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PREFACE

During the fiscal year ending June 30, 1976 , Lawrence Livermore
Laboratory (LLL) participated in the Hi gh Alt i tude Po l lution Program .
which was insti tuted by the U.S. Department of Transportation ’s
Federal Aviation Administration , under Reimbursable Agreement
DOT-TSC-76-l with the Transportation Systems (‘enter  in Cambridge ,
Massachusetts. This report describes the major accomp lishments and
significant findings of the LLL work performed to date. The overall
research e ffort at LLL . which is primarily concerned with numerical
m odeling, has been divided into a number of subtasks according to
research area. The successful accomp lishment of these subtasks has
required contributions and cooperation from many participants. The
work reported here should be considered the collective e ffort of all
t hose listed below.

Scientifi c Administration
Jose ph B. Knox . Division Leader
Frederick M. Luther , Principal Investigator

Participants
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1. INTRODUCTION

The Hi gh Al t i tude  Pollution Program )I IAP P ) was as appropriate.  These models are designed to facilitate
in i t i a t ed  by the Federal Aviation Adminis t ra t ion for pert urbation and sensitivity studies .
t he purpose of ensuring t h a t  stratospher ic a i rc r a l t  Radiat ive transfe r modeling includes ( I )  application
eng ine emissions will not result in im na . : . eptah le effects of hi ghly detailed models to assessment of the effect
on the biosphere. The objective of UAPP is to on the radiation bud get of perturbations to the
quant ita t ive ly  determine the requirements for reduc ed st ratos pheric composition , and (2 )  development of
cruise-alt i tude exhaust emissions and , through sim plified radiative transfe r models for inclusion in the
in terna t ional  and interagency cooperation , to ensure t ranspor t -kinet ics  models. Considerable at tent ion has
t hat ,  if necessary. appro priate regulatory act ion is been directed toward including interacti ve radiative
taken. IIAPP incorporates many related act ivi t ies ,  processes in ti le t ransport -kinet ics  models in order to
including modeling , field measur ements , lab oratory assess possible feedback mechanisms.
measurements ,  engines and fuels ass ssment . Meteorolog ical analysis provides guidance and
re gulation , and moni tor ing.  support for the modeling efforts throug h in-depth

As a n active partici pant in IIA PP during ti le fiscal studies of atmospheric processes and phenomena. A
\ -ear ending June 30, 197 6 . Lawrence Livermore primary responsibili ty of this research is to develop
Laborator y ( LLL)  has undertaken an extensive e ffort  test s i tuat ions to validate various aspects of the
in numerical  modeling of the at mosp her ic response to numerical models.
aeiospace ut i l izat ion of the stratosp here. A modeling In addit ion to these major research areas , special
effort  is i l i lpor t ant to HAPP for two primary reasons , l imited studies have been conducted using LLL ’s

- - First , modeling consti tutes a means ot relating engine two-di mensional climate model (ZAM2 ~. Climate
emissions to changes iii atmospheric composit ion ,  mode l development at LLL is presently being
Because of tile comp lex physical processes and supported by a related project i n vo l vi n g assessm en t of
t~edbac k mechanisms invo lved , it is essentia lly the cl imat ic  effects of atmospheric nuclear  exp losions.
im possihie to assess the e l t e e t s  of emissions without This pro lect , which is funded by the Division ot
incorpo rat ing these processes i n t o  a model amid Mi l i ta ry  App licat ion of the Energy R esearc h an d
a llowing th em to interact . Second. modeling Development Adminis t ra t ion , amid 1IAPP both take
contr ibu tes  to the in t e rp re t a t ion  and analysis of advantag e of numerical  modeling capabilities and
experimental  results and hel ps deter mine the relat ive scientific expertise developed at LLL during the
prior i t ies  for carr y ing out th is  work.  The modeling Climatic Impact Assessment Program ((‘ lAP) of the
effort at LLL covers tour  major areas o f research : D epar tment  of Transporta t ion.  Althoug h the same
p hotocher i i ical  kinetics ,  coup led kinetics and transport , n umerical models are used for both studies , t he
radiat ive t rans fer , and meteorological ana lysis .  app l icat ions of t he mode l s a re q u ite  differe n t . For

Phut oche mic al kinetics modeling must  span examp le . the st u dy of the cl imatic effect of nuclear
gas-p hase reac t ion  I rocesscs and heterogeneous (i.e.,  exp losiot is is pr imar i ly  concerned with the
gas-partic le )  r e ac t ion  processes. constant  and diurnal ly  time-dependent respon se of the atmosphere to pulse
( ami d seasonall y I va iv ing  photochentical  reaction rates , i njections of NON . whereas the HAPP study is
a wide ran ge of a i i i hie nt  temperatures and prc~~u res , concerned wi j i steady-state  .injecti on s of NO R . Tasks

• ne u t ra l  and ioni ied species . processes wit h  both relat ing to model development or refinement benefit

4 acc urately and poorly known rates of rea ction , and both projects , and consequently such tasks have been
species of both acknowled ged and q uestionable divided between the two projects. In this  way each

- . importance in the stratosphere. (‘onsider able a t t en t i o n  project ’s sponsor benefits from the partici pation of the
has been directed toward evaluat ion of the sensi t iv i ty  oilier sponsor.
of reaction mechanisms to deficiencies in our These two projects together cons t i tu te  LLL ’s
knowled ge of reaction rate s . q u a n t u m  yields , aii d s tratospheric research program. The various resear ch
react io i t  mechanis m s. activities included in the program and their

The t r anspor t -k ine t i c s  models are intended for interrelat ionshi ps are diagrammed in Fi g. I .  Except for
t i me-dependent calculat ions ut th e respot ise of the the two-dimensional t ransport -kinetics model , we are
st rat o sp here to i t ljcct io n s of trace species by aerospace beyond the model develop m ent stage . Because of
ve hicles. These on C- and two - din i et i s io mi al  models rapidly changing ch emis t ry  and rate da ta , m ost of t h e

- J inc orporate in terac t ive  radiat ive and ch emical  processes effort in the transport-kinetics area during the past
coup led wi th  t ranspor t , which is described by year has been devoted to model improvement and
prescribed mean winds  and eddy diffusion coe ff icient s  sensit ivity studies. Research in the radiat ion transfe r

— ~~~~~~~—• ~~~~~~~~~ ~~- ~~~~~~~~., - 
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area h a s  concentrated on time devel opment of ther mt i od yu ami c  and hydrolog i c pr ocesses . and the
subroutines for inclusion in t h e  t r anspor t -k ine t i c s  and p er tu rbed  chemical composition is treated as a given
ej i n i ame models. Several s e l i s i t iv i  iv and val idat ion quan t i t y .  IJht i imi a t e i y. our assessinen us will  include
studies were conducted using the two-dimensional interact ion between the chemistry and the dynamics .
climate model (not sponsored by IIAPP ) .  and t h e  The sensit ivity studies conducted dur ing  the past
results fro m these studies agreed well with other year were intended to imicrease our unde rstanding ut
models. Meteorolog ical am i a i ysis has consisted primari ly  the characterist ics of the numerical models and the
of comparing model results with observations when unc ertai t i t ies  associated wi th  their  result s.  The
possible and developing validation tests for the models , p e r tu rba t ions  (e.g. , NOx i mijections) used iii these

A long-range objective of the research progra m is studies were chosen so as to cause a si gni f i c ami t  model
t he development of a capabil i t y t ’or assessing the response ra ther  than  on the basis of an expected SST
possible c l imat ic  effects of vario u s atmosp heric fleet size . The reader is cautioned , therefore,  m io m l i t

p er t urbat ions.  Cur ren t ly ,  our assessme nts  of perturbed interpret  the results as l ) rCdicti om ls of the e f fec ts  u t
species concentra t ions  consider a large number of aerospace operations , but  rather as indica t i o n s  the
photochemical reactions amid are capable of t reat ing model sensit ivity.  Predictions of the e f f e c t s  i t f

radiative amid di urnal processes in detail , amid t hey aerospace operati ons on atmospheric composition must
assume tha t the e ffects of t ransport  on atmnosp heric in cl u de the s imultaneous injection of several specie s
composition can be represented parametr ica l ly .  Our (e.g.. NO x . Il~O. and SO2 ). During the next  year
cli m ati c assessmiients treat many in ter re la ted  s imu l taneous inject ions wi ll be considered.

LL Stratospheric Research Program
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Fig. 1. How char t showing the approach LII has laken in its stratospheric research program.
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2. RESEARCH ACTIVITIES

Because of t h e  comp lex nature of the s~ ork . it i o st  dc m .i i l .  Work still  in progress amid several shorter tasks
of the research masks represent the combined Ct fo r t  ~t tha t  h ave beemi f inished are su in m i iari z cd at the end of
severa l scientists rather than individual contr ibut ion s  this section. Those contributions which v.c feel are
It  is not possible to separate the tasks by research a ie a par t i c ular ly  si gmi i f ican t  have been , or are in the process
because of t h e  team approach. Major tasks tha t  have of being. subm ii it ted for publ icat ion in tech mi i ca l
been com pleted are reported here iii considerable journals.

2.1 NO CATALYTIC OZONE DESTRUCTION: SENSITIVITY TO RATE COEFFICIENTS

In recent years i t  has been suggested t h a t  several parameters reveal a substamit i al  range of measured
of man s activi t ies  could res ult in a reduction of values and hence som e selectiom i must be made of the
stratosp heric ozone. This would increase the t I V ,B* act ual data to be compared. Finally.  eac h of the input
flux am the earth ’s sur face , and pres um ably result in parameters  has sonie uncermaimimy associated wi th  it
an i ncrease in the imicidence of skin cami cer. I t  has also (e.g. , in t h e  case of the chemical rate data the
beemi suggested t h a t  eham iges in st ratospheric  ozone uncer ta in t ies  tha t  have been est imated for many of t h e
mi gh t  a l ter  the climate (Grobe cker ci al 1974). processe s range from a few percemi t up to a factor of

• A imio ng o t h e r s , NO~ from stratosp h eric a i rcraf t  fli ghts  10 (H ampso m i amid Garvimi 1975)) .
( Joh n stomi 1971 , Crutzen 1972 ) , NO x froni rmuc l ear The first two  problems memitioned are in a sense
tests (F o l et and Ruder mi ian 1973), arid nuc lear warfare philosop h ical amid may not he addressable in the
(~slac( r ac ken amid CI i amig l9 ’~5 . Nat i omial  Academy of framework of exist ing “m ea n state ” mode ls w i t h
Scie nces I 975a) have been proposed as capable of admit tedly  res t r ic ted degrees of freedom. Th e
reducin g stratosp heric ozone . hi order to esti m ate the estimated effects  of processes kmiow im to be omit ted
m a g n i tudes  of these hypothesized e ffects , considerable are a few p ercem it or less. Al thoug h io n ic p r ocesses h ave
ef fo r t  has heemi devoted to the const ruct ion of recently been suggested to be important  (Rudert iian
numerical  models of the s t ra tosp here (Grobe cker et al et al. 1976) . this argument  is speculati ve. However , the
1974 , Nat ional  Academy of Sciences I 975b . t h ird source of unce r t a in ty  can be examimied:
In terdepar tmenta l  (‘om nmit tce  for Atmospheric In primi c ip le there are several techni ques avai lable to
Sciemices l9~ 5 ) ami d acquisi t iom i of data to he use d for study q u a n t i t a t i v e l y  the propagation of error in a
model input  amid to verify model results.  The niajo r comp lex model (Dickinson and Ge l in a s 1975 , Cukier
reasons for current  credence in the models have been et al . 1973 . Schaib ly amid Schuler 1973, amid Ather ton
t h a t  they have used measured inputs (so that  the et al .  197 5) . U n f o r t u n a t e l y ,  at  p resemit these techni q u es
conip onem its of t h e  model are presumed to be are prohibiti v ely expensive amid are diff i cu lt  to app ly.
separately tested) amid t hat the models gen erate Nonetheless. it is feasible to perf ’orm n ex perime n ts
concentra t ions  of stratospheric species that  fall w i t hi im i  whic h examine model sensitivit y to per turbat ions  in
t he som im etimnes rather wide range of measured values , individual rate coefficiemits or emise mnhl es of rate

W hile the above co i isiderat iomis are necessary for coefficients ch osen wi th  the in ten t  of maximizing or
model credibi l i ty ,  they are not conclusive for several minimizing t h e  model response to an increm mi ental
reasons. First , the niodels are kmiown to he incomp lete change in sonic other  parameter.  This would themi
in various ways. All use more or less severe provide approxim il ate  bounds for the model ’s sensi t i vi ty
approxi mations in t reat ing p hoto n flux demisi r ies  All to rate coefficient uncer ta in t ies .  In t h is stud ~ we adj ust
I -D and 2-D (one dimensional and two-dimensiona l )  t h e  ra te  constants  involved in a model of the I1O,~,
m node l s use p ara m eterized t ranspor t . All the models use NO R . and 0, reactions in the stratosp h ere and then
an im ie om np l ete representa t ion  of the chemistry (for  exan iin e the e f l e c t s  on t h e  response of the model to
ex a m p le. io nic processes amid heterogeneous processes an NO x injec tm om i.  Tii ms technique is useful in
are o m i i i t t c d  or ve ry crudely represented in exist ing determimiing ex t reme ram i ges of possib le ef fec ts , a nd in
mmi o d e ls ) .  Seco nd. comparison of computed and m dem i t i fy in g  hi ghl y sensitive parameters  or groups of
observed concer t  t r a t i o n s  is s u bj e c t i v e  since mnost h i ara m eters .  It  is recognized tha t ti ns is not very usefu l

itt e s t i n i a t  iiig t I m e  p robab i l i ty  ot errors  mi f an ~ given
_________________ 

iim agn it  t ide. 13u t i t  co~i Id give qualm ma l ive  I os~ em —h m i  i t

~t t l r , m i t , l r I  t h i s  iii time hu ’l ei a t t s  ,(~ It e e , i t c l e m o r m t m  r ee lon .  e s t n m m a t e s  of th e  expec ta t ion  01 ami e t f ec t .  I ’or even
2 M0 .32 1 mi n i this  to he done, it is mm ece ss a r r  to e st i m a t e  tIm e
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dist i m bu t io n  of expec t ed  er ror  ii i  mi te  i m m d i v i d u a l  r a t e  becau se t ime  model is c i s c n s m i l s - e  t i m  nail ol t i m e  m a t e

coc’f ’fj ~ j e i mt s  amid the  s emism r v m t v  m i t  t ime nm ode l  t i m s m m h s c t s  e o e l f i v ’m e mi t s  amid v e r y  s c t m s m t rv ’ to a les s . t h i s
of ’ the  ra te  eoef ’t’ie ient s .  i m i e t h m o i t o l o g v  p m o V i L I i ’s lv a lower h t m m i m t  to tIme

Time q m i a t m t i t a t i v e  n m ea im im i g  of ’ t he  u m i e e r t a i m m t i e s  e x p e c t a m i o m m  of a mt i o d e l  si i t h i  a sens i t m s  m t ~ at  le ast as
quoted ii~ hl a im ip s o mm amid G arvimi ( U) ’75)  ai m d used imi divergemi t f rom im t Ime  ‘‘best ’’ model as the  mimodel  t e s t e d
th is s t r ~ l\ ms h o t  eas i l y  specified.  The quoted If n m a m i y  of t he  p a m a n c ’ . m a r i e d  are inse mls i t iv e . t h i s
(m cci t a i n t i e s  were int emided to  def im m e a range t h a t  lower h i m i m i t  wou ld he so cx ’ c h u i c  as to he m im eam m mm g le ss
would he expected h v a  pamie h of experienced e im emimica l  Time basic mimodel  used lm ~ t lmc se  c x p e r i i m m e m i t s  is :m s t ime
k m net i c i s ms  to cor mt a iii the correct value ( I  I at i ipsomm L LI. u r ic— t i  imm i emi  s iot ia i  t t i ode l  5cd im i t ime (‘ I  A I~
19 7( ) We Imav e exam m e d  data publ i shed  a f t e r  t lie docu m mm cm i tat  ion ( Gro be ckem em a - I () 74~ ( i s  hc~kc

eva l ua t i omms given b y Hat m mpsom i  and ( , a r v m m m  f o r  s ix 1975) .  I t s  s t r u c t u r e  h a s  bee m i dcxc ihed e l s e w h e r e
meac t iom i s  of pa r t i cu la r  impor tance  to our mmmdcl amid ((‘hang et a l .  I ~74) This mmi ode l  im i c i mid e s  t I me  c i m e t t r i c a l
soi mie O( 1 D) rea ct ions . * We find tha t  lo t  loss cm reactions g ive r imi Table I .  i t  t e a t s  mi m e f o h l o w i m i g

-t stratosp h e r i c  comiditions the m i meami divergence he t we e mm species dym i an mic a l l y  ( by  p a r a m m m e t e r i i e d  ve r t i ca l
m mew data and time value cited by I ( am imp s omi and G arv i mm t rans port ) as well as p h m o t oc he imu c a i l y : 0. O~ . NO .
was about 1.2 times t u e  c it ed u mm mc er t a immtv . hut  t hat  NO~ - IINO 3 , HO, 110 2 .  11 2 0,. N~~O. S t e a d y - s l a t e
the error dust  r i hu tio m i was ve t  v d i f t e remi  m f ’rommm a miorm n a l  app rox m ni i a t i om i s  are m mm ade  for 0( I)) . N . amid H , amid
d i s t r i b u t i o n .  the eom m c e n t ra t iomm p ro f i l e s  ot 112 0 aiid Cl 14 are

If ,  iii spite of the ab o se f indimig .  one t rea ts  the prescribed . * T h e  var ious  species c mmm c et i t r a t io m i s  :mre
quoted u n c e r t a i m m t i c s  as es t immi a tes  of the expected solved n um mme r i cah i y  at  44 levels ex t e n d i n g  t o  an a l t i t u d e
errors (i.e.. I cm) . then t u e  expec ta t ion  t h at  all of the of 55 k m .  In t h is s tud y  bot h t ime carbon cs d c  ( except
varied r a t e  eoef f i c iemim s  wil l  depart  at least as far from mm insofar as mmme th mamme is a source of h10~ ) amid the  ha lo gemi
the ‘‘best ’’ va lue s  as those used iii a test  mode ! , am i d cycles were om i t t ed .  The respotis e of t ime mm mode l to
in the samiie sem ise. wil l  he roug hmf ~ (0. 1 6) ti svhere mi t h e  choice of eddy dif fus iomi  prof i le  was exam i mmed by
is time nu m ber of adjusted rate eoeffi c iemits.  I however ,  C h mami g ( 1974) .  For th i s  s t u d y  we used the LLI.

