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PREFACE

Since July I. 197 5. Lawrence Livermore Laboratory (LII) has been participating in the High Alt itude
Polluti on Program sponsored by th e U.S. Department of Transportation~s Federal Aviation Administration.
This report describes the major accomp lishments and significant findings during the fiscal year ending Sep-
tember 30. 1977. for work performed at ILL under Reimbursable Agreement DOT— FA76WA I—653 . Fhere
are two major research areas covered by this agreement: (I) numerical modeling of the atmospheric response
to stratosp heric perturbations. and (2) the processing. archiving, and analysis of satellite ozone data. l ach of
these research areas has been divided into a number of subtasks. and the successful accomplishment ol these
subtasks has required contributions and cooperation from many participants. The wor k reported here should
be considered the collective effort of all those listed below .

Scientific Administration
Joseph B. Knox . Division Leader
~:rederj ck M. Luther

Numerical Modeling
Frederick M. Luther. Principal Invest igator
James I. Burt
Julius S. Chang
William II. Duewer
Hugh W . Ellsaesser
Joyce I. Penner
Raymond I. Tarp
Donald J. Wuebbles

Satellite Ozone Data Analysis
James I. Lov ill. Principal Investigator
James S. Illis

John-Gilbert Huebel
John A. Korver
Freda A. Phelps
Thomas J. Sullivan
Patrick P. Weidhaas
Roger I . Weichel

V

II 

-_ _ _



.... -..- .

~

. 

~~~~~~~~~ 
~~~~~~ —... _ _

~~~~~~~

_ ,

~~

-,-

~

__.—-
y 

~~~~~

CONTENTS

I. Introduction .

2 Research Acti v it ies , t ransport-Kinetics Modeling. Photochemical
Kinetics , and Radiative Transfer 3

2 .1 A Fully l) iurnal-Averaged Model of the Stratosp here 3
2.2 Analysis of Selected Chemical Rate L)ata 6
2.3 A Reanalysis of the Effect of NO5 Inject ions on Ozone 16
2.4 I’ ifeet of Chiorofluoromethanes on Ozone 
2.5 E ffect of Multiple Scattering on Species Concentrations and

Model Sensitivity 20
2.6 Effect of Changes in Stratosp heric Water Vapo r on Ozone

Reduction Estimates 28
2. 7 Effect of Past Atmospheric Nuclear Tests on Ozone 37
2.8 E ffect of Agriculture on Stratosp heric Ozone 44
2.9 Global Tropospheric OH Distributions 47
2.10 A lternate lialocarbons: Tropospheric Lifetimes and Potential

Effects on Stratosp heric Ozone 52
2 .11 Analysis of Global Budgets of Halocarbons 55
2. 12 A Review of Ozone Theory and Observational Data 61
2 .13 Effect of Receiver Orientation on Erythema Dose 64

3. Satel lite Ozone Data: Processing. Arc hiving, and Analysis 72
3.1 Overview 72
3.2 The Sate llite Multililter Radiometer (MFR) Sensor 73
3.3 I)ata Quality Control 75
3.4 M EK l)ata Processing 79

3.5 Data Analysis SI

4. References 82
Appendix A. Changes to the i-I) Transport-Kinetics Model 92
Appendix B. Bibliography of Publications Produced in I.LL’s Work on

the High Altitude Pollution Program 97

. —.-.——

si’ct ;on ~~
11 .11 Su~ ion 0

.
5 

- ~~‘:~~~~
‘
~~~~~~ 0 

ry

DI&R N~C~JAYAltAml lIT I~1OES 

~~___

Lfti Li
78 ~~ 

050



-—-
~
-—- -

~~~~~~~~~~~‘r ~ ..~- ..:.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
~
. — - --,

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

ANNUAL REPORT OF LAWRENCE LIVERMORE
LABORATO RY TO THE HIGH A LTITUDE

POLLUTION PROGRAM— 1977

1. INTRODUCT ION

The High Altitude Pollution Program (HAPP) assessment of the chemical and climatic effects of
was initiated by the Federal Aviation Administra- atmosp heric nuclear explosions. The latter protect is
tion to ensure that aircraft engine emissions in the funded by the Division of Military Application
stratosp here will not result in unacceptable effects (DMA) of the Department of Energy. Although the
on the biosphere. Lawrence Livermore Laboratory same numerical models are used for both studies.
(ILL) has participated in HAPI’ since July 1975. the applicat ions of the models are quite different.
The primary research emphasis at LLL is on For example, the study of the climatic effect of
numerical modeling f the atmosp heric response to nuclear explosions is primarily concerned with the
stratospheric perturbations. The modeling effort at time-dependent response of the atmosphere 1t pulse
LLL covers four major research  areas:  injections of NO5, whereas the HAPP study is con-
photochem ical kinetics , coupled kinetics and cerned with steady-state injections of NO,~. Work
transport. radiative transler . and meteorological relating to model development or refinement
analysis . benefits both projects, and consequently such work

A fundamental tool in the LL.L effort has been has been divided between the two projects. In this
the one-dimensional transport-kinetics model. This way each project’s sponsor benefits from the par-
model, which incl udes as corn p) elc a set of the im- ticipation of the other sponsor.
portant chemical and photochemical reactions as is In August 1976. LLI’s participation in IIAPP
feasible, is designed for time-dependent perturba- was extended to include the processing, archiving,
tion and sensitivity studies. The model includes 28 and analysis of global ozone data derived from a
chemical species and 83 chemical  and new series of Air Force meteorological-satellite sen-
photochemical reactions. Species concentrations are sors: the cross-track-scanning multifilter radiometer
computed at 44 levels in the atmosphere, extending sensors. The Satellite Ozone Analysis Center
from the ground to an altitude of 55 km. The model (SOAC) was formed at ILL for the purpose of
uses an accurate numerical method for solving stiff producing high-quality total-ozone data based on
systems of differential equations. Vertical transport radiance measurements made with the new satellite
is parameterized using a one-dimensional diffusion sensors. The goal is to develop a capability for
formulation which describes hemispheric-average producing daily maps of total global ozone that can
net vertical transport by an altitude-dependent dif- be made readily available to the scientific corn- •

fusion coefficient. The model can include tern- munity. Our initial task is to demonstrate the
perature coupling between changes in composition feasibility of obtaining good ozone data from the
and reaction rate coefficients, satellite measurements. To do this we must first

During t he past year we improved this one- develop a satisfactory method for converting the
dimensional model by adding multiple scattering ef- satellite measurements to total ozone data. We plan
fects to the photodissociat ion rate calculation and to assess the quality of the resultant ozone data by
by developing a more accurate method for incor- comparing it in detail against corresponding Dob.
porating diurnal averaging. We also directed con- son ozone data obtained at selected stations in the
siderable attention to the problem of evaluating the world surface network of Dobson observatories.
effect that changes in key chemical rate coefficients This feasibility study is scheduled for completion by
(as a result of new measurements) have on the June 1978.
model’s sensitivity. In this annual report we describe ILL’s major ac-

In addition to the one-dimensional model, we are complishments and findings in HAPP studies since
in the process of developing a two-dimensional July I. 1976. Ear lier HAPP work is described in our
transport- kinetics model. First Annual Report (luther et at. 1976). In the

Support for model development is shared be- present report we emphasize the results in the at-
tween HA PP and another project at ILL involving mospheric modeling area and limit our discussion
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2. RESEARC H ACTIVITIES : TRAN SPORT KINETICS
MODELING , PHOTOCHEMICAL KINETICS ,

AND RADIATIVE TRANSFER

Because of the comp lex nature of the work , most where n1 is the concentration of species i at time
of the research tasks represent the combined effort and altitude z. F(n 1) is the net vertical transport flux.
ofses cral scientists rather than individual contribu- P and L~n are the nonlinear chemical and
Lions. It is not possible to separate the tasks by photochemical production and loss rates, and Si is
research urea or scientifi c discipline becaus’~ of the the net production or loss rate due to any other
Learn approach. Most of the ~ork described below process. If Eq. ( I- I )  is averaged over a time period T
has been or is in the process ol being submitted for (here assumed to be 24 hours) which is ver~ small
publication in technical journals , compared to the time scale of the probkni of in-

Lerest. then

2.1 A Fully Diurnal-Averaged au
Model of the Stratosp here -~J. = - ~ .P’~~) + P — Lii. + . (1-2 )

An outstanding question in the formulation of . .with the bar representing the following averagingstratospheric chemical kinetics models is the proper process:averaging procedure for photochemical reaction
rates involving diurnally var y ing chem ical species. ~t+T/2
We have developed a fully diurnal-averaged model 

= I Ø(z t’) dt ’(DAM) that is consistent ~sith our diurnal model T
(DM). By definition, these two models are consis. t—T/2
tent if ’ the average tracer concentration from the The net vertical flux F(n1) is usually representeddiurnal-averaged model is the same as the diurnal byaverage of the time-dependent solution from the
diurnal model , and if all the corresponding
averaged photochemical reaction rates are also F(n1) = — K~p f(n1/ p )
identical. With the DM model ~e can calculate rele- Z

vant details and compare the results with at-
mospheric measurements, and with the DAM where K, is the one-dimensional diffusion coef-
model we can study the long-term atmospheric ficient and p is the air density. Because K, and p are
response to any perturbation. To study this latter independent of n1 in this approximation,* the net
class of problems with the DM model would not be vertical flux F(n1) is a linear function of n1. Further-
economical. A computation procedure has been more, since K, and p are assumed to be independent
devised to assure the total consistency between these of time, i.e.. to have no variation over the averaging
two models under all given conditions, period, we have

~1odel l)escription F(n1) = — K,p ~~ (n 1/ p)  —K ,p ~—(ii7/p) F(i~)
We shall limit our discussion to the one- - Z

dimensional model since this is our current develop- The_source function S~ is usually well defined,
ment. the procedure described is directly applicable hence S~ is easily computed. Equation (1-2 ) skill be
to two-dimensional models. In a one-dimensional self-consistent if we can express the nonlinear es-
model of the stratosphere , the continuity equation pressions in P~ and L1n~ in terms of 

~~~
. Fortunately.

for a specific trace species i is P1 and L~n~ are both linear sums of terms in the form
of the typical two-body chemical kinetics reactions

an •it is true that K , may be derived from some kno~ n n dt~tribu-
—~ = — -

~~
-‘ F(n .) + P — I ~ ÷ s. (II) lions. Hut once it is derived the I.!) model assumes K , as .i

at äz I i unpui variab le.

3
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k 1 i tn  sir the photodissociation reaction in.  The NO . 110,. (‘I. (‘10, HO. lU)~. etc. also ha~ c strong
kinct i~s reaction rate coeffi cient K~ may be a func- diurnal variations. For the D.~M. ic  - Eq t l - 3 and
tion oI 1~ hut not of n or n1. ~s

5s e define the diurnal the appropriate averaged initial and bounsl.iry con-
weighting factors il ii (1 and ~~(i) by ditions. all the photodissocialion rates are ~onstant

_______ 
on the diurnal time scale ..\ll solutions of I q. ( 1-3 )

k 1 1 1 1  ~ , ~ 
111 represent averaged concentrations . e.. they eshibit

no diurnal variations. ~s such. solutions of Eq. I-
and 3) are not directl y comparable to inan atmospheric

measurements. \lost atmospheric data ar e taken
— 

— — under daytime conditions or during sunset or
J i fl i ~~ ~ sunr ise. For the present model it is quite s im ple to

recover the time-dependent solutioa l)M model)
Since k 1 is defined and is independent of time, we from the averaged solution t)’\ \1 model In the

der isat ion of o ’s and d’ s a third set of .iri.ihles ~
ca n he defined.

= f Ia t I n
1 
ii

~ fl
fl000

and Consequently, given any n from the D..~ \I model.
— / — — the corresponding noontime concentrations can he= J 1it 1 / ~ 1 ‘

~ 1 obtained through a simple multi plication. .ind this
nt

~00n can be used as the input condition to the E)M
- model to obta in the corresponding time-dependentI he computation of photodissoc iation rates has diurnal solution.alwa ys been an expensive part of stratospher ic In this formulation of the DAM model, it is im~model calculation, hence T s  are 

, 
expensive It) pticittv assumed that the diurnal weighting t~tctorse~ .iluate in the t ) -~ \l model. II ‘ye define d~ hs -

are essentially constant even though the indiv idual
— / — concentrations 

~~~
. hence the corresponding ii i. may

= .j ini / (J
~
’
~

’1 
~~ ) vary considerably in magnitude. This assumption is

valid if the functional shapes . i.e.. the periodic func-
then the computation in the l)~~M model w ill he tions representing t he individual diurnal trace-
signif icantly simplified. ( sing the resu lts from a species concentrations. are not sensitive to ~aria-
diurnal model we can determine ~TiT . J 1n,. i~. i~. tions in the absolute magnitude of the concentra-

so that o , and d can he obtained for every tions. This simple fact can he directl y verif ied w ith
chemical .ind photoc hernical reaction in the model, the DM model through the iteration procedure out-

sing t he s ’s and d’s evaluated from the diurnal lined in Fig. I. (liven initial estimates of~ ’~ and d s .
model. ‘se can now writ e Eq. ( 1-2) in terms of the we can use the DAM and DA models alternatively
diurnal-averaged concentrations i~. to assure that the o ’

s and d’s and Ws are indeed con-
— .sms tent for any given atmosp heric condit ion Since

i~n th is-ts n’ly involves a few diurnal c~cIes w ith the 1)~l— V ‘ F(~~) + P(~. ~~~~~~~~~~~~~ Ki,. ~ ‘°°‘~) model at a judiciously chosen ju ncture of the
calculation, the full iteration procedure is rather
economical. In fact , in the present calculati ons in-

— t.
1
(o.~i. K , , J~ ”°” . H ,, 

~~ 
+ . (1.3) solving the study of potential NO5 and (‘IX pertur-

bations in t he stratosphere. we have found that two
where j . 1.. in are taken to represent species usually or at most three iterations are sufficient to assure
different from i I’ormally. Eqs. (I-I) and (1.3) are constancy of better than a few percent over most of
ident ical in form except that e’erv reaction rate in the stratosphere for ese ry trace species. the only cx-
E q. ( 1-3 )  is multiplied by an or ~ factor deter- ceptions arc NO~ and N~O~ above 40 km. ~ t this
mined from the solutions of Eq. (I-I ) . altitude these species play such an insignificant role

the l)M consists of t ’q . ( I- I )  and its associated in stratospheric chemical ba lances that even major
boundary and initial condit ions, In this model the errors in their local concentrations have no signili-
photodissociation rate coefficients vary throughout cant impact. Purely for t he sake of theoretie,tl con-
t he day and vanish at night. and the local concentra- sis tency . a study is still proceeding to understand
tions of many trace species such as O( 1 D). 0( 3P), the interesting diurnal behavior of ’ N~O4 so that a

4 
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Estimate noontime n’s to start problem 1
Use diurnal model to compute us , ~~‘s, and ft ’s

Use diurnal averaqed model to compute new ~‘s
(to go with a ’s and ~‘s from previous step for
comnparisoil with values computed in next step)

L Use diurnal model to compute new a ’s, ~‘s, and n’s

1
Are new us , ~‘s , and ~ ‘s close enough to previous No
values?

Yes

~ 
Diurnal --averaged model is fully diurnal—averaged ,
with consistent sets of a ’s, ~‘s, and ii ’s

[ Application , anal ysis

/ u , ,  / Iit ’rii it~i procedur e foIks~ rd in (he diurn *I-~serags ’d model IPiM i.

better  .is e rag ing procedure ca n he defined ing t ss o species whose diurnal variations ,ire in
specificall~ for  N .( )., t~s reduce this focal s uriation phase and predominantly determined by photol~~is
in diurnal we ighting f act o rs ~i.e.. both having extremely small concentrations at

night rd,itis c to their daytime salues or ics’ ersa) .
I)iscussion of Results the espected values for o would he appros intatel~ 2.

The ~i s  and .~~s calculated front the diurnal  model rhus. .is show n in I ig. 2. the n’s for the reactions
kit sonic of ’ the reactions in the model are show ii in ( ‘It.) + Nt.) and 110 + 110, are both appro~iinatel~I igs 2 and 3 l’hese reactions w ere selected not 2 in the lower stratosphere. In the upper strat -
because they .ire the more important s ’iics in the osphere (‘10 does not decrease m u c h at night . and
model hut because the~ represent some of the in- the salue for a falls off sharply . \hove 4~ km (‘10
teresting feature s found in the derised multip liers actuall y increases at night, hence it is out of ’ phase
for kinetic r.ites to he used in a diurnal-averaged w it h  NO . On the other hand, the weighting factor
model for the (‘lONO~ formation reaction ClO + \O~ +

If ’ a reaction ins ol’.es .i species that does not have \l s ar ies esact l~ in the opposite manner ,is corn-
a diurnal s ,iri.iiion p c . thy’ concentrat ion is essen- pared with (‘10 + NO In the lower stratosphere
t ia lly constant oser .i 24-hour period), then the s ’s (‘10 and ‘~()~ are out of phase whi le ahos e 4~ km
ksr that re,%ct ion w ill he I P Therefo re, if a reaction they are in phase 1 ig. 41. For other important reac-
ins olscs I l\O~ or 11( 1 for c~,imple. the we ighting tions such as NO, + 0 and NO~ lIt.) 4 \ t .  this
factor ss ill not change the original reaction ra te ariation in phase relation is again difierent. l’hc
I towes er . ii’ both reacl.ints in .i two-body reaction diurnal ,iriatj ons of the reactan ts invols ed are se ry
have diurna’ .Iri,Itions . t he .iluc lot n ssill he dif- much out of ’ phase both in the lower and tipper
ferent front 1.0 I or instance , for rs’,Ictions ins ols . stratosphere . these few examples show quite clearly
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0.1 1

Diurnal weighting factor a
~1

I iguri’ 2 Curses relal ing t to altitude for some l~picat chemical kinetic s reactio ns in the diurn al’aseraged model.

that although the phase relationshi p in diurnal shows that photolysis is the dominant loss
variations can be used as a qualitative guide in ap- mechanism. From this small sample of values for ~i.preciatinc the diurnal effect on net reaction rates , it it is clear that no single averaged solar zenith angle
is by no means adequate. Due to the complexity of or simple averaged photolysis rate coefficients can
the chemical system only detailed calculations such approximate the loss rates corresponding to even
as are used in our current procedure can provide the this small sample of photodissociation rates. ‘

proper balanced evaluation. It is to be noted that The computation procedure in the limit (i.e.. in-
when diurnally averaged concentrations are used in finite iteration) is actually the full diurnal model.
the rate expressions, the weighting factors (or Current experience indicates that a uniform local
correction factors) can have a very large effect on accuracy of better than a few percent deviation can
some of the reaction rate coefficients, increasing be achieved with two or three iteration cycles. For
them by more than a factor of 2 or decreasing them such information as total ozone column or total
by several orders of magnitude. NO~, (‘IX , etc., one iteration would be suff icient.

