , 15-79.)

In view of this general lack of n ew w :  ri-i s p e c i f i c  to  a l t - —
rn-aft climatic effects , there would seen to be litt e to discuss- .

011: is not quite the case , as climate modelin g and cl ima t e

research , wherever done , are applicab l~- in i-enerai to a v :rx-i r~t y

at ’ r r -oble m s .  Further ’more , it seems oppr’opx’iate to dove-Ce a few

~ax-agr-ephs to the  ensemble  of ’ cu r r en t  c l i mat i c  th reats., and to

n o t e  the  c ommon and uncommon f e a t u r e:  c-f the  a i r c r a f t  t h r ’ n - :
vi t — a — v i s  the  o thers . In add i t  i c -n , t h e r e  m ove  ,be -e n so- rn-’ s t a l l  es
ni  r a t h e r d i r e c t  ( i f  not necessar il t ’  quantitative) relevance ,
a x -r d :orc e apparent -  t rend:  in t h e  t r e a t m e nt  of t i r e  ge- c s-e ra r a -h  l~~n
ce - em wo r t h y  of n o t e .  These f c l l n w  lx i  the - r - -ce r ,~u :t  n c r , ’ e d .
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4 . 2  THE V A R I O U S  ( A N D  C H A N G I N G )  ‘ T H R E P T S ’  TO O ZONE A I~D CL J ”A T E

A rom P er  of t h e  v a r i ou s  “ t : 1 r e a r i s ” r - c r ’ u a ’ s - c  in n - -r a e - m t

years) to c l in i : - te m l  oz- n’-- - 5ii’s--x-~ i t  0 :1 Ic- ~4 — 1 , a l t O

some charac teristics as nc- v r-e r ’ce iv c-ti . No t e rar~ onv mi-~

which a f f e c t s  orra n c - , e — i t h ~-r i s  to:r —~ co luo sr o x -  i x  al t i t a - - : or
— l a t i tu d i na l  i i s t r ib u t i n c  , also a f f e c t s  cr1 I n S t  - ; : I Ist’i o’ , arc :

factor causing a - :ciou -~e ir~ — cIi r_ ote —— s-x’ xi ch a rge ix -, .:: rc r o sos e r I r  
-

temperatures——wil l affect this ozone c- Li-mr : .

The a i r c r a f t  threat (H )  I,: c-ho-vu in Tac-le -- —1 as c-~ d Ir:- ’
to an increase in . os— errs -- , a re-suit choirs i- -i ’ at  least Sc-no -c no t e l :
(s-ce lec t io x , 3) , eve n nor a~ c-ct --aft - r  er-a t iu ~~~~t 20 1-: :- . Fo- r- uo
f r - -c-n f e r’- i. l ize r  or c - t w o - c -  r I t i n t s  ( - l i r e - c t  1: f~: - oomr ucr : I -

i n : i Ix~ect1:,r from fi Y e d  n i t  r a g e -u )  , tI- c t a b l e  s l i o u s  a d e c r ea s e  I
o zon e , b u t  t h e  ch~’ni StI”i as used  in . the ca1c~~I a t  I cx i i i  or .  ::h I ch
this result i-c based cc li. rteed of rec Iri ccc ; con e r o d e - I :  d -  S a w

an m o re -a ce . From a ci it - c—b e ( r o e - o n  t es .x  e r - u ’  itt c-) stcncx:o i~ , 1- o th

a i r c ra f t  e f f l ue n t s  anti 1 20 increase- : :cxa,T wra I sos- u i t  i x .  r- - 

althc-uo’h ix. both cases a “ne-tt ing out ” of cooling anti it -c - r o m e

effects law -lved : f- .r a ir- -cra ft - , see Oliver c’s al ., 1917: for

12 0 , the  t ic n- -nOr henic r-ee-nhouse effect -of a- ::ed h ,0 ,
abs orb s at- 7 .78 pm in a “ r .n int l air s r-, ” and a~ so ac 17 t , t :  r i n d

~~~~. 5  pm , all in tie in fr -ar-s -- , pr - : ohio’ nrc - c titan a cts austere: “ -n ’

the coolis sh ich S O U l  I be ecu -cc ’. c-I  I t ’ :- - n - c c  ecu : .0 r -
- ~‘ o :oxc i I

tier l et e d . Ho mude l c a l c ul o t  i c-nc- : r c l a i o s  - - h - st ir t1,c-:~ efioc ct  cc

are known to this author ; ho-sever , Yar~ - cc ci., 197 0  l o r i t

0 . 5  to- 0 . 7 5  K w a l - r r i x r g  with s~ :reui :limg of •~~O~ c-:t s- rc --ac Tn ’ -tzer

ar~I h oward (1971- ) , i n d i c at e  a c  m o s t  a 10 p e r - c e n t ’- c c - e u : ’. I -
:

stratos rir er-ic ozone for a Jcuh iix~~ or ’ l: 2 U~ ~ 3 - - r - c  c’ —

riuctian of strato-orii er i c ozone :ris :.~ involve- cool i:~~ o r  ‘ ‘ i r e

crier of 0.1 K (see Olive r- c-C nt ,1 ., 1~~7’7 , r-; . —10 , - ‘— ion )
r~— m o r i r . g  O z o f l O -  al’oit sue redist ci sat- i or- c t I c  cc c , HO 2 -c l ax oos
etc.
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a c t i o n  r- :- t e- , c — — c m: lcc - n-e i  ‘ c- t - s~ l a r c - c - x -  r a t ’  ax - r io o r
a rc -dee t I  so a t  tKc tj t , cc o f ’  the HO ( 1 5 7 8 ;  Se-: 0: ’ . ho - n~,on ’ r , - r e -

a c t u a l  r c -ni  tu~ra c-f tue crate -cc ed clir ra: t :-- - ‘ - -d 1--  era - 
-
~~~ -e—
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In  t i c  . H . , l a l k  a r - c -i r o ’ c sn  Of ’ -Ora-a s-a f’fuo rar -- cnt -’: (no H cr n-rJ’i -
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tue CO~ problem ; however - , a CO~ b udget q u e s t i o n  (Ker -r , 1917;

W-uodwell , l97b) exists which must (or should) fir -st se - r-ecclvo d.

One power plant exhaust ingredient , COS , has no ;-:ncwn t x - c r 1-

spheric sink , is not removed by lime scrubters , ar~c will pr- -- —

sumably increase the stratospheric aerosol layer with ssrra.

compensating (cooling) effect. The fly ash anti S-0 — crs -n-I’ ;cu

aerosols would also have some efIect~ —wheti~e~- war-mix - Ill or cocOs,’

is perhaps controversial——but these w ill like 1~,- be t’erc ’:ed Iron .

the s t ack  gas by sc rubbers  and p r e c i p i t a t o r-c .  Icc i-cc of l a c e - c - e t a ,

as r-ointed out by Robinson. (1977), that the net loss ix. solar-

radiation due to sulfuric acid aerosols  ( a s s u m i n g  1.5 s - ore - ci t

s u l f u r  in the coal and no sc rubbers ) could exceed the h-c- -at

n-eleased by combus t ion , arguing tha t  these  e f f e c t s  shod -s ic-a t
be considered in isolation. An increase in CO 2 Will cause a

cooling of the stratosphere , with a reduction in thermal react ion

rates of ozone—destruction cycles , resulting in a slight increase

icc ozone (ce-ten s paribus!).

Nuclear power plants , whatever their other ascects mOOt
be , are not normal ly  cons idered  to be a th rea t  to o z o n e  to
cu rate , except for waste heat effects. However , as rcrintecf out

by Boeck (1976) such plants do generate , and waste fuel- reps— ’—

ccr’ssing could release , Kr— 85 which is a B emitter’ with a 10.8
year- half life . Kr— 85 would affect atmospheric elecar-icit :; ,
with unknown , hut possibly important , effects (see -Iarkson , 1971);
also , some NO would be formed as the principal B (0.2cC HEy ) ~~
slowed in the  air. Both climate and ozone could be affectecr b y

the various processes involved. With care , of course , Kr- —5°
could be largely contained rather than released to the atr-ros—

f t C cc

These various threats have common and unique features .
All , of course , involve much the same chemistry and physics ,
and all could impact similarly on the biosphere if , e.g. , th e-ce-

is a general warming, or a destruction of stratospheric oz a -tr e ,

~4—5
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e t c .  But there  are important  d i f f e r e n c e s  both  in a geophysical

r c a  p o l i c y  sense. Thus , aircraft sources are concentrated in

m i -u — l a t i t u d e s  w i th  e f f l u e n t s  that  have a short  l i f e  in the t ropo—
sxci.ere ; halogen and N 2 O sources involve su r face  releases of
materials with long tropospheric lives and with stratospheric

u n r : t r uc t i o n .  Carbon d ioxide  is iner t  in the a tmosphere  but  is
c r h c o r b e d  b y  (g rowing)  p lan t s  and the oceans . These d i f f e r ences
rae-an that effects will differ relatively with latitude and

rc-scorrse ard recovery times will also differ. From a policy

pa int  of view , it is important to know whether the atmosphere

would recover in 5 years or 100 years if an error were made.
P-ircrraft , of cours e, have long life times (approximately 20
v e a r - s )  and po l icy  decisions are d i f f i c u l t  to reverse ;  should it
prove neces sa ry ,  the atmosphere would recover if the po l lu t ing
source  were d i scon t inued , much more r ap id ly  in the  case of air—
craft than in the case , e . g . ,  of ha locarbons .

4 .3 C L I M A T E  A N D  C L I M A T E  M O D E L I N G  - SOME DEVELOPMENTS OF
I N T E R E S T

4.3 .1 Scope

Climate  modeling and the s tudy of c l imates  are f i e lds  in
their own right, and no attempt will be made here to assess the

real or- potential significance in evaluating aircraft effects

of the various publications in this field . A few papers have

ts :ucire d on matters of evident interest , and some comments on

Ine ce  mat ters  fol low .

4 . 3 . 2  Predictability of Climate Change

In a particularly sobering paper , Robinson (1978) examines

the r x’eti ictcion equations for complicated hydrodynamic flows “in

a cr itical and didactic manner.” His conclusions are obviously 
-

pl’rtirtent to the entire modeling problem , and seem to be best

presented by direct quotation :

“The only logically valid prediction with the types of

equatIons now used In meteorological practice is one of no

char ge .

14 ...6
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“Py’cduerti’je E-oua t: inn oste-n:ci blv ic-aced or , -f ’ ; r . c~s. i  a:
idl e cro p i t - Ict al an t i  m u s t -  L e val i acted era~-ir-1cally

.Ocher px’ecic~ ive sch e- ita- : t i e - S it  a t r - O  x l  t b -  sons -r -
out :! ci c o n e r t i e r - a t  r an  as t hos e  ost e ’r , c  b ly  bas cu  - n
ni - : r i c - s .