• d m f t u s i o m i  profi le  der ived mm t ime ear l ier  s tud y  ( C i m a m i g
et a l .  i ’) 74) .  (See Fi g. 2 . )  N i m m e  sets of ra te  coef f i c ie m m t s

*The remme ti om is v”san m in e d were K6. K t O , K t  1. K t 2 . K 14 . were ex a t i i i m ted
K t8 .  K 19 . K 20. K26. and th e rea ction s ut O( m t ) )  ii i t tm N~

~~~ 
and (1)2 On h r el at ive r a m es  ivere com pared for lii’ 01 m o )  

_____________

react ions is md sp ecies m m t t m e r  t t ian (0 2 - wtmi ch were itie s ou r c e  *‘j’h is  m er s i s o ml t h e  h , i smc mi m odet is ct t miscr i  spi’cit ’icu t t y  t o
abso lute  r ate  it at a in t I . i tmtps o n  and I ar m mm r t 5 r m ide C i m f l t i f l u i t ~ is i t t i  t he  ( ‘tAP R epor t

Table 1. Reactions and rate parameters for the various models used ,

Ph~mtol ysis rates at t Ime indicated
Reaction altitudes for Model A2

Formula Number 55 km 30 km IS km

02 + h i -- 20 I I 7. 76 to ’ 10 t.90 x l0 ,t I 8.42 .

i i 03 + h i - . 0 + 02 .12 2.80 X ~~~~~ 2.4 1 x ~~ 2.07 c I0 ’
~

03 + h i ’ . O( 1 D) + 02 J3 4. 79 x l0~ 5.85 \ t O ’s 7.9(1 tO ’6

NO 2 + hi - NO + (1 .14 5.03 ~ 1W 3 4.85 ~ io -
~ 4. 74 x I0’

~
\

2
0 + tm N2 + 0( 111) .15 4 .1 4  IO ’

~ 2. 89 ill 8 1 4 4 io ’ l5

NI) + hm - . N + 0 .16 1.35 10 ,6 8.91) x 10’ 10 7.30

liNt) 3 + hr - (fl -i + NO 2 .17 6.38 - 10’s 4. 78 s to 6 3.2 1 ‘ to ’7

11 2 (1
2 + tm . 2011 .18 8 2 i  c I0~~ 6.39 s 10 .6 2.22 iti 6

-

‘ 
11(12 + 1 m m ‘ (Ill + (1 .19 1 9 8  -. l0 ’

~ 3.41) io ’6 1, 70 1 0’ 10

N O 1 + hi - ‘ No + 110 1 t I ut her .1 lo t or .110 2 is assumed iii be the onl y tale ol

÷ ti ‘ NI + 0 1 10 2 NI ) as is indi cat ed by m ,del su bscrip t .)

4
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Ri’uctmomi A rr lie n tus A’facto r~ for indicated niodet

I en ipera ture

I’urinuta Number A It (‘ dep cll demm ce
b

0 + 0, + M - - ()~ + M K I 1.07 X t) .9 I - I0’
~~ 1, 26 ~ I O ’

~~ + 510 .

0) + 0~ . 20 2 K 2 1.9 x t o ’ t .~~ t ~ 2.4 - 10’ -2300.

(> 3 + ‘%~~ ) ‘N O 2 + 02 K3 . io~
3 11.6 x ~~~ 7. I0~~ .1200)

‘I + NO 2 Nt )  + 02 K~I 9. 1 io ’ t 2  t O . 4 x io i2 7 9  x ~~~~ -

N ,t )  + 0( 1 11) 
~ 2 + ~ 2 KS 1.1  to ’ t 0  0.7 10’10 1.74 ‘

N20 + Ot t
O) -‘ 2N0 K6 1.1  iO ’ t0  0.7 ‘ t0 ’

~~ 1.7 4 i0~~° —

N + 0 7 ‘ NO + 0 K7 t . t  x 10.14 0.7 tO ’ 14 1.7 4 to ’ ’ 4  -3 150 ) .

N + NO ‘ N , + 0 K8 2.7 x 10_ I l  2. 1 t o - I  I 3.4 10 . 1 1  
--

N + No ) 2 - - 2N ( )  K9 6 1 01 12 6 10 .12 0. -

0( 1
0) + 11 2 1.) - ‘ 2011 KI0  33 x IO’~~ 2.8 ‘: ~o’ l0  4.4 I0 ’

~~ -

(1( 1 11) + Cl-I 4 
-- . (>11 + (‘Hi 1(1 I 4. 5 I0’

~°~ 3.2 10 .10 5 x to ~~
0 —

()3 + OIl 1102 02 K 1 2 1.6 - ‘ io ’ I2  0.8 ‘ I0~~
2 3.2 x 10 12 -1000.

0 + 011 02 + it K 1 3  4.2 10 . 1 1  2.7 x t O ’t I 6. 7 x tO ’’ —

03 + 1102 
- o i l  + 20) 2 K 14 1.0 . 0.5 to ’ 13 2.0 x to ’13 -1250.

0 + 1102 - ’ OIl + 02 K 15 8 I0~~ 2 10. 1 1  32. x t0’~~ - 500.

II  + 0~ + M . 110, + M K 16 2.08 s 10 .32 2.44 io ’32 1. 77 ~~~~ + 290.

ii + 0)
3 - - 0)11 + 02 K 1 7  1.23 x tO ’° i ,t ) to _ t o  1.55 -_ 10.10 

- 562.

110 2 + 
~
02 11202 + 02 K 18 3 x t o ’ 6 10 ’ 1.5 ,o ’

~~ - 500.

HO 2 + 0)11 —- 11 20 + 02 K 19 1 2 to ’l I 2 io~~ 1.5 x l O ’
~~ —

OH + NO 2 
‘! I I N O 3 K2O d 4 to ’ ’ 2  2 ,o ’ I 2  8 . io~~2

(>H + 11\I) 3 - - 11 20 + NO 3 K 2 1 8.9 10 ’ 4 4 5  1.8 . t o~~
3 -

1120> 2 + 0)11 . 11 20 + 110) 2 K22 1.7 io ’ t l  2. 7 l0 ’
~ 1 . 1  ~ lO~~ 910

N2 + O ( ’ D ) + M  ~N ,m ) +  M K 23 2.8 s 10.36 5.6 -. to ’36 1. 4 ’  io .36

N + No ) 2 —- N 20 + 0 K24 9 . io ’ 12 9 - b ’ 12 I x I0 ’ l
~ —

No + 0 + M - NO2 + %1 K25 3.96 . It) ’33 2 . ~ x io ’
~~ + 940.

NO) + I!02 NO 2 + 0)11 K26 2 ~ ~~~~ 6. 3 x 6,3 io I3 
—

0)11 + Oil - - - 11 20 + 0 K2 7 I s 1 0~ 1.6 x 10. 1 1  0.63 X 10 ’ ’ I  - 550.

N + 0~ - N O ) + 02 K28 5.7 x iø ’ 13 1,8 x io~~
2 1,8 ~

NO 2 + 0) 3 - N O 3 + 02 K29 1.23 10. 13 1.55 s io I3  t .  io ’13 -2470.

Oil + Cit4 - . Il~0 + CU 3 K30 2.36 to .12 2. 15 x io ’ l2  2.6 x iO ’ ’ 2  -1 7 1 0 .

0)11 + Oil + M 11 2(12 + M K3 1 2.5 ~ ~~~~ 4. 1o~B 1.6 x +2500.

4 11202 + 0 . 0)01 + 110 2 K32 2.75 )~ 10 2.34 x 10.12 3.23 10 .12 2 12 5 .

0)1 1 11) + %I - . 0 )  + M K33 5.85 s IO~~ 4. 14  x 10~~ *L26 \ 10 ’~~ —

( 11 3 ? 2110 ) 2 + CO tAssumed to be the only late of CU 3.)

‘ I m , i m s i . m , m t  mm K em ~ i( (  I I mm sh u ts , , t  s l i m  /s ( s i l l /s I i  itirem’ - hius ts p r im ~~s’- .sc ’ s )

• ‘ i i s m l i i m ( ‘ in K S m’ \ p t (  - i t

\ l , , 5 m 5 l \ I p ? l s ’ r s  t ’r m m m  -S ink in ih~i l K I I  i i .  s et 1 m m 2 I ) )  0 , mlii ’ s u l k  used mm nlu i r . m m l  mi m e m i  x i ’  i’ s p e r m n m i ’mm s

~ K2I )  u’ p r÷ ss I l l ,  mh’pm ’ m m deiit iii mui r  nmodm. ,t I~ 2 h (  t~ i 51 1 / 1 1 1 2  — ~~~~ + i Si h i  ss lum ’ r u ’ K is s ihuse ta b le d l i s le - t h i s  is ,u fit iii t Ime

l l i m t i i , ?, , te t ’ s ’ m m r l s i u t  cs  rrs ’s s m ’ u ii Cml i i i  u s  l I_ i in psmii i  m i l d  ) - i rv in ( 1 ) ’ ~~)
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m m m l i  ~ Model 
~

‘ i varied al l rate d u u e t l i c i e r r t s  w m t i m i i m m t i l e

— Chang (1 974 ) same ramm g e of unce i t a i m m t v  w i t h  t ime in ten t  ( i f
m m i i m m i r m m m / i m m g  t Ime d e s t m u c t i o i m  of ’ 0m by a g ive n  q u a m m t m m \

Crutzen and I saksen 
~o - mtmax i r m ,tmiir 0 d e s t r u c l i u i m m  by a m m m h i e m m t  060 — ( 1975) — 

and i10~ - amid m n r a x i m m i i / i i m g  t ime a t i m b i e t m t  c o n c e n t r a t m o m m s
Huntert (1974 ) • ‘

‘ - of NO amid 110 . U m a m i c h m  I was as summ ed l i i  J 10.
50 — —— Wofsy , 

— 7 . \ I s u s l el ( , d i f f e r e d  f ’m o m m m  m mmdcl  (
j b~ assummm i n g

E (19 75) A’ / hram i chm 2 liii J 10.

40 — . — ~ l i t  atm a i t e i i t p t  to i d e m m t i f v  mi le  t e a c t i o n s  m i mo s t
I ,/ / m e s p s u m m s m b l e  I or t h e  e h ma tm ge  i t t  model b e h i , m ~~s ur  a i mm ui d e l

/ (‘ . am ma l ogou s  to model 
~

‘
i 

, was developed in is hmi ch
~ 30 — ,/~ , - ‘ ‘

‘ — only a h m m m i t e d  set s i t  n a t e  c ime f ’l i e i e m i t s  was a d j u s t e d .
Brat ich I is as assun r ed f o r  310.

20 — - . — 1) Model (‘ ‘, dit iered t r o u t  mmiod el  C ‘
~ 

1
a s s u r r r i m m g  bramic i m 2 s ir  ii 0.

10 — 

L. ,~~ — 

— 
I t  s l m u muld  be noted t l mat  t h e  u m i d e r t a i i m t i e s  in Ih ie

ph motodissocia m iou rates . wimicim are pr oha b k even lar g em
I I i mam t lie umi cer ta in  ties km m hmermmma l  r a t e  eoeff ’i e ie m i t s . were

m i i i  m m m l  m i ot t reated here. Several a p p r o x i m m i a t i o m m s  are i miv sul ved
10 1 0~ 1 0~ in the ca lcu la t ion  of p im o to d is so c ia t io tm mates , and th ese

2 app mo x imua0uotms ~ mrc time smmh ~ect of ’ c o n e ur r emm t res ear ch .
— cm /s TIme fo l l owimig  c o m n p u mta t i o m m s were carried o m i t :

- Atm ammmhiemm t c o n d r t i s u r r  is as c o m n m p u m e d  f o r  e ac im
of time models.Fig. 2. K profiles that have been used by various .

~ 
. -  - -

invest igat [fs . The Ch ang ( i 974 )  profile us uis used to examine — .  Time c ondi tmomi  aUe r  300 years  of N0~ imi je c t i o m m
t he nine sets of rate coe fficients described in the text ,  at 2000 r mruu l ec i i l e s e mrr s t h i r o u g imo u t  a I - km i i - t i m i e k

layer at  17 km a l t i t u d e , t ime average cruuse a l t i t u d e  of
tim e (‘oncorde SST . h e r e a f t e r  desi gmi ated as N0~ - l 7 . x

- \Iode I -\ used tIme ra te  coeff ic ients  g is c i i  i t t  3 All  mt mo de ls were used to comm ipu te the c omidi tmom i
I hammmpsor r  amid Garvin  ( 1 9 7 5)  w i t l m  tIme ra te  coef ’fi c ie i mt a f t e r  300 y ears  w i t h  t ime above NO im m) ec t io n  at
t i l l  t ime r e a c t iom m HO + h10~ h I ~ 0 + 0, (K I~

) I sei 20 kin , a possible cru i se a l t i t m m d e  for at m “advamm ced ’’
i i i  2 X I Q’~ ct m m 3 s. This is t I me low emmd of t ime ran ge SST ( N0~~2 0).
quoted ,  armd the sa lue  cu r e m i t l y p re fe r r ed  h~ us 4 Sa imme as cases 2 amid 3 s s i t h i  im mjee t iomi  at 35 km mi

K a u i f m n a m t  I q ’75 , l loy d 11)74 1 Brammc hi  I was assumed ( NO~ - 3 5) ,
f u r  J 10. 5 . Am i mbiemi t  c o n d i t i o m i s  ( case I I were re c o imiput e d

2. Mu m de l  ‘2 d i f f e r e d  fro m m odel A in t i m a t  f r  a l l  t r i ode s is t i m t ime wa te r  co i um m imi  increased by
bra mm c li 2 iv as assu med for J I 0. I 0’ . to  ri g h iv t lie m tmagn i t  u mde of t ime increase imm

3. \ lu ’ d s .’i \ d i f f e r e d  frot t i  mmm ode l  A km t h at K 19 s t r a tospher i c  wamen  con ten t  expected f ’rom i m mime
is as set t i m  t ime hi gh emid of time range. i.e. , 2 X I O ’~ ° , h ypo the t i ca l  f leet  of 500 Boe im mg SST s (Grobeeker
the sa lute used f u r  in s i s t  s -I  t h e  ( lAP c om iip u ta t io m m s.  1975) ( I  I X 11 2 0) .
Bramic h i i is as assum imed for J 1(1 6. (ase 2 ii as repeated w i t h  t h e  wa te r  co lm immmn

4. M odel  . ‘t 
‘
~ differed t r u m m i i  mmmdcl A ‘

~ 
h~ in creased b~ I U ’  ( I  . 1 \ 11 2 0. N05 - 1 7).

as su mn m imm mr hra tm ei m 2 for J 10. The calcula ted  03 co lu t t imi s  amid t t i e  p e rcemtt  of () 3
5. Mod el B assu m ed all time rate e s i e l t i c t e t i t s  were deviation (~~O~ ) frommi time respective ammmbiemm m

i m m error h~ t Ime e s t inmated  mi m m c c ~i a m t m t y  im m d ic a ted  h~ condi t ions  are ~ vet i i n ‘tab le  2. Time e f fec t  s m ! t Ime
hla t i mps o m i and (; arv imm ( 1975  ) * amid siere varied w i t h i m i  choice oh ’ d ill us i omm profile was examtmim i e d for eases 1
timis  range mu i m h  t u e  i mi t em ut  of maxinmi z imig  t h e  and 2 a i md the  r e s u l t s  are s u m i m i r m a r i z e d  iii 1 able 3. Time
d e s t m l m d t i o n  s i t  °m b y a it is e i m an moum it  of NO 5 . K , prof i les  slud i ed  a t e  gi vetm 1mm i - i g .  2.
i m t i m i r m t m r / r n i s r  t ime de s lnu ic t io rm il 0~ h v ’a i m i h i en t  O~ ar i d
I f O~ - and m m m i m m i m m i m z i m m g  tIme u i mmm h i c n t  c u m m i c e n t r a t i o n s  of
N O ) a nd 110 I3m a t rv - i t  I i s a s a s sm i t mme d  s i r  J hO. - -t h i s  emr im s s rus m r ra te  m o i re  spo nd s i m u  .s vi~ ry  r u n  em ’ ( u m n cm mr de
________________ ilis t - n u m b e r e d  in t ltsuusan ds ms i m i l a t m e ”  I or e s s n t u p r u r m s s s r m  we

—
~~ s emi  . r a t e  u ’ n + i , m f l i  mm as r ep i mrted no he k n o w n  m m m i  In h i r r t t s  r ex a m ined  a te~ c risi s a s s s i n r i m n i c  a t e n t m m t d  sm a t t e r  t m m ? e i t t s s m i  r i l e
v ur .uv - hut  unty  u t i - s i  mi n i  te rope rat  u i r e , a nd t Im e r o o m m i— and toiium d the m e suu t t ams t p er tu rha tt u uns to he a hu mm u l  nmmmu ’ i s i t d

- p i p e r s  t n  r e r a t e  -n s i . i f l i  si t s less i tm r in  ~~ 
i 2 

~~~~~ s , , 3 ?uutd s i mmat l en .  ‘‘u ~ e e s i im ig  an at t imsmsi  tu me ar  r e t a t m u m n s t m i p  h e n s cen
/ i i h e l i , i u i i i \  mi n i m  . i s s i i i i u s ’ s t .  t m t ) e c t i u u f l  n_ l i e  mmmd r i - s m m t t a n t  p e r i u r b n i t m o t i .
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Table 2. Calcul ated ambient and perturbed 03 cotumn densities (10 18cm ’2 ) an d
percent deviation from the respective ambient 03 co lumn densities
( ..X03 ) for the perturbation cases 1-6 as described in the text. See text
for descri pt ion of models

i i  sr model ‘ ‘ C t — i ’’ mod el Mas imimi,t -si it ’ ilumuui muiit ’d s u m - il mc Respo nw i ’ s  Ni i~ nuini -
(high value ut K 19) (low value ot K 19) s i us i i i ’ iii 5)),, , m s - “0 ~~, 

,iii,.ii ‘ i i  lu,ur rates

_________ “2 A , B 1 t i 
_________

310 y ields J i O y ields J i O  y iel ds J iO  y ields J iO y iet ds l it s ui ’ids J t O  y k’ids l it  yi e lds m i t  mields

02 50 2 + 0) 50 + 02 5(1 2 i i  ‘xii + i ) ~ ~~~ + 
~~2 ‘x

~~2 + Ii ‘xi i  ‘ i i , ‘s i )
2 

+ I ,

Am bi ent  I i ) 7, 765 7,993 ‘ 4 2 2  7.555 7 5 7 ”  6.89 3 1, 997 7 ,3 35 7.4 i5