Figure 3 shows similar results for the photo-
dissociation rate weighting factor 0. Again there is a
phase relationship between the variation of 2.2 Anal ysis of Selectedphotodissociatton rates and the individual trace- • 

*species concentrations. In fact from Fig. ~ it ~ 
Chemical Rate Data

quickly apparent that above 35 km photolysis is a Our earlier work ( Duewer et al. 1977b) identified
dominant mechanism in determining the local con- several reactions for which variations in the rate
centrat ions of CIONO,, NO,. and N~Oç, although coefficients have a significant effect on model sen-
this is not the case for HO1, A strong out-of-phase sitivity. Reduction of the uncertainties associated
relation with the photodissociation coefficient. J. Sce I)u~~ er ci at . ( l9 7’~u

6
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wi t h th~ s~ rate coel’f ’icients would in turn re duce the 108 — 

NO (20 k )
u n c e r t a i n ty  ,issoc i,ited ss oh the model ,lssessmlle nts 2 m
of the atmospheric response to stratos p heric pertur-
hations I or this reason we has c carefully ,tn,ily ied —

the c hemical r.ite data for these reactions. t~iking ~ ClO (20 km) ~~into account recent laboratory measurements con— 10 — I
ducted ,it other laboratories. Our analy ses for these E I I
reactions .Irc gis en below - I I

In es ~ifu~it ing in esperinient.il measurement , one g — — — — I - 
— — ‘

norma lls t .ikes the precisioi- -hased stan dard devia- ‘
~~ 6 I —

non of the nte,isurement as a lower limit to the cx- 10 — 

j ’.~ClO (50 km~,
1

pectc d error. I listo rical ly . precision has often been a I — —

sc ry unrea listic basis for estimating the experimen- I
ta l error in chemical rate dat .i . especiall~ when the 0
measurements ,ire indirect (that is . based on in- io5 — I —

ferred concentration s using an assumed kinetic NO2 (50 km) 
~

I I I I I I
0 4 8 12 16 20 24

eu ’ .1 Itiurnal sariation nf S.O, and (l() coneentraiions in
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me~ hait isin in an often fa ir ly comp lex reaction 1 his react ion has been measured at on I~ one ten t—
s~henic See for examp le thc rex tew s of ’ I lo~ d per. lure • t h e  measurem e nts of 1 111cr .ti~ ~I II udson
i IQ” hi. Baulch et at i i  ‘)‘2. I 0’~ i, and Hantpson P) ts2 i. l~au kert and Joh nsto n i t ’I’ I, and I lamilton
and ( ~.irs in i I 0” ’ In c isCs w here the conce ntra- I 

~~~
‘ ‘i arc in excellent agreement -\ II of these in-

t I , li is of C . i C t i x  e species .irc dt rect l~ measured, t he ok cd direct detect ion of I I0~ ihe indirect
pre~ ision ntay be .t rc.tsoiia hte est imate of t i c  error . nte.isur enten t ot l3u rgess and Rohh I’~’ ‘I. dis-
.ilthoutt hi cx en in these ~‘a ses disa greements heiss een Cussed in the rex iess of R.i nlch e at I 21 and
Ji I tcr ~ nt sxoi kcr s , ss bite usually sni.ill . are .ilso often I lox d (I ~ ‘4I . ~ t houi~hl to he in e r r  .‘r the

r~ ci I h.i ii those sugees ~cd by precision a lone ~See in~’.i su rentent by II och a ii.t I et .il I 2 . t x  oR ed
the x t ! s ~ Li5\ !¼ I11 ~It reaction 1 2 be low - I lit suc h c.ises a direct measurement of I it.).. like t i :’  other . -

the error bet ss een ntc.isu rcinen t s by d i f f erent  me.isurements . hut ss as indirect in t hat the .tlue t s

ss or ~ ers i i t . i y  pros idc ,i re.tsoii.ihle Cs t i  mate ~‘I’ t he based on iii odcling . i t  .i i rk complex re.te 0 ’  ss ~teni
cxpc~ ted error B i t  or indirect nte. isurenients I Ioch.inadel’~, iite ,isu re iitent 5% as discussed - s ~saiil -

ss hcrc the concentrat ions of re . ict is e species .ir e in~ man  t Q ” ~~t , I loyd ~r4~ and hla nt i lt oir  I r s t
te rred f ron t .i multistep ntcch .in istic model . I.irgc k,iui nan .iiid I b y  d point out probable C t  ro r s  in
s y s t CI i ! . i I i5  errors .ire more l ike ls - and .ire IreqLie ntl~ t he d.itj an. i lxsis . and h am ilto n shoss s th .it t h i s  i~ It ~’
encountered in t he l i tcr at nrc . .is I or example in the eons~ .int appears to has c .iit .inom.ilous dependence
rex iess s by l) ixo n—1 cxs is ct al I 0 3  i . t3aulch et .iI on ss a tc i  concentrat ions , and ih.it this ci f e et  could
PI’2. 0 ’~ ~. .ind I loyd ( t~ ’4t has e c.iused hiochanadel et .iI to oxe res l i i t lj te  the

e .iua ly,ed chemical rate d.ita or six react ions rate by about a f actor of ~in all reactions IS 13 . 1 2. 10 . 2t~. ,ind 2t) as specified
in I .ihte I of our I rst -\nnu.iI Report (Luther  Ct al * 5 r e I rir rr . t rx  ui ’ L. ’~Ished Ille.IsUretlieIIt ,‘ ‘eI .1 fl .I’ ~~~

I0 ’’ ,i (‘tir anals ses lol loss I’~’ r , t t , ~~ I~ifl~’C h.is bOth i’~’t Ic ~l hi (~~ S h I~Hh .itC
‘I ’ e k ~

‘ I —i \ 0 - 
~‘ I he , r ~ e I~* C . l t ~ ’~. .~~

Re*tiion IS. 1I( 
~ 

i’ 110, . I11t ), 0~ ~~~ ~~~~ ~‘bt ,ilfl5’d i~’j ihis 1T.iCtIOIl I’ ‘I ‘~ ~~‘ I 111.11
- ‘ ‘~~ix ~’ ~~~~ ~i t he ~~~~~~~~~~~~~ ~~~~~~~~~~ i,n t he .~~ ,‘ii~,iL’~~s1 his react ion , i c ts .is a sink for I ho radicals , bot h

- .. 51 .1k’! x ,Ipi ’r depefldelk’e ~‘t ’ser sed  k’r ih ~ .~t e nt .
h~ transto i’ nt i n g them into the ‘ ‘ resers oir species ihes~ ‘i ‘ I ! h I t e t C J ~ r s t ~~ ’~i l~~~~ ’.5~ s ~i i ~ ht S~~~i ~‘ .‘~~ h i s ..
I I.t ’l~ and throug h the i e.i~ tion se quence LCfll~1~ F.Il1flC de f’s’i!JCIICC iii .iiti ~~i’e ii ‘e5 ’l~~’ .‘bit,’ i ts

ihat IIie.I surct lrenis ..‘! t h is rC,k’iiOIl ~‘Sci  .1 hr5 ’.id ts ’ ’ .per .tilirs ’
110 , + 110 , 11 ,1.) , 0 , . r.Ingc ire ur~eiitI~ teethed It ..‘s ’ s express l . . n i s  ci c .ip;’i ..‘s

— — — — m.i te .i lid ,.i nos ci cllmptex ihleCh.I Ii sill is Ill pI c f  t Ot  th is

FR) ÷ II 0 H (1 + h O  IC.ICtii ’T t 1 hiS 1% ~*C SI? flleCh.iflislll hid been s~~~ t cs t ed . s .i
— — — — ‘ hi~ ..‘~c ,t r cn ~c king tieto re cx rcr ‘ne ~~t.  d.i t.i supp..’T l i e  It xi etc

. s .iiI.ihl~ ~i i  ~ ii~hiist..iir pris .i:c ‘I ii i . t t i i ’ii ‘ ‘i’i,i 5 :
where ss ater is unre,ictis e. l’he ax .tilahle data and presen t sic prefer the \ ‘s ’s 5 ~~~~~ i CCs ilhi ii:cii..i.i: I .a~s..rl
rex iess s are suntntart,ed in I- ig ~ ~. hut e b~iiei e t he uncc rt.itnItx i~’ excee d .i is t . ’i

Ia ”l~ I 
( aleulated changes in total tszone due to an NO ,, injec tion as NO. in a t-Lnt’th ick layer oi air tot s .ui,’it s

snJs’ctlon altitudes, ifl$’t’t)Ofl rates, and concentrations ssf ClO ,,.

Percent change in total ozone
calculated with following assumptions: f -

(‘bang (1976) K .  profile, Itunten (19751 K, prof ile .
- . . . - Cl05 conc entra ti on of: (‘tOt concentration ts f :
‘.O~, injec tion rate Injec t ion - . 

—

iniolexules em 3 ’s ) altitude (kni t 0 I pph 2 pp b 4 pph 0 I ppb 2 ppb

2000 20 -4 .20 —3.26 —2. 1s t — 1 .27 — tO M ‘-8.76 —8.06
2000 I’ — 1.15 —0. 70 —0.40 0.23 -4 .06 —2. 79 -~ .3

13 —0.10 0.01 0.09 0.24 0.08 0.16 (1. ~U
2000 9 0.07 0.08 0.09 0.11 -0.10 0.12 (1.12

it 600 I’ — —0.19 —0.09 0.12 -0.79 —0..t9
200 17 — -(‘.06 -0.03 0.04 -0.16 -0.tO

S
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10 10 
~~~~~~~ 0’- ’1 Experinn’iitj i d.ttj Ii 7) ,ui’l ‘views (8’ 15)

Symbo l R,-ierence T (K) 1, (cm3 0

1 Bur gess and Robb 300 I TO ~ 
—

(1957)4 .ii

2 Hn,chanadel et al 300 9.5 - 10 I?

(1972t’

3 P,iukert and 300 36  ‘ 10 i?

‘.., Johnston (19721

10 4 H.imi lton (1975) 300 3.2 C 10 ‘ “  
-—

5 E.ine r anti Hudson 300 3.0 ’ 10 1 ,’

~ io ~~ - 
~~~~~~~~~~~~~ 

~~2
’

” 
- 6 H,,i, iit~ tn and Liii 300 2.5 ’ 10 ~

.
. 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
7 Ci ’s (1977 1 273—338 14 10 14 t

B Lioycfll974 I 300— 1000 1.? ‘ tO~~~e

14 ~~~~~~~~ 9 Harnpson and Garvin 300— 1000 3 ’  10~~ e ’~~°

~ ~ ‘ “., 10 Models (this work l — —

C.C’ 1 1 Lloyd (1971) b 300—800 1.4 x 10~~ e 5
~~ 

T

10_ i? I , i 12 Nicolet (1964) Not 5>1 10’12 T t ’ 2 c~~000/T
2 3 4 given

1000/T)K 13 Bauich at a). (1972) 300 (3.3 ’ 0.31 “

- 14 HudSon (19771 200—300 2.5 >1 10’~ 2
~ ‘Thought to be unreliable; see Lloyd (1974) , Bau)ch et al.

(1972). Hamilton (19751, and Kaufman (1975).
15 Stoiarski (1977) 200—300 1 >1 10.1?

1’ From table of Saulch et al. (1972) .

I i ~urt ’ ,~ Summgr~ ofasailable data for k ~ (110 2 + HO2 ‘H 2~~ 2 + O~

There are few data on the temperature depen- known and should be based on the average of ’ the
dence of ’ this reaet ion. * In his earl y review . Nicolet rate constants reported by Paukert and Johnston
(1964 ) assu m ed a temperature-depende nt rate cod - (1972). l oner and Hudson (1962). and Hamilton
ficient of ~ x I0~~

2 T 1 2 e -( (S KI I, Lloyd (1974) (1975) with a subjectively estimated UflCertaint~ of ’ a
assumed a temperature-dependent rat e constant of factor of ’ 1.5. However , the temperature dependence
1. 7 x I0~~ e ~~~ based on the room-temperature is effectively unknown. The rate constant could be
measurements of Paukert and Johnston (1972) and nearly independent of temperature , or its tent-
Foner and h udson (1962) and theoretical expecta . perature dependence might be as strong as
tions for the h~gh-temperaturc rate. hlampson and e ~ I(Kx) 1 ,
(larvin (1975) averaged the measurements of We accept the preferred value for k 

~ 
recom-

Paukerc and .fohnston and flocbanadel ci af , and mended by Lloyd (1974). but we believe the late
adopted l loyd’ s temperature dependence in recom- constant to be uncertain by roughly a factor of 4 at
mending the expression k 3 X 10 e ‘00 ~ , un- stratosp heric temperatures.
certain by a factor of 2.

Reaction 14. HO, + O-~ •OH + 201 he assumed temperature dependence is arrived -

at by combining the room-temperature rate coef- This reaction effectively controls the efficknc~ of

ficient with a plausible theoretical estimate of’ the the HO5 oione destruction cycle in t he lower

high-temperature rate eoeff ’icient. In our opinicn. stratosphere and shifts the ratio OH:H01 toward
the room-temperature rate coefficient is fairly well ~~~~~~~ 

,

— This rate coefficient has never been measured
Six prexious lootnole , directly. but there are three pertinent indirect

9
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ltie,IstIreIlidii ts )s ~’V f i g  ts) -~ ii~k’i soil ,ind I’~,tuf ’niiiit abtit it a t ’~icto i of I 2~ f 1) .~ ~,ix entered sill f ig  h. . -

(5 )  ‘ t~ determined an upper limit liii k 
~ 

I ~l,it is e to I ig ‘ present s t he uncorrected rat io d at a) . \ pplis’_i -

and L)e\lore (~)‘ ,(t , f )~‘sls ii~ ansi 1 st’huikow ‘ t t t s n of this correct ion fa ct o r reduces the agreement
K ou~ I’) ~4), and Simonait is and I fe ick len i19’7 3 h~ixs eeIt I )e More and I s~huikts~ Rou~ I ~)74) and
iiit’astiit ’s I the r.tt ,o of k 

~ 
t o  Ike square root .sf k (5  Sinlonaitls and I leicklen l~)73t . ,ind i i is not the

K I f he ar ious if leasttre iltcl lts at e all roughl~ onl~ plausihk soti t ~~ of s~ steill,t t IC error .  ~ hen one
ctHhhldItl ss II t t’,is h si thet ’ ,iit d w t i l t  Ike i econt considers that es en the i ela t ix -e rate con stant s are in
iitt’nded i a t e  g is en h~ I l,inipson ,insi s .it x ill dii eel ineasureuflellts den s ed Ii s u n  a l.iii Ix ~‘oitt~sk~I~

) • indeed, , ts dentonsti .tted hs .Iohnsion and rea~’t ion s~ x l i i ? ? ,  t he qtioied c i i  oi hounds of ’
I ‘ I. at room tcnlpt’i atui’ e t i IC agreement I latupsoit and ~.irx in seeilm . little large .it room —

heiss een dilk’iciil flWdsu i’s’iili ’ l lt s of K secills to te mperature (bei’,ius~’ of the esperiunt’nta l p 5’i’is ion)
sti gs~s’si that K 1 pros isles an addit ion_ il ~‘onsti ’a int on hut possihl~ too ii,ii i oss li ii st ra ios pherti ct indi- - 

-

k 1 1  l u s h e sex s ’ iC t h ,t im the t’st iiiu,itt ’sI erroi’ ui the ra te lions
io?lst .ii)t f low ci ci , I )e\ f t i t  C .i itd I sch iuikiuw Roux K~~ ’iku,u ~~. ~~~~~~ ‘ I U). 0.
iii cii ti lted .i ss s(enhmt mc i’r rot t i’csu hi ng front the
I iili tt’ opt ii’,tl dept It of ’ I heii’ xi ‘sit ’Iil I t hat c , mt is e ’s their I Itis react ion cont i ihui~s direc il> to the I lO~
i,mti o io hut’ low hs an ,tnlount th,it ise esti mate ~ 

o~s uns’ destruction late I (owe s ci’ . i t is ,t lst i  an t iit-
- port.till ),tctor in coniro lltng the ratio of UI I t o  lIU~

— in the m odels Hecatise these e f f ec t s  oppose each11 lb5 ‘ is ’Ii ii i i~ .ii ’s s .ilus’ l,it ds’is’riuii i is’d hi S s ’s )9’ ’ i is‘s s uth~i’ our model is tunis nloderatels sensit ix e to this
i s i s ) iii liii ’ csiiiul,siii iiu si l k .s i i i ’s st i) li’ielli ~5 (ii5’SSI,hI i is Oh - 

-

i .s i uiid ~ ) .~~~ ih,i ii fu.is b~~ii Ou st ~, ~ SI (iie.,eiIl ~~ ~~ 
lat e i’tulls t,int ~ e include k 

-
, in our discussion

I.i ’s ,’ i .55% s’S i’~~’s’s~on lu.u’scst .‘t i ( ox I 1st - s ho i rex’suIIIntc? is I I h.~i ii h~i’,t ~t xc sOttle of the d,i t a For k 
~ 

,m nd k ~ .m re in i he
,,‘ iSi, i S ’I si) .is .i psisui hiiii i Form of r a Ii ox ins ols i ng k

I ‘i ii iii,,’ iii, il .i,,i., ii 4 1 ,~i i,$ i,’ is, ’~5s  ‘s l iii 
—

f ’il i it ’ i il lii.i i.i eiii ,. I Is~ — 
I~ t , ’iII~~ s~ — -

Ii? — 
‘.s’s

”i._~ 

‘ — T ’  — 

~~
:,;;‘i:a:~ 

,s u.i , ~~~~~ -lIst) I is 10 ~~~~~ sItS

—
, l)efds ,is ’ i i i  -‘i ’ ’ ’  151 I ‘ iii

_‘~‘~ , 18 ‘ s II) i - I , . i ,’’,ii I

~ 
• 

.
,
~~~ ~~~~ ~

, ,
~~ 

i t ,, , ,iItl

I ~~~~~~ , :;‘:~~~~~
°‘ I$ .s i . i5 s s , iii ,‘~ ‘i ~ $ s ~~~

is u . s ’s a t  i9 ’4 ~ 200 IsiS) I / ‘ iii ~

Ii,., ,iI, iC ,I I , ’ ,I 5i, si IS~$ I s , s i ,s io~ sf i l’i ii

ill ‘ —- —— .___..._L~..
_ — - - t s ___ - ~5 s s s  i s ’ , t . ’.i is ~ .t I.It’l,’s ,,I I .‘ls I,’ ,iiioi,,’ .Si .5

3 4 l’i Is. ’! ,iis, isss , ’,i is ~ i l l s ’ iii Ih is si

10(X) T)I ~, 5 i’s,’sl S ‘ . l s ii. s ’ i  ~,lIsi ,’ of iii s’s 
~i,’ 

(,‘,- h n ,IsI,%it, ’l u—i s i i l
.111 .1 I’ .t - i si ’ i t  l iii ,l,5Ii l jS Iisii II),~.’)