“Fm ~-i r ’ i c i s m , in it s e l f , d oe -c c n c -b l i c O  c .e  value - of a

r - e - c i c t f v e  scheme h ut it does impose  stn-iar -’est n - - a - a n. lx’ - —

ri-r-nts fo r -  v a l i d a t io n .  The i r’rpiicat ions 01’ t t , l s  n r c
s a r-t i cu l a i - ly  d i s t u r b i n g  in t he  c o n t e x t  of u rcd er - io - ;~na lag
ansi ~— r -c- -c ict  lag c l i m a te caa r~gc , whe y -c  the  t I o t  c-c-i cr~l

r ec u r - - c Is i n s u f f i c i en t  to rrx’ o- \ide useful vra ld a t l t r -

St a t i s t  los , u n l e s s , as s eem:  u n l i k e l y , it car-c be or - o at  1’:
i cr ,pi-c-Ve - ;i In d e t a i l .  Vr l ij at io ri  of an encp in-icsO m e t h o d
of c l i ma t e  p r e c i c t i on  m u s t  p r o c e e d  s i s d l t an e c : c sl I ,. O t t

a t s a ~ p al- cr r~tlor . f e v er a l  p r e d i c t io n  int e r v a l s  c r u s t

e lo r i se-  be tor e the  p er O t  n-scarc e-c of the method can be

assessed ; for e x a m p l e , s:ill in p r e d i c t i ng  d e c a i t a l

ov e rag e :  n i g h t  begin  to  be n u n - s t i f l e d  a f t e r  a cexctu: -y c-f
ap p l icat ion .  ‘I er-c in no reason to expect a nor-c r -g - i i

resolution ; ever. if the relevant atmospheric statistics

are s - cc a tienrs’y , t x - ie  i n t eg n-a l  t ice scale i s -ertnil nly

ison e t h a n  a c e n t u r y . ”

R o l l  n~;o -n ‘ critiques mc:c t obvic curly l i e  kept in mind c-hen

c l i mat e :  ch an ge  e s t i m a t e s  are o f f e r - e d .  A s  R o b i n s -ar ;  n i i c a t c - tc ,
h -we-ea r , the th i r d  st a t e m e n t  r hove I’e- p x’o:ents tire positiv e-

irtcp lic-atlo n of’ his arguments. 15 e f f e c t  (ari d Pc-bin s-on Ices r,ct

make the st ate-nc-c-n t), i t  might  be argued t h a t  r e l a t i v e l y  s-i~~p 1e
t’or’:- u l- tiorc s ccni~ ar-eu to large gene ra l  c i r c u l a t  i on tio-rI d o  (ru ~rh

as 1—b or I—b m od e l s )  may p r o v i d e  useful , if ncc t necc-ssr~x’ i I:,

q u c r n t i t a t ’ vely  r ’eliable , i n f o r m a t i on ;  in a sense , a l l  such  n r c —
o l i c t i v e -  t e c i u r u t lue r ;  mu st await valiua (-icn and arcy p r c - i i c t i c - x t  at
the t- r-e:reul t s t a t e  of u n d e rst an d i i -:g ( i n  t~i ri s a u t h o r - ’ : op-iniOiO
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si -said b e - cor n s i t - - r e d  c r - i r a r : r - c 1 l~7 an cc c - te as -u n -c -  of t i c k  i - r a c L - o r -  t!~tOx -t

as a : c u - r t t a n i v e  r r e - n i i c t i a n .  I t h e r - , ren - Icanc tc- mon -c- n r - cc n’- n c c t i c ,
a sr e c t ~s and  c-c - s a l t s , r e l I c - c

4 .3.3 Stratospheric _ Aerosol __Effec_t,~ 

b e - m ci c-~~:i nr a cci c eftart Icr C b A P  i’S S 1: .  n r a r cl~ -: - ol ’ th e-

efia:- of iso-sob: r e s - u l t b n o  c r - - nc- i’ U C I su i t ’ s- J r b b  7: , ~s-~e
Ill s-s r c ’ a ? .  , 11977). The coca c cr o i c r o  r e n n c h e .~ I i  C l A P  n~n :  t i c a ~
scsi ncr-c -corn r-,lil c su se -  a - :-oolir o e f f - ~~’~ - a O e  s - u r i c  c c - . I c c - c
‘,~ 0 t or-—vs~ -c — i :r - du -c C war rirc -g n-t or t :~~‘gu cS - C l A P  t a Le n c n ~l I c r -

thur. ~c nr - - c o o l i n g  i- f f ’ e - ’ t of t i e a e ’- r : c i s ;  a c - - e~o~aarI c a t  l o x - icr our
u~ ~ c r  (ul 1~~ ~~ ) c ~r , r c r z c ~~ u~~—

s c-ax - ct 1 ccc in ’ ’c’~:c~cs nsa atten rpt ir~g lo t s - c r c - a l can.: Is-ten et - in One

- ra ts , — c -se s ted  t h a t  the- - c- c a r - s i n g  clOt  cOt-- we t - c  r i - c  U - a b l y
lax-t nt-n - . l:c stud ies (oc ’ wh ioh we ox - c aw co’e ) Univ -c  hoc - n unde r-c ‘;ko 

esolve tic-is ci - so - - n - -  c-ut . d-tud i e s  b aee-  , - s c - woe  c-a , I: - --a rc

ce - c .  cr- ted c- r i c h  - e r r o O n s r - e c i f i c a i l : ;  to aerosol efle-~~ts . It i _ s

of ’  I roe -r e - tnt t : , O x - ,  ici er- c- rca :~c-ems to be agr ee - i r e-nt  th or t sc cr - at - - —
c c  h e r-~ c a e r o s o l s  -ti -c- c a u s e -  s- c-me cc-oil  no e f f e c t  . The nun i r c t i f i —
cc c 1-  xc o f ’  t h i s  e f f e c ’  . l o c - c e v c x - -  I’oc ’ C : - rreci l ied f l e e t , ret - cm :
,icIU1 P cr c-ocr-c c-c- icc , le e-au -ce h - c-tb st e - c - d y— s t ate hur-uorj: nc- cc -or effects

‘c- er ‘x x- i t  ic-cast ir ,volua - rn -ar c- ’: unit rc -ox ’-zrc s

~ r. - :r ~~r ’ c- - f ’ :~ ~~
-
~~

‘ 
- n b ar-c ge-n cr-al d Im: tol- : ale -al int e r - cc - c c I: F

that ot ’ I-Icr: and f ’ c h r e i -  :0 ( 1 17 7 )  . Tne :e  a ut h o r s  i t .  a fo l l i  n - — a r

c - n t u - c ’ :  to a rc e - ar ’ l i e r -  c r rer (-1 -u rn --id es - -a rid 7cc- a~’ , 1~ 75~ c- er -ac t cc

-x t i s t i c a l  ~‘; - ce - r c~c- as ‘ o the inl ’iu r - rc -o - of sun - c- c - n - s t c - ’ n r . - v o l —

c n :c dust :n l:s ’_ r e - orc texan er- accun-o c -~-cnr-u: . The a u t r u  as

c - - i d e  th’2~ thc I c r l I e - c r  ( 17 7 5 )  conc us- l-rs - , - ‘. Och  Sc :CWsc-