2. ‘x i )  t~ 03 ‘ 4 2 5  7. 7 i 2  : 2 9 2 7.4 67 6.sys ‘ 013 7 1 52 7 .383 ‘ 4 ’) ii

~~~ -4 34 : 3 . 52 ; i 75’/ - i . l ) m ’ -M i#m + 1 7 4  , +2 22 ’;  ~U h  m - ;  . t o i ’ n
3 . 5) )  21) 0 3 7.005 7.3 lb 7 .035 7.250 6.370 ‘ (( lbS 7 . i s 2  7 ,323 ‘ 4)s

.~03 -9 79’~ -8.4751 - 5 , 2 1 ;  -410- :  -~~~ s 2 - ;  +~~,6 t .  ‘2 6 4  ‘ -0 2W ; .0 7 W ;

4. 5O ,~ 35 03 6 .42 6  6 ,7 6 7 6.377 6104 5.674 6 45 i) 6 6 6 3  6.663 6.837
so 1 - i 7 24 -: m S 3 4  , -t4 .06”c - i2 .46’% 2 5 m m  - 4 , 4 2  a 77 n -~

) .2 (Y - ;  - 7 8 W ;

5. i . i  Ii ,) )  0~ 7 . 767 7 .99 2 7 .409 7 ,539 7 588 is 55 ’ 6. 959 ~. .n2 7.387

~ 03 +0.03~ - 0 1) 1 , - 0. t 4 : - 0 .2 i ~ n ,
~ , t 5  n iL 52 - - (( 54 - - .0,35’4 -0 .38 51

i t  11 ,1 ) . 0 3 ‘.43 5  7.70 ~.2 8 2 7 .4 5 4 6. 979 6 9 ’S ‘. i  i 4  ‘.3 57 7.462
5)) 17 s ) I ~ -4 . 2 5 ’ ;  3 4 8 ; i si)’; - 13 4 / ‘59 : ‘t  2~ . 1 6 ’  .0 26’s ÷06 3 ’

Table 3. Calculated ambient (case 1) and perturbed (case 2~ 03 column densities (101 8cm ’2) and percent
deviation from the respective ambient 03 co lumn densities t.~03) for four eddy d iffusion coefficient
profi les as described in the text. See text for description of models

Fdd s d i f fus ion
coeft ’icient  proti te Model Stink) 

~2 Slodet B Model C 1 Model

Ch a n g ( 19 7 4 ):

C ase t -- am hic’ni 7.422 7.555 7 5 ’7 7 6.893 6,997
( use 2 -  N)) - 17 7 .292 7 .46 7 6.966 7.6 13 7 . 1 52
50

3 
- I .75’ / ~ - t .  t b ;  -14 . 06 : + t 7 4 ’ ;  ÷2 .22 ’

(‘ ru t /en 119 75 ) :
(use  I -ambien i 7.444 “64 11 7 .267 7. 11)2 7.27 I
C ase 2 N i ) - 17 7 ,346 7.575 6.8 96 7.15)1 7.345

~ O3 
- 1,32’; .)), i)5’ , -s ot’ -; +O.68’t + 1.02

\%iu t s ~ (197 5):
( us e t — ambient 7.845 8.091) 7.5 77 7.474 7 .675
( misc 2- ‘xi 1 - 1 7  7 .46 2 7 ,814 6.460) 7 .509 7 .835

~
( ) 3 4814 -3.4 1 7  - t 4 . 74 • t t . 4 7 ’ :

It t in ien ( 1 974) :
C isc I - ambien t 7.463 7. ’t 3 ~ 05tt t 7 .2 72 7,497
Cas e 2 NO 17 6.964 7,3511 5. 888 7J49 7.5 72

6 6 1 4  - 4 60’ ; - 6. 95’ -I , 0m 9’ ÷1.00’ ;

7
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Fi g. 3. (‘atc utate d cqu il ib r iu ni co ncc ntra tiot m pro f ile s for 0~ compared ssit t i observations from Krueger (1973). ‘xiiim’ (ha t for
I ml ~s. 3’7 alt s uu r l -j cc co f l c e n t r a t i o f l i, are inpu t . n ot cat cu ta ted.
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—20 (data s ummary ) 

~~~

.-“ 

0
” ~~~~~~

10 — 0 ~ 00
~~ /7 ft ~~~~~ 

—

0 o~~~’1S._., o 
r~ 
( Li 0

0 —
~ • 

0

0 i ~~, j m  I I I 1
0

1 ~~~~~~~~~~~~~~~~~~~~~ I ~~~
u
Irssi ssi

1O 7 10 8 l0~ 10 10 10 11

N0 2 concentration — molecules / c m 3
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I lie ci u mmmp ut e d ambient col icentra l iomi prof iles aft mlios t hke lv to he j u dged inadequate. lllsss c \ c r .  in s s m i k ~
~s s i i i i u m e d  svul m i s hse ivami is m ms in Figs . 3— 7  for t m u  he insure di’It m mimive . (iliC l O i s )  e l i  i s  s l i t  Ii’ t . s i l i ’ ,l
models .-\ . B. ami d (~ - ( l i i i  111051 speci es ittode l A ‘ si’ mls i t iv i m~ ana ly s ex mis i l l S I i i ;’  jj il [i121 ij i(idm ’ ;x i ’ l l

eluusi ’ly rcsm.’ m mm hk’ij imm su dcl 13 and timo del ( ‘ reseittbled det a i ls of 110 che m rml s i i ’, sme +’ Oil ; I l l . i l i i l ) l ’  I I ’ .’ i t i t y l t l y
mm to de l (‘. 1) itfc r i- mm ces due to the J hO hmatt cl i  were tiit ie-depe midem i m -

h:u me lv detectable on these semilog plots. ) Only prof iles Base d on m i e s e m i l  k lmis ’ m i s s  s lam ; u u / s u s I e ! - , B am id ( are
for 5l~~L’mt ~ i l l s- iiic h we could find m easure m ents are highly i i npms m bahc .  Time fa c t  t h at th i ~ s ~,~s+ ’ e i l m i l t m i m ) e d

liven here. prof i les aL1recl l ic  as well as um odel .\ with p escml
-\s c a mm he seen . t he co m puted amb ient states for sm hscr v a mi o ns imi d m + . i tes  that such J~ m ee loe I i l  m x

t i c  spec-Ii’s m hat have heemi measured in the Stratosp here insufficient t im va ida me .1 model - Tim Is see us t i m  siIi’.s es I
are ra t her s iu ni la m- for  all three models (labeled simply tha t b r  obse rvational data to he used t s  dms ~r immi in ate
.i~ -\ . 13 . ami d ( - i mm t he figmi es I. The comi cell t rat ions among miiode Is time concen t rat ions m ust he kitown
plot ted rc p ie s ci m m diurnall~ ;iscra le d esu nd it iom is as w ithitn a f a c t i s i  sit mw sm at t h e  V C i Y  least. It . as si’e i t i s

pa ra lIt ter i,ed h~ a ‘‘Im all sun ’’ coiidi ti u m i ( tIme probable . t itans’ trace species ca rs subs tam i t ially in litt le
sl~~u m i u k  s i s  rat es use d , m rc o mte’hal t ’ of the mmsuoml t ime ra te amid space . the abs iv i— s ta t em mm e m tt  pertains Iii the

.is +‘alcu i la ted hs the muudel ) , Oj ml~- l i i i  t he Oil accurac y with wli iel m t h e  ciu mmc e m itr a t io mi d i smr i hu t is m mm
mmmeas ur ulm m t e mtts s m )  ;~ midc ~ s ss i i  ( l~)Th) can co nm puted mm iust be k misi w iu . a mmc li mil l ie eNpei m suse umider takin e
+‘iu m ieci l t ra t i sm n pm i iu les h~’ s;ums l tI m disasiiee wi th tha mi a single mn ea s u ie m u cm tm
im ic as uremne n t hs mm mim r e m it a m i the spread in recent l’ 2 r t ur hatism m is im i mh e 0. co lu mm imi +‘ o m m i p ut ed for a
iie.l s ii rem mie m i t ÷ Fru mm it Fi~ 7 im uumd ‘)  B would be the I 7 — ki i m i lOec ’ t i s u m m  of ’ \ ( )  (L ’asc 2 t  arc plo mt e d on a

60 I

NO data :
• 0 0

~ 0 • Model A

5 0 —  o Model B —

0 
o 7mlodel C

~~~ Ackerman  (1975)
S 0 (data s ummary )

4 0 —  0 • 0 —

~ 3 0 -  1 1 ( 1 1 1 1  I I I ,  •
~~~ 

—

20 - 
_ _ _  

-

_ _ _ _ _ __

-

0 I 
0 

I O S ~~~~~ -t t . I

io 8 io 10

NO concentrat ion -— molecules / c m 3

Fi g. 5. (‘ akuta t ed equ i librium concentration m r ,t i t s ’ s f u r  N)) compared with data  e imm ~~y (If Ackerman (197 5) .
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hiueai scale in I is. s \s  c_ ill he seem i . t he tu s s p s i s p l i c m m e  anih A - hu ease ) .  i h s s s s c x c ’ i . mit thte c’asc ’ suf i i i t i i i l i i i/ i iis ’

P l l t i t bamt lm mi s . ha isds im i l lmi em iec ’d is the ( 14 and \ ( )~ 0~ s !es m r ucl io i t  ( imiodel (‘ ). ait NO ii l )c ’ c t i i s i i  at 17 kni
snlui;7 l e _ m e l i s u m i s  (( l i . i i i ici~ lc ’ s and W a lket l~

(’3, Jo hit m st sm n m esuited ill a u nhils /Sl ’ iii 03 equal li i ah oiii 25’ ol

and Quitests I 5 Y 4 ) . alt - shuite sm all csmiii p a ied to time t h e  dei’ m eaxc ’ ill t i le  base case. I mu m a 35— kni ui)Cc ’ t i om i
s t u . i t s s s l i h u e r i c  1ic r m u rh a tt s imis Ibis Is ~~ P~ 

I ch ime Is u h u m  o \O~ all sit ’ t he itto dehs predicted am u ()~ decue ;usc - .
use ol I I \ e , I  c o m ice mm t ia tm i ’ m is  is a S I O t J c i ’ h ioum ii iham t h e  iiiodel (‘ deciease being abou t 4))’ - as l ; im ~ c’ us that
c smli dit isimi. V i e base e ’s pcui i mie i i t ed ssi t i m thte hm m ss em s i t  umiodel A . Thus . t h e  range s it predi cted e l l e c t s  is
hviimi tdar’m c immi di t i om i s m i f f t c ’ i e tm t l  to de i t i s mmis t i a i c ’ t h a t  stm mah h liii _ i hng hm a l t i tude immjeet i on .  amid ilie umm ~’ei ta im i t )
thus is pe ut surface bs nit td ars cmi im d i t i o mi  bias a neg ligible  is immodest for imiaxitnitiiig t Im e c - Hid m u )  a im NO~
e f f e c t  ott c’ mlm m l puted s m i a m i s s ~s liei ic po mt i ies . u l t hui ’ i mg i t  t ime i m u i cctk mn : l m s u sse ve i  . the um ic c ’ m t a i m m u )  is s c m )  s ut bs mai i i ia l
t ro) ’ s msph m e rm e se m msi i i s i t iC s  ame s i l m oi  i ea mi uh ~ a t f ec te c i Ii> (encsii t ipassi ng a i c s e m s a l  s ub t ime c’ t t c ’cl I iii bi te  cas e si t

t he boundary cciiid it iii ims. iiiiiliiii iiiiig time d Ied of a given NO~ i mm ) e c t is um i a m huis ~
1 hue Imp im lio mi las been e \ ) u m c ’ sse sl mh am im iodel a l t i tudes.

pr ed rcti sm t is sif ( )~ d esi i im ~ t i s uii  lot a ~isen NO~ u m u)ec ’t ion I i  m l  were iic ’c’es s a rv to sa i x  a ll 33 t l mert ua l  ate
are accurate to xs i tho r m a lac t o r  o 2 or 3 ( ( uu im b ec k em csmeff ’j c j e m i ts  t sm t h e  him n it of ’ mhie m i s i i t e emta i i t ms  to smi d e r
et a h. l~~~4). ,-\s can he seem to I ;mh~,’ 2 . mime to obta imi t lt is reversal. m li e ex pec t a t i sm i t  of Is  h:nig

tnt hat mon s in t lie 0. csih um itt mu cahe ii ha med ft oni time rca hiie d would be a I imist mite’s isi e mil , Il~ iSS cx ci . xx e
bas e case (inside I -‘ ) inch t lie t ili msi semisi t ive case examtu ned time results sit ’ t lie tnodei ( coin pu ta t  ion and
(msm ihei B) dit ’fered bs a fa c to r  s i t  s s m s i g l i l ~ S for a were able tsm iden t i f y  several sc’ S parameters that a m e
I “‘kni nijection , 3 liii a 20— kui m~ee tion . am i d sinl ) I (u responsible fur the reversal ii) t ime calculated e f f e c t ,

fu .m r a $ ‘ - . m m m  it ljection. Thus , in the c ISC s ul maxiu t um/i ng We found in model C t i mat at low alt i tudes O~
lh i c’ eb ’t’ect of ami NO im ije c tio ti t h e  i iucei 1.0015 is is regulated priuiaul bs the il0~ CS c’lsl ami d m h mat  mI t e
co m para ble to imat cx pci t ccl , amid i s rismt sex ci ~‘ - most iiitpor maim t parameters xs ci e I hsmse regu lam ti mg I lie
hi rt lieu . inure thman h a l  f t h e  coni poled cii ff ’erence 110 conceit ti - at ions. t lie i eac ’ t suns of I 10 xx it hi odd
resulted f rom th ie sa r iat i im mi of K h~

) I com pare models A suxyge n . amid t lie re act ism m is

l O ~ lO~ l O~ 10 6 lO~60 u m j  I
• 

0
50 — o o (Use upper scale)  -

0 
0
• 

~~~~~~~~~~~ •

E ~~~~~~~~~~~~~~~~~~~~~~~~~ (Use l ower scale) 0 —

3 0 —  

0 0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —

20 - 
• 

HN ~~~ãataT 
-

4 o Model B 00

10- 0 ::~~ m~n (1975)  
T — : ~

- 
-

(data summ a ry )
0—  i I I I I  i l l  i i  _____________

l0~ 108 10~ 10 10 l O n

HN O 3 concentration -— molecules / cm 3

Fig. 6. .ik mut ~ mcii s-quulil,rium ci mml i  t i m  I rmulu m mum profi le s tm ur I I  NO~ compared vs i iti data eum many (it Acker man 1975).
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OH data : 
~~

._ _>o
• Model A 0 (~~~~~lP)r 0

50 — 0 Model B 0 —•-~~ 0 —

0 Model C 0 < • > •\ °

~~~~~~~~~ D a v i s  (19 75) ° > 0

0Anderson (1976) /4 0 —  0 —~~ -o----i —

*—‘ 3/22/71 ,
-‘

_ 

~

-i--i 6/ 19/75 0 _ir,~~~~r.-c--)
0 

~,S 0
t—i 1/ 12/ 76 ~

0 
f t 0  O (_~~._!3

3 0-  o
0

0

4)

o
0

0
0 02 0 -  0 8 —

B
0 ‘me

° 0 0 —4
1 0-

0
I -Q0 1 0

0 00 0
0 0
0 ‘ 0

o —  I 0 m i j

10~ 106 l0~
OH concentrat ion — molecules / cm

Fi g. 7. Calculated equilibrium concentration pro f i les for OH compared with obse rv ations by Anderso n (1976) and Dav i s) t 975 ).
Most of Anderson ’ s data s Icre taken at high zenith angles . w hereas Davis ’s data were taken at loss zenith angles. Thus , the
“ hal f-sun ” correction should not be applied in making comparisons w ith the Ander son data.

HO, + NO NO, + HO ( K2H)  are coup led throughi K20. K2 1 . an d K 6). it is nu clear
whic h c~u art t it ies would be mu sist i I In in huam imig, As a

and hcginmnng xs -e h ave defined the net odd oxygen

M d es t r u mct b mm i rate (Dl of each cuf t h e  cycles as follows:
110 + NO, I INO 1 - (K20)

Th ese reduce the e f f i c ien c y  sif the NO~ and 110 D ( i ~iptriamr ) = 2K: 10110 3 1
cyc les in the lower stratosp here whe te the NO 5
dest rt iet ion cycle Is  al read s immc ’ff ’icient because NO,
IS sisiLiII’c photolyied there resulting in t ii~ 

(0 2 photo iysms is omitted because xs e wish Is ’

uegc ’uel a ) i u u u  um f odd i uxS - n .  compare chest r u t c t m mu mi  terms. )
I o i tm p rus s - c’ im u I umnde r xl itmi ding xve have ssnigh t to

separa Ic’ the odd s i ’s) geu i slc ’sl r im c’tms mut uimles of t Ime
(‘hapman. NO~ . arid I1O~ cyc les. Sumi c e t h e  e s - d c -s arc i(\0 , ~~ ~

\
~
s
~
soi sI ; \si~~ o .

1 
i,~’ ‘so

k ui s l isul  to  bc csiut p hed (e~~.. t Ite \O~ and IIO~ e) t Ies ‘ ~~‘‘ ‘ s h i P  I to \o J s s  Rc,, - ,i, I
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( All reactions involving IN I are trivial helsisv Iuc ’Ti i x v 27 a umd above 45 kiti . Tahle 4 as prepared t im
50 km. .is is also NO ph is i t s i lys is:  J I OINO.1 is uet ’Iect t h ese di f ferences qm iat i t i ia i ivc ls - It gives liii eac h
ireate d as equ tah to time ia tc ’ s it ’ NO~ t ’on imah iotl ,) model t h e  re la t i ve f rac t io n of ’ t he integral ) o V c ’ i  tI lt ’

allmh md e ra n ge indicated) ol’ Hue sidd s uxy g eim destr u ction
¶ rate ascri ba hhe to eac h ob t h e  ihiree cycle s

t s i t i m _ i KL O~ tO it i • k I ~oii.i.i4~ ti ,iiiiil ,t i  K I ‘ 1(9 liii , The tnodc’ I rnosf com uipa ruble to the ittodels utsed ium
- - (‘lAP is A - The itistar ttam ieous rates w idely quoted

from Johs nst mi mt ( 1975 )  are iticluded for compai lyon,
The differences in results reflect differences in

( The ha st two terms are of l i t t le significance. ) tnethodo lo~iy arid def initio mus as well as di b ’f’e reuices in
rate eoe l’f ’iciem uts and species concentratio n profiles ,

Vertical profiles of these quantities evaluated um ui de t Otmr res t m lts were obtained l’rom a I -D t ime-dependeiit
ainhien t or equ ih ibriu rt u cotid itions suf ’ mode ls A , , B. model svith coupled kinetics and t raum sporn cx tend big
and C, are compare d in Fig. 9. The largest from 0 10 55 kin usi ig phuoto l ys is rates average d liver

- ~ differences between the tuuode ls appear in D(F105 I. tire diurnal cycle by taking h a lf the rates ca ics mla t ed
in D(Chapinan ) above 40 km. amid in D(N0 5 ) for a 45 0 zen ith ~m tu g Ie. Johiis mou i ’s va lues wel t ’  obtained

60 I I

I

I

~ O
3 

— lO~ molecules /cm 3

Fig. 8. (‘alcula ted perturbations in the ()~ pr uu fi le fun a I 7.km injection of NO1 (ease 2) plotte d as departures from Ihe ambient
prof iles )caw I)  of t tse models indicated.
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~ 

- deter m n i ii i uug total  cohitmnn densities , we have weig h ite l

40 — ‘ 
, ‘ ‘ ‘ 

— 
t he vat isius local destr u ctio n rates [m~ t Ime product of

I 
‘ 
‘ 

. t he local 03 concemutrat ionu amid t h e  local Iite niiu ue * tot
- each Ic - sc - I  antI integrated t h e  results frimnu I I  to 55 km.

-
~~~ 20 — 

—‘

~

“- 
— Th ese weigh ted lsm s s rates are Insem us lt ive to tIre c iu s ut ce

— 
‘ Model [3 of the integration limits s u u long as t h e  tsup is above

- 

‘ 45 krii arid t h e  bot torn is below 12 kin.
0 ~~~~~~~~~~~~ . In an ef fort  Is) idenn iby the mosu sens itive reactions

- 
‘
~~ ~~ ‘. we generated additional models h) V a t )  mug sma ller

40 — 
subsets of t h e  33 K’ s listed in Table I. We found th at

- ‘ ‘ v ary uu m g as few as t h ree rates , K14 . K ix . arud K26. xva s
- ~~~~ -