‘ !suu,.m.e ~ uf asaUabk data lur k 1 UO~ ‘ fl~ ‘ III) t 211t

l0 

.~~~~~i_ 
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— Values for k 1~ hase been independenti> measured
by four research groups as summuru,ed in 1 mg . ~
The room-temperature measurements of o as is
(1974) and of ’ Kurvlo (1973) were made using ihe

— 
‘ .

• — 
Ilash-photolysis resonance fluorescence technique .
.Sccordingt~ they are both vc r~ direc t and tcr~

c c’ precise measurentents. (Hoth quoted values are
averages of large numbers of separate determina-
tions. The error quoted h~ Kury lo ( 1973) was
Davis’ ( 1974) error was ±4~~. These two  measure- •~~ 

. -

ments differ by more than the precision hounds.
A.A although t he agreement is se r~ good h) an~ other

stan dard. The measurements of Anderson and
-10 

.
.. K aufman (1973) are also direct and precise. hut thes

10 — .... 

— were made using resonance Iluoreseence detection
B in a h o w  system . Flow- irregularities are alxi .t~ s a

I potentia l problem in h ow system measurements.
3 4 and the measurement is probably slightl~ less ac-

curate t han the flash photolysis measurements.
1000/T(K) The measurement of l)eMore (1975) w as also

2 -. rather precise but was indirect, being based on a
I igure nw uncorrected ratio K 1 = k 14/ i k mi~ 

( urcies are
•spenmt ’nial data of Simonaitis and Heicklen 1974). triangles are measurement of ozone in a photolysis 5) stem in-
data of lk~lore and Tsehuik ow- Roux ( 19741. Our models A and volving 02 , water , and CO2.
A ’ are represented b> the solid line, and models B, (‘ , and (“ b~i the We would use the average of the Davis. K urilo.
dotted lines, and Anderson and Kaufman measurements to es-

tablish a room-temperature rate constant and then

10 t 2
I , Exper ins, ’nta ) ,L,t,, (1 , .~~. 0, 2- — 4) and reviews IS . 6)

- Syrnbssi RpI,’rs’nce T (K) K (cm 3 ‘s)

- 
1 O.’Mori’ (1973)” 300 8 10

- .~ Ds’Mor.’ (1975) .”° 27 1—333 2.4 \ icT 12 ,, 1230

U Anderson and 220—450 13  \ 10 17 C ‘I)~4I I

Kaiilm,iuu 11973)’

- .‘ tTljv,s ( 1974 )51 300 (7.5 0-3) “ tO “~

\ ... 
3 Ktuy)o 1,97 31s t 248 (6.5 ’ 05 ) \ 10 14

4 Ssmon.iutis and 300 ‘ 15  \ 10 ‘~

E I41 ’ICktlifl (1973).!
10~~ 

— 
“., 5 I4,unu;’so’s 11973), 220—450 1.6 \ 10 ~

, 10551 1

0~
’
~ ~ ~ 

‘
“.~, 

‘

~ “ .6 - .iiud models A , A’ .
,sis ~t C ’ (liii’s work )

6 Models B, C -

( u r is Won , I
, 0 5_

\ , C - (Not ihidsøn (1977 ) 1 ~ 
- - 

~~~ 
17 ,, I till) I

s5.— 5 iIiOIts ’ I f)

t neas uremeni ,

~ ~ 
‘‘‘j 8 

ill ,udiv ,slsu.si sli ’? 5’! iiiiIl ,Ii sit u ’s .,re plotted s. is I rI,l IIh I ii’s .

lndividsu,ul ,Sets ~r t I I t I i ats o ns are çiloi fed as t- iii’ iu”; .

10_ 14 , B , 
~
1Vc r~ i,~ is is,’ mP,Isiprements, Pinned flo slui S S I ! ’ lvi ’, h IS’’ . iii

2 3 4 5 many isl,v,dsial determinaf tons.
1000/TIK)

/ iu ~uri ’ N Mummar~ of asailah i, data for k u ~~~~ + O~ ‘ HO 2 + °2 ~

II 

___  -~ --



appis the act ivat ion energy measured by -~nderson This reaction is very difficult to measure. and no
and Kaufman to provide a temperature-dependent direct measurement has been published. t \ recent
rate cons ant . In our appraisal. an appropriate cx- direct determination does ex ist. 5. 1 X () ) I I  h
pected error would be a factor oh’ I .2 at room tern- Burrows et al. 1977 . but it is inconsistent w itl  upper
pera(ure . increasing to a factor of about 2 ,5 at limits estimated hs othe. ’x ,) (‘lear confl icts ex ist he-
2(X) K. I-or the purposes of ’ str atos pheric modeling. twee n the various measurements (see I mg. 4 ) ) ,  There
our esti mate is onl> tr i x i,tIl~ different from are two measur e ments at room temperature
Hampson and (iarv in ’s ( 1975 ) recommendation for ( 1)e\lore and Tschuiko xs-Roux 1974. Ilochanadel
this reaction.~ et al. 1972) which lead to values in the r.iilge of 2

x It) — II to (1 X 10 The high—temperature
Reacti o n 19. HO + HO2 ‘ 1120 + °2 measurements of I rIsx ~clI and Sutton ( t~Y’ )(k 2

If the laster of the quoted rates i’or reactioil 19 is x l0~~ ’), Tr~ie ( l%9)( 2 X 10 ~~2 
~ k ~ 2 “ 10 ~ ).

correct , t hen this reaction is the major sink for and ( l u ’nzer and I’r~le ( I975)(k ~ 6,6 X 10 ( I ) aiid
stratos pheric 1I0~ radicals. If the slow-er rates are the roorn-tentperatL.re measurements of I l,ick et ,tI ,
correct , it is still a major sink For I I0~ radicals , ( l975)(k ~ 3 x 10 I I ) and ( ‘ hang and K .tul’man

(197( )(k ~ S X 10 ~~ prov ide upper limits suhst.tn-
‘ I hc \ ~S S p.ind ill udson (977 I t~’~siiit ,iscnds I h.ii i lit’s rate . - - -

5 - tial ls below- the high measurements , 
~ eittiqUai1-

- - ~l lfl %t.li1 i hc los cred h~ 5 s because s n i .111 errol in the (}~ .sh’sor p. 
-

11111) ~s leli i cie n Is used in reduein~ th~’ cs pcrinueuliii) d,iia w~
. t m tatmv e arguments based on ,ihsolutc rate theor~

ssou d ~s’iIcur and the rates of similar reactions lead to estimates

iü-~ I I I 1 Exiser,nsental slats (1 8) intl h evseWS (9 14 )

Sys.rttxtl Reference T (N i  k Ic i r t ~ 5) 
-

1 I-lnch,in,isie’i ‘i ,il - 298 ,s ‘.

(1972 )

7 DeMo~s’ and 3(X) 6 ‘ii - ii)
0 A . B Tsch uiksnw - Roti ’s
-r l1974(~’I 13

10 ~o 2 1 3 Fnsweli and 2000 ;‘ ‘ t O ~‘
— ~~~~~~~ - Sutton (19721’

— 4 Tröe (1969I~ 1000 .‘ 20 ‘ tO

7 0 
- -10 (Not Hac k si al, )~975) i 798 - ,) \  10

~ 
B plo lied(

6 11 T ~— i4 5 Giiinzer and Tröe 1250- 1800 66 “ 10

30 1 A C ’  (bOjBl d

~ 
6 (Ji san Lew is ci ~i 1300— 1600 .1 ‘ 1 s i , Iii

10 il 
‘5, 

— (Nol Kaufman (1964) . 300 ‘I \ tO
I?” piot iesi( review ts~sed on —

4 Foner and Hudson
— — (1 962)

‘1 7 Bst nr ,rws .‘t a) (197 1) 300 5 1 ‘ tO

B Cit~lfltl ,ts n s i Ii.,Isi ft !i.lhh 3 5 , ‘ to
( 1977 )

Il j I i i 1 
9 K,iiifiii.iii ( 19/ Is )  3(X) I .1

0 1 2 3 4 5 6 7 10 Oi’Mnt u’ ,tns ( ii’, s t ’ . s i i  200 300 I 1) 1(1

1000/TIK) 
(1976 )

“S.’l.sl’,s) ucbierni ivitil th is ine,lugrerne,iu (save beets dt%cuIsp,l in Ilsi ii I, i~ vd ii ¶ 1/.1 ) 300 1000 11 ,1 10 I C

reviews of Lioyd 11974) .iiiii kau fman (19/5) and ti Hanti(ion (19/5 )

Ill ln,’,usu,em, ’Inl Actual nsp,,’st,rpuns,’rju covered the range’ 273 342 K 2 NIcolel Ii hI/fl)’ .1 \ 10 ~
‘ ) ‘ ‘~itC

.sun , I s~lse a temilpr ,Iiur,u - sleiwuiifeni ISis ’ Sianling lines give these values 13 0,5. Jss(nbs ’sl,s ts si 700 300 .‘ 20 It)
to, various ,Ilssttfll’ut values oh lit,’ oilier r ,iie’s rn ihe Silo. llanspssIII .1,5,1 S i . I IS i t S

Hlqll il’s npcraill re espcrl nwni , ln, lire I s leterm lllatlo n. 
( 10 7 4 )

‘1 lnstsIec i deiernslnsatlon i,ased on an analysit of ti ne HO2 ‘ NO sysiem. 14 Disewer (Ibis s . ’ s . , , s k )  200— 300 5 \ 113 ‘ I,’ Il ID I

As ,iuoted by Baulch el at , (19121. (Not i4s ,t$s~ n (1911) , .1 ‘5 t O  II

isiottedi SloiaIsi.u (19111

I tguri’ ‘J Sum.ar, of relIabl , data for Ii 15fH () 4’ t10
~ 

- tt 1() 4 O~ i .

12
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for the r,ite cssits tant in the range ol’ ,1 \ 10 I 2 to 5 ss ith the experime ilt near 3(X ) K. whil e It and ( “ t i e

\ 10 I I  Kaufman l97~
) I urther. the observed h’at rk c lose to the extrap olated data near ~‘s il K. and

str ato s p heric ( ) II concent r.t t ions ~ nderson. \ and ( intercepi t he cxtr apo lated expe i iinent.il
private com munication. I ~F’ ~ arc ei~ difficult to curs e near IS)) — 2(X) K.
support in models using the I ,i’stc r rate coel ’l’icients Ii is troubling that the m odels , e ‘spe~’i.d(s iiiosl~’~
I’or this reaction \ . are as f ar  from t his experiment .i ’s i he’. .iue

\one sI’ t he ,ihos e argun)ci)ts ts  conclusis e - I loss ever, the ex perimental ratio ‘.s is i tit1ii’e~-t Is
C hemical theor~ has diff ’icuIt~ iii predicting sb ’.’. , dete i’mined and ma) he seriou’.l~ .11 Ie~’te d b’.
nearl ten lper.tture_ indepeildellt rate coel’I’icicnts i’or heterogeneous piocesses \hhough. to lii st usr de, .
‘simple react ions such .t s th.u (or I hi’. rj t ,o ss as free oh the identiIi~’d s% stein,,)~ error 

—

lh .it appeared in the ratio o i L 
~ 

to ~k ‘.1 Ii s 1111 the
Oil ~ IIN() - lI~O 4’ Nt) I 

I

— ‘5.Iil)e ss orr~ - the data ana l~ sis ss is such .ts I.~

~ ~~ \ ~~~~~~~~~ ~~ 
t ialls mnagu if~ err ors in the dirc~’iIs ds- icitti itm c d

— I ‘ quail t i t ies I ui •her . if the ratio d~’t~’ i i t t i i t~d b’.
and ill t is t  he used ‘.~ it h sOnIC caution I he I )eM ore and I sch uiko’.s - Roux (9’.) 1 is 5’o rre~’t
strato sp heric model’. ma) he in eu ~or in ot her ‘.s a’. t hen .in appreciable act is , t t i s l t i  c t ietgs (s i t  k ‘~ . .i er’
thus the) do n s t  pros ide a conclusive test of the ‘st I’s t ii~ Ileg.It s e ,ict is ation energ~ lou k 

~‘ s it .1 large
I JO’. ‘s ink rates C i r i l t  in the ratio of k 

~ 
to ) k ~

) 1(11’ . inip Iu~d

e note t hat, as ‘.s .is discussed earlier, kinetic I iiia lf~ . ss e noie that in their recent re~’oniinenda-
comp lications in the reaction ‘.~ stem of I Iochanadel tis~iis to N \S -\ , \~ B. l)eMore .iild K \~ .,txon
et at. (I 972) has-c been ideni ilied h~ P Iamilion (pris .ite com municat ion . 1976) recon intet i ded the
I 97~’s ) and K aul’man ( I ~~4) , .iitsi the dat.t a it.il~ ‘.i’. 

Use of s aliies in the range of ’ I —6 \ t O cm ‘s for
of ’ I lochanadel used parameter s .tt alues not k 

~~~

current l accepted (I Iovd l~ 74), I) ixon’ I ew is et at. Because ot the indirec na t ure of ’ t he .iiious cx-
1974) ma ke similar criticism s of the anal xi’. used periments and the ap(larent incompati 1’i ItI\ of the

h l’ riswell and Sutton ( 1972) l’hu’.. those expert-  results of sar ious sso rkers . we have been guided
ments should he used ss ith even more caution than prititards ii~ the rates ol stmt iar reactisitis ttid b~
t he other indirect measurements the data of theoretical considerations and secondaril h~ the
t)eMore and 1 schuikoss -Roux ( f~~ 4 w ere ta ken in obsers ed concentrations of ’ stratos pheric Of I ~\ e
the Form of (he ratio consider S N hO ~ to S x 10 cm ‘s to he the

plausible range oh’ va lues for k (si. ‘.s ith k 2 N (0 ~

— 
k~ 5) k 14 cm I a liLeI va lue .

2 
— 

k 18 
-

[his ratio can also he calculated from the sariotis Reaction lb. 1102 + NO ‘
~ ~~~ 

+ ItO
models. if this is done. s’.e find that the experimental I his reaction couples the NO’. and ItO ’. c’. ~‘le’. It

temperature dependence for the ratio has the op- reduces the eh’ficienc of both c~ cles . especi5ilI~ in

polite sign from the tempe rature dependence that ihe lots er .slratosphcrc w here NO5 is usuaIi~
can he deduced I’rom the models unless k 151 has a I~h0t0l)~~~tl.

significant activation energs or there are substantial I he a’. ailable data are summari,ed in I ig (0 , \Il

erro rs in the activation energies used for  the other s it  the data are obtained h indirect it)CI hod’..t 5tn d

rate coelf iciet its. None of the models agrees ‘.‘. ith we f’ind no clear basis h’or deciding ‘.s hich .iie the
t ills rat io over i ‘.er~ extended temperature range. most reliable measurement s ,

the ana l s i’ . of .lohnston and Nelson (197 7) in—
dieate ’s that heterogeneous reactions ma~ account
for m ~t.’h uI I he ~hscre pancv in the room- h~

. 5. ‘.5 p.iui~I ret ’s ,lIsIu ieIsd,llIllIl I I i I i s f ’ ss ’ u l  (‘ i ’ i s hl I
temp erature a lues  for this ratio. but not for the dii’- \ Ill ‘~ seems as rC.issl u l , its k as sitir u s e  sO ‘ ‘5. ((I

l’ercnees in activation energ%
-
- t he i,’,’CItI nie.ts ur eitt cni sit l lsssard u t.) I %t ’t is, s) i  ) ‘ i ’ ’ i S

In our concerted s ar uatt o ns of rate constants, 
~ 

i ’ ~~ 
- ~ a’. direeih deternitned ,inst ‘.eeit

wh~r~ k 
~ 

and k (‘ I were ‘.‘ aried in the same Sen SC. and t i,uu~ m o r e p(.isusibk ih.,n ,ins t ithe r pui)9isheu) ut t s ~u s u i t  ii Ciii ‘ i

k 12 (which appears to he relati ’.’els- well established ) ihis qii,intitS \ is sreiiscr . seseu, i I  saber unpublished ikICI

‘.s as either held constant or varied in the same sense ius ’ fls iii ibis raiC ,i’J I’si.,itt has c been nsade ICCCStt ( s ‘s~ hi~h ss ’Ci it  ii’

as k 
~ ‘and opposutel’. to k ‘. and k 151). w e found that ( us ’ mm mist’ r.imige S S i() to I \ It) t h u s  sss ’ essuki lste I’ i

( lOst .irtl .i i isl I t s ’ i i  ‘susul S tOOiii te’inpcr.uturs’ i ii, ’ ,‘ ) I s t . s  s i t  id
models \ and ~ of I)uew er et al, I977h) are the ‘s pceu i.i me t (,, i i ihe temperature depellds’nCe stsnu il.i h~ il l 6. i . t ii 1’e

extren ie models. ‘V being in approximate agreement 100 I is’ 500 I - w i t h ‘s( SI I .m p(~usihfc ‘ ..i (iue
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Is s
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~~

‘ u, , ,..,. , ‘ ‘ I i
~ ~“, i s . ’ - s - ,. ) ‘ i / / l

‘ 1.3 / Ii,,. ’. 1 ,1  ..~ i1u/  I I~Iil t iii
It) — 

u ’  
— H )l.s s s i . ’,, ’ ’  ,i ii s . . . .  .1(1(1 10

it) 1)1 1
B

I ,s ’ . s )  III ‘‘Ii 3151 1 ,‘ — i t t

It) Mod,.i’. iii.’. isisi 5,

II i h i s s lsoss I ( 9 / i )  200- 3t30 It • 10 ‘

i .’ ia is ) .s i s ~ id / / t  ‘Ot ) 3t)t) ,~ ‘ iii ,. ‘~~1 5 I

54 I .._ I 1, I ......,,.L t -

0 I .‘ 3 .3 5 ~) /
1000, TIN I

I ueue’,’ I f )  Suniman of esahla bt e dat a fu~ k 2 , (III) \fl 5.(( , 1101.