a otc-r - ni n acct - - It - c ’ of n’ - 
~~~

‘ - - t : , d e e -n  r o t  i o u  u s - c - s
c I n t O  -

- ~H : - e~,’ c-~ t -  t i n - c , c c ‘c - c- , c~ c-a ’ cc- vclct rfc signal c- c

be ‘— c - - ak .
~~

,- k- ’ ‘-ti -c-si Icr  ti-- c- c - - a - n - - - r ’ntur’e - r’c’c or s. 0-Ic n - c - u s

r :’icr.c-n Sir s ’! nr c- -i r ’c’ - r c ! c l i c - ci a - . t ’c - - - - - ‘ , -:‘ ‘ ‘ - - ~~~ 
‘ - - n t

or ax:  l y c u  cc I! oiicr a crux - h ~- r  ;‘.bo ha -s o s c u d l e a  ‘ - c c ’ec- cr c n- : ’ v o l —

c a r l o -  irat , a n :  ‘.-:, o has-’ - l arge- I ’: - c c -  - c - t a r  y I g n -  c- c d sun rcc ’c - - c 

-- - -
~~ . T - c--~~ -
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r u: c - be c - s (e.g., hcxnc :U , 1972; -!itchell , 1p6 1 , 1970 ; C-l iver , 1979- ;

~ ra c loy  and E ag ln i rn -u , 1 :17 1) . I t  I :  cOc o on ins-o’es t  t h a t
Lie - .c-t cn ( l9 7~~) has r e - c e -n t i s  re-s a r - x -  c-i m e a s u r - e r n e r c t s  wh i c h
1- - i c at e  a cool lur’  of t h t -  s um ’ s p t o t o r r r c - : x e - r - o  w I  cc c i r r o r - c a  c-- - -’ I n un-
s: - c a c ti ’n it y  , r a t h e r  th ar :  a r’;an ’rtirc- r , as acquire-a; e . - . , I f ,

“ L i t t l e  Ice Age ” is so cc exp lal ne — I by anc- lee-I-: o n  scssr- c - o f s
duc-ir ,g. the - I-launder : !r ~~~ n r c-c: : (Thic -ne -id -c----n a n d I’ s-O , 1975).

A s e - c c - c - r d  p o r n - o r ’  r - o a c i n ’? n .- - cc- :r - rc~cn , tc is tic-at . : c ~ - tc iia:c - c t ii ,

l a-on , as: --Jane’ ( 1 9 : 7 ) .  c-Th en c e . a O h  to hr - -ye e x r ~ ‘,ed Ira i-Ot rc - iI

tn -c - :-ictc - p~
-tv - ; i-ua1 n c - c - c e - s c - e tc a f t - - s t I n g  s t x - c -1to -s r :ce ’c ’ l -: ~ er ’ -o s - o l~~ ,

:cc e- oc i t ’ic -a l ly  t h o s e  c- - -r r c r cc:eor o x -’ s u l fu r - i - :  c t c i d  and wax -a r’, s u e - n ,  a:
c ru I -c r ’  ~ nu ll  Fr -  -c - nc e t n ’? ac-nit fr-r n cxi n -crc:  I n c  . The -c- cr hoc-s
cor r :;ider  t he  a l t i t ud e  reg i s- n In r - :h ich n u c le a t i o n  of : -u cic - r c-rn—ti-

o l e -n  t a - :e s  p 1- ce -on ~u f l - c c - c  ~h- - t i t  c cr r - o s n - o r c d s  to fUrS n - c -  i - c .
t h e  c-r t n-ax --usrh ere ;-Ic-c-i-o such n o-n l o b s -cere r’er -or - a-l g-.’ found.

1 - s  f - ontu re s  of fc c—c -  a er o s o l  o~- ’ e c -  can  i c  exp l  c- :r :ed by  t h e

an c u I l - s e :  . - I f  n- ac - - c  i c t r i a c  i n t e r ’ o t c - t  I s -  t h e i r -  ohs ec - ’-,’at i -c n t i . c c  c u-c ::

c - I c - c - n  ie~ s in -- u n s x - s i b c - — - — i . s  . tic -n y t r i l l  e v a r e r - n - t o ---—: i - : c c I g c n s - r

- — ‘ I nu~ ‘1 r , ~‘1

c-r i O ,  t I c  at icc-a --c - a1tjtu ~t -c - -t’ , - car - c-nc-J r . g crc - th~- i c i c t iL.’c- ,,

v a - n or-  c r - s c - u n - c . rI’ c : - c s n - c t t n t i r  r i s  of c e s - . i - : e n , o~ t i c - c - - s  a c t -I i r e - c t  Ic::
c o e f f I c ie n t - . - f m -  p s i - a i c u is it e :  , ou c h  as tb - - o r -  U t ’  c-’ e t c - c

-‘ iurdrc -c- c ’ ( I n  ‘ c - c - r c s r l x  D ! c ~, IL v -c’:’ c t  nO .. 1177), assuc -c ’ rcg such

s - n - ’ j c cc - l,ac~ -s ic- cc- i e ire-:-’ , t h u s  - ‘ - ~n , r ’  ~c - -o c-r c c - c -  c- ’ ‘‘ux - !o a t i :

~ll~~~ -1  c i  ) c~ ~t ~
ox-c c star: Ox -co (cues ’ I - c - c c- nc - ni -cut the-ia - ic-l ine - r-~ rb , cn n - ’ ,- r r : a c ’ , c-~

tu e  r u l e -  a r c - c  I : - : o rt t n c a  of (11: ) 
2 

nIh
~ 

ct v a r ’I c - c . a; -c r1

A n c a l ’ : s e x r  of c - c u e - h  J - .1t1~t lr5 ar-c 7 1’ ‘s i -i c - t - ~; 1-ur - l iw -O ‘ i~~~~~. ( I  ~~7 ) .

‘ l i e - c e  a c r t h ~ p - i ’  f 1~~c - - : In g  ‘ i c - c - i c - sc i n c : ; o _ , c I e  rcn’ ; ’ ra - i c c - i r  t i e .

c - I ’ ’ bo les at : coincluci O c t  s~o un - -c’e: s-the- n d ccc x l s a l c r ;r c o ~~c- c c -  —

t x - I t - a t e  , c- i grc l f ’ l c c - ; r  ta,- I n  : cc - : c-~
- -~~- : - e : u ~~. . Tics c-erase -I:, I n .

s a l , n-ts r -c - s.d to n—c- cr c x t u c , - : ci ’ .ooraus a r c : J o - a ! I , : n - Ox e n’

n c - i - ’ a c - __ I f ’ : c - ’ I e  - a c i d .
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A l—D ae r-osol model b c s e~ on t h i s  and a-ccdition ai ninale’sir

Ic -C. S been  de ’:ebon e- u by t r c e  c- came gsou~ ( T u r - c-ro tIc- ci . , 19 7 6)  .

4 . 4 A S O V I E T  V I E W

h u d y k o  and Na n -a l  ( i d l e - ) inc a r - c - v lec - c -  o x -  C I A ?  cr- e s - e a r -- c - c c ,
Cu  c- r-~~ (1977) in an nm -t i d e on p r - c o o n s~~a:1, c l in , at i c  Ct c a r i r’e ,c-

n r -~sorc t -,‘i- - -n- . t - on c l i m a t e  m o d i f Ic a t i o n  a hi ch  Ii  f I l—: -  i r a - n  ‘ r i - c-
r- r - e - ; e c t ed  i t t  C I A ?  cc -n a e l s e w i t c r - e . - O l n c e  : t i’a t  - a t h er i c x - - o b l  c sic

ncr - :cIern: , c~x-c 9-lieU -al i c c  natur e- , an-c-i aj;’reec:c-acrO n c - c - u sc h -c ro rOci —

c ,at lcnc l , it c e - e t c - n ;  incx-c-os -tan t I-hat the - c-- r n:- c-i-a c-c - c- c ice r-s - cogr. i s - cr .

In i--un ix - -’ko ar k-i Y,arcc-1 ( 19 7 1 ) ,  t h e  c l i c c a t l c  i c . r c z c t  cc  c - a r -co o l s- -

r- vc t f -or  a -nc - ? -Se serc t O ( 1  in: C I A F -  are n - e - e ’ i e w e d .  A c a - s o  is

dr -u-c-c. fr- s -c.: C I A ?  c-~n l ch  in d i c a t e d  b- I : t h e  1,- e r  2 0 0 0  t t a t  a cr-up in

t: ,e -o’c n - u -c- a ir  tenc : r -er atur ’ tm of 0 . 1 9° C  would  so -salt  c’s- a- cc : :-ol
Cc - ; :  1 s — a e n e r - a t o c - n  a e r o s o l s . Ticey n o t e  a c o o l i ng  of ~boua

0 .1°C 1 bil l  u~i i r cg ho 2 co nan erc-sa :icn) , due t o -  10 p er coc : t  o::~-z c - e -
cr- c - c a - - c - c i a  r .,  tc ncd a warming of 0 .1 to 0 . 2 ° C  fr’- o- cc ; w c-~ ’ as- s a r a - - c - - .
- hoc- c - t a t e  “ 1cc -us , t ics- t o t a l  e f f e c t s of’ tic - c Int ’l u-sc-c - a- of t h e

ch a c c o c  Iic - t ic - c - n rc - ri .’: of t i r e  ozc-n ’c -  c a n  wnx t - a r- var or’ c-ri x - c - i c o r r - ccul

c o nc i s i o n  nra -I ;  n t - s e -  10 be i f l c i c - c - l c i . f r  conc - c . € -V(Oi n-,- i m i .  ic - I n - ic len s’s-. Is-

g J r - c r - a n t  pr ’ -r :usc ion  e f f l u n - n t s . ” [ U n t e  1 1 c r  t h i s  ! n t o r - ’ r r - ~- —

t - ’j .t 1~Ofl  - 01: -a - c - ,: t x- s ncr that in CIA? , w h e n - c -  ( p .  7 1t , -Cr-Ic-ce-i-car ec a?. ,

i I7~- ) i t.  c-c-ac ‘mnr r” — r ~c - -- r  t1~a t  hf ’ , i n c r e a s e s  cora l or. rotc ‘ci’ on’s rae

-~~‘ a : c - 5 e - , ,  an c I t a t , , !  c-rat es-c charc-~- - c- s sco t o  o :c-rc- -h air -ce - c c-nrc-c -

r , - I ‘ d c — i , J

l : ’ c - -~r fo r-tic - o x - cii se -u s- sia n , of snort! c-us e c i , o r ’  a c r e - ct :  ci ’ c-c rc- :-

C I A I  c-ic c-b , : - t c l ’;k o c n n - I  9; rs- 1 ( 19 7 9 - ) r -,c~se 1,ic - c ì t ste - -c - f ’ :’- t i c of 4

s u l f at e -  ncc r -o :c l  m t  t O i l l O - i t  by  -I ’ll ? a~nrec r - e a s~~n c c - h i ,’ c-: - 11 Wi c- i c

t h e - i : -  ox- ,’n r i r .d ~ -r - c i d - - nc~ e s t l s . a t c - s .  They - her. nrc- I c Ot t- c

of a ‘‘ - I r e - c - t e d  i ccc -p’ sO’ on d m a - s - n -  - i , e  1-a c cc -” i c - r u n g  of’ r u l f c c - r ’

in fir e I ‘i n:;:’ n t — c c - a r c -I h e r - - - , ‘ - rc oi c - r a c y -  t I c - a - ’  an . -: c i  cx’ - -c - I  c r - s  - ‘ c r c - c ’ — ’ i s

cc ’ ‘nc - - c - —  n i t  Ill in’ aros e a an e’iai;,c- t r e - nc Ot ’ h~ c - - n c - c i a -  i -n o  ~ f’
c- hc- ( l i c -’J r ’ e s ’ - c I ’ c n c .  T h i s  c i r c u r n c c - c - t - a - r , c -  1,; ‘ a- cc - a r  cc’  c i  i r c c c - - . n c c u

i c 5 € u n c - r - n n r ’ a t i , ’ - , I c c - E n  - a i n  c x - - 0-c : ’ i n c.’- r ao - c c,n I - ~ x l  c c —  c c  rn, c c-i _ s i  i -r n



of foss i l  fue ls , and they point  out that  the increase  in e x p e c t e d

tempera tu re  of 0 .5  to 1.0°C exceeds the coolIng due to rc - t n- at c --

spheric aircraft . This warming would result in reduced ?r’ed:pi-
tation in mid—latitudes , with “substantial losses in the cc -a -nc -c-ales
of many countries .”* The stratospheric aviation effect may t h en
prove to be , first , insignificant compared to other changes , n-n -c

second , the aerosol may diminish the C02—induced tend-c r.cn:
toward s- wni:nxing . They point out that the second effect was -
noted by them earlier , and give references .

In the later paper , Budyko (1977)** argues for the coccrli nn:

of climate theory with economic aspects. He includes rio-es

which show that as the mean annual temperature arcor icaly fr-c- ’ the

northern hemisphere (and for 75—1~ °N) increased (since 11- 1-3)

the precipitation in mid—latitudes decreased ; decreases in, in—

tegrated preci pitation (as measured by the Caspian sea let-el)

correlated with decreases in wheat yield . He then discusses

climate models , effects of atmospheric transparency and char.ges

in c l o u d i n e s s  and albedo , examines  da ta , and c o n c l u d e s  t h a t , at
least for periods over which the ice— albedo feedback i. o c-c ar-c-I?,

climate models - satisfactorily explain natural changes and ax --c-

thus capable of predicting anthropogenic factors on d isc-ate.

He considers CO 2 and aerosol (tropospheric) effects on diic ’c-tt e ,

and warns that warming may result with a decrease in ralrc-f-c- 21

in mid—lat~ tucic-s (presumab ly leading to reduced food prcducti -r .).

He then refers to his earlier works , and points out th cc - t c-c-nc

increase in s t r a t o s p h e r i c  aerosol  could be e f f e c t e d  to c ou r I e r ’

the effects of’ CO 2 warming.

Budyko and Karol also criticize the ClAP investigators for- nc -ct
including in their evaluation the increased rainfall In c n ib — -

latitudes with global cooling, even thcagh t -e in f ’ c - c - - n c -n - - c t i c r c ,
in th eir view , was available to the C l A P  ic v e c - c - h i g c n I cc - r n .

** A c c o r d i n g  to Tel ii~s-~ the  m a n u s c r ip t  W a - cS rece :ved a c - sc -e ra - m e n -  1 - .
1975  and in f i n a l  form June -1 , 1976 .
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APPENDIX A

AN ALTERNATIVE LOOK AT THE GENERAL ELECTRIC EMISSION S DATA
(Lyon et al . , 1975; Lyon , 197 5)
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A P P E N D I X  ~c-

-‘-N A L T E R N A 1 I VE  L D OK AT THE G E N E R A L  E L E C T R I C  E M I S S I O N S  DATA
( L y o n  et d l . ,  1975 ;  L-- ’ a - n , 1975 )
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TABLE A —i . APPARENT EMISSION INDICES vs. DOWNSTREA M POSITIONS

J85-5 , MILITARY POWER , PRELIMINARY TEST RESULTS

Metered Fuel Calcula ted E I NOStation , ft Flow , pps 
— 

Fuel Flow , pps x -
‘

0 0.683 0.687 4.4
3 .75 0.689 0.614 4.7
7.5 0.708 0.654 4.7

15.0 0.719 0.598 6.7
30.0 0.714 0.280 10.3

Source: Lyon et al ., 1975 (P . 124)

Similar trends were noted at other conditions and for both

engines , although the calculated f u e l  f l o w  and metered f u e l  -c -
flows did not all behave in the fashion shown in this example.

The difficulty was ascribed to measurement errors , primarily

in CO 2 content at large dilutions , and in some cases to bacic-—

ground c o n t a m i n a n t  l eve l s .  A t e c h n i q u e  was t hus  developed in
which  measured ic-O c-~ 

was plotted against measured CO2 values , ac-c d
emission indices deduced from the slopes. This technique was

then used , together w i t h  ic-cr-roved i n s t r u m e n t a t i o n  in Phase I I I .
i-hase II invo lved  measurements at four- stations . Phase III  in—
volved  m e a s u r e m e n t s  only at the  e x h a u s t  p lane  and about 214 nc- c--
zle d iameters  downst ream . R e s u l t s  of Phase III work to be ana-—

lyzed here are shown in Figs . A — i  to A— 14 ; the  c o r r e s p o n d i n g

detailed tabular - data are given by Lyon (1975) (Tables 141, 145,

‘.9, arc-d 53 for c-c-c-ilitar-y c-cower- and Tables 1414, 148, 52 , and 56 for-
max irc -urr. afterburning rower-). Tables A—2 and A— 3 show the GE

s~c- c-cc-c-carized results.

Figure A— i-c- represents an extrer:.e case in which a severely

polluted atmosphere is ia-u -lied , w i t h  background 1IO~~, hydrocar b - c - r , ,

-a r c - a -  CCI contents of c- c-bo u t 2. 5, arc-i 10 ppmv , respectively . Ph-a

p l o t s  i n d i c at e  a n e g a t i v e  h y d r o c a r b c c - c -  emission Index; the entries

a - c e  d a shed  I c - c - Table  5-3 .

c-
-
c- — I.