. 
- sufficiet ut fm an NO injection at 17 kin to produce

/ Mode l C 
- 

~~~~~~~~
sc

u~~~~~~e ~~~~~ of i1ic t Iur~c 
the 03 Loluinn

/ // - / - /// - - - , ‘ plus K 0 from t umode l C arid ih ie rest fronti muuodel A.

~ 
///il, ///A/ / ‘ ‘ As seem i in Table 2 tins is s rt ff iciem ut b’or a I 7-knt

1 o2 1 1 1 o~ 1 ~6 1 ~~ 
iiijectiom u of NO5 to produce an 03 increase more th an
one-t h ird as large as that produced in model C.

Molecul es /c m3. We a is su exami ned Hue effect of increased
st ratos phueric water va por I-mot h alon e amid itt

Fig. 9. Calculated equilibrium profiles of udd u xygen
destructj o~ Tat e s as def ined in te’st (sit unsidels ‘s . L ansI * [tie tocal 0 3 t iic’uiutc ‘,\ as deiu~ed ax ‘sure rat imu of ’ the local
C. ~uS here D(NO ) forms cusps at the left border , it changes 03 c m u nce n i r a mi i un [su ifte a r i t h m e t i c  simm 01 utue net cl iert uj t’ut
si~ i. Re~ ons of net ozone production by NO 5 are sha ded. t uss ra t es ~und t Ire itux si 03 t h roug h cacti level.

Table 4. Relative fractions of integrated odd oxygen destruction rates ascribable to the Chapman , N0
~

, and
H0

~ 
cycles for various models over the indicated domains. For “ wei ghted ” integr ations the loss

terms for each level were multi plied by the local 03 concentration and the local lifetime (lifetime
determ ined by both chemistry and transport )

D (Chapm an) D 1N05 D (HOt )

I 1-50 11 -45 Wei ghted I I-SO 11 -45 Wei gh ted 11 .50 11 -45  Weighted
Model km km 1 1-55 km km km 11-55 km km km 11-55 km

II 0,37 (1.26 0,05 0.58 0.71 0.90 0.05 0,03 0.05

4 A~ .36 .29 .06 .50 .62 .81 .15 .09 .13

- . A 1 .24 .23 .07 .43 .53 .66 .33 .24 .27

.24 .23 .07 .43 .52 .64 .33 .24 .29

25 .23 .09 .40 .50 .50 .35 .27 .4 1

:1 
C2 0 1 3  .14 0.07 0.32 .38 0.45 0.55 .48 t) .49

John sto n 11 9751a — 0. 17  — -- 0.70 - - — 0,12

ums m ’ si a ,m ’ m m u t i  i ’ ; i u i u u i  u u i m m m t u ’ t  mm ,  s u m m u t u i t ’  a thr t ’m’ - s luuu i u - u u s u , m m u . u i  s i s i s ’ uiu  h i s  uiuis ’ 5 ’ u u i m - m m u  is is is, - i s s ~~~’ mu ,u s~~~;u t i t t ’ m r - I m ’ - m i ’ s u m u s ,

m u  ic ~~
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co m bination wit h ant NO 5 inject io n at 17 k iru . -\s cami 4. T h e  reactions
he seeru in Table 2 (case 5 coiiipa rech to case I ), a
h O ;  inucrease iii stratospheric water vapor increase u.h thue HO, + lID 11 ,0 ÷ 0,’ ( K 1 5 1 )

03 column m m mod el B arid decreased in in A. C ‘~ amid HO, + 03 110 + 20 ,, (K 14 )
(‘. Wh ieti the increased svate r vap d ur was it i u posed su m 1102 + 1102 11,0, + 02. (K I
a I 7.kiii NO5 inu pection . the effects on the 03 co luiuitu IIO’~ + NO NO, + lID, (K 2( I
usc - me a lm utost additive (case 6 compared tcu cases 2 and HO + NO , I INO- (K20)

These experinlent ts have led us to the following
conic lusionus: a me of grea test im u u po rta iuce iii de Ic -m r inimi g tI me e f fect

- - ‘u. sa l ue of 2 X 10’~~ c nuu 3 - s cur K hO lead s to on t h e  0~ co lut uu tu of ant NO5 inijecti ont in t h e  lower
ant 03 redu c t i ont d ime ism a fixed NO5 iniect ion less thaii stiatosphe’re. Nsuiie uuf t h ese pu iscess es (exce pt . perhiahis .

-m 
half t luat predicted durin g the (lAP progra m . K20) h a s  a we ll.estahlislued rate csuef t i c ient  under

2, T h e it ratc hiing of conu iputech profiles of species stratospheric cond itionus . T he best c iramuce of reducitug
contcentr atn on againsi ohservatiott s does ilc it at present t h ese ui icerta imuties is thrs iughm ver y accurate hahorat iurv
provide a definitive criterionu l’or chroos imug betwee n deternninations of these rate coeft ’icients.
models , even for models as different in their respon se 5 . Finually. it is ws m rt h i  Itoh ing that um nucer t ai n tv
as t iiose described here. I lowe ser . HNO 3. Oil , ami d resuhtim ig f rsunn inuperfect kn owledge of the m a t e s  for
1102 difber most between the rtuoc le hs and t Itu s would t h e  Chuap itua nt arud NO5 03 destru ctiomi cycles is small
pr mvide the sh arpest disc r iuuui nators if observational (less than a factor cif 2 ) :  the largest variati ons in the
d ata  were of e qual quality for all species. T he  observed model results arose from thue uncertainty in flue rates
011 data a re more easil y conus istemit wi t h tlue lower for the HO5 cyc le anud t h e  processes coup ling t h e  NO 5
val u e for K 19 . and 1l0~ cyc les, it is also ssm ggesiec l in Table 2 (case 5 .

3. Species concen t rat ior u profiles m ust be known ruuode l s A amid C) n hat for sets ssf rate coefb ’icieni ts t h u  t

to better thanu a factor suf 2 before t h e y  cart he used nc - much to nuuinuii uuize t h e  response to NO5 , a tm uajo r
to discrinnnuat e between models differing widely m u  iruje c I io u s ml uva [er va i s su s in t Inc lower st ra tuish ihiere
sensitivity to NO5 injections. could significantly redu ce t h e  d ept h of ’ t u e  0 3 layer.

2.2 SENSITIVITY OF OZONE REDUCTION FROM CHLOROFLUOROMETHANES
TO PARAMETER UNCERTAINTIES

Since the e f f ec t  of chilsiroflu mn mmuie t ht a ni es (CFM’ s) f- me mm i r ustamit a neo us c— s 1 m ~i htb r iuimuu . \-c ’ rmi cal  d is t r ibum km mus
on at m osph eric otonte was initially predicted by Molinta ot N,. 0,. 11 ,0. CH4 . a u th II, u s c - me assume d c s imt sta i i t

- 

-

- 
and Row la mud ( I 974 ). a miu n her ob ’ papers huave been 11 mm oughm si u t the calc ula to uris .
published (for exam p le , Wofsy et al. 1975 . (‘run t zen T h e  ciie m tti ca l ra tes  fs mr six reacti otis i mni p s ur tz t imi  to
and Isaksen I t) 75 ‘l’urcsi ami d Wim nen 19 75)  describin g t h e  chlsmritre cycle are s hism wm i in Table 5. O nh iem
i mmvest igations of t h ese  ef ’l’e cts  ,. ‘a dc’ us nh va r ionis me i tc t t i mt u rates m i  t h e  im uode l are based onu the ic - s i c - us
one- di mnerisional miiodels of t hue st ratosp hiere - In thu is h~ I laiui h)s~ ml ani d ( ;aru-iii ( l~

) ‘
~ 5) .  Solar liii x . a bss um Pt mi m i

st uict ~ , use e xam uuimued the sc- ui sit u’s ut y of sine su ch I .1) cm siss sec tO i lS ’ s . a ntcl the ca lcula t ton suf phisst ~ d Issi s cu d tm 50

stratos plmeric model to umucert a i n i t ies m u  som e of t h e  rates are as described by Gel nm ias ( l9 ”4 ) .
immuporl an t pa ram umeters used in it. In part icui har. uvc .

4 - - . - . . - .  Sensitivity to Diffusion Coeffic ientsexaiuii mued the sen tsm i t s i l v  u I  t Ime et le c n  of ( I’( 1 3 ami d
(‘F I, ott to ta l  global uvolle ch ute ts ) changes in key T h e  c - u t neal t rami spi urt m u a sum ie- c I iti se tust smiu a l
chemical m: t te s  amid uhiff ins iomi coe b ’l ic ie nts. ‘‘ghuibal ly ’’ average d it isid el sub the s t ua tos p h iete is

The c a l cmm lat i o nm s iii t his stud y were made su i t h i  LLL~s param niete rit ec l t l t r suutg hi th ie so—cal led eddu 5h ift ’m is ionu
onue.diir ients iona l t irne — c lepemmden n nns uche l u I  tIre cs~~fficieni t - Th ere hm ie s ns m t c’t ex is t  a uu m m ic~ue .ij s prs mac hi
tro posphere anich s t i a t i u s p hme ie 1 mm t h i s  m odel 92 f uu r the dc- I i t i t u s u t i  of ’ a s u i t a ble set ii ed dy s hi l l  tisiui tij c h e mn mic a l (ami d phnoto ch ie t uuica l) react io m is ,u e u se d Is c s i e l l i c m e u u t s .  amid each tn oh ele r  has mi s smw n u i s t m l m c a t t u u m i

l’ s mu.uummu c : i l l ~ u lescri he [lie s tmats i s p h mer i c ’ vert ical bin c hiun usimig a parn icuh a m s l i l t i m s m s s u m  prof i le.  13ec~t um s e
chistr ibutio n is md 20 nuinni m r a t i i m u msp hic ’ u ic  spc- c i c ’s ID) ~P). t h e re  a ie mi l l  umi mammi b t g mm s mmms u c - i s u s u t s  h u t  c l m i usu s mi tg  mm mc-

NO, NO D . \ ,O. llNO 1. Oil . 110 , . 11 ,0_ Cl. ( 1 ,. Profile il’ s-e r amm u mt ) t em , t hn c ’ sc’ mms u t i v m i ’m ui f t h e  iuuodel km
(10. (‘10 ,. 0( 10. ( INO , (‘INO ,. 11( 1. ( ‘( ‘ 14 . (‘I 2~~ 2 ’ that c lu s u uc i ’ mmumm s t he exann uinied. lire i d u u u m u s  c h i t l ’i i smom u
amid ( l ( l u while m h tree (II . N. O( ’ l))) t ie  : t ss u iu iue s h to c im e f ’t ic iei i t ’ s used iii this s tud y a l e  sluo uv mt m u  Fng 2.
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4 Table 5. Rates used for key reactions

Reaction Rat e ~i uuti ruC

O + 0
3 

- CI)) + (1, 2.97 - ~~~‘ l  d ’ \ l d- 243 TI .% uc rage 01 h ) a iu s ci at.

197 5) and ,5.nd ersum n ci al.
(19 7 5)

• Cl)) ‘i’ () - ‘ ( ‘ I  + 02 5,3 x 10’~~ %%alson ( 1 9 7 4 )

Ct + Cl!
4 

— HUt + CIt 3 ~.4 x io ’ t 2  t ’s p( - I  1 33 ’T) Davis et at, (1975 1

Oil + HCI - . 1120 + (‘I 2.0 - - h0 ~ 
12 e~ p(- 3 ID-T I  ‘ uum d t ’r smuiu ci 31, I 1975 )

Ct() + NO t + N ) )
2 2.6 :.. It ) c~ p(. 5t ) I’ ) An derson ci at, (19 75 1

Oil + I10~ 1t 20 + 02 2 x to ’
~~ Loss value quo lci ms

IL.uipsoii and (;a~~in ( 19 7 5)

I smi eac h cu b ’ t h e  three clif ’b ’umston ccIt t Ic iemi m s ) C hmamm ~ iii clulo roll uisi rot uueli ta nies . es pecially usd im respect to
I 9~~~4 , (‘rumt/ en and Isakse ti l~)7 S ami d \~ s s t  s I o”~5 ) . th is d a t i v e  un icer ta imtu v .
t he f ’s u lh i muu.in ig series of calcum latic umis s’s ds carried co in: T h e  dil’ f ere t ucc s mi predic ted c’I let ’ t s  u i s t t u C  li m e
( h I .u mos t sinaI a tritc isp he me ccimitainitug russ c - hil s uri t ue . I a dil’f’eren t dif fu  sic ut i profi les can f,c am n nI, umted t ~m t hue
mia nur a l atn imosp hi ere cu i i m [ , muu u i tm e c l t ku r m mte assu m rn ulg a nt dit ’l’ereti t rates at w hichu ice clu lor in ie (created h time
lICh u t i u xt u ig ra t u s i  u s l  I ~ ‘9 l ’ vs u l~m itu c ’ at ilue surface phcmtodissc mciat io nu of Cl-Cl 3 ant d (‘F ,( h , mu um usm ly
ami d ,s e s l u s t . i u u u  (‘(‘I4 llum x i i  t Ime sum I.icc . ami d above 30 knit) is tra n sported to levels bc- loss 30 Liii .

I nisiciel 2 pI~ms t hmc ~ l’ l i m s u m i s ca i h u su is  ( I (‘ I, utuc l TIre (‘ rui n/cit and Wot ’sy prof iles alkuss imu o re ma p id
Cl - ~Cl , u u r i s m ducech am t i t e  oil Lice s i a r t i uu c -  nm I ‘ i5~~) :m rmc l tranisps iri of ’ t h e  l u ee  radical c hmi o n in ue to levels us here
ri m m uiuu ri g mitrum ut g lu I ~i ”5 l’,isc- I on us orich Iluiirsic ’a m h ,c i i m t Ime chihsirine caia l  tic cycle h a s  its s l i s m t m c - c - s [  c l  lc ’c t  m mm i
prod h m u cu s u l  d ,ita I \Ie( u lt I i ’ 4  I stratosp hict ic t i / suum e .

In a d h i t i s m m t  psmsst hle s ec - n .h i s is  i c y  iui t d 1°75 hua ’s ’e Figume hO xliii ’s ’s s nlue reductionu in t m la l o/oine
heemi e” s.u m m mtn i c - ch us tIm t t t s is hc ’l 3 -  ISa )  c sum i t i mt u e t h gro uvt hi c’a lcum lated f ’su m t h e  case iil’ a coni n imu ued gi l ls ’s Ii in ( FCI 3
i i i  f lu -  ui O i l  h s s m i  Pu uuthius _ ’ t t s m t i  a m a rate sif I It per ‘ s e a m .

.~~ ‘ I c - mi nim a s ic-c l ~ xl m u ll p u s  u~luel us sum at tIme l~
) 

-

pr m mtl u ci ns mn levels . ( S c )  -_‘ui mi t i iu i i ed c - s i u l s l : i u l t  p r c m d tm ctm s umu
at um ite - imall i t tIme 1 9 3  pns ic lu uct icunt Ic - s -c - I .)  3d I esuuu s [ a n t t  av 30 “—“~~r —

h’mrtm d u i c tm i s nm h i i ’_~ Ic’s-el un til a sl tar p cuit um li ’ in I9 ” ’s I —U — — — C r u t z e nm u m u  f I t S ,, ( tui s ch c - h ~c’ ) W

In e s s u I I p . m u m l l g  t ime ca l c i i l a tms mmms lilt t h e  t h ree dill umsiu ui m 
~~ 10 — — Wofsy 1’ —

pi sul i lcs , it was Im s u t iu cl than whieni cmirnpared [ii t ln eir  0 -

u c s l s c e t i u c ’ c ) i l o r i m te — tr ee  atitu sisp hieres the i muc l umsis ut i of ‘
~~ - Chang ,

c lul i i u  nme ~,iuise l a red u mc n ic m nu sit f ui t ut i  lu/_ mimi c of ’ 0.50 - ’ — —

[ s u u nbc (‘h ia nig prui t i l t ’ , 0.~~ u bc ir t u e Crutten pro im lc- . 4—’ /

amid t i m 2  t s u u  t ime ~~~ s s t s y  p rob ’ile. With t he

4 
c h h mm r smt lu u l s s i u i e m f m , i u u e s  (nom de l 3 )  at thie er ich cif 1°75 —

t here is  .m ej Lu l . i tcd  rec h mmc m no n u tnt total  s mtsimme ( relat ive vu

[ u s  Hue c c - sp e c - muse ch lsu r i u i c ’ es immt ,u im iun me utt iuiosp lieres . ~~ 1 :“ —

t i tu m s ie l  2 )  si t  O,~ 7’ ; w m m h i mIte (‘h an g hu rs uh i le . I OM wi t h  —

the (‘ mutt /d im pu si li le . .tm m c l I 00 uvit h i the iSSui stSy prsul ’i Ic- . ~~ 0.5 m I
I Ic- sc- Iu , sul t ’ mmm dic . i m e ami i mn ic c - r t a i i i t \  duue to c’I msumt - d’ nI 1970 1980 1990 2000
eddy ,Iu t t l i x m s u m i  s i l ks s I t  a~ip mox i tmua te I a I _ i c - m u ~1 Year

t m m  . 1 7  F I l t h  die miieamm mum t I re otomue r e d i mct i i u m i
h m r e c l k c - l  a t  i f te c- n il s t I~~~’5 . l t i c ’ l u i s u s u i i  u i t  un I te r , 

, ,  -
- - Fig. 10. Sensitivity to the d ift usiu m n proti te assumed is shownmma mmt m dl s l mmmr c c ’s if s l ratosp hieric clml i um t i u e s m m n nt t  mesh nm t h u s  m m these cal cu lations u uf the dec’rea~e in tot al o?one thai

mode l ‘su i m u t lc l  m u t i l y  , i l t cu  nh me Is ,isc ’ l iu ic ’ Ic- ui’I if 0 3 ari d wmm ii ld result from a continu ed gross ih mit  l t f  per year in
have umm m nmmm u ma h c - I Ic - c t  o tt t lie h ) t c ’ s I i L  t e t h lx’ : mm !s .m [ [ s i m s  dime c-hlumrum t luumrmnn et ha ne productiumn beyond 1975.