%~ e note t hat the newer data suggest that the extrapolated to the conditions of’ the I. S SI,i ldard
ro on~ - te rn  per.t t o r e  ra te  co list ant  ‘.s .ts un - ‘\tniospherc I’here are other pertinent measure
tlerestintated h I f-arnpson and ( ar’.’in, hut that the ments . including recent stork (eg .  - l)as is 974 I’
react ion ma~ have a sign ilic.i mit tern peratu re depen - \ t Li i~son - private comm on icat ion. (976). Ito’.’. es em -

dence. ~s a  resu lt . ste believe that the Uflccrlaint most of’ that work does not cover ‘.tratosphei- ic tern-
factor applied might l).t’. e been increased, hut that peratures . is not compatible ‘.s ith the data present•i-
the range consid e red is a ppropr ia te  for  tion adopted, and is not included in P i g  II - I’he
strato s pheric conditions. data of the various workers do form a reasonahl )

- consistent set oh measurements. I(ow ever. .is is e’.Reaction lO,0Il + NO1 .IINØ~ . . .  . -detit ii I’ ig. I I ,  fo r the conditions oh the loss er
I his reaction reduces the effect oh’ both NO’. and stratosp here t he data of -\ nastas i et .iI ( t ) ” f , )  (.,Il

Ito ’. .~it oione hs t~ ing up both spc~tes in t he somess hat outside the expected error range ~.~uoted
rcf ~itise Is inert species lINt) 1. 1-urther . it cat5il ,es fs’. Ilarnpson and (Iarv in, In this rat ige (lie csi i’ .  e
I IO~ destruction through the reaction qLit ) te&i from ‘\mias .i’.m ci .iI. is an iiitei’pol.itis sn from

t he data , hut the I tarnpson and ( iars it) recommeui
) (III + I1~

() 1110 + NO~ . datioii is based on -t substant ial ext rapol,iii.itt I he
two  expressions agree in the ran ge of 3() -~ LIII.

Reaction ~
() t s  dependent s~n hoth temperature w here both are interpolating h’unctmons lii order to

.ind pressure. amid the pressure dependcne e i sa  i’unc- co’.-er the full range of our model, 0 S~ km, ‘.se f i t
t lofl ol’ the identit~ of the third hod M \s a result the primar\ data of \ nastast et al. to the expi -esston
is) t hms ste base chosen fo present the d.mi.i in the
form giveml ill I ig II The .tl t it udc dependence psir-
tr5ned does nut pertain I s  actual measurements at

I — i . ~ (010 1
‘.arious a ltitudes , hut rather to me.isureiuents at .76 N 10 C

.iriotis temfl peraIuie~ and pre’.sure’. interpolated or 1,16 N K ~,2 - I I + p,
~
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Models (this work)

• U U • ~ Tsang (1973)
This work fitted to Anas tas i et af. (1976)

• • • • • Hudson (1977), Stobarski (1977)
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I hi’. form us theoretica l I’. tustif ’ied at moderate and (‘hang es l)uring the Period 1974 - 1Q7(~lost pressures hut not at hmgh pressure s ss here it L)tIrImig the period I 974~ Q’ t’. nlan~ c hanges ‘.sere
should u nderestimate the rate con’.tant \t ore re— made iii the one-dimensiona l strat osp heric ni~’.deI to
cent d.tta h~ \ nastasi and Smith 1 ‘ 3 6  ( indicate that ref lect our increased understanding of atmos(’ .heric
th is  ms indeed the C.I5C and suggest that our curv e processes . especma ll~ chemicah reactions Reaction
maa ~ underest itnate the tropospheric r,ite COtlsLtmlt rates we re remeasured (or guesse s ss crc replaced In
Is’. nearl~ a tacto r o —~ e belies e t hat the data 01 measurements and or ness gue s s es I, and ness I
~ nas t asi et .il pro’. ide the best as amIable estim ate of (i ons we re added . In p.irticul,tr, chlorine chemist r~

ti l ls rate con’.t,in t under stratosp heric conditions c5unie tO pUs an important role in st ratos p heric
,ind th.o the expression ste hate f i t ted to th eir data chemical modeling. ‘.s hereas chlorine ‘.t .is not con-
was he accurate is ’. St ithin .i f.ict o r of I ~ 0’. ci the tati ied in an’. oh’ the N O ’. In(ect ion modeling c,tlcula-

S r.inge st f iere it is an mnterpofat ion. hut that U nl.is he tmons done do ring ( - I \ I’ —

mn error hs a factor of 2 t o for tropospheric s- s ’uidt  l lie effect of changes in the I I I model t’henllstrs
I louis I he estimated error quoted here !or inter- 

~ imw rans port from 1974 tint ml I )ecemher I ‘r’ t’. is
poUted aloes is dominated Iss our est m uil ate ol ‘.h~ ’.~ n tn I ig 1 2 Oiils NO’.

. i los -O s c hemm’.iu ~no
plausible ni.ignitudes sO s ’ . stem_ it mc errors ~~ ~ ‘. (

~10, .~~~ tncluded in t hese calculation s \ det .iiled
dif l’eremis ’es between ex per im enter’ . iii the loss - desc ript ioml 01’ t he changes in each of ’ t he re.uction
pressure range I he fitting error is relati ’ . cIt sin.iIl rate’ . is gisen in ~ppendix \ I’igure 12 ‘.Io’.’. s ho’.’.

It ’ ste consider the ii’. e r5 tt e constants k 4’ k 1’., k ‘~
. each ‘.cquentmal change in the m odel affec ted muodel

- — k ‘.~ . and k 
~

,. t ’ .t o of t hem ik ‘it and k 
~~~ 

seem likels to sC m ismt it i ts I he Ia rs~esi el’fect came from changing
he iliore ex treme in their dil’l’ercnce from )) the ‘. .t lue the re.is ’t ion rate cuse fh’icien t for Oil + IlO~ ‘ II ~Ogis en lss II anipson and ( lar’. in than the s .t ltme used + ~~ 1101)1 N 10 ~ to 2 N to - ~.‘hanging to the
in model (‘ ‘ of I )uess er ci al I~

) ““b I. an d tss 0 nest transport coefl’ic ient (( ‘hang h Q7~ ) resu lted ill
ot her’. (K ’. .mn d K 1 .~~ has e ess i lhlmct iilg ille.isui’eilIeiIt% approx mmate ls a I O ’~ increase in the predicted
.Itld tre htghls uncerta in. I he dat .i suggest that the oione ~educ t mon , \Iost oh the changes m di’. mdualls

- ‘ remas:imr~g s’IiC. k N’ ma~ h,i’. c large errors in either h5uJ .i small t’S’icct. hut together i1ie~ ‘.‘.ere ‘.iL’niII~
sense, depending on the s alue of K 

~ ~ t present our c.t mlt I he chemical changes in the model (‘.5 ilhout
best estimates ho~ these amt d s it 11cr) rate coil ’ .t . t i l t ’ .  ch.tnging k. 1 tip to I)ecemher I Q ’ s reduced the
lead to a model-predicted o/one mncre .isc fo r lower predicteti change in o,one lss a factor of 4 — tot ’ a
stratospheric Nt)

’. mn~ections I lowe’ . er . the cotltil)Li- I ‘- km injectioi ) and hs a factor of 2 9 for .m ~
(
~-k oh

ing unccrtalnh imi chemical re.k’I II~II rales Ie,i’. ts .ini- 
~n~ec( ton

pIe room for another ret ers.tl of the sign ol the com-
puted response to NO’. injection’. iii the lower
stratos phere.

Citanqes ______________________________________2.3 A ReanaI~sis of th e Fifect - I
Sta u t ( 19 7 4 )of NO ’. Inj ecti ons on Oione K ,

~ ‘hene’.er there h .ts been a significant change it ) N2 0 • hi’
the one’dinlcnsional stratospheric model . ‘se have Methane’ t,’actions

reana fs ied the effect of ’ the ch.inge Oil the modeFs HO I 1)00

‘sefis iti’ . its to NO’. mnjc ct moti s . the effects of ’ past • HN0~
c hanges in the model arc discussed below ii) two NO 3 I Iii

parts I’he first part updates our utlderstaildiflg of ’ 0( 1 0) mpact t ss m ’ .s
fi le ef ’I’ect of Nt )~ injec tions konl high-altitude air- HO • NO7 4 M
craf ’t on str at os pheric ehemistrs from the eild ill’ the MOO + HOO

( - l imatmc Impact ~ssessnIent i’rograni ((1 ‘\ P) it) MOO • 0
(t) ’4 to the end 01’ 1Q76, and the second pa rt updates
these results to tile preseilt.

I . I . l . I .t . I
0 2 4 6 8 10 12

Change it ’ . total O~s’.ne’ %

‘ I hi’ 5.11” prusue p his rs’~ssmiu , iss’uus ts’d ,m ~,‘t i~pIs”. s’’ .prs”.’.isin for / ~~~ I.
, I- fleets of i’hSnile’t in modei aeaumpti esns I ordinmiis’ ion

ih ls t ilt ’ s i ’~ l I t ~ ii,’t mi Ih.mI ha’. beets .us’s’cpis’sl (‘is miie 5. 555  (‘,tile) s’slc ulatcd dia.~i in total ,e,onc uabs~iusa t for an injeelion of
III uus ks ’tt l ’4’ - ’ I Si p resent s t i ’  ssouu(d i t s  sp i ih.,i s”.p rs ’ ssishl i  2.la S Iti k~ s r nf5.1) at sl t itudes of I’ and 20 km.
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Since Molitu at ld Row iand I~ ’4( first noted the Changes Since 1976
potentia l ef fect  of ’ the ch lorofl uoromct hanc s Since th e end of ’ 1976 there hate been a number of ’
t( I Mx), I, I (i~ and (‘1 ~

( I’., on the stratosp heric changes to th e stratospheric model including
s ’. lOf lC. muc h eff o rt has been gixen to deter m ining changes in chemical rate eoefltc;ent’. and impro’.e-
the d iedI of ’ chlorine species such as (‘ I. (‘ it ) . lid . ments in the representation of p)l~smca l processes.
(‘lONO~. etc. on stratospher ic ehemllist r~, the 1976 suc h as including multiple sc attering iii the
ca lculations predicted a back ground concentration photodissociation rate calculation. l’he changes in
ol ( It) ’. 

( I + s~’I() 4 I l(’l~ in the natural strat- model chemisir~ up to June l9’” were based upon
o’.pherc of I pph resulting h’rom (‘II )( ‘l and (‘(‘14 the h udson (l97’l reevaluation oh’ chemic,iI rate
st ithout .in’. t i  Ms \~ ith the addition of ( ‘1 M’., st’C data tsee fable A- I in Appendix \ ), I’hese cll.iilges -—calculated .ipproximatels I ~ pph stratospheric led to an increase in the oiotie reduction estim ates
(10’. for curretit lesels of ( ’t (‘h and (‘I ~

(‘i’. 2 pph due to .tn NO’. injection of ’ 2000 molecule’. ~‘i)l( 10’. for predicted 1990 levels oh’ (1 Ms due t O COt)’ as NO, .tt either I ~ or 20 km. The most signiticant 
Sst,tnt production hes ond I ‘)‘~1, and 4 ppis at steads change since December 19Th 5’. as a m~est nle.Isure-

s t at e I(~ )-2 (X I sear -’. . fl)em lt of the reaction rate b r  NO + llO~ ‘ \t ) ’  +
We ma de a ser ies of calculation’. to determine the Oil in h oward and Evenson ( lQ’~7 I, ‘ sing a direct

el ’fect ol’ ta rts- u’ . hackgroumld Ie’ .’els of ( ‘10’. on the mlleastirement technique, laser magnetic resonance .
predicted olomle reduction due to NO’. in cctioil \‘. they measured this reaction rate to he roLiglli~ 30
an initial condition for the calculat issi ls , a times faster than previousl~ thought. The el’fecm that
bac kground siead~ -s late .ttmosp here containing this one change in a chemical rate measurement has
s .irious let els oh’ (‘10’. t I. 2. or 4 pphl was derived . Oil the model is show ii in Table 3. With the ( hang
then the m odel ‘.‘.as calculated to steady state with l97M k. profile, there is a reversal in the sign of ’ the
NO’. aircraft emissions ol 2($$) illolecules cm as ozone change such that aircraft emissions in the
\O~ in~eetcd into a f-km-thick ia~er centered at lost-er stratosphere cause an increase in total o,one.

arm o us ,i ftitu des t~ . 13. I . . or 20 ki n) I hesc W i t h  the li unten ~~, profile, there mx an ozone 
‘ca lcul ations w ere carried out still) tile (‘hang (1976) decrease for a 20-km injection but an ozone increase

and the itunten I (9”~~) I’., profi les, the results are t~ r a ( ‘ -km injectiotI .
s ummari zed iii lable I l:igures 13 and 14 show- the ef ’l’ect t he chail ge ill
I or stratospheric mnlec t lotls of NO ’. tat I” and the 110’. + NO rate has on model-den t ed species

20 km). increasing the back ground k’.eIs of (IO ’. concen trations. The nest faster rate has a large mm-
decreases the magnitude 01’ the ozone reduction. pact Oil stratospheruc consti tuemlts such as Nt.) tat
the effect of ’ the (‘ It) ’. bac kground is substantial.
esen leading to a net ozone iilcre .tss’ for a I -kiii
NO’. iml iec t io n with a 1.10’. background of about
4 pph. l’he changes in tota l ozone are small I’or
tropospheric ii l(ectiouls of NO’.. I he results for ill’ Tahb’ -‘ t’etimated 1990 aIrcraft emissiona ured in die
lect io l ls ,t t 9 Kill should he considered to he ss ithin 1.11. I-I) model.
tIle “noise . - s ince these chatiges are the net result ol’
ozone rcduct ioil .uho’. e about 20 km and ozone Imission*

Att itude ~km) 1kg NO’. ‘.0productmomi below 20 km. Because the nlodel uses — -

fixed houndars cotiditions and incorporates rainout 
~processes for NO, amld I1NO 1. a large ehTect should I I7!  ‘..

not he expec ted f rom a 9-ki l l inj eeti otl . The change 1.932 -‘.
ill total ozone is hasic,ills linear ‘.s ith NO’. inject ion q 4.3b4 x t 0~ratc using t he (‘hang (1976) ~~, profile hut not su t t h ID 7.b45 \ 108
the Ilunien k ,, profile. 

~~~ ~Calculations were also made for an N05-1105-05 3,410 \
ilmno’.phere using am~ I ~ -‘ estimate ol’ 1990 aircraft 4.839 x l0~enlissiofl’.. The model input used is show n in 

14 t . t~~ ~table 2. ~~it h the (‘hang (1976) ~~, prohile there “.~~ 
~~~~~~~~ ~a net indte.ISC in total t)/oiW of 0. 1 ~~~‘~ - after the first 2.098 —.

sea r. w hich reduced to -i st ca d~-s t ate net increase of 2.334 x I0~00 2 ’’;- ,~flcr the tenth se .tr ~% ith the Ilunteil 
~~ h R I3h~ x IO~prushlie. a I) 2tV ’ increase in total ozone after one 4 .7.19 s t 0~sea r reduced to (1 (W~ - at sle.ids state ___________________________________________________________________
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r.~itl1’ .~ the effect tin model sensitivity ot chsn ~ ng th~ rate coefikient fo r th e react ion NO + 1102 — NO’. • Oil. Old
rate 2.1) 1 0 1 ~ , new ralt~ 4.28 x fO ’ i i exp (—SOOT ) (Howard and Evenson (977) .

(‘hange in O~ 1’~-) Change in NO l -~~

NO’. injec tion -
K , prtsftlc alt itud e 1km) Old rate New rate Old rate Ysc ’ .t rate

(‘hang 0976) 10 -4.79 0.55 46.7 4 “.~~

17 — ( . 3 1  1.96 27 .3 7~ .S 
- -

Humttems ~I9’5) 20 —19.8 —690 96.2 ‘1’ I
17 —4.3 5 0.83 61.4 61. 1

illtidh as .i t .ictoi of .1 hotter conce iltr ttio i l at I ~ kill) in je ctioll. either a ne’.t mlcrease sir decrease of tot .il
.mnd Oil (a factor of 2 larger co ilcentrat t oil it ~,‘ i /Oi iC resu lt’..
I ~ km . Other species more mildirect ls related to the t he change in the local ozone concentr .it it~a is
re.ictioml ~t f  h1O~ NO , suc h as ( It) and (‘lO\O., silo’.’. ii in 1- ig. 16 for three dif ferent NO’. in~eec ion
,tre also str oilgls affected in the new rate. r,ites at 20 kill , t here is a net production oI’ () ill

I here is mio’.t a nonlinear relatiot lship hetweell the the loss er stratosphere and net destruction in the up-
nlagnmtu de of ’ the NO’. injec tions amId the predicted per stratosphere. It is the sumtntng of these t ’ .t ~s el-
ch ange in total ozone. this is illustrated in I - mg. I ~ beets t h,it determ ines ss hether a net iilcrc. isc or
f o r  I i -  .itld 20-kill mnjcc t iotl altitudes. Note t hat decrease in total ozone is calculated. l ’ herefo rc .
dou bling the rate ob an NO’. infection does not ts hile there mas he no net chatlgc in tota l ozone for
result in doubling the change in ozone .ms was bound .t specific NO’. injection , t here mas he large predic-
during I. I ~I’ I)epend ing on th e magnitude oh’ the ted local ozone changes in the stratosphere Such
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______________________________________________ I :~uo’ ! .~ I alculated chang e in the urone column at st ead) stat e
I I , I 

~ ~ r~oction ul NO injection rat letats 5.02 i for inject ion altitudes
2 — (a) 20—km inject ion — of (7 and 20 km. tn injection rate of 2000 molecules clii ’ ”. in a

~ 

~~~~~~~~~~~~~han g(197~~ K1 ~~~ 
hemispheric shell Ikmn shit ,~ corresponds to an annual injection

50 l~~~~~~~ l~~~~~~~ i~~~~~~~ i
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- Hunten (1975)K\ - 40 — ( / —
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~~~30 —