- ~~~~~~~~~~~~~
—

‘

~~~~~~~~~~~~~~~ ~ - c-_Il



- “
~~~

80 
_________________ _________________ _________________

:
0

~~~~~~~~~~~~~~~~±x

N0

O 3
c02, ~°

FIGURE A - i .  Emissions concentrations vs .  CO 2 for J85 -5 eng i ne ,
30 feet aft oi exhaust nozzle , milita ry power.
Final data by Far Plume Method.
source : Lyon et a l . ,  1975
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FIGURE A-2 . Emissions concentrations vs . CO2 for J 85-5 engine,
30 feet aft of exhaust nozzle , at max . A/B power .
Fina l data by Far Plume Method.
Source : Lyon et a l . ,  1975
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FIGURE A -3 . Emissions concentrations vs. CO 2 for J7 9—1 5 engine ,
60 feet aft of exhaust nozz le , at milita ry power
levels. Final data by Far Plume Method.
Source: Lyon et a l . ,  1975
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5.~ t e  t h a t  the slopes of the lines in these iI~~ur-ez are

lar-ge lri deterc-- nc-d b y  the richer (and hotter) gas samc-:les , th~
data at hi~~hest dilutions tending to have little weight. In

cr’der- to see whether there may be information of interest in - .

t n C s e  hCIh dilutio n , data , an alternat ive procedure , wh i ch n it - a c - n--

c- x eates t emrnazis to- dilute gas samples , has been develc c’-c -C ,

and is dezcrib-;- J ueic c-w .

A .2 ALTERNATIVE PROCEDURE

in  the approach thcc- t f’oi lcws, no attempt is made to det-~a—

nine a rnass—weCIhted emission--c index for the entire stream .

Rather , the  q u e s t - i o n  is asked  w h e t h e r  t he  v a r i o u s  d a t a  on i n i C —
v~ -iuol  -lie samp les  ic c-p ly higher  emiss io n i nd ices  as t h e  r - a r c e I s
arc-c cooled by rcixin~ with ambient air.

I , -:C L t h a t  if Cuel ar,d exhaust gas compositions are ka-ic c-;:i ,

the NO crr.izzion index and the air—to—fuel ratio for thut

sc- cc -p ie ca-n h- calculated simply according to

O .3 1c - 9 X~c -0
x , gm NO

R
/kg fue l

A ir—to—fuel = ~~
-

~~
-
~~

- — 1, gm/gm

- 

X~ 0 X c~- P C0 2 
+ :ii-~

-
~

- +

-m ci = percent 2t 2, above background . X c-~~~~, X~ 0, :c-:~~~~~ are

i: , t - _ i S _ _, . r” - - -J ~~~~~~~~~~ , CC , and unburned hydrocarbon contents , in

( c c - — c - - c - - e c~~e-i , if  n e - -e ss a r y , for amb ient levels).

c - c - t  - l i l at e  oc-nli  ~-o rc s , w h e r e  CO and HO contents a-re rceCIi—

‘ib J,e
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E . I .N O  = 0 . 3 2 9  
~X 00 2

or , more p r e c i s e l y ,

C.’ T c - c - a  = 0 329 X

x

where cor r e c t i o n  is m ade for  background  levels  of PO
~ 

an-a 00 2 .
This is the  basis  of the  GE procedure . Unfortunately, however ,

b a ck g r o u n d  NO X and 00 2 lev els were  not  m e a s u r e d  ( e x c e p t  in - c i ir e c t y

cy n-ccti ng intercepts) so that h i d  d ilu t ion res u l t s , w h i c h  m c - y

c c r c - t a i n  the desired in f o r m at i o n  are s u b j e c t  to severe urcoer—

tainties . To explore these effects , certain assumptions were

necessary as follows :

1. The 00 2 co n t e n t  was r educed  by 0 . 0 3 2  p e r c e n t , t he  k n o w n

min imum leve l, or , in some cases , w h e r e t h e  in s t r u m e n t

showed a slightly smaller value (e.g., 0.02 r er c e n t )
by the min imum value measured.

2 .  The -ambient NO~~ was assumed (a) to be zero , or ( b )  f o r

the downstream cases , a value was road f rom a plot such

as Fig. A—~4 , reading the PC~ 
value at 0.032 percent CO~ .

(Ambient PO~ values on unpolluted air are < 1 np b v ,
which are neglIgible in this context. ) Plots such as

Fia. A~ Lc- were not prenared by GE for the cases at the

rcoz:le exits. The NO X levels at this station are ,

however , still normally Car above any normal back ground
l eve l .

C a l c u l a t i o n s  using these procedures were made for m i l i t a r y

an - u m a x i m u m  a f t e r b u r n i n g  pc wer  for  the  J 8~ and T ° 9  engines.
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A. 3 RESULTS

Results for the four cases studied are shown in Figs . 5—5

through A— 8 . Solid points are based on the a s s um o t i o n  of negli-

gible background NCR ; crosses include a correctIon for back-

ground N0
~~

.

Note that this method of plotting permits incorroration of

samples taken at any po int in the plume .

A . 4 D I S C U S S I O N

In all cases , the apparent NO
~ 

emission index increases at

h igh d i l u t i o n .  The e f f e c t  takes  place at much lower dilutions
at maximum afterburning than at military power .

A c o r r e c t i o n  for  b a c k g r o u n d  NO
~ 

has , as would  b e ex p e c t e d ,

a powerful effect on the apparent emission index at- high di lu -

t i ons .  The correc t  value of background NO
~ 

t o u se is unl-:nown ,

and may have changed during the course of the run. Thus , there

is great uncertainty in the derived value of the c-’O~ em i ss ion
i n d e x .

In the a f t e r b u r n i n g  cases , arc- i n t e r e s t i n g  r e r i o n  e x i s t s  i n - c -
which the NO

~~ 
apparent emission index decreases wi th a i r — t o —

fuel ratio. This may imply destruction of NO
~ 

with time by

reactions with CO , H2, or hydrocarbons. After passing through

a minimum , more IO~ may be generated by heating of excess air.

Probe su r f ace  r eac t ions  may also e n t e r .

For the military power cases , the rise in apparent encissior,

inde x at a i r — t o — f u e l  r a t ios  grea te r  than  about  1000 to I is
p u z z l i n g .  The t empera tu re  r ise  at d i l u t i o n s  of t h i s  order is
small: at le ,000 Btu/lb of fuel , the temperature rise at 1000

to 1 is about  72°F.  Sur face  c a t a l y t i c  e f f e c t s  would  seem irn —

p robab le .  The t empera ture  main ta ined  ins ide  t h e  l i n e  is h i g h e r

(about 300°F) but still doesn ’t seem h i oh  enough to i n i t i at e

sur face  c ac a l y t i c  r e a c t i o n s  ( s u c h  as the water— ga-s shift r~-actI oc-c ,

A— 17
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fo l lowed by NO r e d u c t i o n ) .  [I t  wou l d  be of interest , if i t

has not been done , to run known mixtures of NO (in mc— ist air

containing CO and hydrocarbons ) through a probe tip and s~ verai

hundred feet of line as used in the GE test-s.]

The GE report , in general , shows slightly h igh e r  err . i ss ic- rc-

ircdices for the downstream location than-c for t he  n cz s l e  e x i t .
in the J79 maximum afterburning case , the ‘c-r a luc  is lower , h o t

t h e  method of plotting shown in Fir.. A — 8 wou1d not 2ead to th e

same conclusion.

In early work at AEDC [Davidson and Domal (1973)], the error

i n - :  using probe techniques was greater w i t h  a f t e r r u r -n i n g  t h a n  -
~~- -

w i t h o u t . It is deba tab le  w h e t h e r  the r e s u l t s  cThtted here sun-:—
p o rt this observation , due to uncertainties about the NO~ cor—

rec tio in - . (Note suppressed zeroes in Figs. A— C and A—8 . Note j
also that a correction of 2.2 nrc-mv in Fig. A— 3 appears t-: be

excessive.)

A .5 FINAL COMMENTS

Eef ’- r€- any interpretation of UO~ em iss ions data  can b e

accented which shows large increases in emission ic-c-Sex with

di l u t ion , the mechan isms involved would need to be established.

the work reported by Benson and Samuelsen (1977) , e.g., might  - -

sc-o c- ’c-~es t  N-t x reduction on the probe tip by unsaturated hydro— —

car -borc -s. However , if this mechanism were operating , one wou~~l

exnect low NO emission indices in samples with large hydro—

ourbon contents. A brief perusal of’ the afterburnThg data

(Table 52 , e.g., Lyon , l97F) shows no such effect. Furthermore ,

tre good linearity of IJO~ vs .  CO 2 found in the GE p1 nc , and the

reasonable agreement (by their methods) between nossle exits

and 30 ( J 8 5 )  or (0 ( J 7 9 )  f t  d o w n st r e am  s t c - c t~~- - n c , w e u l d  seen : -

r- rec ude any rc -c -c-iss ive effect of pc-robe ti ps , e t c .

A-18
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APPENDIX B

ON THE USE OF Zr-95 DATA FR OM C H I N E S E  A T M O S P H E R I C
T H E R M O N U C L E A R  E X P L O S I O N S  T O S T U D Y  S T R A T O S P H E R I C
T R A N S P O R T  IN A O N E - D I M E N S I O N A L  P A R A M E T E R I Z A T I O N

B .1 INTRODUCTION

There has been considerable discuss ion [C : ’cbe ck ’~ r - e ’ a - I .
(l97~~), COMESA (1975), HAS (1975), HAS ( 1 9 7 4 ) ,  Ol i - c-’~~c’ e a t .
(l977)*] on the transport of materials in .~ecte-d into c-

~ c~ l w - - n - -

stratosphere . Particular questions arise for the on-c-I :-; curr-era l:,-

existing SSTs , Concorde and Tu~ lLO~, which , in a i r l i n e  s er v i c e ,
will inject most of their exhaust products in, t h e  15—1 5  ~-nr.
altitude , 14O~ 60°N latitude region . The one—d imensicna~ r ae-a-—

meterizations of this motion by differ-ent workers dif ’f’-cn - sub-
stantially.

From the standp oint of altitude and latitude of ic - :~ ec tI- n ,

the single set of data which are most directly c :-mp-arab e to

stratospheric aircraft flight , i n p a r t i c u l a r , the Concorde a-nd
Tu~ 114 L4 SSTs, are the Zr—95 data from the five Chinese 3— :-:t
thermonuclear explosions that injected debris at 18 i-:r: alti-
tude , ~0°N , 90°E — see Telegadas (197° and 1976) . } H ~n e we
examine the integrated stratospheric burden of the rrc--iloacti-:e
isotope Zirconium—95 (Zr—95; 65 -day half—life) i n - : ‘ en--mr of’ a

We should like to thank H.S. Johnston , D.H. Hunter :, L. N c - o n - t a,
J.D. Mahlmar , and K. Telegadas for helpful corn-in-rent s- .
present work supersedes that repur-ted in, Appendix C of Pauer
et al. (1977), which was based entirely on Nr c-de l I (see 2cc—
t ion  13.3 .1) .
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on e— -I is ~c - n s i o n a l  r n - c - c-del  wh i oh uses  a-n e f~~ect  ‘c-a- r : :eon , e id~,- -J if P a - —
sivicy ~ (assumed t-o be c-onn -ctrc -nt a-b c’-:e t h e  tro~ - c r  a u s e )  a - n i  an
effect lye mean t r u p - o p a - o s e  h e i g h t  

~~ 
~~~~~~~~~~~~~~~ char-a-ct en--i :es an - ,

effective height of in ,~ecticr, above tne local tr~ r p :auoo) as
p an - -a - : r. c-~ ter ’ s to  ch ar - a ;t er i :e  a t m o s p h e r i c  t r a n s - I or t  of r. r e -c ip  I t o —
t i~ - n — s c a- ’c-’er ,gea-b1 e  m at e r i a l s .

B .2 EXPERIMENTAL DATA

The U . S .  EEL-S (nc-c-n- DC-li ) Ptirstrear:.” n - c -c - c - - c - -am ha-s inc-c .- ived
sarsplim: r-c - - J~ oa-:t tve debris f r - a - n c -  -a ir-craft f ’ c-’ing c - i t  alt - i t a - d e s
of’ 15 to 20 Pr:. al-acg a f l i g h t  l a t h  f o l l c w~~no -“ n e r a - I l y  c l u n g
the -  W e s t  -2ea -st o f ’  N o r t h  and S o u t h  Ar. cr~~ca , f e r n - :  ~~5Cc- ’ c - :~~~ to

52°S (mere recently to 10°C o n l y ) .  Thes- e :‘1is~ .t s , at n- c-con an-’
L n n - t  er v a ls  of L~_ 6 nc--onths , are s u p - p - l e n - r e n t e d  by oc c ’c - rc- i o r a l  b a l l o o n - ,
p r ob e s  w h i c h  - n - r e -  f lan -’ ir i  m a - i n l y  fr - -o n- n - c - Car. Ar,g-o , ~r a y  (r’i° P

l o l ° W )  and wh ich go to higher altitudes (27—35 km).