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and (‘ l- ,Cl, proc lucttom t bey min ic i ~~~~ umb lu per sc - : t i  ‘ l’htc ’ e l t t ’c [ sub x l s ~~i~u mmi g pus mch di ct io mt s O the
) nium mc lc’I Sal  which c - s u m  me s lm s i m i d s t im ap p r o xmmt u at c ’l~ a c’ h t l u m i s m l’ h i i i u i i suu i c ’t l ia i ic ’x iS I I S I ’ s ’ s O i t t  I i~~. 2. I ui

sc ’us ’ t i ’y c ’a n douhiinig tu n ic- . .  \s  is ex pecmec i . all prc ’c hic ’ tec l ca s e I ui t umdc - l  Sil b c m l h l x i , s l  l s u l mthumc t ium m i  an 1973 lc’ us ’ls
h~~t t ui tx il - ‘ ‘  s m nmc ’rc-ase c’xp smn tenut ia l l v .  I-o r t h i s  sc’c’mi a um s s . was .msx i i i i ~ ii i t n m m l i i i  c’ mn s l s t  I 1)75 ~‘s tut u all uc ’ l c ’ ,ist ’s

t h e  reduc -t ts mr i oh’ global tot a l  s m/o mi t’ i~ s .O to ts .’~2’ \S e h c ’ ,l\slillic’sI h i s  c - c - a s s’ , I - - e ; ish s i t  t h e  ies tec h d n l fumsu uuo
tim, the cr ud sit l~

)QO am id l~~,t to I~~S’~ by time ‘ s e a m  b u ulbil c ’s _ i h me de sni iuc ’nto i m m i t  i l / mu te c u n m t t n m m n c ’ s  sum sot ime
2000. It is si gn ib ’ic am ut mus t t i s t c ’ tI t a n t h e m e  is m m i i l y a mi mtu c  l’u u l h m u u v i u i c -  t ime s t s s l ;s s .~~~ s it p r sus lm n c n t i i o .  Fl i ts
t hree’ ear c u t  b’erc ’nce a intonig n lie prc’clict mcmii ’ s as t sm the Itapp e ums bec ’ -aut ’sc - t he trmmp s is~s iuc - i C c - t hu g is :i i c’xt ’i \ s u i i .

i t ti i t’  w htemt a usc - t i  rec l uct ic um m ni su / s i t ic -  is rc’ac ’ f i e s h .  t’o mtt iiiuit ’s m u tur i mi s l i  s s s u i u i c -  i l ( ‘I t I a u m s i  ( ‘ I ’  ~t I t m m
-\ c’mm ns ta t t t  pmo duct i c t tm rate at I ~I”3 leve ls t s m i  t h e  t huc - x tu : i t s i ’ _ p lu c ’ uc ’ - The nu iii mumm utui um ‘s he isutal si/l i ne lesel

c’ b t lm m r sm f lummmrmu m m me t h iant e s ( m odel Sb) u’s ,ts as x u mmi e d i t t  t ime occurs ap p nsmx i nnate ly at nil IS c’ ,os .m f [ en
ca lculat ed total  oIone recl u ct is m um s s ) t sm wmi tnt Fist , I I .  prm m sl umcti mmn is imalted. sIc-pc -ridin g u m h i  t ine c l i s l i c - c -  s i t  t i u t ’
Time shaded area s hm u iws the ran ge sib ’ s i/si n e pr si jec t icmmms cIiIf ’tis iomi picif ik’ A m this ’ peak ue dutcn i o nm in , , i s s u i c -  t h e r e

f um nictionu s i t  tmnu m e su-h ien i t ime ~ 
s l ’~’3 p rs i c h i uctm su n rate ‘s uds a ca lc u m lzi i ed ran ge u mf 0 00—0 , 53’ ; a chc lmt i i u m u a l  u i/limi t ’

is used. The [title alter I s i ’S Iii i ,‘ ,ic - lt a total  s s / s s b i c -  dc’ s t r i i y e c l I rsuin m time I 9T5 levels . res u m l t t n mg nm .u peak
chep lc- t iont of 5’ ; ranuges frs u mmu 23 to 3,s years , chep e m udm mtg mutonme reductiomu ramtgttug f ;umnm u 1.75 tc u 2.32’ - . .  \s  sc- c - n

suit t h e  c’h ms m mc e s u f  c h ibfu u sis m nm prs mf t Ie. By the s c a r  2000, ic-u h ug. 12. ii takes 55 to 75 s cars  (i.e. , ‘ su t i tm l , t t ~ S
there is a ramige oh ’ utm icc ’ r t a tn i t y  c m l I S  1 5 3 ’ , . \~~s I t s y  : sir 20 53 )  to r e t i m m m i  no t ime a l uea dy reduced o / u s m t e  lc ’v c- Is
4 - Cltanusu i i i  t ime pred icte d rec l t ct is m mt t n t t sm ta l  o.’c mire. of I 5)75 (uu hic ’ mm prsi d um c n ion us as halte d I. For t h e  i Inc-c
‘~ Isi u s his mwn in l ug. I I is time ca l c m ihane t h im/o nm e c hi b ’l us i s m m u p ro l i c’s stu id iec h . if ’ t h e  release s t

cleplet im ui m res unl t i mug f r mm nuu a con sta n t produtct i o mm rate an cl th mmr s i l l us rs mmt i enl m am i es ‘ s V c - ic’ hi:ml tc -c I in I s t 7 x , sm/tunic
s m nie’hiahl die 1q73 level itiodel 3c ) .~~ t t itus luiwerec l nc -d uct mo m uvs mul d csimi t int ume I’or antot hier decathe (55 tim a m
ic - lc - , is c’ rant ’  a r m ie anmtm m g b it l  um i m ce rta hhi iv  ramn gs ’ c a mm he u m m i c ’ e r ta m mi t y  of ’ ± 3 s ears )  tsm a peak uitou ie ‘ c’ u l s i e t i s s l l
us sm c- n ie c l to  t h e  pno~ected s [c ’asjy ’ -st ,i [ c- va luies ’,is we ll a t a c - t s x  mm f 1.5 greater t han i t h e  1~~~S rec h u m c n u s i m m ,  atu d

as t Ime ninnies n eeded t c m approac lm theinn. T he  dib ’f ’ereitt in w s i mn h d take 5 5—7 5 ~m c ’a r ’ s  to renu i rmi to the h h i 7 S  su /m m nmc ’
edds slm ttu ixu s i n utiodels heath [ s u  u h ni m u ua n e s it cum le c m im uc emt t rat i om ls ,
shc’1i1c - i t u s i i ’m m u l’ Is ~~

‘ (Chuatig ) to 75 ’  ( W s u t s y  I lor bs it hi W m t h m p ru uchuct is m nt at h973 levels ccim m timiume d u n m ni l  mime
sc e i m a u m i s s  the s’iiara c ’ t e r i ’ s h i c t u m m c ’s j i t t e r  vc’ ry h i t t le:  the c- mid of l9~ 3 . tota l otonie co mmn immu u es ms u fa l l  [ i l l

m mmuu c ’ mm ee de d t u m s ic - lu s u mie —h a l b ’ mIte f i mmal equi l ihr m um mn 7—hO c - ea t s  w i t h  a peak re ch mict i u u m i r a uu g imm g f ’rsm m mu 2.4 to
shc’p l e n m m m o us 35 ye ,i , s for the (‘ hia mig cl ib ’b ’ui sm on m ami d 3.2’; (a p p rsux i m tmat e ls ’  so’; uc m e at ec  t h a n  mIme I
3-4 \ s,’,i lx b s s l  the W s u f s y  c hil t ’u is t sm n i , va lues), amid it wim uld take 33— 50 y ea rs  to retu irn i iii

20 I I 10 _ u i I I 1 1 ,

I Half of 1973 rate  I ~Stop in 1983

~ 10 1973 ra te  ~~~~~~~~~~ -

~ 0.5... .L 1 u I I1980 2000 2020 2040 2060 2080 •
1 9 7d  

I I  I I 1
2050

1 5 

2100
Year Year

Fig. 11 - ( its ii Ia l id s is ’ crs ’ .is&’ iii tot a l ui/lul ls ’ tt ~O i~ uu mrtd rc ’ smu t
t ruu n l a c onstant pro duction it ch luuru,ll u uu ro met hans ’ s ai thr Fig. 12. (‘ atc ’ mt tate d decrea se ~ui t otal 5)11)1)5’ that ss ould resutt
1973 rats ’ and iii uune’half t he 197 .1 rate. Shaded hands s f m i m s u  if ch t o r uulluu r iu rne th ane produ ction ssere st o ppe d in 1978
rj nge u t ’ i t ui c’s rs ’ su m t iu m m c ’  f rom .usslmmt 9’ t i (, I l ut m t i t f e re n i  u i in 1983 St i~ded bands sh ius s range of value s r’s ’sultiiig
sfu n tu l ’ m miu i  pr tut u ’ s , ITuitli assu mp iuu u n of different diffusion priufiles,
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t he i s s l 1Cc - s t  lsis3 si/uric - Ic - s c - Is ,  (‘ciiise q uuemit l~ , a X 1O~
12  c- x p(- l  1 3 3 - I )  for t h e  rate c s m e l l i c m e o h  of t hc

u sc - s  L . i l  d e l i s  m m  t i .ml t t n m g produ ct i on of ’ reaction Ci + (‘ 114 ‘ 1 1C1 + (‘II is time value c i mru c’ b i t l\
c - hu lm i rs ih l ims i i s s iu te t h i am te  w suuil t l em m ta t l  uii mmucrease in peak umsed mu our miiodeh. I Isi ’ s ’ sc v e m - t l ie rc ’ us s t i l l  u mni c c r [ ammuh ~
0/on e recluc ti omn ls~ a actor cii’ 1.4 lasti n g ove r ar t uc - g auc l i t ig  t h i s  dh uatt l it s . I t  differs liono t h e  earlie i
,u cl t h tti sin ia l pc-i icid of ‘(t-~O ‘,- c _ m u s , uu id’as ur eutienu t nec - s mtt tnmcnmd c - d by Wa ts sm n ( I  974) 5.6

X 10’ ex p (—l  79Q I ) ’  ‘I’huis rate c l u c - I t I c - i c - m i t  h a s  a l t r ~e
Sensitivity to Reaction Rates ct Ic - ct  on t h e  I 1375 redu ict ior i t ut to ta l  s s / s u m m c ,  the siJd

\no b ic - u u m mmcent : ui n th s hi s he ex: tuu i oesl I the ‘s a luc- lea cl mm ig t i m ant otomme reduuct imm ni abo uut a lact i m r l i t

sc’h is it i ’s i t s  to key reac m ismmm i .mte cumef licic- i s  [ 111 1 011 ) , 
.4 we at t ’ i  t h a n  n lue niew value used tnt our base case.

t s i  s t r i t l ’ S h ihi e [ nc chlorine ch ieiuui stnv . For ~~ s s ~ 
The Oil +

1
l1,CI 11 ,0 + (‘I me act u sin rate ~isc - t t i t 1 c - m i h

react ions , cu n ’ ret m t ls used rane s were ch iau - c - st 
c it 2 X 10 - e\ p( .3 I t )  [I niieasurec l by A u u s l c - u s s ’ m i

tIme sensitivit y to psitemitiall y comutrovens ial n u s ~ c h is im c c - s.  
c-i al. (I~t~ 5) m ’ s the line curr entnl ’ utsed in limit model.

\s a reference case t Ime dif ’t us ion profile labeled ( ‘ I ia t mc - 
It agrees uvell at stra t cms p hi eric men u upemauure s s’s it hu t h e

u’s :ts umse d iii eac h of t inese c~t !cutiatiomi s . Because cii thus . 
‘ s ahum e s m [ 2 5 X 10’ — e\ lu) .4  1( 1 I ) rc c s m m m unu c - m m d e d iii

it is  thuc - ran isu ij f ’ t Ime chicm us ’c- in Q_ ~ relative to tlw ~\ atscmnt  ( I~~74 I. I sine time ~\ - i m sssui  r a t h e r  thami the

Sn amu dan - cl c- use rat lien t hart u lie a bsoh u ic mitagnu i n um ;le hi ~ 
,~iu de nsm inm c- I a l ‘s: t I die c h iamt ges t hue I 1375 u c - duc t  toni in

is of interest , I t  is reasonable to e\p ec - t  t I tan s in mti lzi r 
otuinue h~ a f tc - to t  su t  0.96.

l’rac niomia i cluanuge s ws~ uhd hus ilcl t’sir mlie tImer dil’fuus is s ui T h e  m e . u c u u s u m l  Oil + 1102 11 2 0 + 02 is ex tmei i ie l~
profiles , a lt hioughi t he actual red uuc n isimus ‘s’s sin s1 ‘ic immmps i rt aim n in de ter m iii mug t h e  anu uo l um u I oi s t ratosp lieric

son ic-w h a t  dib ’ferc - rut , hi du is\\ I . OIl. T h e  DII distnihutiont likewise is

Fs mr n Inc re:uc t ion CI + 0 , —
~ (10 + 0, - t ime cut rremm u s  

imuupc irtan t iii dc - t eniut inm im ig the csinversisin rate of FICI

used v al ume u n  t he nit ode I is an i’s-c rage 51 f t ’ s ’ s s i ne cc i t  
to at s un mc c hilci nu tie available fcur t h e  si/si te - dc - st u s ly inn g

iiueasuirenic-mI is h~ Davis Ct al. ( 1975)  ami d Anchem ~~ c-~ 
c:it,i l~ tic c-s c- Ic - . Th ough the mate coefficiemut for thus

il, (11375). Both of t h ese tmrc - asurem uieuu m s agree d i umi n e 
reactio n has not been dinc-ctI~ mncas uune d. there are data

‘s ue ll at stramosp h ienim: tcnu peratu inc -s. I lii ’s ’s c - sc - u  - until 
w h ich sut pp u int a ramuge of values (as recc innuniended in

rece n t ly t h e  va lsi e uised for thus re :tctiomu inn m ut s i S t 
Hani~ ss mnu an d (a i ~ tii 1975), from 2 X h 0~ to 2 X

tiis dcls Ic- ii , in n ti ne rmiodcl of W s s i x y  et al. 1 9 7 5 )  ~-. ~~ 

ID . Th eory and coninhuist ion expc - nim iuet its tend to

I S~ X IO 1 I . t he value g uv e nt in t h e  \~ ,ihSott ( 974 ) 
support t Ine Ii i’s’s-er pant of the range . alt h ough niu c - lower

c hul i u n imue ch uem un istu I c - s ic - s ’ s I_ sl u g  thus mate  iii o u r ~~~~~~ expeitments sumpponi t he high et i cl of t luc

ii1o del . we f m ) u i t i d t l u u m  the rech uctiomu ni sI/otic - b,s tIme 
ramige . It t h e  range cif valumes Ion th is rate cciefficient

crud of l~i’5 i mucteased by a t , i c - t i su  sit ’ I 50. Simu cs t h e  
are use d m u  die I-D niiodel . in is b’ouimd t h a n  thue 1d175

r ,mn c - s exat ur i t ied I u , m ’ s c - a rani su iii :tpprc ix iti ia tc - ls 1.7 at 
re du i ctns m n in ts ita l otonue is red uce d by :u fac t o r  cii 0,32

s mrat s usp t m e i m c -  te muiper :tnure s . t he e huamige in tIne s u / s u m i c -  
or tIne laster rate of 2 X 10 t0 T h e  range cif

lie It  sunh:un iom t ‘sv: ms miear ly pn ’su pcurt is u mmal fci n i t c increase 
u m lc cr t amm m t~ ’ f mu m t hue react non (‘I + 110 2 I IC I + 0

iii time rate of tins I c - i c  t is ~ i .  
iuia~ ~Iso he large . huit u’s- us not ex amr min ued in this study .

Ii i stu dy t h e  se rnsi t ivin y to t h e  reactio n CID + ~ 
Only tine es ni muua med rate of 3 X hO ~~ c mii ” s was used

C i  + 0,. we var ied t lie react isin rate coefficient t I’rsiu iu 
(t h i s  i .u t e coe ff ’icieni t has not bc-cnn min easum red)’

t Ime ‘s’ :m lune in Wa tsonu ( 1q 7 4 )  cm i 5,S X ho- I tsi a va lue 
Anmot h ier se ni s imiv m n y thuat is of it increst is tlue psissible

:tp pruix it i iatcl y I 7’ Ic iwer, 4 4 X ID’ ~ . T he reasomi pncsemice of symiergi st ic c- l’f’ec ts whueni severa l rate

for c htu is i s imug t h i s  ls uu se r value is t h a n  it represents a cod bmcuents are varie d, One nest c f  thus is to s t u ud~ t h e

nec-cn n prelimin ary i uue m s i um e t u c - n i t  f ’uir t huis reactio n at t h e  cu t t mu t la t tv e t tmtc e m ta ini t~ in niuc - m a ies  of t h ese reactions

I. m i i ve r s i t v  i l  Pittsburgh (Kaufman . pm is :mtc - 
by chocus imig tIme r i t e s  cii flue six reactio n s suc h t h at

co mi um ’nuut mic a n i murm . I 975 I Wit It t lie lower value t lie I 97~ 
t hey wouu Id muiaxin iize or no imiiniize the c - t I c - c t  on total

4 
ca lcui laned reuhumc ti oiu iii luisane was reduced by a f ’ac ns ir 

sm /D ime. I simon the pneviousls’ discussed values , the rates

if ~ 
were c hs msemi iii t lie fol howini g inn aim mien :

The rate cmi c-f l’ic- ienit to t t h e  reactiom i (‘ID + NO —
~ Ci Maxinut ie Mmntmn ~mie

+ NO , curre n t ly uised in our rmisidc l . 2.0 (‘I + III LO~
X 10 c - xp ( ’ S t ) ’ I  I. is hase~m s un nc-cci t t nneasu m nen iue ntt s (‘ 10 + 0 111* LO
at die I iiivei - st ty ’ iuf l’ iftshurg hu ( I - . 1- a uf tiu amm. private (‘10 + NO LO 111*
cmim uu ni ult i ica l i mm ni. 97 5 ) .  Until recently . the rate (‘I + (‘114 LO 111*
c- i um,’ll icic’ mm t rec mi rn m oem dc-cl m u  Watson ( l~)74). I .7 DII + I 1(’I III * LO
/ 10 , was umse d. Wit h t h e  value sif I .7 X 10’ t I Oil + 110 , LO* Ill
t he c , i lcuu lated reduction iii tm tah otomie liii tIme en uu l 

—

ml I~~7 5 mnm c - m c - : us c’s h by a t : m c ’ t s u r  mit ’ 1 , 1 3 .  