(b) 17-km injection \ 20
6 - Chang (1976) K 500 1000’
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foc,tf h inges could hate itllportant climatic con- The predicted ozone reduction for a p~ir ti .m I ban in
sm der.ition~ the t ‘ nite d Stj t es heglnniilg in I 97$ (scenario 2i dm 1-

5.1 .i~or t incert.i int ies sti ll esisi in our knot’. ledge of icr ’. ‘. er~ little from that for a part i .t l ban beginning
strato s p heric cll en lts tr s f t  is possi b le. and esen in 1980 (scenario 31 rhe ozone r~duction ,it stead~
lm k~I’. - th .tt fur t her signif icant ret i’.ions still he made state is in direct proportion to the ste.md ~ - s t a te
iil tile f u tu re  Not onl% w i l l  reac tm o n r ites change, production r.ite of ( - I’ Ni s
hut it is still possible th.ti processes mlo i ct included
ill.i’. p l.i~ a n mmnpo rt.i m lt coil tr ihu t im lg ro le

2.5 Effect of ~1uItip le Scattering
on Species Concentrations and

2.4 Effect of (‘hioroflu orornethane s \lodel Sensiti ~it~’5
on ()ione

5.1 am lectmla r multip le sc att e rm ne , the ea rth ’ s s urf ac e
i is e sce m~.itios has c been des eloped to describe I

- - rellectmoi l . clouds, and aeroso s have ,iII been shots ii
psis’.ihle future t aviations in tIle production r iles of - - ‘

- to h.i’. e a smgnmf meant e f fec t  on s iratosp ilem ic ,ind
C I t  I I — I I )  .Uld ( I - I. t i  - I 2i I he sccii. ir ios ire —
listed hclost st-c I ihCr ci ,il IrmI

I I si flst .iil t productiorl of I. 
- I Nis .mt I 9”~ let cIt

I’roductton rate equa ls l 4 ’ .(X ~) toilnes r for I- - II
.iild 41  ~,000 ton nes ~r for 1 - I 1,21’!’ 4 (‘afcutate d percent reduction its total Ozon e as a

,~ l’art ia l  1-t in on the ~,sc oh’ ( ‘I NI’ . in the I, nited function of rime for the five CFM release s’enarmos
St.i tes beginning I .1 LIi % I ‘Y~S I. ‘omi~ tant production described in the tes t.
at I 9” 

~ lescis until I ,luk I ~Th, dropping to “0’ of
t)”~ let ci ’ . thereafter (FM r~ ease scenario is’e te5t )

1 l’art ia l han on CI- NI’ . in the t nited States 2 3 4
hegl nm lmmlg I .1 uI~ 1 980 S t ille .i’ scenario 2 esce pt —

reduction beginning I Juh 1980 . 1976 0.48 0.48 0.48 0.48 0.48
3 i’.mrt ial ban in the ‘ nite d States and s es er al  1977 0.58 0.58 0.58 0.58 0.58

ot her countries concurrent l% ‘n I .lul~ 1980. Con’ 1Q78 0.68 0.68 0.68 0.68 0.68
st .it l i production at l9’7~ levels until I Jul~ 1980. 1979 0.77 0.77 (1.7 7 0.7’ 0.77
t hen dropp ing to 33” of ’ i97~ Ie’.els. 1980 0.87 0.87 0.87 0.87 0.87

~ technica l breakthrough allotting a drastic 1Q8 1 0.96 0.95 0.96 0.96 0.96

reduction in (‘I NI production ii 1984 . (‘onstant 1982 1.06 1.03 1.05 1.05 1.06
production it I ~~ Ic’. ci’. until I Jul~ 1984 . drop— 1Q83 1. 17 1 .1 1  1.14 1.13 1 . 1 7
ping to ~tl’ oh ’ I9”~ lese ls therea l’ter . ~Q$4 1.24 1.1$ 1.22 1.19 1. 24

I’he one-dimensional transport-kinetics model 1985 1,33 i .24 1.29 1 ,24 1,33
st a’. used to .i’.sc’.s the potential ozone reduction for t 986 1.42 I.. 0 1.36 1.2$ 1.42

eac h of these scenarios The model c hcm is tr ~ w as t 987 1,52 i.36 1.42 t .3 1 1.49
the same as listed in ‘Nppendis N for f ” i” with the 1988 1 .60 t.42 1.48 1.33 1.54
exception that the rate coefficient l’or the reaction 1989 1.69 1.48 1.54 1.36 1.5$

NO I1O~ s’. . is6 \ I0~
I 
~. the computed change in 1990 1.7$ 1 .54 1,60 1.3$ 1.60

tota l ozone relati’ . e to an ambient atmosphere 1991 1.86 1.60 1.66 1.40 1.6 2
w ithout I - I I  and I - 1 2  is shost ii in Table 4 i’ .~r each 1Q92 1, 95 1.65 t . 7 1 1.42 1 .63
scen .irto .is .1 function of ’ time. k 11055 n production * 993 2.04 1.71 1.76 i $4 1.63 

rrates for h- - I l  and 1 - 1 2  were used for the period 1994 2. 12 1.76 1.82 i,4 ’ .  164 —

before ,Ianuars 197tt *995 2.20 1.81 1.87 1.4 7 1.64
I he effect of ’ changing the reaction rate for NO t~~~ 2.28 1.87 1.92 1.4$ 1 ,64
lI0~ to Ilossard and I- ’ .cnson’s ~I 9 7 1  recent 2001 2.68 2.12 2.17 1.56 1.64

measurement of 8 \ It) 1 w ould he to ess ent i .tlI 201 1 3.40 2.58 2.63 1.70 1.63
douhk the effect on ozone calculated in t able 4 . 2021 4.05 2.98 3.03 t .S t 1.6 2
I sir es an lp le . using the mlew r.ite increases the 203 1 4,61 3.34 3.38 1.92 1,6 1
ste .tds - st a t e ozofle rcductiotl for scenario I to I ~~

‘ 201 1 5 .11  .1.65 3.69 2.01 1.61
as com pared with the 9~ shot’. n in table 4 205 1 5.54 3.93 , , Q5 2.09 1.60

Stcmly
s tat e 7 ,94 5.55 5.55 2.55 1.53

— ( Sn’.’ toflms c I mitci nc  10mm • tO K _________________________________________________________________________________________________
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t ro pos pher ic  r.id m a t  is e in te i l s it i es  .i t photo- concen trat ion proli les and on model sensi tm ’ . it ~ to 
‘ -

dit tos 1 , 1 ( 1 5  e w .it eIen~ t his . I he mnlporta iice of ~ertur hatioIls affecting stratospheric oione l’he Ci -

molecu lar scatter ing .ind sU rf .ice albedo ,iiid their f ’ect of multip le scattering was incorporated into the
elks I Oil atillosp lleric plloto dissoc l~itioil rates h.m’ . e photodissociation rate calculation in tppl~ ing
bee n discussed in I uther .itid ( ,el in,is I ~Y~(-t correction factors to the s ho rt-w -ase fluse’ used in
l’ar .inteterm z. il ions of ’ t he e f fe c t  of multip le scatter- the pure ahsorpt ion calculation (the imt c th od is

ing ~m phoiod ssi ’~i.iti ’. e flu’. densities hate been in’ described in detail below), (‘alcu lations ‘.‘.ere made
e luded in s ine diillensional t ranspor t -k ine t i cs  ss itli the 1977 model chemistry listed in 1 able - N —I of ’
models h~ ( rut/cit and ls.iksen 1971sf. ( aiIm ’ . ci al. -\ ppendi.’. N w i t h  the e.’ .cept ion of a less rates iii-

l9Thi, \sl~b~ i~ )7 Ii). and kur,e~a ( 1971-t i ( rulien dic .mted iil t able 5. Calculations were late r repeated - -

and Isa ksc mi ( I  9Th use a ts’. Ii- flu’. appros imatmoi l to usnia~ N’ N S - \ recommendations t i -I udson I ‘i’7 ) .iild
account for t he direct and sca ttered radiation ( ‘ a llis I loss ard and 1-venson ’s ( 1977) net’. illcasureinent of
ct .iI I 9Th i. using a det ,mi led solar radiation model. the rate for Nt) + II0~, ‘these changes are listed in
compuic corr ectlo ml fact o rs  ‘.‘. hich are t hen app lied table S
to t he photodmssoc i.it i’ .e rates computed .tssunling a 1 he solution of the one-dinlensmotlal pure l~ a t’-
purcl% absor bing a to m mc aiid nlolecu I.m r a t— sorbirlg radiative transfe r esluation .11 a part icular
mosp hcrc I he correcti on l.ictors .ir~ st it h alt i tude altitude ii,. so lar zenith angle Il~. and atmosp heric
for eac h phsstod is’ .oci .itis e react on, and t Ise~ are coi~ positioii N ‘.1 is gms’en h~.issunlc d to he unaff e cted in changes ill atmosp llerie
cot llposmtion - F~~ ( ii, . O~ . ~

N ’.} . I I
c hate .isscss*,’d in detail the effect of including

molecular multip le scattering .ind su - f ’acc rellectmon —
- - - ‘K exp~— r ( i , O .~N } .t i~ -in the transpor t-k incites model on ambient species ~ p (1 A

Fable .~ Reaction rate coeffk’uen~s tised in the latest calculations, See Table A ’ i for other reactions.

Old rate Ne’.’. raic
Reaction (used in first calculation) (used in second cak miia t ion)

+ NI ) NO , + 0, 2.3 ~ 10- t 2  e~p (— 1450 1) 2.1 x tO~
m 2 es p (-1450 1)

+ OH - - HO , + 0, 1.6 ‘s ~~ 2 esp (—1000/T I 1.5 \ IO—
~ — esp (— 10(8) 1)

+ HO 2 Oil + 202 1.0 ‘ to~
U 

esp (— 1250 1) 7.3 \ iO—14 esp (—1 22 5 1)
O s HI), OH + 0, 3.0 \ l0 3.5 \ to — m i

HO , ÷ HO, - . tI ,0, + 0, 1.7 \ lO~~
1
~ esp t—500 1’) 2.5 ‘~

HO, $ OH - H 20 + 0, 2.1) s lO ”~~ 3 .0 \ tO~~
5 .0+  HO, - .  NO , + (flI 1.7 ~ ~~~~ csp (—1000 ‘1’) 8.0 \ l0”

~
N + O~ -. NO + 0, 5.0 x l0~~ esp (—6501) 2.0 \ IO~~ esp (—1( 170 1)

- ‘~ O( h Fl) + 51 - ‘ 0  + M 2.0 ’. 10”~~ esp (107 1) 2.2 ’. to _ i l  
c.sp (99 1’)”

NO + ( II) . NO ,, + Ci 2.2 X t O~~ i.o ‘. t0~~ ~~ 
(2(10 F)

- (‘K) + (‘K) ‘ (‘1 + IX 1(1 I S  -t( 10
_ i , m 

C~~$~ ( 1 238 T) 2~l ‘s lO~~2 esp (—2200 1)

CIO + (‘10 - 2(’ l + 0, 4.5 x l0 ’” ~ csp (— 1238 1T) 5.0 X t 0 13 exp ( — i 2 , 8  1)”
(‘10 + ( It) - Ci + 002 9.0 \ t0~~” es p (— 123 $ 1) 1.0 x 10— 1 2  e.sp (—1 238 1)
OH + 11( 1 -. 11 ,1) • (‘I 2.8 “. io_ 12 c~p (—400/T) .3.0 \ 10 i2  ex p (—42S TI
0 + (1(10 - (‘10 + 

~~ 
~~~~ ‘. t o~ 2.0 \ tO~~

m ex p (—111W. ) 1)
Cl + (Ill -. H(’t + 0 2.0 x 10_ i  2 esp (—1878 T) 1.0 \ tO~~ esp (— 2970 1)
(‘I + HN0 5 -. 11(1 + N0~ 6.0 ‘. ~~_ 1 

~ 1.0 \ f0 u ~~~ —2 f 70 T)
(105.0, + 0 - - ‘ dO + NO3 5.0 \ lo _ i 2  

esp (—840!T) 3.0 \ tO~~ e\p (—808 1)
- 

St —23 —3 34
CII) + -. (‘105.02 5.1 \ IO”~’~ e’.p (10301) 

I + 8.7 \ t O— ’~T— 0 1’M°

mim i ma i ne gim.’fl l’s t t i d ’ .c ,~i i 9 7 7 1
reco mmendation f a r  this rat ’ .’ is go r u  h~ Hudson (19 7 71,

2 1
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I d\ is the flux o fp hot ons in the wa’ .e iength inter- direct solar beam I-~ is giten in an equation similar
va l dA about ,\ , and I-~ -

~~
‘ i dA represents the solar to ( 5 - I

flux at the top of the atmosphere. The optical depth
r 5 is gisen Is’. F’~( i . L1 ,.~N ’.} ,t )  = i’ ,

’.(°°)

r ’. (i 1, .o ,.Vj .t ) exp J —r ~ (i11 - O
~

. 
~
‘.‘.j .t )] , (5 .5 )

I

s’. h~re t he optical depth along the s lant path . r~ , is
N

’.
(i.t ) o ’~ I’

,1(/ ) I  sec 0 ( I )  di - 

~~‘.t’n b~

(5. ’) r~~, . O 11, { \ ’.~ .t)

In I q- ( 5 — 2 ) the summation on N includes .ill .11-

nlosp heric absorbers , each has ing number density N 
~~~~~ ~ ~ [X .T(, f~ ~~e I , ( t )  sIt

N ‘.(‘-~~ 
and a total absorption cross sect ion 

A
ur~~(X , I ~~~~ Most generally. ir ? (,\ .T(z) 1 is a function
of the temperature T(i).

I he photodissoc iatmon rate for transf ’orrning 
+ N (i .t) i~~(X I see ii , t )  dz

species i to species j  is denoted by i

7 mI-I
J 1_.~(z 1, .O 11.t ) N1(z 1, . t )  . ( 5 —1s i

w here In (5-6) the summation on i includes all _ ilnlu l-mp heric
species. and ii ~~ is the Ra~ leigh-scattering c lo ts  see-

J ( -  0 t ) (ion for species i, I- ’
~(z~~~~ \ ‘.~M in IS- ~ i dmt ’frrs

0’ from 1 \ ( / 1, J11).  N ~~~ as defined in (5- I) in that at-
tenuation due to both absorption and scattering isf u~~j.X.T (/~ ) I F

~ ~~~~ 
oI).INA } . ~ - included in t, 5 -5) .  whereas onl y absor ption is in-

all X The photodissociation coefficient . t !so depends
( 5 3 )  upon the scattered (diffuse) radiation giseil by

The microscopic photodissociat ion cross section J
~~

. z , O 0,t)  E f o~ [j .X, T(,, ) 1
°t~E j.A .T(z~)J is often written in terms of the quan- all X
turn sield QA(i .j) as

O i1 IJ , X~T(Z p )I ~~1~.T(i~ 1 Q (i~~ ) - (5~ ) ~ 
[~~i 1~.o ii . N~ . t )  + J ~~~~~ 5t~

] 
sIX -

( K . ’?)It should be noted that significant uncertainties
remain in the data used to calculate the
photodissociation coeff icients in the models. h-or where I,~ is the specifi c intensity of the difl ’usc ra dia-
exam p le. major uncertainties remain in the t~on and - is the solid angle. Including the el lect oh’
branching of 03 photolysts near 310 nm to either molecular multiple scattering and surface alhedo in
Of 1P) or 0( ‘D). in the branching and quantum t he calculation is sinipl’. expressed in changing the
y ield for N0~ photolysis, and in th e methodology vaiueoU”. appearing in(5-3), Forc harits s ;c& f el ’ine
for calculating the photolysis of species having
handed or line absorption-cross-section structures. FMS(rnultiple scattering ) F’. ( i . o~5. IN j  .t)
SUCI1 as 0~ or NO, A -

When molecuiar multip le scattering and surface
alhedo are included in the radiative transfer calcula- 

-
t ion . I q. (5-I ) is no longer the solution of the + I

~~
i,1.u) du~ - (5 Is)

radiative transfe r equation. However, the flux in the 4~

22
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I henceforth , I ~ “ ( j - tu rc .mI - tsor pt m o n 1 will refe r to the increased by a factor of I .59 for H NO ~. I 5’.) for
— flux defined in 1 ~ I 1’ \s ide fron t substituting I’~~ in iI,0~. amt d I 46 for (‘10.

place of i ~ iii “. - -~ . all other aspects oh’ the . . . 
a

- 
- Speci e’. ( oncenlration l’rofiles

pu otou issocm.i I it in ma Ic La Icu Ia lion are t he sa fl lC as
for the purel~ absorbing mo lecular atillosp here . I he concentration prof ’i Ics for selected ( I’., III ~‘.