The I Cr i lnese  n u cl e a r  e xr — l o s i o n s  are c cn iu c t , e d  at ic - - - : -  N — :-n - ’
(~ 0°::, 90°E), wh ic h is r o c - c - g h l y  a t  t he  o~ pcs te n - e n -~ n - far: -on -
iona -Itu-o~ to-  th e  A i  r s t r e a -r . .  c o r - n - i - J -- :-r; in O u nc -i r c - I , L a - s t - — W e s t
t r a - ± n s t - u : - t  is considered t c  he Cas t oc moc - a r o- d Th N - 

n-
c- n - — -’

t n - - a r c - s n o r t , so t ha t  the  P c - i r s t r e a r -  pr o- f I I  cc- of ’ r a d i c — a c t - t v e  d e b r i s
sb -c- old pr-o c-.’Ide an e f f e c t i v e  :onal a-vcc-nn’-c r e f i l e  of a t r a c e r
of a t m o s p h e r i c  cc - c t  i o n s  some c-ice- I-r n a f t e r  t h e  a-c Oc-;i t Ira. Phi ~
associr t i - -n , made l-y Pei~-o-a-ho s In d~: i ’~~’c- ’ L r : g  an esY : c - C ’ e  of t h e
v e r t i c a l , zona l  ave rage  I i s t r ir .- n : i o n  of r a -di c c - rn -;-tiv1~ p ;-:i

height , i n t r o d u c er  s-c c-r e undertair,t :- into he da t a , e n -r p e c i a l l : :

at early t imes.*

‘ihU~ , -5 .F . i c - a - i s  ( rn - - i c -,c -a - i e c on - sn - n - u n - , I oat icc- rn- , Na y 127 s ) -n - h :
a r , a I : ,- :ed t h e  1967—1970 d a t a  c-i f t h  a wc- —di rn - :e n-cs i o n a - 1  m o d e l ,
trea ted t hc- effective J.a:ituce of’ in - ,~ect Ion of the 1-967

- c - as 55- ° . n - - n - c - ther c - l a - n - n - c -  c-~10 ° N ;  eviden t ly , t h e  c l ou d  S c - ’ ~nc-
that -nt~to ra - t:e r c - wa-s caught in  t h e  C e n c r - : c - l  5 - i c c - .  sc - : : - .: r. ~-r h i c - : h —
pr-essure cell a - r c - d  i c -.c-s c- o 1— a c-- c - s la t  i ve l y  I - n - , c -- - - ‘ n - - c  L f -  :‘e it
‘c - i c - S  z o na lr a  S~ r” ad .
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Our’ t r i . c : c -.csi  c o n c e r n  in this work is with the rate of removal

of rad ioa ct ive debris f r o m  the lowest stratosphere on a global

b a - s i ., althcu gn --c a-he height distribution of radioactivity Ir

hc - n-n - tn -’atocc-rhere is of some interest.

Anr .~~n - o - c- -other parameters (such as altitude and season), this

c-’e-m .c-vul s-a-be will vary with the latitude cc-f i nj e c t i o n , so t h a t
that follows applies specifically only to the

~~t~~trae o;cocc-r study; i.e ., 50° or, generally, mid— latitudes.

iNn-c data are described in terms of altitude/latitude pro—

l:le,. n - rese t ted every 3 months in-c tern.s of a stratospheric

n- en - : of the isotope Zr—95, decay—corrected to the t i m e  of
on a t i w , .  The i n t eg r a t ed  s t r a t o s p h e r i c  burden of Z r — 9 5  f o r

- c- y a - n - c -~~~~~~ Chinese  3— N t  t h e r m o n u c l e a r  exp los ions  c o m p u t e d  by
Ic fe -ga -dan ( 1 0 7 5 , 1976)  a r e  shown inn - Fig. B—i. The numerical

n- n-c- u n-’ n - e n - n - i c r ,  F ig .  B— i  was prepared are the basic experimental

c- c c - c -  ,n-ily ed bOre . Pet e  t h a t  f o r  a summer i n j e c t i o n  the re  is
c- n - c - . a-~j . : n-~~ i ’ i c a c --,a - decrease in stratospheric burden until :r.idwircter ,

- n - i  Ic c-- c- t n - c - a w i n - c a - e r  in - -c -j ec t ion  of’ t r a c e r , the  stratospheric hue—

c-i -c - - c s - -cases s t e a d i l y .

I - i  o r - cc - 0 — 2  shows  the  ver t ical Z r — 9 5  a c t i v i t y  d i s t r i b u t i o n

~h :-sc-ve-J a l a - e r  the various Chinese nuclear tests. While the

- n- ta. or- -:- sub , ect to major’ un certain -n -ties because the Airstre am

l~ - .c - ‘ook I-lace so f a r-  f r o m  the  l a t i t u d e  of i nj e c t i o n  a-nd
or ’ : r c - ‘.c - U i t C  a long time a f t e r  n - c - he  actual inj e c t i o n , all t h e

c - r o t c -a su g ge s t  -a-n -i i n j e c t i o n- :  be l a -h I ,  of- t he  d e b r i s  in the  17—19 -:rr.

a lt  I t u n e  range- . The i—o n - ’ ; va lue  c b ce r ve d  con e 11 weeks after the

u - - c rab - - n - ’  ,I, 073 t e s t  is e v i d e n t l y  due to l a rg e — s c a l e  c loud  n - r : ’ t i c c - s
a so m e t , l n - r e we-il  a f t e r  the  i n je c t i o n  ( c f .  t h e  d is~~e f h u t i o n

e s t i r n - a - r a a  - -ne - week after t b — i t name t e s t) .

I:. a- ,:rc-e~~sl:rn -r,ns iorn -ai rrodel , one crucic I I cc - c - r a t e r  f-or’ a

n- c- c- fla- ~t n - c - t I  c-iC irtern ret a - t ic- n of tr- -’~nsuc-rt out- of t h e  s t r a t o —
new ” .- i c --n- ( c - n- 

~~
— :

~~ 
) , t h e  h e l g l ct  of ’  i nj e c t  ion :c-bcve t h e  local

o~ a -u se . I n - c r - -c t ic-n of ’ Fir . 0—2 shows ha~ t h e  p r e s e r n - ’

— 5

-~~~~~ - —- ‘- 
- - - -.1 ~~~~~~ - c-I



[c - I —,at .~ flOc--~ ,‘ 
c- ~‘ -I c- ~~~c c-c-—~ 

[
~~ I~~c- ,S I 6 M c -  ‘ c - ’

—‘

- c - c- 96’ - 
-c-C 5

- - S n -
- 2 . 5
- ‘ n S

ec- L___lin-L~~. _ o~o_  ‘n-

- c - n

- 9 ~c
1,0-.-. -
- c - - I -’

- c- ’ 1 9” c- - c - ,5 —

c-a-

-‘I S

L c-- c - c - c-c - 
— 

c- ..

c- ,,

~~~ 1 C ’ c - — J  ‘ Y A s , .  0 - c - C c- c - c -

F I G U R E  B -i. Str atospheric Zr-95 burd en (decay-corrected )
follow ing the Chinese nuclear tes ts. Gb-
serve d burde ns are indicated by the shcrt
horizon tal lines .

Source: Te le g a d as , 1974 , ‘976
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results are consistent with injection heights z1 of 17— 19  km

and w i t h  local tropopause heights z0 of 10—12.5 km. We describe

the data in terms of a mean injection height z1 
= 18 km and a

mean tropopause height z0 
= 11 km , corresponding to a net in—

7 ect ion height (z
1

— z )  = 7 km above the local tropopause. [The

t ropopause  height  over Lop Nor ( ‘~4 0 °N , 90°E) is highly variable ,

ranging from 10 km in winter up to l~-4—l 5 km in summer-—see ,

e.g., Crutcher and Davies (1969).]

As an extreme in variability of the effective stratospheric

inject ion height , we also consider z 0 
= J,~ km which gives

(~~1
— Z
0
) = 14 km.  The quantity (z1

-.z
0
) will tend to be preserved

in Forth—South transport since——while the local tropopause

height changes significantly with latitude——the lines of con-

stant mixing ratio for stratospheric injectants tend to remain

parallel to the local tropopause , suggesting North—South trans-

port parallel to the sloping tropopause [e.g., NAS (1975),

p.  156; Machta  and Telegadas (1973).]

B .3 ANALYSIS OF THE DATA

B .3 .1 Mathematical Formu l ism

For a chemical ly inert t racer  of mix ing  r a t io  f ( z ,t ) wh i ch

is injected at time t = 0 at some altitude z = z, in the strato—

sphere , the transport equation may be written in terms of an

effective eddy diffusion coefficient K(z) as

(3/az)[ri(z)K(z)~ f/az = n(z) ~f/3t . ( B . 1 )

We treat the stratosphere as a region of constant and rela-

tively small eddy diffusivity coefficient K , characteriz~ d by

a tropopause at height z0, below which transport is very much

faster; the eddy diffusivity profile is taken as

8—8
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K , con - scocit , in - ,  the stn--atunrhei’e ; i.e., t’or z > z0

~~2)

K c - ,  constant, in the tn-”o~ osn-cher’e; i.e., for z < a

where , typica liy , Nt ~ 10 K .  T h i s  s ir n -n -~n - 1e  K— ~~rofi 1e  w a s  used by
fc-acht a (1971) and by Crutsen (1971); it is used here because it
permits transcort out of the lowest stratosphere to be described

in terms of only two parameters , namely K and z0. (The value of

K~ is t y p i c a l l y  not c r i t i c a l , as Ionn -- - as it is sufficiently

greater than K.)

Fost c u r r e n t  m o d e l s  for  K ( s )  sho ;-n - a moncc-t c- n-~~c i n c r e a s e  w i th
he igh t  a-cov e  some minimum in the 10— to ~0- — km altitucr e r an g e  t ha t -

Is a s s o c i a t e d  w i t h  t h e  t r o p o p a u s e;  L i n d z e r c -  (197 1) pa in -ct -s out that

this is a general characteristic associated with the decrease in
- d e n s i t y  wIth increasing height . The present model does net sbo;e

this increase i n - c -  K at higher altitudes. 1-iowever , any m od el s a t —  
. -

i c t y i n~ Lird:en ’ s criterion requires at least three r arameters

in  t he  region of ’ interest- here [perhaps z , the lowest value of

K above n-:0, an-rd the slope dK/dz or d (log K)dz above z~~], and we

crefer to analyse the Zr—9 5 data in terms of this simplest pos-

sible :n-n-odel be f-ore going tc the additional complexity of a- three—
rc-ar-an,et er mn -c-do -i (which we plan to do in future work).

W~ also as su m e  an isothermal stratosphere , so t h at  in the

r e gio n -n - of interest

— ( s -s  ) /Hn ( s )  = n e o , ( B . ~~0

where n(s) = t o t a l  particle number density at hei hI- a , rn - 0 
=

n (s0), a n - r d  t h e  “sc-ale height ” H kT/I- g is ta ken-n - as 6 . 3  km (cor—

to  T 213 K). In the region f r o m  10 Ann- to 20 bra- ,

which is of’ direct interest here , the assumption of c o n s t a - n - n - t -
temperature is quito well satisfied.



W ith the assuna-tion of E -~ . (8.3), the d i f f e r e n t i a l  e cu a t i o n
(B.l) become s

(~ /az)(K(z)af/az} — (K(:)/H}~~f/~: = ~f /~~t . ( B . 5 )

Cle ar ly , t h i s  e q u a t i o n  s i m p l i f i e s  somewhat  fu r t h e r  w i t h  t h e
assumption of E—:r . (8.2) for  tk i e  eddy diffusivlty profile , N ( s ) .

We initially ignore sedimentation of the aerosols carrying

t he  Zr—95 tracer (posta-:ninn-.r discussion to  Section 8.3.3 below),

and no-;-: we wish to solve the- d: f ’ f u s i o r c  N a .  (0 . 5)  w i t h  t he  cc -n—

- lItiori (0.2) for- K (z), fu r  t h e  f o l i c - w ir : r ’  i n- c i t i a l  c o n d i t i o n

f ( z , O-) q 5 C: - z~~) • (~~~~~)

wh ich corres p on ds t o  in s t a n t a n e o u s  p o i n t  in ,ie oticn at height

a c - ;  t h e  initial injection is not  pre s i se l y  a delta —fa nc oicn - .

injection , so there is a slight time correction , as dis c u s s e d
in Kection B .3.2.

Fa in emphasis is clearly on the ~trates -phere ; 10 t h e  trc- —
ucop- he i-c; i .e • , fo r z < z , we have  made  three different n-otcsra :-xi—

rn-rations , of successively increasing ac- ’u r-aoy and complexity,

n a m e l y ,

• ‘I nf~ nite ~-:coe1” 1: We solve the ton-ins I . ort  e q u a t ion
( 8 . 1)  f or  c o n s t a n t  K (ecn-ua-1 to the stratospheric value )

for’ all a. This is a very sin s le mode- i , hu t  does not
-des -cr .i he t h e  s it u a t i o n  in  the tros- c-sphere or’ the lower

boundary at a-li accurately .

• “
~
‘-omi—irif ’inite F a d e l ”  K: Once o : n - n - i  n , we solve t h e  o rans—

p a r - f ’  equ-~ti - -- n - n - (0.1) for constant K in  h — -- t h  th e  s t r a - t - o —
s r - h e r e  an- n-i t h e  t ro pos phere , but rn-ow we assume an absorb—

l ug  cu r ! ’: Ce c- c- sara-c he ight 
~2 

( w h i c h  rn -n -ny be t a k e r ;  as on
the g r - : u n - : d , a ’ he c- r( ~ n- n r ause  or a’ s me interme di ate

rc-~ titude . p - ~ 5~ bi~,’ cor’resn- niinr to ‘h e a-l~~i. s u d e  of’ in—

nut). 
b — b
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• “ Two~ step Fodel”  T:  We a s suc -’n- .e ci f ’ f e r n - - n - t r a te s  cc: ’ o r - a r e—
p-ort in the stratoocheec a-nd sm -nan - :  hera -c [ i . e .  , ii , � N
in Eq. (8.2)] arc- -.i zero n - o i x i rn -g r a t i o  a t  t o e  gr o an - : .

The solut ion - c - of Eq. 0. I) ~n - i t b c -  the InIl. ia-i ccn -udit i on - (0.5)
f-or the infinite mi-de l I can he shown -n - 1:0 c — — s e e , e . g .  , F -tn t  in
(1976)--

f1(z ,t)  = a ( - :Kt) ~~~~~oxp ~ — ( K t / 5 )  
[ ~~~~ — (s-n-:. )/~t ]  

2 i . (0 .1)

W i t h  the  n - r o r - ~ s at i s f a c t o r y  r e a t r o n t  of’ the In-sc- c-a bo un - .cbary

by model K- , it can he sPar- c--n - a - [ Fe l l e r  ( 19(8) ,  i-’a-roe -I~ ( 19 7 f ) ~ s-hat

the  s a lu t i o r ;  La Z > 
~‘2

= f:(z,t (1 - exp :-(:—z 2
)(zn- -z2

)/Kt]}

F o n - -  t h e  ~~a’c- ’ : — s t - e n - : - ” n - n - n o e l  ‘I , th e r e -  ~s a - r n -  a d - l i ’  i n n a l  :- -r c n - a i r - - - —
coo  to n a t - c h i n - s t r a t o s p h e r i c  a n - n - s  t r c -p a sp -hc - r ’i  c s o l u t i o n - n - .— - t  she

t a n - - n- a n - - n - c - a c e  • n- n- = a .  it is ev i d e n t  t hat  f ( n - n -  , t ) ou st  h-c s un s  i n - n - s  :5-:
tr c~ -on - a - sn -c -c , a - r d  tn -n - sa ber, s i n - n - c e  crc is no a- :on - ’ - n - - -  o r -  s i n c - c

-00 h-c t n - - n- n- o p n - c - u s -~ , the n -r et 11 cx t . r - o n so - ar t e d  acm -  ss :: = n-- s .  us -- ‘ - 0
be corc u~ n - ,a - a. c- . by i n t e : : r - o c - t ’ r c - g  F a .  (0 . . 1) wi th r ’csr-ec~ to  a .

n - . sn -c n - n - to

0(z) F z) ~~t’/ ~ sn- = -cont in ua -u :  at a ,

- : ‘ n - - c : . ) - - :-an- :--:c . ) - - (Th i-n -- ) - - 
- -  - . ) -

K - /~z .

It  ma -v hi: ~hc-wrc - i: h a - n -. the -  s o l u t i o n  of ’  t h e  t - - ; c — s t  e n -  no- n - - n - -  I
c hrc - raet-: r - i sed  

~- :~
‘ A - : .  ( P  1 ) , with tn - ce initial ccr,n - lit~~on of’ ia-n-

(E - . l )  , w I t h  t h e  :n- n - c - f ’ c h l n - n - o  cc-n - -n - - s i t i -  (p - . n p )  as ‘he ta -a-pc - -a -u se

-a n -n - i ;-c-- i t h  -a s:ni ’n- a- t h e ’  ~ r n - n - c r -, i cc- t h a t

- - 
-



I fT(: C ,t) 0

= 
~~
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~~~ 

( :-n , ’ e~~
_
~:t ~~2 + 

~~2) 
w-: K , z , : - ~~(~~,z , : )  , ( 0 . 2 0 )

where

=

r -~~: 
-
~~

L~ 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ S~~~~~~~ — ~ K 1 5_ ~~<~,,z c c o S K ( z — : r~