____________

‘I’Iie u n measur emn ien t h’s 1) i ’ s ’ m s em m l. ( t~ I75 ) m i t ’ 5,4 ~lmm s tt s ’ m n s ’ s t ’ ,ssi’ c- ass ’ lies ~ti ms ’svmu in F ,u tu t s ’ S
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I I I  ami d ID mi. ’ l c - u  uc - s p c’ c - i i ’ s c - ls tc m time t l s t c ’ m mmmc l  s l s s ’ s ’ s c - i  sm/ o t te  nc - d i i s - l i s u i i s less i t , , u m u  15’ , I \ d e p e n d s  mu itl y
r i t e  at s h b a [ s u s p h m e u m c  t e um iperanumes.  .- \ I i  t h i h imuu x t i n ra te  ‘ s ’ s e u k l s  su n mIte ch me u mm ic - .  lIe s i l I I ’ t d i i i s  ‘s l i i5 c -  f i t ’
t ,ii,t si i  mI t  ~ ‘s’s ,is t’ouu nn d t Ill the n a t i s m  im ) pnechc ’t e s l 11 )7 5  a umms uuu mu i  mm l 11( 1 tnt t h e  s t b J I ss h s l i c - i c -  is tic’arl y r i u l a t t s ’~_’t ed
su iii iic - rec luett omi inn th ue t s ’ s s u  c - \t m em ne c- uses Ins . m c - mec - s by c t i O i c - c - s  inn t h e s e  c- s s u I s l , Iu I Is  0mm t ime sutl ue r Iuaimd , h ess ’
wc’ hI ‘ sv tt h n ihie houiicls o hnn a u ita b lc n l mms m mi g h m dirc’c’t I l l s ’ c s l m l s t a n m [ s  s m I s s u u i i I y  m O c - c I  thu s ’ ,:ula ly tic cIm: ~u c h i c - t hu
mm iu h i u p l icat mv e s u mp erp osu n is u mi u m l mite t i tc h ivid um a l s u m  s / u s h ’ s ’ s lc - ’ sn ruuc t i mu mm ,  ‘s’s ii~’ hu ippc’ t m ’ s  iii the
s c - m m ’ m t m ’ s u t \  t i c - t i s m s  . u .e. . ( l, 50) ( 1 . 4 2 ) 1 1 . 1 3 )  2 5  ‘ s c - r~iis mmm i t l tu p l i c - a m i ’ s c -  c iumust i mut \ I h i s  i u n t s l i c ’ s  t l i i u  a c lt att ge
t he c hm n e c ’i n mm a xt m mu u m i m t i c - i l l s  imf 2.3 au th tmi m i t e  s i I I I s t , i I l t  i t t ’ s . tsu a g u s uid i~ l~’ I i i \ I I I I , l [ I s l I I .  t h e
I t t  ,‘s ’s ) ( t I ’to)) 0 .3 I ) = 0.26 ‘ sd’ Is i i ’s  t he ,h i i c - cm tr u tmmtmmru imn i c-l’b’ec’i s i t  a l in nc - :t r scal i n g s t  t lte c’ h I~~mc - tim ne .cie p ctmd cm ti
t .uc i iu m u i t  0 ,25 . (‘sunsequ e ntnhv , ‘sue ,- s i u ic ’Iu us le t h a t  t h eme c u mvc - .  Thus , t ime i c - I m i i v c -  I i I I s i’l I :oI I I ic-~ es hmt mm a mc ’d t s ’ I  n h 5 -
is m~m m im o p mm nma n nm s s m m c - m c - i s t i c  c - t I c - c t  a m n sl mmg t hc -sc si x t O 7 s  o~’onue ret huu cn m m imm s ne _ i t s h s l u e .s ! ls ’ I , mIte ‘1.- s , ..
r e a c t u su r m i m I c - ’  In shsuut i c l  lie c - i i i p im asi/c -sh [ h u t  this stane l i m r t i t  of ’ a cs i mi ’ s n a tmn — pr s u s l i uc t i u u t i  sc -c’ I l _ i i i l m

nmax — im mi mm utmicem t u i t m t y  I mmu g c - ‘s’s ,is iu bm tmn iecl Os t a k i um g It sh m mu ld lie niiumcd t imat  [ b l i ss’ c’\ps ’I 5 I I I c - I l i s  ~lisl t t s u i

sm ui ti e e x t i e u ine  v.a t i i c’s in reac l t i mm i r i t e  c - su e t  t i c - i c - h i t s  a u t h ex m n uu imie time I uml I u a s I c - c ’ suf u m mmcer i amumtues  155 ’s inc - cl ‘s’s t t h i
su ms’ s I’ s t Is ’}sn.’ ss’IIt t h e  ‘ ‘mi st pru s h m hle ’’ rami ge of ’ t he c h me i mi m ct i  rate tu t h iu m t s  tus t h e  mnsuc le l .  I .SJI sI t hic
iuu uu,’c r t a u n u t s  . 1 mm l,i~ m . su s ui ic -  mIme mni du ’ s - idual sd’ h i s uh iv i [y inh me r 5t~ reac m i o m ts iii mIte hI i l ldlc - I ll,is s is t ime u t tcc -~ h,i u u u i s
.15 t I l l s ,i5 nc - p s I l~ d ab  lye aumc i s s u t u t C  nc -nuscmmi a hle arid n u t m tc - r s muus reac tu l i m i s  i ts ’ imnnned l m u u m o  t Ime I I s l s i c t

s’ s t I i I I i t s ’s liii t he c - \ } u d’ s lc d unmc ’ emm a t u mt y  ni imudivi cl al e i t h e r  hc-c-auu sc theme , l i c ’ m m si a ’ s-a ila hlt’ , I , s l , i  s m s c - s . i I s s c -

mat e c u u c - I t i c i c u i m s . one t’suttl c l c l er t ’ s e a ‘‘uuuost itke lv ’’ t ime r c - ac t i i i l us  are c s i t i s i d c - i s’d I I I s l c - h l i b i ca t m t .  \
u umt c e r tam mi t ~ r _ mn gc- mIl l css it ld lie s m g m mtb ’mcani m lv s mu ua l ler ~‘thu:m x itmuun uu ’’ am i d ‘‘mnm im i i mmumumt t ’’ ania ls s i ’s l u u u  t h e  c - smi im l i l e t e
t h a n  mIte prc - senmt m u m i x—i tmut i  nami ge. te a c t i m i mm sc - I cs uul s l lead ist m u m i u c - i h u s t i c  p u l l s ’s i’ m O tdO\

All s s t  t ime a b u s e  u uumcer tammt ty  a n a l y sis app lies to t iue species mi t h e  am nh , iemu n :m n u tumm s p h mere . Siuc l i  ‘ s t tmm u i l a mtm m mus
s’:u ic’ui i i t m s u m i  of ’ t Ime sm/ s in e rechu mc t m s u mi m u  11375 . Th is bias - c - riot beemi carried s m uim, ‘Ih ie ss ’ m i s i m i s i t s  s i t  t ime I i ’  ssls’I
pr u i ’s i c le s  a h,isis kin e s t u tuu a mtmi g mIte s u nicentainut s inn mIte tuu iumm u i n te t h  prs c’c - ssc -s I c - c .  hic ’ t c ’m i u gcu mc ’um sus 15,1 ,, m I n is
shc ’ .is ly ‘ s m i t e  si/curie reductus m mu t h at is c u i c ’ui l:ut ech mmm a iui m uu c meac t i s i mu s l  uenma i mms a t 1 1cc - serum m u  umm uu mm u s t i g_ ul_ ih Ic -
cs s u is m :u t mu . p t oduc’ t t m m n sce n ario. Wit h a c - sim tSt ahi t  t a te  s it prs ihhenn, ami d psu te i t i a l b r  ,i sc - nu ns s u l l I l s , , ’ s i t  e u r u m u  iii
, ‘ I c - c t l s uu i  of ’ ( 1  Nh ’s tnts u t ine afmi ios p luemc - , mIsc -  appns iac hi st ratsu s p hi e n ic rmim ide ls .
to t h e  s ic id~ s i: utc ’ s i t  p c - i c c - m t  0/_ mimi c reducmms umn is s l u i i ’ s ’ s t i  - \ m l m s l l l c -  t ime reac t i s i bms t i tan  u ’ sc ’ne s nuithed , Oil l i t I

in Fig. II. Th ese ,,- s um ’ sc - s  are usd 1 descr ibe d by arm —. 11 2 0 + 0. st oo ls s Hun a~ t he u s u sh s n t n u s . i b  ~ Il I , , t’
exponential exp r e s s u ssnu s i t  tIme l’ormuu - N) I - e~’s I ) Tbtc - t h e  s h s : i t s i s p bu c - u ’ s D l i  c s i m n c - c - I I I I , i l I s ’ I I  us ‘ s c - u \  s c - i i s i t i ’ s s’ i s

t imnm e — depen mdemun ternuu. c’’~ 
I , re presem it s mite at u mios h i l me n ic mite p l c - c i s c -  s ’ a hu ue isl  n l t i s  Ic - . is mm m i i a l e  c- su i t [ I s  i c - I l l  _ ittc l

resi demice t i mmue. Fsur the ( i- Ni ’ s [hums mc - sud c - uics’ t inune , I \ , snuce d u l c e t  l a b s i u , i n s s i s  h i s ’ s l l i c - t t u c - t i l ’  s i t  thus  I_ i t t ’
depends preds ti m m n iam u t l y ill  time ed dy  dul ’I’u u si sum i c i mc f fuc u c ’ nu t . i mc - ‘ s c - u s  th t f [ i c - u i l t  u c - s d  II 1/1mm
s’suc - t f i c iem i t s  (w h ich d e nc - rn uu mmie t ime r i te  sul ’ (‘FM m mie z t s u uiemui c ’ I I m p t l u g r a u b h  mu _ i s m u 1 l ’ s  sic - s Im i l e 5 5 1 5  uu st ’ buu l .
m m u) ect liun i m Im i arid t Ime 11( 1 remuioval I’rs in mu t h e  aln h mu u mug hi i mu s t i u c - , ,  I . s t , it ,i im i I 1 , i I l s i O  t h i c ’ , u b l c - C  it

s t ra t s m sp lmc re I amid on thue ra te  um f ’ (‘FNi phot u ul y sis. I’or u i m u c e t t a u m m t m e s  I I l \ i i l ’ s s’ t

2.3 SOLAR ABSORPTION IN A STRATOSPHERE PERTURBED BY NO INJECTIONx

Who le ut iuc hm it tem nt io nn l i i ’ s  beenn ‘slim - cc - tec h t iiv1ard ll~ ’ I,isli,iII\ c- i l _ i n l s t s ’ I  m mis m uiel u sed f, s m i l ls ’ ’,5’

uu u nrui sn emi stis s \i i t c - .us a ch ieuinuc -ah te ic tarut  c- up:thhe u t  c i l cu t l i t t u su i s  ,isslilut’s a s’ lmiu icl he’,s . t u t ,mui s ’ t s .mb a llei
rec hutc tnig time mm/sm ite Iay c ’ u s t  t u e sti - a nsisp iuc - re. l i tt le m m oisss h ih i c ’ u c ’ ni wi t ic hn Il m eu c - is uui u le c ’ut la u mmm u m l t i p lc’
a t l e nm t im ur t hm.u s icc - mu j i rectcd m i i ’ s ’ s  ,mi ~h i t s  rs u le ms ann s c - i m t c - r m i m e  mmm d l sna s c’lu i i s  aI’ms m i r l sn tm u t i  m b s s ’ s c -  in
t hsium hen s i t  ‘ ,sul, mu t ucl t a ti mi mi , ‘sms i I , l I  .i ii’s i i l i t i sm m n by is is t uo pic i l ly ss’d t term ng gn s u itmic i. 1 hue ‘s’s i ’sc - Ic’ m ug t hi regus inm
i i  ~h s u c - d’ t l  c hm m s t de  l i .m ~I u m u m i  hs’s ’ I I  s ’ \ 1s ,’c - I e i.h tmu Inc bet s uc - emu 157 .2 ami d 735 um u mu . mu ‘s’s hitch uu i iu k ’c it la u

st~~Ot ic.oit  ci m u hi b l u m e s i  s’s mil l  s s ’ l . um . i t s ssu l  p m i m s m u  bs~ il/m imi c i u \ \ gc - I l , lu/ l um i c- , mui c l m u ’u) rci g c - ml chimixicle a r e  time t hsumi m im i a u mt
hc ’ ca lu s s ’ u n i m l i s  u a d i t m i ’ s s ’ e s l uuu l i b n u i uu t i  t iu s us ie ls 11.0 ,,’ g: ms c ’s u i i s a I s s i s i l s c - s  s . is d i v i d e d  i n utmi  I 11,) spectual  in terva ls ,
gs’ n lc ’I,m t s ’ st r c - as m umui h le  s tu , i I i s t s t l s ’I IC t cmu t pe ra tuu c  h s l s s t i l e s  h u e  atui ioshihere between 0 auth 55 knit us d i v i d ed inm tsu
u s m t l i u m l i l  iiich ush nmm g i i i t l , i c - c’mu s h tm i ” ,ic lc- us ’ c~. \Li s, u i s - c- an d 43 l a y e r s . w h ich are I kumu t h i c k  ump to 35 k utu amid
Snrtck lc - m 1964). hlm m ’ s ’ s c - v er , .IS W ill he ‘shuiu~~ui tIn e 2 ,5 knit t h i c k  f r s snn i 35 nun 55 ktui , I- ,ic hu antu n isp h ic- nic-
i n mc - m c - . msc’ in sis l , m u  a h s mm u h i t iumim by 110c c - e l m sh i im ”s ic is ’ mu ds I:m s c - r  us s imv idc - sh m m m i  sum bl m y c - us  w h ic h have m i  um I n I  c’il
c- mi umi teu ict .1 s ic - uut i ,  .5t h f m , m s l u s s m n  mit ’ t hnc- ~l c - s s c - . i ’-c- m ss lau tiepihi. iu cluucliung scall c- rim ng and a t is us r pt t i un .  of less m h m uni
. mhs is m h i tmummu by s / I t O ’  b u m l t s i ’ s ’ s  119.’ sn n , u t i s ’ s j ’ h s’ n is ’ I lls ’ s I i s ’ I I  0.02 T hieuc - n u l a s he as um ia n uy ,ms 500 su ib lay ’ems
s f  \ ( I I’ ’ l i lc - ’ s  s i t  m i i t i s m ins ’ u t I ck’peu s h mng mihioti n h me t m ina l  um h i tmca l  dleh’ut h ill t lu c ’
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;mlmmii lspl i c ’ uc ’ I l ls ’ (, ,m~~ss ’ ’is’i ,,ls ’ i in cra n ive sc’ itc ’ mn c us uusc ’tl i s >  0. u s c- - (0 = “Ss , ,i = I I u t  t ime ss ui a m I ; l s I i . s t j s u t u
to , sulus ’ t ime ma d t a tu ’ s t’ t I , i I I S t s ’l s’s hsia i imin i iii si bt :m tt i  t ime intc ’ ic leu it am t ime top sit die ah l l i su s l m l iehc ,  Ot I s  Is ’ s u m l t
u , m s h u , i t s ’ s s ’ n l i s ’ I i s i t \  am in m c’ menmme n m hs of o° m u  the im ic :t h ‘ss’ i l l i c- s ‘ i l _ i t  t Ime s l i t_ i l  , u l s s s s r t u n l s u h u  by \0~ s h I s s l I I l . u l l y
/c’ n t th  i l l/ I s ’ i t  c - a s h  lc ’ ’ sc’l (‘ i unu m pommem m ms of time rac i t i t i ve  uuu i l ’ m ;i s imm _ i l l  t ’r ac t i i um i  1 1 .024 us It i t c - t ) )  i t  th is  5 1.11
t n t s ’ I s s i iy’ .iit’ ther m i n mt e gn ; m nesh u u ’ s c - n  mIme uupper mm m d I u i ’ su c - i  ;m bs su r pt i s m mt by 0 3 .
hc m mtls b s t is ’ us ’s tsu mi hn ;m i mi the shut  t ’ums c - lllI\s’ ’s . ‘ lime rat is m u I  th ou i u l c - u c - a s c in s h u d u i sh l I ls ’l is s s s l , u

I his ’ ahi sm m rptms u mm c - I s i s ’ s  ss’c’ t u s m m l s  uvere  s l c - r u ’ s c - s i  )‘rm inuu a ; th s sum p t i umrm us NO 7 ) ‘ s ’ s i th I c - ’ s l i c - ’ s  [is misc uiumps ’ u muui t s , , ’~l
‘s . tm i c - i \  s i t  5 ,1 111c c - s s lescnihu.’d om ( s ’ l iuu ; us ( I  ~“4t. lIme c isc ’ I ts u t Ime s ic - c rc - usc’ mi z i h s i i m i n t iu i mi  by us c - I ’ sc - I I  i i

‘ss’ u m m s , u I  pu sd’ile s st t c - i m ip e ra mu i re.  p rs ’ss i mr e . anuch s i \ vc -s’ll
c - ummi s ’c’ u m t r a t tmmmm s i l l  >~‘ 5h~~u~ h to t h e  5 St a t u c i rch
..S. m mt mi ms h i l ieme ( I~~02 I,  amusi t ine csm mnc - e n i t ra t i o nm hi ruu l i les Isir Table 7. The ratio of the increase in NO2 absorpt ion
1) 3 m c I  NO , ‘s ’ s ,,’ uc - s ic - i Isc ’ il Intu it t r a u i s p mi r t ’ k im ie n ucs to the decrease in 03 absorpt ion for a
c - .iic it l _ iutsimts. surface albedo of 0.25

‘s’s c.ts s’s cs um is iderc - d are \O \ m rm l ec tmslh ms ( i s  Smitar ,cniih aiigt c
\ t t , ( . ih 17 uI 2 t t  kt nm ut mhie u . i i s ’ si t ’ 2000

3 , , - ( ass’ 0 30 61) 7.5
1111 5 15 ’ s m I s ’ s c m m u  • s Lim l tt sl r ii m t ’ d [s t nmhium c - dl s s 5 s 1  a
I ’ k l h i ’ t i I l c - k  I t s _ u  T’ huis ouject i o mm rate 12. 5

111 1 2 
c- S C _ i l )  Cu l l  c’ s l i ml t ttis Id tI t an sit a f leet if 17’kni mmmjc ’ s ’ tu m um i (1.3$ 11,4(1 (i.45 (( SI t

sc’us ’ u , m l  h l I ’II’.,ullsl s u pensm imuu c - I I ; iu i s h u u i l l s  t ( mr s u t i e c - kc - r  20’kj mu injc ’ s’ t im m n 0.35 0,37 it .4 I O.4~
c’t il I ‘ i 4  I rime s tu . s t s msp i ien ic cs u i u u m m nnu sls ’ u i s i t l c - s sit ’ 03
,it mci NO , t i l l  c-ac - hi sit tIme t h r e e  c.u sc - s are s lu su ’ s ’ sn u in
TaNs’ (1 T his ’ uiui lus ’i tur ned O~ prs mf ’u lc- s’ iil F c - s b i u s l i s l s  Id

T ;thle 7 t s u m  sc - l c’c tc - d  - ‘ I u u  ic - nul ls ; i ui cls ’s ami d a s u i t _ Ic c -
Table 6. Stratospheric column densiti es (above 13 a lbc- s ls s s t  0,25 . Th is I . t t i s m  5 1 1  Ic-s s 9 . I l l t i c a m i t l \  ‘s’s mml i  s i l t s

km) for 03 and NO2 ic-nu i t l m am ug le hut sunk s l u g lu t  Is ‘ s ’ s I l  l u sur f _ i cc’ alhed um , flit ’
(molecules /cm 2 ) ami s s ’s si t n i u l s  r : uu usu  f o r  uli c- I ‘‘ ,uid 20—k m h m iii jec t i su o s