I he ef f ect of muliipk sc .mile ring s’. .is incorporated and IN species .ire show n in I igs. 17 2i for the

fl lt ~
) t h e  I)llotodittoc latlt)t l r i m e  c.ilculatiomi h’. ap— iimhte,lt atmosp here prior to inclusmoil oh multip le

pts m u ig cs mrr cct iom i fa c mor ’. to t he f lux i- ~ used in the scatter ing. I hese f ’m g u mes define the rcf ’erenss ’ csm n di-

pure absorpt ion ca lculation I hese correction I’ac— t i s i i is  b r  assessing the fractional change iii ~“ .smmccii-
tors . ‘.s hich are gm~ en by t he rati o l ’.~’. t ~‘ ‘. . were trat ion caused by multiple scattering

csnllputed for tIle unperturbed species profi les using I he changes in concelltratioli of chemis.iI s p e c ies  - — - -

the same detailed solar radiati a m m i model as I uther due to ill ult ij -t Ie scatt ering re lati’ . c to the pure ab-

— ami d ( elinas (1976) ‘.~ separate fa ctor wa s com puted sorption calc tml,m tmoi l for a surface aIhe’.Io s i f  I) 25 are

for each of the 44 Ictel s am id for each of ’ the 148 sIlo’.’. ii in I igs 2 1 24 , I igurc 2 1 show s the ef kct oh

wav e kmlgth inter’ . .iis het’.’ .een I I and 7 ,15 mini , Dif ’— mu ltip le ‘.c.itlering on 0’. species cot ice iiirat ions ,

I~rent sets of co rrc ctm o ml factor s ‘.s crc computed for he large percenl.ige increase in 04 I I)) nc.ir l() km

each assumed .ilue of surf ace alhedo \~ using :i occurs where t he ambient concentrat ion is ‘. cry

solar ,enith ang le of 4 K ’ ’ small . mme ’.’ert hcless . ml has a sigmi if ’mc.inl e f fe c t sin at-

( ‘orrectioil factors fo r  a solar ienith ~imtg le of 450 miios p heric chemistry . I’he increases mu Ut ill) and

arc qual itative ls similar to . a lthoug h soinctvhat O( DI in the 20— to- 30—km region are due 10 u I -

larger than , t hose computed h~ I tither and ( ie linas crease d photol~ sit oh’ 0~. Because of dih’l’ere mices in

(19 76) for II t~O° , Ilic co rrect ioml f ’acts rs are near ly am bient concentratio ns , a small pc’u ceutage

c msla mit w i t h heig ht above 2() km. htmt time ’ . may’ decrease in 0 causes large percentage mi t c i  cases in

an signil’ica mitl y- w i th  height mit tIle regioil below the other species . [he Increase in O( tm I’f ne.im 40 kin

21) km. w hich is ss here most scatt e r ing events occur, is due primaril~ to illcreased photol y sms of NO~
lilcluding niultip le sc ,itt eriiig in the plloto— Otone at t his height is increase d largeI~ ,m’. .i resu lt

dis so cia (( 0m m r.i Ic c’ ,i Is- mi la lion afl’ecf ‘. the of the reduction in the efficiency of the NI)’.
photodissociatio ii coe lficients . the am bient species cata l y tic destruction cycle caused by the increased

concentration profiles . and the tnodel semisi li ’ . if ’ .  ~ 
rate of NI). !iuitoly sis I he ratio of ctslunlml-

perturhat iomls by Nt ) ’. and (‘I \ pollutants. I - a~ Ii oh’ iiitegrated total 0~ colllputed wi th  multip le ss’ ,itfer-

t hese effects is discussed separa tely below ing to t hat computed w i th pure .ihsorptmoii is
I ugure 22 shots ’. the effect of multip le ‘.s .ittering

on I IU~ species I llcr cased (Il l bels iw tI) Liii resulls
l’hotodissoeialion ( oeftieients )‘roni in creased r .i t cs f o r Ihe reaction II N( ) ‘.‘ . UI I

l’a hle Ii compares photodissoci atmon c’oefl ic’ienl s + NI ) ,  intl lId). ‘~ 21)11 Si ThC tile ‘.‘~nicc l i t  rat ion
for pure absorption and for multi ple scattering of II - 1. below I’. Liii is miiu’. h larger I hiatt t h.mt of the
computed fo r lie tatt le anib merit model aimnosp here of her ii’. drogemi o’. uk  species . .i small pci ‘.entage
these coefficients we re conlputed for a solar tenith skcr~,ms ~ in I I~ h can cause a muc h larger percent-
angle of 45° and a surf ace albedo s f  0.25 I-or reac- .ige c’h~inge in 1) 11 .mntl III I.. as ct idt - i i~ as h  near
tiom is with strot lg absorption at ‘.s avelengths less It) km I he imicre.i~ ill I )~ 

m l)) leads I m ’ .l it i lls i ease iii

t haml 2’)() urn. multip le sc~’tte rmllg has die most the production r i t e  i ii li t ), ‘ . ( 
~~ 

I), ‘ I 1.1 )
stgmlicaiit effect oti the photodm ssocmatm on cod- 21) 11 , set t here is .tctu,i ll% .1 ‘ .lCc re.tss’ in h i  ) . in t he
f’icicnl’. helos’. 2K k iii - I he coeh’I’icie iits arc ch anged regmoil ,iround II) km l hi’. m ’ s imr ’ .  bvc.tust ’ m iii’. s i

onl’. slightl y .iho’.e 25 Liii. Read mliii ’ . ‘.5 ith strong ‘loll as t hl,U~ to 2 ( 111 h~ photo ls ‘.is s ubs t ,m i i t i illy in-
absorption .11 ss avc lengt his greater t h i  ii 291) 11111 c re .i sc’s the III)~ dust ruct ion rate I Ii r u mu g ii the rc ,m~’
show eiihancen ient i t  all .mlt itLid cs slime to multiple tm ons 1)11 h I l l .  I I~

( 1 + I ) .  ,in’.l 1) 11 $ 11.1  )~
scattering. Nt altitudes ahsst’e It) k ill , including muh- I I~

( ) I I l( )~
tiple scatter imi g increases tile phiotod iss ocmatioii r ,ites I igure 2 1 shows the d ied of multiple ‘.c .mtter iulg
by a factor of I 27 146  for ()~. I -‘ti I 64 for NO~. on \( ) , species. Because the NO. photoI~ si ’ ra te is

1 2 , 1 I 67 l’or ( INI ). , I () ‘? I ( m 5 for (II )\0., an d increased, t he concentrat loil oh No and the ratio
I ,,t ,t - I  61) for 0( R) , I here i ’ m Is”.’. t han a 7~~ change NI) NO. are both iilcreascd at all altitudes I’here
in t he pholodissociation rates aho’.-e 30 km fsl r 0,. is very Imuk i INO 1 above 30 kIll . SO NI). decrease s
I (NO 1. I ~~~ I l0~. ( ‘10 , ( ‘ I - .t I. . and (‘I ” ( ’ l~ Nt in this region because of increased photol y si s .
lower alimiude,’. there is signi fmc .inl cilnancemlient for Below 3() Liii . NI). increase s because of imicrcascd
several ol’ t hese spec ies due to multiple scattering photoI~-s is of I INO1. which is the most plentiful
i-or ex~tmnp le . at 10 Liii the phototl issoctation rate us NO, species in this regloil.
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F th /  (‘ontpariaomm of pfsotodiiaoeialion raIds c feuIa t~t wIth and w Ith ou t mult Iple acatl cfln p. 1’Iie ~atues moi t~’.piwiil to
a sola, zenith an~ e of 45 ” and hatf ’s u n to account for day ’n l~ht ss ’eraV ng.

ReactI on Attitude (km) 
~~~~ 

~~
‘‘
~ 3 (I

i ) 3 ‘I i , ’ .

0 • hi’ Oi”l~) + 0 2 41) 2. 74 ‘a IO~~ 3.49 ~ io ’~ -

30 2.40 ‘a f1 )_ 4 .1.18 ~ to ”’ i n
20 2.06 ‘ IO~~ “ )3 ‘a IO~~ 1,4 . )
It ) 2.1) 1 I0~~ 2.94 ‘a ~~~~ 1,46

• (Is ’ I)) + (I, 4(1 .11) ~~~~ 9.09 ‘a ~~~~ 1,04)

30 5..tl) 10 ’ 3M) ‘a l0~~ 1.1) 1
21) 7.4’) ‘a 10 ° 9,1.6 ‘a 1.29
It ) 3.44 ‘ 10”’ $.21m ‘a tO ~‘ 1.52

() 4 Iii ’ () t 1) 41) 31) 1 10” ~~~ l Ot  ‘a tO ~ 1,04)
34) 1.5 ) ‘a 10 1.74 ‘a tO~~

1i 1)91

20 ~~~~~~ t o i4 4.4 2 ‘a ~~ 
14

10 7.1i4 ‘ ~~~~ 8.91 ‘a I0 _ 2 0  1 .17

- I Ni) , 4 htm * Ni) + I) 40 4.97 10 ~ 7.73 ‘a I0’ ’~ 1.56
30 4.83 ‘a io’~ 7.67 ‘a lO t 1,58

- -~ 21) 4.74 ‘a l0 ’
~’ 7. 74 ‘a IO~~ 1 6 3

10 4.72 ‘a t0 ‘~ 7.74 ‘a t O ” 1.64

+ hi • OH + Nt) , 41) 3.50 \ t0 ~ 3.51 ‘a t0 1.00
31) 4.66 ‘a 10’” 4 .54 ‘a 10’ ” (1.9’
20 3.25 ‘a t O— ’? 4 .54 ‘a It) * 1.40
10 2 .61 ‘a 16 4.16 ‘a to ’

H ,0, + h a ’ - J t 1~I 40 2 , 11  ‘a 10 2.14 ‘a f () - 1.01
30 3.79 ‘a 10 ” 4.07 ‘a to ”' t.oi
20 1.30 ‘a tO ” ' 1.85 ‘a tO ’”’ 1.4 2
tO 1.10 ‘a t O”’ 1.7 5 ‘a t O ” ' 1.59

110, + h. -• OIl + 1) 40 6.50 ‘a I0’
~ 6,49 ‘a tO ” 1.00

.11) .1.35 “ 10 C’ 3. 19 ‘a t O - ”  0.95
21) 1 .05 ‘a l(F”’ 8.08 ‘a I0 ’

~ 0. ’
tO 1. 55 \ to~~ 1.81 ‘a i~~

- i 4  1 , 1 7

(‘t’.)N02 + hi ’ (‘tO • NO 2 41) 2.21 ‘a tO ”’ 2,37 ‘a t O ”’ 1.07
31) 5.09 ‘a IO” ~ 6.83 ‘a 10”’. 1.14
20 .1.4 1 ‘a hO ” 

~ 3 .46 ‘a t 0 1 ,61)
to 3.28 ‘a t0 ” ~ 5,40 ‘a tO ” ’ 1,65

(‘INI), + he • (‘I + NO2 40 6.03 ‘a 10”’ 7.4 2 ‘a t0~~ I - 2 ,)

30 3.4) ‘a 10”’ 4 .89 ‘a i~~
-
~ 1.43

20 2.73 ‘a tO ”’ 4.46 ‘a )9 4 1.63
tO 2.64 ‘a tO~~ 4.4 2 ‘a IlF~ 1,6 ’?

a
(Kill • he ’ • (‘Ii) + 0f~f l) 40 2.27 ‘a tO~ ~ .1.02 ‘a (O~

-’ I .1 ,1

30 1.33 ‘a tO” t 2.29 ‘a tO ” ”. 1.51)
20 1.40 ‘a h 0 ’ t 2.2.1 ‘a it) i , 39
hO 1.39 ‘a tO ” ” 2.2.) ‘a It )

I’ll) • hi- • (‘I + 4) 40 1.6 1 ‘a It) “ 1.6 2 ‘a 10 1,1) 1
1.77 ‘a 10”’ 1.7$ ‘a IO~~ 1 ,4) 1

20 2.37 ‘a IO~~ 2.86 ‘a 10 1 1 1
Ii) t .57 ‘a II) 2.29 ‘a 10 1.46
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- 31) 6 , 1 7  ‘- ID ’ 

~ 3.83 ‘a l0 ’
~ 1) 94

20 1. 92 10 tO 

~ ~ tO ’
~ ° 0.7o

tO 1.09 ‘a ho~~C’ 1.28 ‘a IO ’~~ iii

(‘It i~ s h. • 2.3 (‘I 41) 4 .30 “a 10 -C ’  4.40 ‘a 40”” 1.1)4)
30 5.21) ‘a 10 ” 4.94 ‘a tO ” ’ ? 0.93
21) 1.79 t 0~ 

‘
~ 1.36 ‘a tl )~~ 0.76

It ) 1.5.) ‘a II) 1. 111 ‘a t0~~’ 1.11.
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Multiple scattering has a large effec t on NO2 computed with pure absorption is 0.94 l’or NO. and
photoI~sis but a negligible effec t on HNO1 above 1,36 for NO.
30 km Isee Table 6). The reduc ~ on in HNO1 above
31) km. therefore. us due to a decrease in the 11N03 l’he effect of multiple scattering on species con-
production rate brought about prim ari I~ h~ the tam ing chlorine is shown in Fig. 24. The comicentra-
decrease in NO. . The percentage decrease in N07 is (ion oh ’ CIONO. is reduced 3~-4~~’ between 20 and
greater than the increase in 01-I, consequently there 30 km . which is the region of its maximum concen-
is a utet decrease in the rate of ’ the reaction OH tratiom i. Photolysis of CIONO2 affects sev era l other
~ NO. ‘~ IINO~. The ratio of total column •t bun - chlorine-containing species through a complex

dance computed wit h multip le scattering to that chain of reactions, Certain key reactions are

50 i
~~~~~~~~~~~

i
~~~~~~~~~~~

i 50

~~~3O:
O3

~~~~~~~~~
3P 

= =
20 

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

~= m !4NO
~~ )

,

~~~

,,
,

O

-20 0 20 40 60 80 -50 0 50 100 150
- Change in concentration — %

Change in concentrat ion —

I si~ur.’ 1 (‘henies in cakulaled eoncenttalions of O~ , 1)4 ’ r. I igur - 3 (‘hangs ’s in cal~uIated concentrat ion’. of 115(1~ . NO~.
and (8 I)i sslwn multiple scattering is in~ludvd i compar e Fig, 17$, *nd ‘(I mihen multiple scaitening is included (compare I ig, 19$,

I ’  ‘ I  T I u I  50 I 
-_ _ _ _ _ _ _ _

4 0_ H202 40

1 i ~~~~~~~~~~~~I j I  

~~~~~~~~~~::
__

Change in concentration — 
Change lfl concentrat ion —

Iigm4rr N (ilanites in eakulated s-oncentratlon’. of 1 4)50 2 . —
I igom’ .‘,‘ (‘hs. lri In calcu lated conccuuatlo.s of H 2 02 . 1102. (‘10. 11( 1. and I I sslwn multiple sc att ering is included I couei pare
and OH shen multiple scatter ing Is Included i Compare Fig. Ill . Elg. 21) .
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ii, (( ‘h.mng .insj kaul’man 1977), I he c,il~ulat ions( huNt) • l it )  Nt - described above ~ crc re peated using a ,u hue oh ‘ I
- - \ It) ~ and the results .m re presented in I able 7(10 + NI) - I. I s - (‘ h .imi gt mig this rate coel’l’ucient signuI’ic.uuit I~ increases

- ‘ ‘ t he oione reduction due to this NO pci i iirh.tt ioui ,
1 s ( I l

’ 
- 11( 1 ~ ~~~~~~ , 

~tit t iscre is no sigutil icant change in R t \ I S  l ’ \ l
\~ hen the tiess rate coefficients lc s t ~d iii I .ible ~

s’. c rc incor porated into the model. the cli c~t a ll t he
l’hc peak cs’.ncent ration oh’ ( il )N( 

~2 occurs near N ( 
‘. 

inj ection c hanged h’rom a reduction i.e a m ’ . iii
2” k ii ’ .. so photol~ sis oh ( 10’.’ ~ts as a strong c’rc. ise in tota l o/one, hncludiuig multiplc s~ . itt e rmm ig — -

source oh (~ho in thi’. region I he large increase in in t h is case sigu’.il’icantl~ enhances) the .‘.‘.ai’ .c in-
NO between 20 and (0 km tends to shift (‘It) tO (~‘I, cl’e,ise Ilte change iii ~~~~ 

due to includumi~ um i ultmp le
• leading to .i net decrease in (‘10 in thus region and sc attering. ho’.’. es - er , is small cotiip.ircd to the

an increase iii ( 1 1 his k’ad-’. ta m an increase iii l( chauigc itt .,~
( ) resu lting from changing i his’ model

production through reactio n oh ( ‘I s’. ith ( 1 1 4 . I’he cheunistr~• decrease in (‘10N01 aho’. e 41) kin occurs because oh t o r  the ( ‘ I \l perturbation. s ’ .e consts k’r th e
t he cI’I’ect of decreased Nt ), on the (‘ lONO. produc- stead’ . - s t a t e o,onc reduction due Ii’ 4, I M’. ,it the
tion rate (( ‘ h o + NO.”. ( R)N0.) l’)7~ re lease rate. ss hich is assumed to he 2~

()

kilotonnes ~ r h’or (‘h’ ( ’I and 42S kilotou incs ~ r lair\)odcl SensiIn iI~ 
- 

(‘ I - ~
( ‘l~ Results for both the pure .ibsorptuon .ind

It ’ . addition to ,u I’l’ecting t he concentration oh multip le scattering calculations are pre’.s’uite d iii
ma ii ’ . species in the madel. ill nit up le scattering ~~ I.thle S I’ or the (‘ I NI pert urhatiou’.. ut ic lud tug niul-
t ccts  the model sens iti’ . ut\  t o pe rtu rh~tt uou ’ .s l’ h is t i p le s c attering increases the o,one reduction h~ .i
‘.‘..is tested for all NO) ’. pe rturhatioui and a Cl NI per— factor of I , I f i for a surhace albedo oh’ 1) 2S N’. in the
tur hation. l’he NO’. perturbation ‘.s as am’. inj ecluon e lse of ’ t he NO pet’t ur h’ttion eh- ingu m’.g the siurfoce
sit NO ~‘. at a rate oh 1(8)0) n’.okc su lcs - ~m ‘a as NO2 ‘tlbedo h is little eh ’Iect on t he ch’ inge m m ’ . to t. m l o,one,
tns. r .1 I - km-ihn. k I,i~ s r ~~nttrt , d .ut 20 km. I 

~~~ e.g - t Ite oiouie ,‘edtuctiom u tt is ’IC.t’. ”. li~ ~i ha~’tor oh
change in total oione ,it stead~ state us sho’.’. n in
1’,ihk 7 for both thi,~ pure absorption and the multi-
ple sc .ut te r ing s’a lculatiouis. I he rat io oh’ t he percent 

~~~~~~~ ~~~~~~~ in total o,one due to aim 54,’.’. em iJecti seul
change in oionc ‘.‘. ith multiple scattering to the per- 

~f tODD molecules cn’.’t~s as NO~ user l ’ kun ’t hia ~ Ia~e,
cent change ss mth pure ahsorpt iou . R = MS l’.\ . ms cemiteted at 20 Liii. K is th~ rati o .

~
O’t (mnuitepk

a lso presented mm ’ . I’ahle - Including multip le scat- scatt ering ) ~t) i (pure absorption).
te rimig h.is ‘. en little eI’h~s’t on t he model sensitivut ~ -to aut NO ’. in~ect is’.u’. .it 20 km ( R 1.01) in spite oh’ 

— 
~~~~~~ 1 . )  K