~~~~~~ + <:
K
~~~~

5
~~~

z
~ 

K 2N2 sIcc 2K T: ( 0 . t a )

and

= + 

~~H2) 
- 

1 H 2 (0 .  12)

stratosoherlc K 
= ~~— e <~~ < (~ 1- 3)t rop o spher ic  K Kt 

- .  • — —

The f u n c t ion f T ( Z , t )  cannel: be expressed in t e am s  of tabu-

l a t ed  fu r o o t i o n s , bu t  the  t o t a l  s t r a t o s p h e r i c  b u r d e n  of r n - s c - o c r ,

which is the quantity that is analyzed here , can be expressed

as a single integral that can be evaluatea- numericall y——see

bl q .  (0 . 15)  b e l o w .

A derivation of this result , usin transform techniques
-appropriate for the boundary conditions , has been p-iron h-:’
W. Wasylkiwsky n- , IDA I n t e r — O f f i c e  Memoran d um of 1 J u l y  2 ° 7 7 ,
n- r n - n - a  a d - den - n -  ~urn- of 2 September 1977 , “A one—d imensi on-n-al mecca-cl -

for stu dying diffusion of iniectants in the strotan -sp -nere.”
:ouees of’ this memorandum are available on request. It may

be v e r l f i t - u  by direct substitut ion that [2 . (B .lfl) is in - n - l ee -i
a ~o i - ~ t I -n - ;r  n - f  tn e  p r o b l e m .

11—12 
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For comparison with the results of Fig. B—i , which gives the

total measured stratospheric burden of Zr—95 as a function of

time , we need the total calculated stratospheric burden of tracer ,

B4 (t) = J n(z) f~ (z~ t) dz; (j1 ,S,T) (0.l~~)

zo

Numerical calculations of B.(t) have been made using the

two—step model T of Eq. (8.10). Significant qualitative insight*

can be gained with the simple model I of Eq. (8.6) which gives

—z )/H
B1
(t) = •~L n(z) f1(z,t) dz n0q 

~ ~ 0 U(~ 0) , (8.15)

where

x = ( 1/ 2 ) ( Kt ) 1”2 
[(1/H ) - (z

1-z )/Kt)] ; (B. 6a)

1/2(1 + erf x )  for x < 0

U(x0) = (B.l6b )

1/2(1 — erf x0) for 
> 0

The overall relationship between time t, x0, and U (x0) is

given in Table B—l.

There are quantitative defects in model I, which gives high
values of K because the relatively fast transport in the
troposphere cannot be simulated in any other way by this
model.

8—13
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TABLE 8-1 . x0 AND U(x ) FROM EQ. (8.9) AS FUNCTIONS OF TIME (FROM MODEL I~

Time t Small H(z1-z0)/K Large

x0 lar ge, 0 (Kt)~
”2/2H

negative
U ( x 0 ) 1 0.5 (1/2)(i-er-f x 0 )-~O as t--’-

Ihe phys ical mea. ing of’ Eqs. (8.15 an - .c! N .lE) is relative1-y
c l e a r - — c u t . The q u a n t i t y  an 0e in En . ( 0 . 15 )  is th- s
Is ‘ a n-n - an - n -h e r of ’ molecu les  p-er  u n i t  area in-a-jested at = 0 at

= ~~~ -

~~~~ 

is a time-—dependent variable , and U(x0) is t h e  frac—
t i c - n of ’ i n j e ct e d  m a t e ri a l  t h a t  r e m a in s  in the  s t r at c a r  b -crc
a ’t- ~:- trn-:.e t , n --n -acre a = x (n - n - ).0

i’r ora - Thble 0—1 we see that- a sImple way to determine K is

f ra - n - n - : ‘n - n e  t j n - n - iC  t~~~, at n - -n - h ich  U(x ) or the stmator ;n- :heric burden
~~~~ 2 0

in t h e  a p p r o x i m a t i o n  I has h a l f  it s  m i  tic - I va l u e , be cause

= ( z 1 — : ) H/K . ( 8 . 17 )
0 

-
-

This result shows qualitatively how the effective stmatosphe~~ic -:

N—value depends on the decay t ime  of the stratospheri c burn-len

and also on the effect ive injection height above t h e  t r o p o p a us e .
hco-e , in particular , that a given decay rate (l/t1 n - ) may be

ot-tained by rapid transport (K lar g e ) t h r o u gh  a large d i s t a nc e
(z c- —: ), i.e., a Zow tropopause; or by s o u  transpor t (K small) j

0 z~~n-- n- t r opopause , i . e . ,  s low t r a n s p o r t  t h r o u g h  a s hor t
an -se o n l y .

~~
- sn - .a ’ the net transport rn-use In - n - t h e  stratosphere is gre—

- 

~o K(s) o(z)~~f/3z. In comparing- the infinite model I
- ‘ -.~ — : ‘ c-c 5 ’ n -~iC i  T, we note that in the lower s t r a t osp h e r e

- because of f T 0 at the trop-opon-use while
e . 

-
- - c a n - - b y  t i m e  t~r ( z 1

) f 1( s ) ] .  Thus , for

~ h -  s rotc - a rc -acre , na lel I gives s i g n i f i c a n tl y

—I ,



- 1
n - iS t ’~~ ’ r s-s n-n- n - - n - ‘ n -  croon - c l  T , c-- n-c- c c o r n - v t :  roe- 1~- - , c e x t  1 : - I n - -n-

n - t n  :c - c -- n-. of c-ia - rn - : n-i i t i ,  r ao-ie l r ’en -c n - ,4 ir E-o a- n- ’r . -
~ I Is :”

For a -h e  t n- ’ : c - a - —: t ’- -s on - n - c e T , an e x p r e s s i on  f r -  t t c - c- s~ : - o - a - c u s n e n i c

b u n - -  - cr  (t  ) i t :  t h e  :0mm of a s in c l e  i n te gr a l  n -- : n - n - 1 c - n -  c a n  ren:n - i~~:

n -- c -:vOlL ;ate d n-;-eme :- s al ly  i s :1 c - c - e n -  - h -n-c- l eo-: :

— K  t -
-

- -  
- - n - -  (,c- - c- n- / ,-n -  - 

~n - ,  , l i i i
— -

.~~~~ 
1 l %~~ c - ) F~ : c- ;j { ( - n - ~~~~~~ - 

~~~~~~~~~~~~~~~~~~ -c - c- n- ~ i c - . :  ~~. c- 
( 0 . 2 3 )

( n - _~ ~~~ $ 
-) 

,

0-toe , c- - is c e - l i n e d  it: - No. ( 1 1 . 1 ? )  an n - of  d is defined is. E s .

(~~ 3 ) .  E::e u ’nat the s-aloe on-’ K K p - t s r - e s  thrc c-oh :erc as K

(K
2 4 — 

n-,~2 < -2 ( E . l 9 n )

we c- nose- tb rn- -cb- ss-itus ion-n-

O OSK TZ SOShK T Q

(13.19b)

S 0 c-  <: .-isirus K~..z~ , 
-

I - . the i:.’~ -gm c-nn -d -s c- En - n - .

I t  is cf ’  in tc- : -e- rn-~ to  con -np-a re  t h e  s -c-ion -S icr .  f , ,  of  E s .  ( 0 .  IT - )

n--.- i t n - n - tn -icc - -— an - c l. s i n - - t i e r  s - e l a t i o n  f c-. c-f N-i . -hl .K ) , b e o c - r i u s  in : s i n - , l

1 :n-at

in-~



u r n  
~T 

= f5(z 2 = z ) ;  i.e., a sink at the trcp-ause , c- 1’ . �Oa )
d -~ O

because K<<K .t

u r n  
~T = 

~~~~ 
= o); i.e., a sink at the grcuncr i f  ( d . T f a )

d - ~ l

K = K
t

Some representative results for the burden B~, ( t )  and E T Y  ) o r - -
shown in Table 8—2 for various values of the parameter s .

see that for short times (about 1—4 months) the d—d e n - e r ,:icnos of

BT ( t )  is very small , but for the t im es of in te res t  here , n--n- hi-s E

are typically 8—16 months , there is a significant variation be-

tween the values of B
T

( t )  for d ~~ - 0.03 — 0.1 (which ar-n- cc -rn - si - ic r -n - - i

to be representative), and the limit d -
~ 0. The present cal-

culations are reported for d = 0 03; the  cho ice  c- f i a f f e c t s
B5(t) and thus the rate of transport out of the ssratos hn --ore

for a given value of K , but the numerical value of’ th€- eddy dif—

fusivity in the troposphere , Kt 
= K/d , is not important for thc-c-

subsequent  d i s c u s s i o n .