iiuc l icaie m i n i m  t ime i mmcremsc -  in NO~ a hss m u p i i s u m s
(a-u.’ 03 ~

02 ‘ s i / i i i t i c - _ i I I I I \  csumumpeh is a n s ’s ($1 1.5 1) ) l u s u  I c -  dec uc - ; isc -  mum
( ) a bs s unpnism u i .

npert urhed 7.92 s tO 18 406 ‘ 10~~ I us ’ c - t i _ mu s i c- m m  s n u a m s s s h u h i e r l c  cmun s psu s mtms u ui  us l c m c - ; mss ’s

t 7 ’ k rn  inte c ’t i u un 7,50 ~ m () m~ ~~~ . i t t ~~ 
t Ime s s > I ; i u  rud s a [ tsumi  t u _ i u i s t uu t i t ed  t o  the t i smps i sp h tem e .

18 IS mes i m h t mi u g  ml m n i s u e ; i s c - s I  t rmu p uu sp hme m tc ime at luls Niu i us ’20 Lum u in t m , c’ lu uun 7,03 \ 10 6.80 -‘ 10 -ras hi , mt i m i n i  us ss’ ; i m temc - s i isp ’ s v;u r ’ st I r m iumu ih ic ’ h r s u i s s i s p h ue u c -  multi
a I;iui.’s’ u I I , i c - l u u m l h  sit ’ m h mis r ;uchu a i usun u esc ztpes tsi 511,1cc-
bc-cau se il mIme t muc u e a se u,i lr , iuu ’ su ls iss l i ss i  sit ’ t h e
s t u , i n s s s j s t i t ’ s c ’ I I l l s  lea ch ’s nil _ iu i m um cre as e imu tIme l’ il;uuseta r~

m lhet hsm trust ;u ‘ s I c - sm s’ ;ss c- mum u l us  mm dl ‘ ssu l ; m n hue _ it iu ic - s t  t ime
i.$ t t s  u m m m m c mmu mi t  O. l ime I “‘k mnu m u m t s ’ c - t i lumm c’iu r r c - sp u m umcfs  ihiii s ’s p lis ’ u s ’ s’.uu t hu  s s t c - I I I .  .\ nm anal y sts s i t  the pert ui hed
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mm m l  s u m l l s  IIRc- to Imi ei mc - s s i c - I s  s m u sm rm c - s l imit als m m

mIme bc -sI I nm u ’ ‘ s c - I  I n ns1 0. st .u I i , s ’ s I c - I l ’  I u i m s  pc- - s h m s 555 I eun smu mmc - s h sih~ iii’ 
‘ 

t ime l I l i l lm i I  
- 

SSN~ w u nu ic - F u I  I ~)Ini ”iu7
het u ’s c -em s I ‘I~~5 sum u s l l i I ~~1h ,t 14 I l l s  15 , 155 ’ 1 mm sili iler 0 ) ,  

u I m l m u u u eb mms l uu t h s c -  Iss li sm s ’ s I m ic sp h umc - susmd s m ur nu nul er, lime da t sm‘ ati si si m m l s 4 i i i  ssmntims ’~ I I - 11 mm ’ . s i l c - c - c - s h s  s i n s 5 s s ’ sc - s 
slui ce 

‘
1 115 5 j i us h ic - s in c -  t lm su t su nuui numi r SSW us t ime summ i umual

ot her t in_ t i  pl u s u t u u s h m i ’ m m m s s t u s  
‘ s l l h l , m l r s u u i  ml thus ’  nsur t l me rml  i m e ut mi s p luere anti mmn m I~ t ime

5 h i s i i n  0) 3 um u i xu mu c s , u t l s u s  mum p~ I.ul uul ’ 2I i l  h hs ’ su t ll 
: I I , l l s m l  ‘ s v suInu l imiCs amc -  si b ts om ’uuu s i l. O ne c -at m t i menu

I Ii r4 I I c - u s s i t s’st Bi \ s u h ’ ss’ s u , i l l uu l l ’ .  m l .t 4-11115 .0 03 his p sn tb ls ’s I/ c - t hi stt thus ’  0 n rc - msd soi c-e 15155 , duu ’s ’s m u i tnut i l
lIi.i’ s ’ s  l l I l\ l l Is l  u .m u lh i  s b  2~ ~~~ 

.11 II N i ums 2 .I .mi i s ~, ius ht i hs 2 sum m d up ssu ~c-c- i~)(i3 , i s  d u uc - t m  unj~ s ul  SS~ ”ss m kunue,
I~ t~ I. 44 sm h uni c - t iuc - I uu . t \ i u uuuu um u u I  1(1 PP~I1 uu im ru i m si I I~ I’lIu’. wm ’itl d ,slsuu essp lai mm ‘ss h iy tins’ nrc - mid in tine sositinern

sn l’mss ’rs’eti mit t ue u m s m p s s . .si s tms uu i ss p )i er c -  I. 111555  t ime imig ui hu s ’ l s I ss lls ’si ’ ,i lu ls s’sur ’ s m u m  he nut u ic - im s ’ sc - s t k c - l  or s’s_ c - mm
0, IlIs ’a’.luii ’Ills ’i lt is clue mu m mmmst rs mumm s ’ mut  s l m l l mc - u l t i c - s, n b >  s’’s i ’ Is s ’ st s lu I c - c -  lc - sseu stt i s i i’sc - :i l’ .s’t SS\\ s 0cc-uI in tine
Is l I u c - I l l y  ‘si l c - c - s’ s [ I ’ s i’ sul .1 I uum l l p l l s u l u n s h i c - u l l l i . i l  03 s s l i t l s c -  dimSiI I i c- I l l  h mc - m nm m s p lmc - r c - . ( ‘ 11115115 ’s I l~ 1~~$ ) 0~ smmi : i lvss s t ins
mi n I muuc - l ut l eth ins Ill S c - m m u r e m m u  tun u iclels ,  tIu is I mv p s l m i u s ’sl s ic - IS  s ic- I l . sms s l m u u s s m l  nu I _ i c - ,  2 1 ,  w h ere

us Tmm lal 0~ tun li uss i l u g  N c - m i m i c -  c - s lm p huuimm. I m i l l o r m n u  t i m c - s 5 , 1 1 5  sv inl u mu is ijor .SSW”. hu : ivs ’ bc- c - ui c- u rc - Iet I, Tine f it
c- Iuih, i I l l l l\ i l l c-  sit f l ue estt tu u ,t t cd I ‘Nu l s I l . l t n n s p l i c - r l s  iss l i l  ( )~ tu c- uid sim I:ul ’s ’ .c - ’ . s u b mOl te r ’ s ms t tsm t  sun ~musi d. h u t
I l l Is ’ s I l m i l  ill Cl i s  c - uin nnp ui te cl (R~ III s mm nd .\ l l i kh I c - I t c - c -  I l i is al;pi’ mis  to  he su prs ibl e mu n pb sm cu u i um g a ll c- ui Ic- l i t
1075 no c - s u sts c sm c ies’ lm u i s ’ inn tui nst l  0

~ 
s i t  smppr mmx t t u ust te ls -  t lu c - us r i s’s L smtc - u  :11 1:115 s i ’ s  s liggi’ s Is  nl uat Is mle ’ se st s s lnm 1 1 1 5 1 1 5 1 1

SS%\ ‘s c - I m lm uu i m us m n im m g . d t c - u  tIme c - mud ill isttsus i rs Il ls _ c - l i t t le
c - t i c - c - I  s un mmmc - smum st nn muu s t l 03 t i ll  mite m ml i ii’s InC 5 c- :il . e.g. ,
t hus ’ m u t s i t mir SSN\ c uf ’ h O .Is l l i i i su i5  tiuru im ig lu 6 Feb ruars
tu IS 7 , Adun tm t te d lv . sonme snf t inese ar g m inm nem m t s arc

30 ~~~~ I 1 s pec - mul s mtm v e, hut mt us him mped t i tan t l l esc -  id eas w i l l
st t mi i u ls une l u r t imc - t  resestuc - i l  ammd ex c - Iua m mg e muf idc - s m s w in ic -hU

20 — mimic - Ill c - Is l I i t s  this luisSit i li ’ c- h uh _ t i c -  l nmec - i u an mts m n i .

1 940 1 950 1 960 1 970 Fi g. 21. I nut’ ss ’r iem , iii ai m n ima l mean value s hi  ui /humus ’
du,’ v iamiu mir,  (‘irs ’ Ies i ndicat e year s w i ih major sudden

Yea I’ str at mm s ph c r is’ warnning s. I ‘mm m c i (‘ turi s tim ’ 19 73,)
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2.7 POSSIBLE CAUSE OF THE PRE-1970 INCREASE IN OZONE

l Ime impss’ sm m d usc - tush  h I  l u i l _ i t  0. i t i  I l l s ’ t i m b i t i i s ’ l ui 3 Ii . i i t m s ’ s i ’. ,i l um ’ ss s ’ i i l i  m m ts l 5’, , m s l m l i I i : ~ 5 t mite
ilc’t ihls i u ll s ’ h s’ I u cmiii ,il sus st I ~i ‘s ~‘ t i m I ‘I “II Ill LI I I hs’ I I I I1~ ti I I 5 ‘ I i ’ 5 1 1 ,c- 15 s ’ ii i t i s Il mmm l u ll ii ,u 1 Ills ’s 5 .h l i igl is ’r I I ~l I

sm tt ru hiut tab le tit Si S 11:11 Isis’ i II t I ms ’ ‘,li’ l ls ’I iI s II s iu l.t t I’ mm . lIIl \ Ii u :‘ I 1 I i s  5 tu  m 
~ ‘

i ’ s ’ s  t imu s m u m  i I I I Is ’ t I h u l l s  .i I t u m b p m u ps j u u ss ’
fh im usc- p u s s j m s n s i l l c  s iu c - I m e\p ls im m~u l mumnms I s ’ c - . ,  k - I ’ I h i S I  ~‘ ‘ Is f  ll , u h u amid tuu l t l , _ l s , l ’ . s  I l l s ’ I u i i u m i m s i m n s  st t h i s ’

c- n sul , l s i l . (‘r sm i/e m m 1 5 t 7 m l i _ i s , ’ t e i m s i ss i  il ‘s m . I I , u l u u s I ~l s u i s ’ . I b i t s  iti im t m i m  l i s ’s u p  .1 l , m5 ’ s’l m m , i s m i m u t i  s I

nm ummms l uec mf t~ ’ a s u I  us - Ilsmn s ll , III c-s’s l I ,ss i ’ ~~ c - l i t  m s _ si . sill .11 .11 ,  m ’ s b h ik ’ m is NI I u’ II Ni I~ - .‘ .t ~ tic - mIte  I m , u  t u s u n t
sit’ su e lac - k i i is i  m m  lmuhs l e mst s i i i s i im lg  i i  this .u I c - _ i  I l i l t u l l l s , i I  ,.ir.s 1 I. m u l  s ! i . l  k m t i ’ i t  s _ u I _ i l ’ s  i i c - . m l l s
slu,’sl iu c - m u m m i m  s .c - s ims  t cm i tusl i c - sm t s’ I l l _ i l  .1 ‘ s m 5 ’ ,l~’, I l t m u g  u s l  t hIs ’ i l m s ’ ms L’ mmi , m mi - - mh s ’ ut , m s is mu ~ ’ l s u s s l n l s ’ l l l  t haI tIme
h ls icllc -s s’ i i s ’ mm l sm t tumt t  ,ilisl s’uullss ’c h uis ’ Iu t l s mut  i l ls’ s ’ \ s l l . l l l, ’_ ‘ s c - -  I ’ m II l i i s , l s ’,Isu mu i - n m . u i  t I , ,i~1 n 5- , s l ’ s  si l i , ms s ’ bc -sit u
mi t  , mir ie t is - e e m m t iue m l ,m 1 i  si ll s c - I s ’ s ins 1 t lis’ su u .m is 15 1 h i d  5’ .1 11 11511 s I 1 5 5 1 1  lii liii Is m i t  h i t s ’ nu umr I mci ut ht s ’ m m m t s l m l lc - u  s’ ii litlc-
s ’ s su t i iu,l te:msi tin .1mm t l is’ Ic - 5 t ss’ t im > [ i s t t u ls l i l i s ’I m u. I i  , I I i’ .  rims - h I . ~,II~ ’s 1,s ’ i I  Is 115 1, 1115 I c s ’.um sls ’ sI as a . ‘ I~ Is _ m i

c - unlmc - Iils lunIl u s ’sls s t l us ll c - I s 11mm t h e  iu~’ m u i u u i m m  I l l s ’ s  .iilil sii I1Itd’ 1 5 5 1 1 1 i 5 ’ I i s iI I hums is l , i m t  I15 ’ s s _ ’ ’sS , l I  iim ,lli l i t ’ s ’ I l l , ,’  s l i l l . u ! s I s

puim ~r Its h ile tt mu s eu lm t mg st t h us’ NI. ) s , i I , i l ’, t l s  s’s, sls’ t i m _ I l  , ss ll’ lls’ IsI tt s k r tm u ’ s~ ihm. m t u i m s ’ n m m ur t i m u ’ lmm Im m, ’ I l l ’ s l m lu s ’ue
mite u r uupi l ’ m~u i t c -  i s ’ ii i ’s t hus ’ I l l _ i b I s !  5111k sum ‘sI I _ i  Is  51 1 1 5’ Is s m m i s  I n , t I I,5J 5 5  c - e l I  m ’ s ‘.111 ltt siu .’l t i u , m t i  I t  us ’ smmii t l m c - m mm
O~ . ( l l r s s ’ nm t u i m c - i m r s  is  I s ’ u l i s i l k suh l s  s m ’ m l s i s l s ’ l l l  III 5115 5 11 iii ! h m s ’ m u u s ’ s~u i m s ’ i s ’ ( s i u l ! s l i ms ’ i ~s’ i I)  5% is _ s , ls ‘ . 1 1 5 5 1 1 _i , t s , _ s ’ I u I i t l l ’

t h a t  t O tile s’ \ [ l . l l l s s l ’ I s .:iI lm ui u,’c - i s n l . i t i i ’ s 1 ’ s I i s’ l s ’ . 0, t u m  k 5 .  ‘ , m um s l \ I 5 5 ’k I l~~u s ’~ I .mum d lI o n s  menu t h u s ’ s ,i ’ .

c - s s l s c - c - um t r s l n msmm l s  S l i m ’ [ m l c - \ c - c - s s  mi f  I is 555 ’ lI ~~~ ic -s i  Ii s l I s  m i s ’ .m ~ s n  h’ - - ui I )i11’.u,iu 1 1 2 1  . u m m s i  n l u .m m u bus ’
pIl imicm c - h tc - uu i l s’ :iI ss 1m i i l [h m 11 11 11 . N sIt u ’s shim ’ s ’ ,  H Ill l m n  I s i s  ,il 1 5 1 1 5 3 1 ,15 55~5 I I  h ss l Ii hm s ’ uu i i ’ s ;sI ls ’I s’ s i 511 5 i l l

m lsi h i uis p ims ’ rn s ’_ s t m s m n sus h ul ls ’ i Ic - s’\ s ll , iIiL’ c- ‘s’s s i l l, , i 1 m 1 s s’ ,sm nil l i l i I ’ s n n l l  s I l l  Si l l  sm l l ! uO si l  5 5  Is ’ , 1.s’ , h i i . r l l s ’ ’s t .u t i s i  ,,s s l s i s ’si
, i l l sn ’ s ’ s  I mm une t i n n m c -  h I  ( I , i n  tIns re g mu m su umu m is s _ i s ‘ii m l  J .m umiu .m m s ,n llsl s’ h rsu s i l \  Ipiis llt ’u l t u b’ hs I l ls ’
mim s’ pl n o u m ic - I t c - ui m ls’ m h c - s pi l l  I~~l I I l ! ! !  c - l s l I c - i’ l l  I I  .1 1 tin 1 1 5 . liii I [11 In I Ius’ rni . hus ’ n m um s l u lm c ’ u c’ 1 1 , 1  s t l s ’\ c - c - i l l  s i mu t i  Ii ’s ’s s’’.I ,tos l

t hat ef ’f’ec - t ulisis s’se li li ’ 15551 1iuisS s’ ln ,’ uj inS 5 5 1 1 1 5 1 s’ b l s ’sI ’ s ‘s i _ i !  I l l s ’ s !  tim I s ] ’ , am ls i  N I l - mI s t  is hell i l m u .’ u s_ i l’,
-N s Iuu ~ ’ dc ms ’ , ’m i mu m m is i b ihis h ubis ’ I  Im ’ ’i’ t Ii i ’  l’ . ln l ls’ Is s’\s’hiamlui s’ S m I l l  i s !  I l ’ i ms ’ u m u s ’ s I s l l s ’ l  s’ I I s us hhs ’y  s,’s’II us ‘ pc- I it IS ~ I Slll lthu

st is mu redmuc - es thus ’ sups’s’st m s I m- sm mc - m l  I i , I I l ’ s l s ’ ! m l N ,0 [ u s  I~ i Im3 I. l’ I ui’ s ‘ . 55111 ’ .  i l l I I m i l s , i ! s ’ ih usi t m h i ~’ l ls ishh s ’y

tins’ 2~ ’tsi ’3O ’k5ll Ic - sc - I, sv !ts ’re i t  i ’ s nu \ lLtI / s ’d hi s  Nb )  ins c -j r s’ lu lsmt i uun m si umsi Is  s’ m m u l l s s m l  u i l  ilic t m s m p m s ’s t i  I s s l ’ ’ ’’l ’,suu s s ’

0( 1 1)1, amid smlh s is v ’s mmmmir c - tu l le lull tIme issis it~~ l u m u t h e  simus b t r i m p u u ’ s I m e u i c ’ s m r s m t i u s p l i s m i c -  s’ \ s ’I lslui c- c- Is ‘ s t ! n u l i c - I y

4 N ,0 t m m  be i I l u m t m n s l l s ’ s s n s’l.lIi’mI , pm’ s m t h u uc i sm g N , 1 : 1 1 1 1 5 ’’ ths t u i  sc-is uuuml l c - mu l s - , s loe hu rs ’s iui i l s u iiI~ I n s  I’m um u iu I s m ’ s l l s t s l l i i m m u i m t i

NC) ,-N s usi ss’ c - su mis h ly , 5 1I1 s ’s’ ibis ’ i ls is ibc - y c - c - i l  is t i r hu s ’l i  l’u s n u b i_ ins1 smmmd sc-sm -,ium d tine c - c - ce mt t rmc - sns  ‘I I l l s ’ c - s m i t h
ur i up i c - s m l cs mru s’ec - I i mum m i ’s h uis’Iu m m  u m u r lu mu5,mmsul ,ilIl ’ s kh lmus s lT s i surh it lime i m u i m l l i ’i simml 1 ih l tmc - s  I s m t um u sItmu su b ic ’ lu i b u s ’ mst nl t r c-
prcssu rc- mimi t h e  u rs m pmc - a l  h r n u I u m s I u : i l l s s ’ . s u l my u’ s s’ s k e l u u m u g  c - sir cl st th eumls l u ‘ s t m c - l ls i th leum mile u n n m u l I m s ’Iu l . t ms ’mtlls b il l i’rc-
he c - s pec - nc - c l  to smll s us ’ s a b i mi ’ s ’ c - r l mm g smussb i’s sti IllIilg u t  Ibis ’ I isu ih lc - s c - c - lb , , umm i _h t i le  l s m t t s ’r c - _ h Iss’s tIne Ii’s’i’ l S s ’ s b sus l sil

lrui pt c - s m i tmsup uu ps i l tsc - .  TInts tn t t uur un wc iuls l smilmi w a hlug bmem tins ium J a nm sta i s  ho c - ss c - c - s i  th u at  sub July’ Ny tm c ’ar ls

lu i ixmnlg ra tmmu muf ’ 11, 0 t inrs i l m si h l  misc -  c- sul c l tus t 1 i  ml thus ’ :i i,iiui ,t mc - um g mbme ui i n m ui  m I me n h m m l t h m e r m u  Im e m uo ’ p l sc - s e cc - lb .  I lm i is ,
trmu pmc -aI tr o psm pa m ms e . r c - s t r I n , r l n i I l  t i n  l ime mmiur t h mern n b lemil is b u llc - rc - nt  thus ’  prs ’ ’b ~I” Il

T ln ius a svc -a kc - rnin g suf  tIme Iisi - ,hIc y n,- l r c - m u ha t ihuu l  is it i l i lc - lc - s is c - m u  ()~ hc-s’mi muic - s smum s m t l d i t i mu ms s mI  si u u!uull ns’ mm t
resu bts m mut s iuuus ’mmmg mit ’ tile tr su pumS b i bm s ’ rmc - _ s ursmt uispi l er ts’ ‘s Isp h u u m rn irm i i  a r c - ’ s im i sun ms hl i bu lii’t us s’s m u  t Ime imuc - rc - s is e s m i t h  Ills’