‘ aug m ’ .u hic .mn t dil’h’erences iii the ambient species
prsef ’ik’s Increasing the sur h’acc ,ilhedo from 0 ~,s ~ 

to) OIl + ItO , rate coef fi cient
0. 7~S 

~~~ has .t ‘.er’. small effect on the model semi— 2 ‘a it ) i i :

situ ’ . it~. R 1. 03) ( onsequentI~ . t he choice oh’ N ’. Pure at mso rpti on —2. 34
used it’. the ph oto d iss oc iat iouu rate calculations is Multiple icatierin~.
tiot a cr itical l’~ctor in NO’. pertur bation studies 0.25 —2 ,,(6 1,1)1

‘.s h uch i tici tide iii nIl iple sea II en ng s’. here one is Multip le scat te ring.
primarul~ interested in the change in total o,one. It -4. ’. 0.75 —2 ,40 tO . )
should be noted, ho’.’.e’.’er. that the choice oh’ ‘N ’. 1)4)011 • 1102 rate s’oeffia’wnl
sugniI’icant l~ .tt i ’ect ’a the phs’.todissociaiion rates and 5.1 ‘._ ~9 — i i
the aunhient species prs’ .ti hes (‘aCe I uther and N’.m ueh- Pure *hsorpfton —3 .44
(‘m ies I ‘)7(i b r  dci mm Is) 

Mtit liptt’ scatlc fln gl’he eh ’h ’ect oh ’ ’. , t m’m,ut i ot i ’ . in model c hem ist r~ on t he 1) 23 —3 ,54 1 101
.iho’. c results ‘.‘.as tested h’irst h’. ‘.an umig the reaction
r.ite Ion 1)11 F I to . . I I.() O~. then b’. making (a:) Kate change r eve n in

t he changes listed in I’ahle “ -\ recent measurement table ~
h~ Ittirrow s et .iI. 1 1) ’

~) gi’. e’. •i alue oh ~ I \ 10 - l’ure abso rpt Ion —1)07

for t he rate coeh’l’icient of ’ Oil i f t ) .  (‘hang and Mult ipl e st -alter ing, 
a

kauh’mati ( I 07 ’ ’i report an upper himut ol’ S \ 10 -4.’. 0.25 4). , 9 1.9

for the r,ile coel’hictent , ‘as here.,’. their experimental
result’ . are best I’itted hs using ,m ‘a •i lue oh’ 2 X 10 11 aR5,10 is not meaningful fo r sueh small qlesei t lt us ” . .
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1.17 idative to the pure absorption calculation us- 2.6 Effect of Changes
ing a surface albedo of 0:75. W hen the rate ~~~ in Stratospheric Water Vaporhicient b’or Oil + 110’. is increased to 5,1 X 10 .

the ozone reduction with multiple scattering in- ~fl Ozone Reduct ion Estimates , 
-

creases h~ a factor of 1.22 tTa hle ~
) relative to the The potential t hreat to the earth’ s ozone laser of

pure absorption calculation , supersonic t ransports ’ engine el’h’ lue nts and
I. sing the rate coefficients in Table 5 approx- chlorohluoromethanes has recei’.’ed .i great deal oh

iinatel~ doubles the predicted ozone reduction due attention. Furls estimates of the potenti.il ozone
to (‘I NI’.. In this case. including multiple scatter Ing reduction considered NO’. or (‘I NI pollutants
still cause s a significant increase in ~~~ (i c.. alone. However, recent assessments base al’.o con-
K = I 21 )’ sidered the possibilits of a simultaneous change in

l’he effect oh’ multiple scattering on species 5~Ofl stratospheric water -vapor abundance (F in et al, - -centrati out protiles illust,ates the importance of lfl 1976, l)ue’.’.er et al. 19771,). Both sib ’ t hese studies
duding multiple scattering w hen compar ing model- show-ed that increased water vapor caused en hanc ed
derived concentration prohiks w i th  observational ozone reduction i’or t he then accepted rate coef- 

*data. I air the eases studied, the effect sin model sen- hicients,
sutu ’.’ iR of including multiple scattering ranged front The 11.0 emiSsion index (1.3 kg kg l’uel) is much
no change in ~0’. compared to the pure absorption larger than the NO’. emission index (0.0I~ kg kg
calculation to a significant increase in -SO ’. de- fuel) t ’or SSTs (Grohecker et al, 1974). .-Nn annual
pending upon the model chern,strs . The change in fuel coulsumption rate ot ’ IO~’. kg .r for a tleet of
SO ’. due to multiple scattering, however, w as smal l SSTs at a cruise altitude ot ’ 20 km would increase
compared to the change in ~() ‘. resulting from ‘.ar~- the stratospheric water- ’ .’apor burden appros-
ing chemical reaction rates. imatel y t 5’~- Grohecker et at . 1974. p. ~2). (‘hanges

in atmospheric composition due to stratospheric
perturbations might affect stratospheric water-
vapor abundance indirectl y by changing the tell’.-
peruture of the tropical tropopause. Since the
saturation vapor pressure ol’ 11.0 doubles b’or a rise
of 4 K in tropopause temperature (Lllsaesser 1974 .
Lisi et al, 1976). this could have a larger et ’fect t han
t he direct inject ion of wa te r  ‘. apor iii the

Tablc S (‘hangs in total ozone due to CEMs at the stratosp here,
1973 release rate . R is the ratio t5O~0’.iieldpie The iliOst thorough studs to date oh’ t he eh ’i’ect sib’scattering)f.~O; (pure absorption), 

changes in water vapor abundance on the estimated
- ozone reduction by NO’. and ( ‘FM pollutants us thatC ase .sO ’. (%) R , .

of Liu et al, (1976), w ho used a one-dimensional
. transport-kinetics model for their calculations , In’.-(a) 0)11 + 1102 ra te coefficient .

- a- l i .  posing an increase in the water-vapor mtsi ng ratio- £ ‘a 
of I ppmv at the tropopause caused an additionalPure absorptIon —6 .31 reduction in total ozone of 0 ,3—I .0’~- (t ’roflt t heir

Multiple scattering. Fig, 12) for an NO’. perturbation and 0.4 - l 4 ’A’. 0.23 —7 .3 1 1.16 
~from their h- ig . 51 h’or a CFM perturbauon: the

Multi ple scattering, range cited ret lects variation of the reaction rate forA’. 0.73 —7 .4 1 1.17 01-f + 110’. • II’.O + °1 between 2 X It’ . “W and 2 x
(h)OH + HO2 rate coefficient tO ~~~~ cm s. The largest sensitiv its to changes in

3.1 ‘a IO i i : water vapor abundance was associated ‘.‘.ith the
Pure absorptIon —i.s~ — slow rate for this reaction . “.al t hough the change in
Multi ple scattering, s t ra to s pher ic  ‘a’. a t e r - ’ .  apor abund a nce w a s
A’. = 0.23 -.4.70 1.22 postulated to he due to a change in tropopauss’ tem-

perature , the temperature profile was hised. auid theK) Rate chmiges even in
T hI 3, effec t sit changes in temperature on chemical re.tc-I C 

tion rates w as not included in their ca leulatiotis . \~ ePure absorptIon -11.93 —

Mult iple scatte ring,
A5 0.23 — 14 .4 2 1.21 —

___________________________________________________ Sce I uthcr and l)ueser 4 1Q” t
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have espanded upoul the wo rk of ’ I t u  et al. (1976) by processes have a significant effect on the ten’ .-
including temperature changes in our calculations. perature profile near the tropopause. I-or our ap-

In order to include the eb’h’cct of changes in tern- phication here , the ability of the model to com pute
pcr~iture. we used the one-dimensional transport- the elianga’ in temperature is more important than
kinet ic s utiodel •:oup hcd ‘as ith a st ratospheric the particular ambient temperature protile. Since
radiatise transfe r model the transport-kinetics changes in atmospheric d) nam ics broug ht about h~
model used in this studs included multiple scatter- changes in temperatu re structure and in the radia-
ing in the photodissociation rate calculation assurn- tion balance are not included in the model (or an~
ing a surface albedo of ft25. (‘alculations were other transport-kinetics model at the prescnt time) .
made using the model chernistrs listed in r~ihle A-I there mas be significant errors in the predicted tern-
ob’ -Nppei’.dix -\ and the old rates listed in Table 5. perature change in the low-er stratospherc . (‘onse-
t hen the calculations were repeated using the new quently. in discussing the results , we want to
rates listed in Table 5. emp hasize their qualitative nature rather than the

‘~ strat osp heric radi at ive transfe r model ( L.uthcr qua ultitati ve details,
Ct al. l977a) is used to compute the temperature
profile ahose 12 kin. The temperature prob’ile below-
12 km is sp ecih ’ied. The model includes solar absorp- NO~ Injection
Lion and long-wave interaction by 0~. 11,0. and T he eh’h’ect of a change in stratospheric water
(‘0. along wi t h solar absorption by NO., The vapor on total ozone was computed l’or cases with
rad ia t ive  t rans fe r  model is the sa me as and without a simultaneous NO’. injection in order
Ramanathan ’s ( 1974) except that we have added to test the sensitivity of the results to the uu. ’~ nitude
solar absorption b~ NO., t here are several dif- of the NO’. perturbation. We consider an NO’. injec-
ferences between this model and Ramanathan ’s tion rate of 1Q00 molecules/cm ~~‘ s as NO. over a I-
latest model (Ramanathan 1976), as described in km-thick layer centered at 20 km. which is a larger
detail in his paper. injection rate than that used by Liu et al. (1976).

We assunie that the change in surface tern- Calculations were first performed using the fixed
peralure is negligible, the change in surface tern- ambient-temperature profile in order to verify
perature associated with a I0~ reduction in ozone qualitativel y the results obtained by Liu et al ,
due to CEN-i s at a tropospheric concentration of up- (1976), then the calculations w’ere repeated with
prox imately 2 ppb was  computed to be 0.3 K or less temperature feedback included. The results using
by Kamanathan (1975) and by Reek (1976). Ozone the (‘hang (1976) diffusion coefficients are pre-
reductions up to 30” due to NO’. injections were sented in Fig. 25 . which shows t he change in total
computed to cause a change of less than 0.1 K in ozone at steady state as a function of the change in
surface temperature by Ramanathan et al. (1976). stratospheric water vapor mixing ratio . This
Neglecting changes in surface temperature of this calculation did not include the recent changes in
magnittide has no signihicant effect on the results , chemistry listed in Table 5.

The tropospheric distr ibution ot ’ 11,0 is based on With no change in 1-1,0. this NO. injection causes
Mastenhrook (1974). The stratospheric mixing ratio a reduction in total ozone of 2.25 ’-~ w- ith a t ’ixed tern-
of 11,0 is assumed to be 4.3 ppm’.’. l,iu ci a l. (1976) perature profile and 2,03% with temperature h’eed-
computed the stratospheric distribution of 1-1,0 by back, Temperature feedback, therefore, has approx-
specifying the mixing ratio at the tropopause and imatel y a 10% restoring effect on the change in tota l
assuming that methane ox idation increases the ozone, which is consistent with our earlier results
water content of the upper stratosphere. Their (Luther et al. 1977a).
calculations show-ed that changing the water-vapor The results using a fixed temperature protile are
mixing ratio at the tropopause by some amount similar to those oh’ Liu ci al, (1976) for the slow reae-
~11.() resulted ii’. the same change in mixing ratio at tion rate oh’ OH + HO2. The slope 01’ SO’. versus
altitudes up to 50 km, Above 50 km . the change in ~H’~O is —0.42’”c - ’ ppmv (at .~H2O = 0) with the NO’.
local 11.0 mixing ratio was less than ~ 11.O at the injection and —0.64%/ppmv with no NO’. injection
tropopause. In our calculations , when the as compared to Liu ci al.’s value of —l ,O” ppn’.s .
stratospheric water-vapor mixing ratio is changed, thus our model is less sensitive to changes iii waler
the same .~} I.O is applied at all a ltitudes above vapor abundance. The results also demonstrate that
13 km. thus beading to a change in stratospheric the model sensitivity depends upon the amount of
water-vapor abundance similar to that of t.iu ci al. NO’. present. Since the eddy diffusion profi le a ffects
(1976). the background NO~, t he results can he expected to

I.arge-scale dynamical processes are neglected in depend also upon the eddy diffusion proh’ile used in
the determination of the temperature profile, These the calculation,
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1 0 + OIl 0 , + II ‘

(a) Without NO5 injection
11 + 0, - - ~ 110, . (6-4 )

? Q 0  - 
- -

HO, + 0 -. Oil + 0, (6-5 1

2 —1 — — (net: 20 — 0,)
0 -

(b) With NO5 injection
Increasing the water-vap or mixing ratio Increases - ‘

,~~ 2 — the ozone destructi on rate in these reg ions because
HO’. increases (Fig. 26a . ~Ithoug h relat t ’ .e ls  large
percentage changes occur in the ozone c iutce u’ .tra-

~ o Fixed temperature — tion above 40 km. these changes make a rclat i’ .’els
small contribution to the change in tot .t l ozone

~ Temperature feedback because of the small 0’. concentration aho’. c 40 km.
I l’he NO’. catals ’tic cycle dominates odd ox~gen

—2 —1 0 1 2 3 destruction in the middle stratosphere. Increased

Change in H 0 —  ppmv HO ’. decreases ozone destruction in the 25-to- 35- km
2 region because ob two processes. Fi rst, more NO’. is

I s i ~uvt ’ ’,’ (‘hange in totalozonelsc hange inws ter-lsp or mixi ng converted to HNO~ by the reaction NO. + OH.
ratio *Iime 13 km. computed using the (‘hsng i976 K , ~rohiIe thus inhibiting the NO’. cata lyt ic cycle , Secondl) .
nith and without an ‘.‘.()‘. injection of 1000 molecu les/cm ’ ‘s of increased HO ’. leads to interference with NO’. cyc le

u,er a I-km-t hick Iiyer centered at 20 km: (SI  without NO ’. destruction of odd ox~gen through the reactionsinjection, i b i w ith ‘.0’. injection.

50 I ‘ i ‘ i i 1
When temperature feedback is included, the 2 1 0 —1

results change dramatically. An increase in 40 — 

~ H 0 —

stratospheric water vapor now- causes less reduction 2 ‘.ppmv
in total ozone, t he slope being 0.2 l%/ppmv for this 

-~~ 30 — - 2 —
NO’. injection. With no NO’. injection, the model is 1
virtuall y insensitive to changes in water vapor. -1An analysis of the effect oh’ changes in water ,_ 

20 
~a)vapor with fixed temperature is helpful in showing I Without temperaturewhy tenlperuture feedback has such a signuf’icant ef- 10 feedback 

- - —

feet. Profiles of t he change in ozone concentration
due to the NO’. inject ion at 20 km are shown in 0 I 1 i I I i ~ ._L_ I • I
Fig. 26a for various values of ~ H,O. Destruction of
odd oxygen is dominated by HO’. reactions in the 50 

~~~~ I ‘ J—j~,’1 ~regions 10— 20km and 40—50 km. In the I0-to-20- 2
km region, odd-oxygen destruction is dominated by 40 — 

~ H2 O (ppmvV
the reactions E

-
~~ r

I I r O
OH + 03 -~ Ff0, + 0, . (6 -b ) 

~~ 20 Ib) 
-1 —

,‘. 
With temperature

lu feedback 
, 

‘ —

110, + 0’. -~ OH + 20, (6-2)
0 1 l i i i ’ l~~~~ i~~(net: 203 ‘

~~ 
302 ) . 8 -6 ‘4 -2 0 2 4 6

Change in ozone concentra t ion — %
liguir,’ ,‘tS (‘hange In ozone concentration I, height due to th ewhere-as in the 40-to-SO-km region the dominant rio injection of Fig. 2~. calculated fo, aeseral salues of ~H20.

reactions are w ith and wIthout temperature feedback,

L
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IlO~ + No . NO~ + 011 (6-6) Those regions in which changes in water vapor
either increase or decrease ozone are clearI~ ap-
parent. With fixed temperature the greatest coil-

NO-’. . NO + 0 (6-7) trihution to the change in total ozone comes from 1”

the change in ozone concentration in the region
10— 25 km . whereas with temperature feedback the

tnet :  IIO~ .011 + 0) greatest contr ibution comes from changes in the
region 20—30 km. These differences are i’clated to
the sensit ivity of various reaction rates to ch.inges ii’.Since the rate of destruct ion oh’ odd ox\gen depends ten’. p~~ t ure.

upon the amount of 110’. and NO’. in this region. Tile changes in temperature due to the Ni) ’. injec-t he cb ’t’ect of changing the water-vapor mix ing ratio tion at  20 km along w ith changes in ‘.‘.ater-’.aporw il l depend to some extent upon the magnitude of
the NO’. injection, mixing ratio are show-n in 1-ig. 28. With no change

in w ater vapor . NC) ’. injection causes a temperatureSimilar results for the calculation including tem- -
perature feedback are show n in Fig. 26b. Compar- increase in the vicinity of the tropopause i l S  km)

and a te mperature decrease above 2 1 km. hi’.creas-ing 1- igs . 26a and 26b. we see in the batter less sen-
s itiv it~ to changes in water va por above 40 km and ing the water-vapor mixing ratio no’.’. decreases the

in the region 10—20 km. hlow e ’ .c r. the sensitivity i temperature by varying amounts at all altitudes
abo’ .e 13 km. The ozone destruction reactions haveenhanced in the region 25— 35 km. In order to .

demonstrate the effect oh’ changes in w-ater vapor positive activation energies, thus they are slowed
when the temperature is decreased. In contrast .and temperature on ozone more clearly ,  we in-
ozone production is a photol ytic process nearly in-troduce the quanti ty l)O ’.~z) w hich is defined by dependent of temperature.

Reactions (6-I ) and (6-2) have relatively high ac-
~ I03 1, tivat ion energies. Consequently. they arc ‘.ery sen-l)03(z) 03 (column) ‘ 

(6-8) 
sitive to temperature change. As show- n in l- ’ig. 27 ,
the ozone destruction due to enhanced wa ler vapor
in t he region 10—20 km is greatly reduced due to the

where ~ (O 3]~ is the change in local ozone concen- temperature decrease, The NO’. catalytic reactions .
tration. and 04(column) is the unperturbed total which dominate ozone destruction in the region
ozone. The function 1)03(z) represents the con- 20—40 km. have moderate activation energ ies .
tribution per unit altitude to the change in total Therefore , the decrease in ozone destructio n in this
ozone, The change in total ozone is thereh’ore given region (which appears as enhanced ozone produe-
by the integral tiori in Fig. 27) is also significant. hut it is not as

large as in the region 10—20 km. Reactions (6-3) . (6-
Lii, ,,’ . 4). and (6-5) have very’ low’ activation energies, so

= J DO3(z) dz . (6-9) the region 40—50 km is least Sensitive to changes in
temperature.