TABLE B-2 . STRATOSPHERIC BURDEN BT (t) FOR THE TWO -STEP MODEL AS A FUNCTION
OF TIME , FOR VARIOUS VALUES OF d = Kstra tos p her e /K trop osph ere

Time , months
d = Kstrat /K trop 1 4 8 12 16

2.515 1.993 1.382 1.017 0.782
0.01 2.516 2.003 1.392 1.026 0.790
0.03 2.516 2.020 1.412 1.043 O .8fl4
0.1 2.517 2.066 1.480 1.105 0.857
0.3 2.518 2.131 1.614 1.258 1.003

2.520 2.217 1.807 1.518 1.303

We show values of B(t)/ 1O ’8q for injection height z 1 = 18 km t ro po pause
height z0 = 11 kni , stratospheric eddy diffusivity K = i04 cm~Isec .
aTh~S is actually case S, z2 

= z 0 = 11 km — see Eq. (B.20a )
b ihis is case S, z2 = 0 - see Eq. (B.20b)

8—16
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B . 3 . 2  Ini t ial Con d i t i o n

~an - e n- . ial n - t l ~n - — f ’b ~ rn f i l e -  as a- t o n - r n - c t - n - o n - ,  of  h e igh t  coccI h -ore

Is s a - n - c n - .  f r  - n - n - .  l ogo -ia-s ( l n - 7 c -~~~) ,  Fig. 4 5 .  i t  c - a - n - :  be fittei -rui l~e

t o  a ~on-n - sal :c - n - r n - lie

= exr ~~~
_ ( z -z 1

) 2/c 2 }  ( 0 . 2 1)

n - r i t E  c-0 = 2 . 15  In-n-n-c- , w E l d ,  ca n- -n- be r e c n - o r c i l t ~c1 n - ; i t h  t h e  oIc 1~~; c - — o ’ on - n - n - c t i - c n - .

i : n- , ’ e - c n - ,  o n - of E q .  ( 0 . 0 )  n - - : n - be e qu i v a l e n c e

2 
= (0.2:a)

a = t + ( 0 . 2 - i t- )
c a - I c  obs 0

Is = ‘ i n - a -  t n - c : - . i J c i~~c- n- o n - n - t i c - n - n -  i n h t c~~n - c o , cc - r i !
c c - c- On-

Is = t i n - a  - O n -’ t c - l ’  t h e  n- s n - - -  ic-a’ e x n  1- s - i c- n - ; .
ob .: - 

s-c- rn - n - a’ i ce  v : c - l u~~s o n - ’ - - a - n - ’-: oh -a r : i n - c -  m n- t ie l: — ~ as n- ’ :n - r c~~~:-ns
- - n 0 

-

or ’ K. F n- s. c-n- 0 cn - n - n -~ /5ec n-usn -C ~ n - -a io en - :’  cc - n - c- so  I n - c —
0

rn - or--i usc c- n - - - - i s -  :c -’ :- : n- ha-n ~ i n - n - . en - r  ~ho -.-: r .  ~n - n - F l ’ . 0— 1 t h o i t h - ~~~ n - u i —

rn-c-let,- :- :- o n - ’ F- :. ( 0 . 2 ? )  i n - i n - n - n - c -e d  a - a c- r :n- f’- c u s c - a -- ’ -n- . -

TABLE 8-3 . TIME CORRECTI O N t o AS A FUNCTION OF K T EE EQ. ( B . 2 2 a ) . i

K , cm2/s ~~ months

4.4
3 x 10 1.5

i0~
3 b c-’ O .1~

0 . 3 . 3  C o r r e c t i o n  f o r  S e d i m e n t a t i o n

f ’ _. 1 c-3 , l1 -n- e n- - us o t h ’ - n - ’  n - - n - n - l e a - c -  h;e- i s -  t n - t O , i S  cn - .n- ’n - ’iei -~n

n- n - n - n - n- c - I l  par’’ ici _ -~n- ; ‘ ; r c - .  i-c n - u s - a n - n -  n - / n - I  ins -  le o in  t E n -  on - n -n - ge C . 0  a-n -



0.15 ia-rn (see Drevinsky and Pecci , 1965; Telegadas and List ,

1969). We assume that the density of the particles is

p = 2 g/cm3 and that the mean radius R = 0.1 urn , as did

Teiegadas and List (1969). Spherical particles of this density

and radius have a sedimentation speed v5 = 3.6 x lO~~ cm/sec

at an altitude of 18 km (see , e.g., Junge et al., 1961), which

corresponds to a net settling of about 100 m per month. One

wa n - ’ to correct for sedimentation is to assume that the mean in -n - —

jection height falls with the effective sedimentation speed v5 .

Thus , the effective injection height above the tropopause is

= - f~ ~~ 
~R ,~~10 ( t ]  at , (0.23)

since the sedimentation speed depends on radius and on ambi ent

height (or density). A plot of ~ 1( t )  is given in Fig. 3—3, for

o = 2 g,-’cm 3, F = 0.1 urn.

5 i t h  t h i s  co r r ec t i o n , we replace x0 of Eq. (13) by

= 1/2 (Kt )1”2 [1/H - (2 ~1 0 ( t ) / K t ) ]  ( 0 . 2 4 )

a - n - n - - i  t au s  [2 ( x 0 ) by ~~~~~
i t  rn-as been pointed cut (by H.S. Johnston , private communi-

cation - n -, 1975; also Poppoff , Whitten , an d Tur co , 1978) that the
re sin-rn -once time of aerosols is very sensitive to particle si:e

an-n-cl could he affected by aerosol growth and coagulation processes.

In k e n - - n- ing ‘-- : i ’ .h the  use of a relatively simple model , we make

I sn e  present simple estimate of the effects of sedimentati on.

ih ,- t e , h : :wcver , t h a t  the  e f f e c t  of s ed imen ta t ion  on t h e  pre sen - o ’
e s t im a t e  c-b s t ra t o s p h er i c  K—values is p a r t i c u l a r l y  s ign i f i c a n t

I c- n - - re la ti v e l y  sma±1 stratospheric diffusion distances (5
1~~c-0

) ,
I . e . ,  fcr  h i gh  v a l u e s  of the assumed mean tropopause. Overal l ,

tn - c -~ c c s ’ r c - n - c t i - = n - -n for  s e d i m e n t a t i o n  i n t r o d u c e s  s i g n i f i c a n t  u r n - c e r —

t-ainYes , and it  may be desirable to reexamine the present es i—

ra-ate on--n- the basIs o f ’  any additional experimental data.

u— l8
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FIGURE B-3. Effective injection height for aerosols as a
function of time , ‘~(t ).
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B .3 .4 Data Reduction for (K ,z0) Parameterization

To reduce the data , we normalize the tracer concentrat inno

shown in Fig. B-i to give

A ( t )  = 
tracer burden (corrected for decay (3 25)exp maximum burden observed for the event

This quantity is shown in Fig. 3—4 , where we also show calcu—

lated value s of the normal ized  t racer  burden , A ca ic ( t )
~ 

fo r
the following set of parameters:

z0 
= 11 km — height  of t ropopause

z1 
= 18 km — height of injection

z1 from Fig. B—3 to correct for sedimentation from

an initial 18—km injection.

We see from Fig. B_ LI that experimental data for all five

events extend to A � 0.6 but not to A � 0. c-i and t h u s  weexp exp ‘

define the quantity t0 6  by the relation

A exp (t 0 6 ) = 0.6 (B.26)

and use t0 6  rather than t 112, w h i c h  c a n n o t  be d e t e r m i n e d  f rom

all five events) to compute K for a given value of z~~.

Note in Fig. 3_14 (or Fig. B—i ) that the stratospheric bur-

den due to the October 1970 shot falls rather abruptly sc- n-ne 7
months after the event . While this decrease may be spurious

(since the later value s of burden are lower—bound values -ic e

to contamination from the French tests of sun-na-er 197i), yet it

may be correlated with the fall in mean altitude in the rrofi]e

some LI months after the event shown in Fig . B—2. In the analysis ,

we shall use the three events of June 1967 (slow decay— sn -n -nun -n -er),

September 1969 (intermediate decay— fall), and December 1966

(fast decay—winter) as representative of the data. The charac-

teristic times t0 6  for these events are listed in Table li— n- - n- .

3—20
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FIGURE -B-4. Decay of stratospheric tracer burden as a function of time .
Comparison of results from the Chinese tests (from Telegadas ,
1974 , 1976) with the predictions of the “T” model wi th and
without sedimentation for various eddy diffusivity (K) co-
efficients. Note that the final data points marked with an
arrow are l ower-bound values , as the radioactivity data from
the Chinese tests were obscure d by new fallout from later
(French) tests. Tropopause height taken as 11 km , d = 0.03.
Note that the data of 10/70 fall abruptly at *; this corre-
lates with the earlier motion down of the peak. Also , the
data of 12/68 have been extrapolated to the 12-month point P
use d to determine Aexp (12 mos.) for the analysis of Eq. (27).
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TABL E 8-4. EXPERIMENTAL PARAMETERS FOR VARIOUS TESTS
USED IN THE DATA A N A L Y S I S

Test -of

Parameter 12/68 10/70 9/69 6/73 6/6 7

t0 6  (month ) 5.7 8.2 9.0 9. 45 11.7

Aexp (12 months) (0.305) (0.555) 0.51-

In Fig. 3—5, we sh-~a tn-s a f u n c t ion of O ’0r 0 = 11 ,
l LI  ; :rn - n - , :~ 

= 16 kin , sc -n i as n-n. ( t )  t n - - n - n- :-. FI~ - . 0 — t , us o r t o c t i n --us n- us-
s e d i m en t a t i o n  as iS su g g e c  tc- ci in i l c - e c t i c n n -  0 .  3 .