eX c - h i s i s l -,ic- Ii:is at least t h ree c - cmmnsc - t l uue u uc - c - s. all m t  s ’ s ’ I m s c - bm mro pmuipineu l c - _ s m u . i t m m s b u i u s’ r l s ’ c - s c - h ma uig e rs mt e s t t t s ’c- t l is’
smppestr t m m bc -a sh muu tm lc - restsi ’s i i i  this ’ s t rs t to S l l hse r uc - I s ’st’h ’ s i m l l  I s m t us ’ m simud t h e  um l ms ’Iestr t e s t  iny b) Imt l l i’ s Ss  s irs ’ lbs hlu i l ts ‘mr s ’s

mit ’ 03 : hirsm psnsed iviu is’Im w uuiilci be_ id tm u a hie m uu s sp I m c - rss ’ m ’ s
I. it resb hii ’c -s t ime s i t s ’ ol’ t I a l I ’ s I c - h  suf  03 f r uml l l  tIme m upp m is c- c h to  su gltuhi sul plmem u muuim i ’ mhis u m .

s lm i r : i ’c- I s ’c - i ln I l  ui l tIne Imis’,’s’r su r s ttmu s l i hn s ’ r c - t i m  iuum dc - r lv i mmc Fi m is t Ib ~ . it is muc - c- cs s , Ils lii es tabl is h m l usmu t i neme Si Is

s’sd’ i i ’ I m u m \ s ’lI n rhupui sh ’ub uc - h i’ ani mi 03 — d s ’ s i s u i s  I l ls ’  ‘ smu rf ’sicc - a urI ng les s Iss ’ weakemminn e sit ’ ni ss ’ iIs t s bbc - y s l I s ’ l l I , i I l i S m I  Si n ls i
hmiunnsls mry I : t s c - r I u s ’,, II c - i l imc - e ’ s  t ire trmm h i u ips mmmss ’ vstlut ’ a s huiu ’ s shi s i’ s ’ l m mum nrm iposp I u c - u ’Sc - —strs l l I s~pbis ’ l lu . - s’s. c - b u a mi s~c- (sI

4 uI tine K uit  nine 1.1) i tns u s hc - I) ,  TI lis s l uu u u l sh rcsmil l  bm m t i u a p p rmmxim u m a t m_ i b y si sIs ’cstsic- bitiun 1mm I sL’ ft ’7 , i h mt s  I’.
in sm r es lu ic - ti l u n inn thuc - tr iuh iu i ’ s pb i eruc c uu mucen l tu s m u i s u n u  suii ’sI s m t tc - s t s ’ c i  m m u his t ime l’mu llcuw inug ~‘s lsis ’ l l c - s ’ .

sur l’acc- tl c - s t r u mc - t i umnm rate mil ’ O~ stm us h aum it ic rcsms c- m l tm i t s mb I, n\mu g s ’ I l  aiim ] kil m s h u m u s i ’l ( I  s u 4  I t u m u u n u s i
03 m n tIme s l s s r : m m_ ic - u c -Ss ’ r ” o i r  uub  tile l imws ’I s t rs t i u ms pbms ’ rs ’ . S. m us .7 _ i i ubs t r  d f s ’i’:t s ic- imncr eass ’ tnt tr l m pi c - sm l t l I 5 I ’ s ils ,uimss ’

. in s l s su ’ s ’s thIs ’  upws mrd Our s u n t ’ N,O . t i mu ’ s .mI l , iu v u i m_ i  b~ c-~r~~c- s ’ ,’ lmi s’ht ap b u c -s t rc - t i  Imu b m: t v s ’ h c - c - u u m ’  , l I ’ s s h u m n  I
Ilihirs’ l io ns ’ l iur ) l i s l l i s s l i ’ s s s I s  l , l l u n i l l  amud re s hm icmlmc -  t ime ,‘Ns s n s susu l i ’ m l 50111 i t  iS’as Si i’s s u l m s l i m u _ i  ill ihls~ l ! u m i i s - ,ll

t b , s c - l l u m m u  t h a t  Is m n \ l l l l / m ’ s I by 0( 1 1)) t u l  t i m r m m u  NO . It smls mu m mo h i mu b i s mmuss ’ II S l u l i s t I u h m I c -  amid ( h m u u ,i$ sm pp i l u \ iI l i ,u t i’ii

Ill s’sIi l l i s i l ) l s  ail muw s n um iurs ’ l u l l s ’ fl li mI l Ieu i t i s  10 I l l  I il c - I K ~lc-~’ , im t~’ , ‘s’s h u l s ’Ii I l ls’S s l isi ! s’’s t 5 ’ sum , , ii I ins ’ I u.’ I _ 5 Is ’ s 1 II’
smmn km hul ’ ,vnu t r u I ~m uu ’ . p lss ’I Is 5111k , t huims , I ’ ss I l Iml l i r  m l m . tm  s m mm 555 11 thus ’ I b l s ’ id ’S iSi’ j ul  hi . , 0 1 1 1 1 5 1 1 1 ! ’ rs i l imu m m ~ t hus ’ lu si ’s s’i
si iu aibe r I’rsms ’ t l s n l s  s l i m 5 l 5 - s’ ’s [I) pi l Ishl is ’s’ NI) itt n l us ’ s t l s l l m i s l u l l s ’ rc- ulhss ’l i s s I  ins \1 , Is lc- l l I s l i m u s l ’ _ I I O ’ t  I ~m sc - r
s nra musS l u i l i ’ us ’ . Wi ’sII I ! I ’ b m m m l , l)(’ , bi c - t wec - mm 1s i 11 4 soms l 1 17 11
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j 2. NIc - S is l t rc - I l l c - i I t s  ( if J uu muge I s us c - m  s t r smn sus pl m c - rc - of Afr ica z mm nd hm td ia a s’s mtt imui iu lu g dc - c l msic -  mm s l u l l lm un em
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of I he resumi Is wheun smithy mumus ’ is su vs ’hemm emit u mu I his ’ vm smh l e . .  -indices sut rs ’ I r ac - tm m m mm are take m n I ru n nu m 1 auiuier arid
is uusm s d, ( onupa rissu ims s’s-ens ’ mmu :ut l s’ t uir Sm standard - -  _. .

- . - W ihi ma m u ms ( I t ) ’ f I s nr  7~ 
-
‘ I I ,SO - Time s s s uls ’d

sit nun susp hue re w m thu tri m posp lme ri5 amid St ra tos pim eric- . - — -uuns ’—wsi vs ’ls’ngtlu cai c - u lsu tm uumu dum b i ] ic - sm ns ’ s su l l ur l t h e  i n u a h imr
aer ius iu ls. CsmI c - imlat torts sit 0.55 p u n  ereat ly cmVe reStittl5i hC - - . ‘ - ‘ -

— 
- ‘ 

tc -smttmrs ’s sml lIne t sm hi—I l u x  c - aic - um i auumi n u (e.g.. regi smm is um l
Mmc - sc-sit n c -r ltlsS . huut muuuod sm ir ree mumen t s’s tIm lin e I mull-f lux - - -

- inc- lease mnr decsc-su se in suu lar in ea tmnlg amid thus ’ lim ~ sml
c-a le um iat ms um n lusts been sm htsmm muc d by sc -s il mmug tins ’ aenumso l . -m nn s u ssui nmummm) . lu cre is s - c - us, ,eu isus l s uc - Ies’ rr mcu t t b r  snuma hl
optmea i dept h to tine t luix ’wc -ughnted smerosm il s m pt i c- a i surfac e aibedsu ,
depth . Time c lma uug e its t ime muc - n d os’s ins’s ansi f lux sun 12 kum dume

tn t time past . smssess mnc-mnts of’ t ine s ular radial rye s’ft’eu’is no time strsmusu s pl us ’ r i c aer mms c ul haven is sbucmwmm i t t  he, 3 1 -
sm f aerosols h ave heeuu nut_ ide musing oume .wav ei enngt h A de c- uesms e itt tIme nc- i flux i i udicam s ’s a s Ic-c- resist’ m s nbuc-
calculations tnt thus ’ visible spectrutu m . Omne -wav clenngthm smm iar hm eatin ig of time irmip m n sp in c-re , Tium s c - s u l cu l a lu s um us s l lsus ’ s
ca h cm.mlat ions h ave the advantage t lnat they require much t hat t h is particular aermus uu l la v em c -s I l l lead to ant inuc -ues m sc-
less conupu Icr tints’ tIn_ it t tine fuIl’fl us csmicu Ia I imu rt s , in n its’ solar huc-si ti n t ’or su m_ i l I solar ic-mu tin aingIes anmd
Thneir disadv autts uge is thu _ it th ey are less ac-e mi rate t i na mu lam - ge sur face aihetl’sm ,
the I u il—fl ux caiculat ot is. if a unmet i m u mci c-s nu uid be Iii un d Tine si~ m il’icamm t vsi n usu m ain u II tIme c- iuant ge imm Sm mia t
b r  c-orrectimn g lime cm nc - ’wave is ’ mn gt hm c-~ilcula tm u un. t inc - tm heat inng w illt scm lar ic-mm imi n angle anud ssurfac - e aihedo
extens ive ca lcmm ia tuc u ni s urn thus ’ solar s-Uects s it  imnd icats ’s thu _ it global mm is ’a m n c - a I c - o l a h i mm mu s itt wh uic -hu a sunta n
str a t mm sp hns’nis’ aeroscm hs could he u u nd c - rtakc - mm at a 

zenith ang ie of 600 amu d a su ur l ’ac-e a lbs’dc’m of 0.3 are
reasona ble dust. assumu ned umuav sarv sigmuific -antl y fronnu d iuum’ nah avera ge

Two corrections m uuust be muma de to tine c-si lmsm mlations .
’ 

Future _ issessmnm s ’ nn ts of time smn lar rad ians5 ’
mm ne- ’s ’s av s ’ienu gthm cstic u lati smn. O ne c-orredtioiu app lies tin e ffects of aerosols simsiuld take inm lo acem uunut diurnna i,
h ue fac t  t hat tine rad iat ive pnsupert ic -s of tine aerosol latit m mdimua i . ami d season al van iatiomus (sis well as v siri ations
sit t hus’ give mm wavs ’Iemmgt im (umsu sm il y 0,_S 5 p mm m) are riot in smm rt ’ace a lhedc m).
represemutaive smf time full-flux radiative pnuiperti s’s. Th is
cart he cmurrected to si larc-e thegrc -e for weakly ahisorhimug
aermus m u ls by scaling thus ’ one-wavelengt h resuhu s l’sm r t he Climatic Effect of Contrai ls

changed fl uxes by tine r s mtm s u m)f tIme flm mx-w eiginied A series cuf exp e r im u tents  tu m tes t  the c - h iummatic e ffect
aermusmn l muptical dept h tu m time optical dept ln at 0.55 pm um. suf increased cirrus clouds due to jet co mmtrai ls is

Tiis’ sc -c - s nnd c-u urr ms ct itOh zmpp imes to t hus’ dml ’f’c- rence in mine cur nenu fly umnde r si- su s mo m nug tine li’s- u u —si im uuem usi umnmal s’lm mum ame

1ui h_ i r limix inncident mmli time ae n’snsm nl , Iii the case sm f nnm mi de l ZAM2. O n e  experiu m nemut c - m mmmsis t s m uf immcr e a s i m n us
s l r a tm l s p heril_’ sme ri usi m is . tine total dowmnwa rsl flmmx t ime cmn numpuied c - i r r tm s c- Icm udiu mes s am all latitudes hs a
inmc id s’nu t IlIum ahmmvc - is accursite luu wit l n m mn Si t’ew pc -nc -c-m I fsmc-tm ur of I .2. Gary hlummmn at time British Meteorm ilmigical
mit ’ t hus’ hum ii~i1 um x ssu Imme , I (ii i’s-c-i-c- m , tine omme .wavelermgl Ii Ol’I’icc In_ is imc- rf’orrmmcd sm smm tt ilar ex perimuuem u t _ a m m d we sen ii
c - sm fcum i _ i t im mm n muveresmim imsuts ’ s tine t imux l c - s mc - h l i l ig  time c - sm rt hm ’s cmummup are uumm results s ’ s’ i thu his. Results will _iiscu he
slu r sic -c - (‘umnis s ’ qmien I hy tIme error in tIne 11mm x imicideim I c- munmp _ i red wi thu t im use I’ronm time t wu m-c li mmm emmsmm m nnah
m m  tine Sic -I su su ni s I s  u nu n helm is’s depeinds m mpm u mm tine sIt rI’sm c - e (‘OM ISA imtodel . whm ic-lu uses ’,t series oh’ i_ it ins t thu stiI~
alhe du u . In this ’ c-smss’ mit ’ t nu mp m u s p i nen us ’ aerosols fl ue sm rr _ int g c d mn r ne—d im nne I msmm m mh s mh rsmdi si t ti -c - eqimml mhrm uumum mnm uds ’hs
s lu mii l iw ar sl h ums sinu s 1 time umpws mrd h ums in ucudem m u m i ni nIne sum imi l s i r  t u u  t luose mu ) ’ Msumnabs’ s imnd Mi ;lher (196 1 ,
aers m ssrls are m ,vets’s ti u um _ itesl by apprui s u u ut si l e l s lime s_ m i me Am u m mll mc - r c - x per im n memmt s it ts ’ mm i p ls 1m m si t i t mmi _ it e tins ’ global

ic - I s  ‘I . s u m  lIme err u ur us rue_ in Is im us iepm _’mu cl c -m i t u i f  suu l t S ts ’c- c- h m m mmatic e f tec - u ot imucreased cmrrums sil m m nmg a hligint
sib i csIm I .ini sI c- s i mm he Sm ) rrs’s’ nc - si e l i ’ s mli ’ s’ is s ’ s - mi hi ,m s’ mumm s t s i  mm i s’ci rr id or. iii lii i ’s s’s pm,’ rm mime rut , i lie cirr u s c-h mud c-cues’

s5’.mlm m tti  f S i C t m m l  be ts ’ s-e cu latit udes 30 arid 50’ N will he incrs ’ rmi erm isi ils
Tine ch u. iuigs ’ Ill tins ’ uu l m ’ s ’ s , i r d .S s .m t is ’ bs ’ si Ilmux sul lIme umup trmcre ased bs 0,10.



Contours are change in upward flux at 40 kttt W/ III
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Fig. 30. (,‘ alcul atcm i c’ Inange in upwa rd flmm ~ at 40-km altimude as a func t ion of s~ar face alhs’do and solar ieni lh angle. Sol id cur v es
are f u l l ’ flu s cals ’u la t im mn . dashed umu rss’u. arm,’ one’~ avelemu guh tt) .55’tu nm calculation.
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Contours are change in net flux at 12 kmn i W/ mmi 2
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Solar zenith angle — degrees

Fig. 31. Calculated change in inch flux al 12’ knn ali it t mm l e as a function of so rf ace albedo aund so lar ,enill n angle. Solid curves
are f uI l ’ flu x calculat ion , dashed curves are tune-wavelength ( 0 .5 5 - u rn )  calculation.
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3. FUTURE WORK

Fl i t t u tu ’ s ’ sc m rk wil l  be directe d t s u s ’ s s u u s i  bu m t h e n  sis its i bc - c - immune sussumis lb l i ’ . h - i t tu ie  per tm m r haimum mm snud ies seth
re himmeinmeunt sin usi smpp luc s i i ic n mu m u b sm i s u m i c - I s  iul spes’uau m ic - d emnu p lm s msui s ’ um um m itup le p c - i t tm m h m s mt tuum m s Ii’ . NO 5 amid I l~ ()
muu m nuer ic - s ml m t i s m d c - Is a umsi suuppumr h mm lui m s ’ss’ sm ’,s ’ l l. w m n h m i is ms ’k gu uuummm d (‘I s ~
Re Ilmu s ’mmic -umts wl nic -in sum -c- ph_untied h ’snr t Ime ‘l’Imc- mi ’s u u -s i m m nmcmm s um mn ms i l  unu mudel se mil um nms lc - m g uu t ’mm r t lue m

• one— dimmuensis mu msil I r s mmus port ’ kim mc - i i s’s mt u s u dei imuc hi md e s l ev ebum pmmn e m mi A ds l t t m mu uu s t i  t rsmc - c - r snuu d ic - s su le pla imn ms ’d Is m
inc - inr ps mrsmtimu g tine c - f l ee t s  s ib u un m m l tm p ls’ m mmsm l es ’um ls m r uc ’I ’Iui s ’ t ime i m ’ s c - s u l i s ’ n i I s a u l i pum l l  amid sim um u l a timu mi s itmd ic- s
sc- litter ing anud sdmrh ’smc’s’ rc- Il ec - tm m mum du n pi um u t s ns l iss m uc - matm om u s i ms ’ bi ls t iu t t ss l  t i m  s s utisla ic - nn m m m de l ci ne m nnus t r .
rates. in ucm m r po ratimm g a par z m mm me ts ’ r i lsm t ismuu u I ’ t ime s’s smtc - r (‘ ,u t s i u l s u t u s s m s s  m u t  thus ’  bat u t t u d mum s i l  amid sesus mn nuah
vsi psun bmmd gs’t intsn tine nnodel . amu d rs ’ Iiuui umg t h i s ’  s .uu is u t u n u m i s  ~u b mius ’ s umism s c - b t c -~’ts m l ’ p c - r lmmmh s ’ c l
trs m psmsp hmenc c h me mnri smm ’y ss u as to i n c l ude  this ’ trill snm a mmms p lus ’ uus ’ 5 11s ’s ’ mc ’ ’ s will be c’mmmu du5’Ie d susmum p
unnet harme s’s’ s’ lc- smm m d -sm ummug c hm e m m u mst ms - Time uuu mmd s ’ l w ill c- u uum s’ s’lu t u s t t u m u l l  m u s u l l i s ’s srs’ u m e s , u t s ’d liv t h e
he utsesl for sm nu m mm m ub e r cuf sem msiui v iny st mm s li c- s isu assess m’ s ’ s u u ’ s i i uumem umu m um n ms m l  nmu m ude l . Spec - u_ i l  sI Ii sis c - s will be ummads ’
t ine et ’t ’es’ t s of t iuc-se rs ’ Ii m uc - uuneuuts sis well St ’ s tine c - t I c - c - I s  uu’ , s m s c -  fits’ l’s ’smi ’slmuuuerusio mmsm i clinutal e un umucie l t,\\12 It ’

of ties ’s ’ res mc - t imnn rs mt c s or phummt o ch c - m t mi c - s i l  ps u t i ss ’ s su ys S us susst ’ss time s’ lmm u us mmmc -  se tmsu um s ’ um s to h ess’ p er tmmrhatm u u um s
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