The qu a l i t a t i v e  c ln - n - n -mn.c- c- aer  n - n - n -  s ac  r - n - s u I t n - n -  tE n l : ; s c ’ i h c e :

a. Increasing z0 decreases ( s c- — : )  a r c - s  tc . us’ [ o f .  il-c .
dec reases K for  a g iv - - :r n - t i n - c e  dc .lay ; *

b .  S e d i m e n t a t i o n  acce l - :n - n--:; °e s  i- n - ’ans p -o r t n -  i . e . ,  a n-n - s a I l e r
value of K is r n - ec - n-’ni i f’  secl i~~er- t n - c -n - tion - , is c o n - n - s1 den --e d

t han  ~ f ot  is n - ac -~n-~~ect e a  - n - : p a r t o c — u c - o r - , sc- s cc- c - c — - n

t r ’opopause , n - - n - E n - n - oh  : r - ~~n-- r e n - n - u i r - -s :n-~ ’j i n - - I t  thn --:-ogl n-

= LI km in the stratc- n -cp:-.cr e , very ii~~ale :itfcn -s ) a-,
in - ; needed to sun-cple rn -n-ent oh- oecimn - e:s a n - in - -n: sc-s t

ty  the  p r e se n t  r n - n - c - de l .
- ~,c .  tEe e x o n - er im en t a l  r e s u l t s  n- sum n -n - , c-n -n.n -on -n -c -n - c-n-’ s. 1~ ~or a n-rn -on -ca -

o oI le r  v a l u e  of K t h a n  -do t a - c -  n - - n i n - t - : r v-s n -cu lt s .

A di bferer,t n-cay to analyse the data is to ol n - s air- on-n acm -u n -n
a v er - a -g e  of a c t i v i t y ;  i . e  • , to ask n - c r  the acti’— ic - ,v 12 n- n - n - - or;shc’-

--ifter t h e  ev on -n -t - n -n -n -n - i! to ma tch this n--,q th the model as a fun - a - cs io n - n -

-o f  K , rather thorn - by asking for the ti n -n-ce t0 6  of E q . ( 2 . 2~~~.

~ e s-ce f r o m  F i g s .  0—1 and 0 _ n -~ t h a t  fo r  t h e  f a s t  even t  of
Oec ember 1968 , there are no data as late as 12 mon ths af us’

*hote that the quantitative relation of E q .  ( B . 1 7 ) tP ’t
for a given removal n-- - c - t e , the  r a t i o  of K t o  ç:~~- n . )  is
-c on s t an t , is not s a t i s f i e d  fo r  t he  p r e s e n t  m o d6~l T.
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FIGURE B-5. Time for stratospheric tracer burden to decrease to
60 percent of -I ts peak value, t06 , computed with and
without sed iment atio ,q , show n as a f u n c t i o n  of eddy
diffus lv ity K. Calculations are shown for tropopause
height z0 11 and 14 km. The corresponding decay
t imes caTcu l ated fro m the various nuclear explosions
are a l so shown .
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the event , but by extrapolation we obtain the point P in i-’ig. B—LI

which is used here; the A values used here are listed ine xp
Table B— LI .

Explicitly, we obtain K from the relation

A ( t
b 

= 12 months) = A 1 [t 1 12 months + t (K); (K)] (0.27)

In Table 3— 5 we show effective mean K—values in the lower
stratosphere obtained from t0 6  [see Eq. (3.26)] and from A exp
(12 months) [see Eq. (B.27)].

The following points should be noted:

a. The K—values  c o r r e c t e d  for  s e d i m e n t a t i o n  are cons ide red
preferable to those not so corrected (but note the

limitations of the correction , especially for iLI km).

b. The two different procedures of determining K , of

Eq. (B.26) and Eq.  (3.27), give rather similar numeri-
cal values; the differences can-n- be u n d e rst oou  c-n phy-

sical grounds.

c. The significant difference between K—values for summer

and winter injection can readily be understood in - n - terms

of the exper imen ta l  r e su l t s  of Fig.  B — l .
c. Calculations have also been made for varying injection

heights , z1 
= 16 , 20 km , wi th  reason able co n seq u en ce s ,

in that larger values of z1—z 0 require smaller values

of K to compensate , etc.

B . 4  APPL I C A T I O N  TO S T E A D Y - S T A T E  I N J E C T I O N

Given the e f f e c t i v e  s t ra t o s p h e r i c  K—values  deduced here ,
it is poss ib l e  to c o m p u t e  a t m o s p h e r i c  r e s i d e nc e  t i m e s  and i n —
j e c t i o n  c o e f f i c i e n t s  for  the  c o n t i n u o u s  i nj e c t i o n  of t rac e r s

(injected at 18 km altitude and )40°y l a t i t u d e) ,  by u s i ng  t h e
present  model for  a K — p r o f i l e  [c f .  Eq.  ( 3 . 2 ) ] .

L-2LI
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TABLE B-5. EFFECTIVE K-VALUES COMPUTED FROM EXPERIMENTAL DATA

(IN 1O 3 cm 2/sec)

June 1967 September 1969 December 1968
Experimental Si tuation Slow-Summer Intermediate-Fall Fast-Winter

Tropopa use at ii km

From A(12 mo .), i.e.,
12-month average

With sedimentation 4.0 4.5 10.5

Wi thout sedimentat ion 5.5 6 .1 14 .0

From to 
- decreases to

0.6 of rh~xi m um
With sedimentation 4.3 6.2 10.3

Without sedimentation 6.]. 7.9 12.0

Tropopause at 14 km

From A(12 mo .)
With sedimentation 0.77 0.95 4 .1
W i thout sedime n tat ion 2.2 2.6 6.9

From t 0 6
With sedimentation 0.5 1.35 3.0

Without sedimentation 1.8 2.9 5.2

NOTE : We use model “T” , with  d = K strat /K tro p 
= 0.03

8— 25
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The a t m o s p h e r i c  residence time t
R 

is defined as atrooso her- i-c
burden -n-/flux, while t h e  injection coefficient a is iefirc-—- c n - for
a s teady  s t a t e  by McElroy  et al. (l97LI)——see als~ Earn -ten (1975)——
as follows :

a = X/Q ( 0 . 2 8 ’)

where X — molecular mixing ratio at and above the inj ection
height  z

~ 
(which  is cons t ant  in a s t eady  s t a t e ) ,  and ~ = sou r ce

s t r e n g t h .

For the case of’ an i s o t h e r m a l  s t r a t o s p h e r e  with scale  h e igh t
H (= 6.3 kr-n- , correspc-nding to T = 2 l 6 ° K ) ,  and an i s o t h e r m a l
t r o p o s p h e r e  w i t h  s c al e  h e igh t  Ht ,  and for  t he  K — p r o f i l e  of
Eq. (0.2) we have t h e  f o l l o w in g  e x p r e s s i o n s  for  gaseous  t r a c e r s :

/ — z - ’~-i \ 1
= ~ ( : , — : ,~) + 

~~~~~~ Lz — H~ — e o 
t ) j  , (B.29)

— -~ ~~ 
0 L,

a = 

(~~~o) 
Le
’
~~~~~

’

~~ ~~ K n ~ [1 
- e

_Z
0~~ t] . (0.30)

For aerosols , the treatment is sn-ore complex [see Bauer ,

- i-o r - ur n- er , Ol iver -  (1977)]. Here we confine the discussion ta
gaseous  ln ec t - ior ;s , w h i c h  a-re of greatest interest.

l i v e r -  t h e s e  f n - -r o - s l a c , we — n - an - compute  i nj e c t i o n  c o e ff i c i e n s s
and r e s id er -c e  t im e - s r r ~: s iou s  v a l u e s  of the  s p a t i a l  and t e a - —
p c -sal  rn -c-an c c i v  s i f f - c o lv l t s  c o e f f i c i e n t  ~ ( b e t w e e n  16- 1-n-n , and
t h e  tr- - p o p a o c - s e )  as dL’S) v~c- n -i Fr ors the  e p e r i n -n -n - e n t a l  dat  a .  B e f o r e
doin - -r o so , however’ , some disccssic-n of t h e  a p p r o p r i a t e  m ean -n - en a
tmrae — t- .-o-igh te-d b-:rsis in - c  n ec es sa ry .

Let us reexamine how material leaves the stratosohere . Er -  n-n
F i g .  U~~I , i t  appears  t ha t  m a t e r i a l  i n j e c t e d  in summer- does not

leave - c - t  all  u r n - t i l  the  f o l l o w i n g  winter. However , the Aexp (12

n-tooth) estir te~ of Eq. (3.27) -d v- provide annual mean K—value

for a n-n - - un-n-cr n - - n - - in , ection . Here we shal l  use an annua l  av er -age

3—26
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K = 1/2 (K + K . ) ( 0 .3 1 )summer winter

based on the Aexp (l2_month) estimates , t a k i r a -~ ia-to account t he
effects of sedimentation. The results ob tain -n --s d in th is n--coy are

compared with those of some other studies in- . T a b l e  o— 4 . E o f - o r —

n -n - - ia -g to F ig .  3— in-, we see that an an n -n - coa l  ‘n - IC - -c - fl t r c o or au se  he-b Et

= 11 km is most appropriate ; we show rescrits also for a h i gh
t ropo pause , z0 = 114 km , for  wh ich t h e  s h o r t  d i f f u s i o n - c - - d i s t a n c e
implies that K is quite small and t he  e f f ec t s  of s e dim e n t a t i o n
are extremely important.

In Fig. B—6 we compare t he  nr e s e n t  e s t i m a t e s  of K w i t h  t h o s e
of several current models listed in Table E—6. Ecte the  e f f e c ts
of sedimentation c-n -a- rn- annual—average basis , and irn - c - ar t i c u l a r
the wide variation between effective K—values for summer and

winter injection.

B . 5 .  A F I N A L  C O M M E N T

The most  s t r i k in g  characteristic of the radioactive fallout

- n -~a ta  of Te legodas  ( l 9 7 n - - 4  and 1976)  is t h a t .  t h e y  d i sp lay  a very
s t r o n g  s e a s o n a l  v a r i a t i o n , w i t h  t r a n s f e r  t o  t he  t r ’c -pos n -n - -h ere
be~~rn- on- much rn- n-n-re rapid in late fall and w i n t e r  t En - r n - in -n - su r n - n - r n - .es.
This e f f e c t  is not i n c l u d e d  in - n -  mos t  o n - n - c — d i m e n s i o n a l  n-n-an -Eels, in-n-

arn-ich an -zn -~us~-c 1 cn-’erage eddy di tI-osivity r- r c-s file is u s e d , c c - n - sd

n - m cc-y have r e su l t ed  in an overes t  n-n-sate r. n-- such n-mo dels- on - the cal-

culated ozone reduction following the massive Soviet atrn-osp in - -os ic

nuclear tests of fall 1961 and fall 19 [see Eoi~ y an-n-n -i
in-an-n-er-n-san (1973), Bauer and qilmore (1975), arc-.~ p. 159 of EAt

(1175)].
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TABLE B-6. COMPARISON OF RESULTS FROM DIFFERENT MODELS
FOR 18-km INJECTION

a,

Source io 17 cni2-sec

This analysis (two—step case “T” , d = 0.03)

Ii km tropopause

~ith sedimentation (K = 7.25 x 1O3 cm2! sec) 2.4 2.0
Without sedimentation (K= 9.75 x ~~ cm

2/sec) 1.8 1.5

14 km tropopause
With sedimentation (K = 2.44 x 1O3 cm2/sec) 5.0 3.5
Without sedimentation (K = 4.55 x j03 cm2Jsec) 2.5 1.9

Other K_ Profiles *
Chang (1974) 1.7 1.4
Chang (1976) 1.8 1.6
Hunten (1974 ) 4.6 3 .6
Hunten (1974) (+2)( 18 km, 7.1 4.6

latitude adjusted to 20 km)
Crutzen (1974) 1.8 1.7
Cru tzen-Isaksen (1975) 1.9 1.7
Wofsy (1975) 3.2 2.6
Crutzen et al. (1978) 2.3 2.0

*
The more recent (1975-78) eddy diffusivity profiles used here are shown
in Fig. 8-6; the older ones , which were used during ClAP , are listed in
Oliver et al. (1977). All estimates are made for 18-km injection , except
for the “Hunten (1974) (+2)1 estimate which corresponds to a 20-km injec-
tion as an adjustment for the latitude variation of mean tropopause height ,
the procedure recommended in NAS (1975), p. 118. Conceivably, other pro-
files should be similarly adjusted , but we have seen no such recommendation
for the other profiles.

B—2 8
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FIGURE B-6. The present results for an 11 km tropopause compared with some
other, currently used , eddy diffusivity profiles . Note the
effect of sedimentation (see Section B.3.3) on an annual av-
erage bases , and also the large summer/winter variation.
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