0 The increase in stratospheric w - ater vapor is
postulated upon the assumption of an increase in

In other words , the area under the curve of DO3(z) the tropopa use temperature. The calculation indeed
• versus z equals ~O3. In order to extract the con- shows (Fig, 28) an increase in temperature at the

tribution to t)03 due expressly to changes in water- altitude of the tropopause (15km) b’or ~ il~o) = 0,
vapor mixing ratio , we introduce the expression which occurs because of increased solar absorption

• ~i)O’.(ll~O). which is defined by by NO~ (Luther et al, l977a) . As ~ l-I~0 increases,
the temperature at this level decreases , w hich is a

~ DO-’.(U,O) = DO 3 (~ Fl2O) — DO3(~~H,O = 0) . negative feedback process limiting the change in
H,0. The tropopause temperature might a lso he ah’-

(6.10) fected by changes in surface temperature resulting
from increased stratospheric water vapor. hut this

w here ~ DO3(1l~O) is a function oh’ altitude (z). effect has not yet been included in the calculation.
although the i dependence is not indicated. This In order to accurately estimate the expected change
function is plotted for several values of ~H~O in in the temperature of the tropical tropopau’.e and
Fig. 27a t’or the case with fixed temperature and in the change in the stratosp heric w ater-vapor mix ing
i:ig, 27b for the case with temperature feedback. ratio, we would need a multidimensional model 
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~ DO3 (H 20) — 10’2 %/km

I cur ~ .
‘ ( aicuiuled profiles of 1)0 ,i Il, ()i corresponding to sarious ~ilues of ~H,() us ing the (‘hang I’flbl K, profil e for lhc cast ’ of

ihc “sO’. lnjc’.’tkisof Fig. 25 : (a )  wi t h fl’.cd temperature, ihi with temperature feedback.

capable of ’ computing changes in dy nan’.ic’ .
(transport) and temperature. This entails predicting
changes in the mean and eddy- components of the

40 — 
~H2O (ppmv) — circulation as well as changes in the energ~ and

moisture budgets. The one-dimensional calculation
2 

—1 is useful in that it qualitativel y- demonst rates that

30 — 1 
— large changes in stratospheric water vapor are

In order to test the degree to w hich these results
‘~~~ 20 — — might he model-dependent, we repeated the caleula-
I tions using the Hunten K , profile: the results are

shown in Fig. 29. The model sensitivity to changes
10 — — in water- ’ .’apor mixing ratio without at’ . NO’. m ice-

tion is nearly the same using the Hunten K, probile
as it wa s using the (‘hang (1976) K, prohile (1 g. 25 ),

0 1 I the slope of ~~~ versus II~0 is —0. 75”~ ppm’. wi th
3 2 — 1 0 1 2 no temperature feedback as compared w’ ith

change in temperature — K —0.64~ - pprnv using the (‘hang K, profile. When
temperature feedback is included, the sbope is nearl’.

I cu ’e :‘. ( alcul at ed chauges In temperat u re for t~~ zero. However , with the NO’. injection, the model
~raluaghere perturbedb~ the ~0’. Inject ion of FIg. 25. sensiti’. ity changes signihicant l~. First , the ozone
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1 reduction with no change in H..0 using a h’ised te l l ’ .-

(a) Without NOx injection perature prol’ile is considerably larger w i th the I lut’.-
ten K , profi le 4.66~7 as compared to 2 ~5’ .~

0 — _____________________ — Second. the slopes oh’ the curves are changed
dramatically the .in’.ount of ozone reduction due
to art increase in Ii ~

() is reduced for t he f’i~ed’
— — — temperature calculation (the slope is — 0 0 ’  i ppm’.

as compared with —0 .42’.7; ppm’. previousl~ I I or
the calculation with temperature feedback. the

N —2 — — reduction in _
~ () due to increased II ~O i’. further

,~ (b) With N0~ 
injectton enh.ii’.ced (the slope is 0.63% ppn’.v as compared

with 0.21 “~ ppm’.- previously). Thus, the choice of

~ 
— o Fixed temperature - — the K, profile and the magnitude oh’ the NI) ’. mnjec-

A Temperature feedbac k tit~fl signihicantl’. affect the sensiti’. it~ to ch.ii’.ges tn

5 -4 — 
Prof t ies of ~ lX) 3(ii~O) are sh”wn ii ’. I igs 30,t

— and .tOh b ’or the calculations with fixed temperature
and with ten’.perature feedback. respeeti’.cl~ - the
resu lts are qualitativel y similar to those in I- ig 2’.

— — hut there are some quantitative differences , the
I ozone production (or destruction , depending upon

—2 — 1 0 1 2 3 the sign of XIl~O) in the region 20-35 km .ipprox-
i n’.ately balances the ozone destruct ton (prod oct ion)Change in H~0 — ppmv 
‘ - -in the region lO— ..0 km for the hi~ed-tc n’.perature

I ,~u,e ~‘Q (‘hange in to t al oioiw ‘.sch~ ngc in nater-sapor mhing ca lculation using the llunten K , profile. w hereas the
ratio abme l.t km computed using Ike Itunlen 1975 K, profile: lower region is dominant using the (‘hang K,
i a ) w iIho~( \O’. ~~~~~~~ iki wilbili,’ ~~~~ I n j f n~~fl’~~. 25. profile. ‘\ho’.e 35 km. the cur’.’es are ‘.iriu.ihly un-

changed. ‘the ozone production (destruction in the
region 20—35 kn’. using the lIunt~’n K, prot ik’ shows

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

~~~ 30 -  

_ _ _

0 ~~~~ i i i  I I I  t L , LdI~~ t I I I’ .  ~~ L, _1 I  i i i  I I I

-10 -5 0 5 —5 0 5 10 15

~ D03(H2O) — 10” 2 %/km

I sgus~’ 4 )  (‘alculated profi les of IH) , H~f l’. corresponding to iariuus salu,s of ..tHz () unli ,g the ltunlt-n 1975 K , pro file for ihc case of
the \( I inject ion of FIg. 25: (a’ nitti fl’.vd temperature. (hi wIth temPeratur e feedback. 
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more cnhanccn’.ent with temperature feedback than l5rol’iles of ,,~
I)() tI l  ‘01 are s how ii in I ~‘. ‘.2.i

w hen the ’. hang K, profile is used- and 32h for the calcu l.tt ,ons w i th fixed tc i ri pe r.mt urc
I he ozone production in the region 20- 35 km and with ’ . ten’.perature feedback - The i r s  Cs arc

.issoc ,.ited w ith an increase tn III) is the i’.et result qu.t litati ’ .ely- sin’.iLtr to those show n in I ic 2” . hut
ol com peting processes . son’.e ‘.s hich tend to in— quantita t i’ . ely they .tre quite diffe rent \ lthot ;g h
cre .ise ozone and some hich tend to destroy ozone. there arc sin’.ilar regions of local ozone mn~re,tse or
I he net result is s ensi t is e to the 110’. .ind NO’. abut’ .- decrease , the n’.agi’.itudc ol t he change in oione con~dances . s’. hich are affected by the diffusion cod ’- centration has beet’. s ign ib’mc. int I~ af ’t’ectcd , par-
hicmei’ .t profile. key reactiot ’ . rate s such as Oil + HO’. t i~ular Iy in the re~ ior’. 25- ~5 km.
and I 10. • NO. and the magnitude oh’ the \0~ ii ’ .-
,je ctm on I3ev.iuse of uncertamnt ies in these quant itie s . (‘F~ I Relegse
there is .1 significant uncertaint y in the quant it ati se i he efl’cct of chai’.ges in stratos p her ic ‘.s.ner-
results in the regiot’. 0— 35 km of I- igs 2” and 30, ‘.apor abundance on tl’.e ozone reduction due to
I hcsc ligures. howes er. illustrate the s mgnmf ’icant ef- CI\ pollutants ‘.s ,ts .t!so teste d. rl’.e peiiurbat ion
feet ‘.s hmch changes in temperature h.i’.e on the w hich we consi dered ~s a steady -st a te release of
chemistr y in the region below 35 km 

~ l \I”. at the I9’~ re lease rate. which is .is-.umed to
I he computed change in tota l ozone due to a he 290 kilotoni’.es y r for (‘F(’l and 42~ kiIo~change in wa ter- sapor n’.ixing ratio using the tOnnes y r h’or (‘I- .(l. 1 he Ioi’.g-’.sa’.c c~ ‘cc l’ . ol

chcn’.ical rate’ . listed in table S ,:nd the (‘h.tng K, (‘ I I I  and (‘1’ ’.(’l. are not ii’.cluded in the radiati ’ . c
profile is shown in 1 mg. 3 1 , .

~lthough the n’.odel sen- tra nsfe r model, these effect s have been show t ’ . to he
smt i’ . it ’s tO .1 stratospheric NO’. inj ection ss ith ~ I 1 20 signi ficant by Ran’.anathan i I Q”~ t for species cot ’.-
= (1 has changed Iron’. a decrease in total ozone to cci ’ . t r t t ioi’.s of ’ se’. eral pph. l’his ii’ .troduces cot’ ..
.in increase, the effec t on ~voi’.c of ’ changing water- s iderable uncertaint y into the temper atur e calcula-
sa po r abund ance is nearly unchanged . (‘on’.pared t~~~’. n the region 15 — 25 km h’or t he perturbed
to I ig 25. the curses are displaced. hut the slopes oh’ str .itosphere. The effect of changes in ‘.s .ttcr ‘.apor
t he curses are changed only slightl y ,  abundance on total ozone s not altered si ilce the it’ .~

cren’.ental change it’ . temperatL ire due to ~ II.’.) is

2 not chanced sign it’ican ti’. there s’s ill he . t i  effe ct .I ‘ ‘ I I I I -

howe’ . er , on tl’.e ozone reduction for the teti’.-
perat ore feedback calculation w i th  ,~ II .1) 0, the

— (a) Without NO
~ injection — eur’.c of .M) ’. versus ~ II,() st il l he disp laced . but t l’.e

~~~~~~~~~~~~~~~~~~~~~~~~ s lope will not he signil’ieantI~ a bTectcd
l’l’.e steady -state reduction in tota l ozone con’.-

— — puted using the (‘hang K, profile is shown in Fig 33
as a function of ’ .~H .0. The reduct ion in tota l ozone

- — is 6 ‘)“~- f’or the tised-temperature ealcu lat lot’. ‘.‘.ith
no cl’.ange in water sa por. The sensitivit y to changes

~ i ~ 
in water ‘.apor is enhanced by the (‘FM injection.

2 2 — — unlike our t’indings for an NO’. injection T1’.e slope
C . . . . of ~0’. versus ~II ‘.0 is --I 2”~- ppm’. as coi’.’.pared to(b) With NO

~ 
injection 

~ 64~’ in’. w ith ~nl’. i chit’. e it’ . ‘.s - iter ‘a or

~ 1 — — (Fig. 25a ) Our results ‘.s ith fixed temp erature agree
5 s-cry well w ith those of I iu Ct al. (I ~)‘t’ .I ‘.‘. ho got a

‘ sa lue o t’ — l  4’.’~ ppm’. wi th I pph of .

— 
lncludii’.g temperature feedback reduces t he sen0 p Fixed temperature s iti ’ .’ Ity to changes in 11.0. hut not sufficiently to

k ‘ change the sign oh’ the slope of ~0’. versus ~ II” .) .ts
~~~~~~~~~~~ 1eu c 

w.is the case wi th the NO’. injection. The slope with

2 —1 0 1 2 3 temperature feedback is — 06 ”~ ppm’.. which is halt ’- 
that with bixed Ien ’ .perature. The change in slope

Change in H20 — ppmv due to ten’.perature feedh,tck is approxin’.atcl~ the
— same .is the differci’.ee between the slopes of theI ,

~~
,.. . ~: 

( ‘hang, iii tot al o,unr ‘.s s-hang, in water- sapor mising 
r’. es in h’ “Sbrat io ib~sr 1% km computed wiMp the new rate coefficients in ‘ ,, ‘ ~

. -

laW, 5: a wIthout ‘40 ’. MjesIIIIII , ,b~ with ‘40’. inject ion of figure 34 shows the eh’.ii’.ge in ozone concentr~i-
hg. 25. tion ‘.‘ersus height for the lixed-temperature .ii’.d

34
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I eu’. • .‘. ( ak’i ilated profiles of lIt ) ‘.i It  ~t ) corresponding to ~ario us ,aiue’s of ~iI 0 usIng ih~ new rats ’ s’oemclent’s gisen in I ahts 5, fur
the caw of the ‘40 * injection of Fig. 25: i a &  with fl~cd me-mpera iure. (h i with temperature feedback.
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Temperature feedback 

3 ~5O C) -30 -~~ -~~ 0 10
Change in H20 — ppmv Change in 03 concentration --

I tea’. ( hinge In total ozone at ‘.tead~ state is rbasgr In I i ’s.or.’ ~44 (‘hang , In •‘.s,wie concentration at ‘st rad~ s tat e w ith
waler -sapor mising ratio abuse 0 km. computed using the ( ‘hang height, computed using the 1975 (‘I’~% release rate and assumi ng
i l~7ni Is ,prufik and assuming the 1915 (I~ I release rate. ~~
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The difl’c rence~ betw cen these two cakuh*t;”ons are 
4: 

~~~~~~~~~~~~~~~~~ 
I 

, ,

I

_

(shown in Fig. 3Sf The temperature decreases
abss’.e 30 km . thus slowing the ozone destruction 

~~ 3~ — 2 — I:
reactions , resulting in less ozone destruction w’ith
tei’.’.perature feedback. Below 30 km the tern- ,~~~ .~H20 (ppmv) 

~~
“
T1perature increases , which (again using an acti’ .’at ion ._ 20 — ‘
~~‘~~i

energ~ argun’.ent) results in less ozone production I ‘l
or more ozone destruction. 10 — ‘ —

\~ ith no change in wa t er vapor, the temperatur e
chai’.ge at the tropopause wa s —0.03 K. The concen- 0 I I i I I I .

t ration of (‘I M’. at the tropopause w as 0.” pph for —12 —10 —8 —6 —4 —2 0 2
(‘I-( ’l~ and I ”  pph t’or (‘i ’(’l. Radiati’.e transfer Change in temper ature — K
c.(lcu lations s’s his’h include the long-w ave effect on
CI \ t s  at this concentration show a warming at the I i & ~u’~ ~~~ (‘akulated prefiks of temp erature chan ge in lbs

tropopause of about I K (1 1u. private coinmunica- slratoa~here corresponding to sarious salve s of ~~~~~ as~iniin~
- -,, - ‘ . . ‘stratosphere perturbed b’s (‘ F~ ls at the 19’t S release rate.tion . 19 ;‘i. this would enhance slightly the dif-

ference betwee n the two cur’.- es show - n in Fig. 34 in
the region 10—20 km. The negati’.’e feedha:k be-
twee n changes in wa ter ‘.apor and temperature dis-
cussed aho’.e for the NO’. perturbation is also ap- significantly’ from those show n in I ig. ~ for the
parent in Fig. 35 . thus it is unlikely that the water- NO’. injection . .-~lthough t here i~ a region of
vapor mix ing ratio will increase more than about reduced sensitivity near 30 km, there is no longer a
I ppmv due to this CF\I perturbation. crossover region. Temperature feedha~k causes a

the profiles of’ ~ DO1(H..O) are presented in shift in sensitivity similar to that h’or the NO, pertur-
Fig. 3~s for the CFM perturbation. The results difh’er bation case, For smaller (‘FM release rates . there is
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a crossover s imilar to 1- i g. 27 . which illustrates the Coiitifluou.s NO’. source . In 1973 Chang and I)uewer
dependence upon the magnitude of the C I’M per- calculated the effect on ozone of the nuclear tests
turhation. (using a production of NO’./megaton yield about

The effect of changes in water  vapor is somewhat half that used by Foley’ and Ruderman). and ob-
dii’I’erent for the (‘I M pertur bation because of the ta m ed a calculated northern-hemisp here ozone
importance of the reaction reduction of roughly 4% for 1963. It was concluded

that the calculated reduction was not inconsistent
w ith the observed variability’ of atmosp heric ozone

OIl + l1(’l ‘ H.t O + Cl (6- I l)  as anal yzed by Johnston et aI. (1973).
In the intervening years, significant changes have

occurred in the formulation of the model and in the —

Althoug h increased HO’. in the lower atmosphere
tends to increase 03 due to conversion of NO’. to 

experimental values of rate constants used as model

IlNO~ and production oi’odd oxygen through reac- 
input Also , substantiall y more analysis of the
ozone record has been carried out, We wil l  discuss

Lions (6-6) and (6-7) . it also releases more free the effect several of these advances have had on the
• chlorine through reaction (6- I I) which tends to computed effec t of the atmospheric nuclear test

enhance the ozone reduction . The results depend series on stratosp heric ozone and some imp lications
upon the magnitude of t he CFM perturbation for models of the stratosp here.
because of its effect on the concentration of 1-ICI. Several workers have investigated the problem of
Again , we are seeing in Fig. 36 the net efl’ect of
many competing processes. NO’. production from a nuclear l~rehaIl (see

In analyzing the effect of changes in water vapor Table 9). The most recent and comprehensive in-

on the ozone profile, we found that the region be- vesti gations are those of Gilmore (1975) and COM-

t ween 10 and 35 km was most sensitive. In the 25. ESA (1975). As can be seen in Table 9. these two
studies are in good agreement as to their estimates

to-35-km region, an increase in H~O may either in- for the total NO’. produced by a nuclear explosion.
crease ozone or decrease ozone depending upon the How ever , the COMES~\ study included an estimate
concentrations of NO’. and Cl: the larger the NO’. of loss of NO’. from the rising debris cloud (i.e..
perturbation . the more 1120 tends to decrease 2O~ ). In this work we accept the COM ESA estimateozone, of the total NO’. injection per megaton . hut we note

The results depend quantitativel y upon the reac- that this value should be considered uncertain by
tion rates and the K, profile used for the calcula-
t ion. Because of uncertainties in these quantities. roughly ± 50%.

the qualitative nature of the results should be A re lated question concerns the yields of the

emphasized rather than their quantitative nature . various nuc lear weapons. Table 10 gives several

The change in 03 depends upon the net effect of published estimates of the total y ield for the period

several competing mec hanisms, part icularly in the of active testing. In this work we have followed the

region 25—35 km. In spite of significant changes in proce dure ol’ taking unclassified quaIitati~e y ield

model chemistry. the calculations still indicate that descriptions and assigning them quantitat ise values

changes in stratospheric water vapor would have cons istent with other available data. Our iiitcgrated

much less effect on total ozone than originally es- yield estimate for the period 1961—62 is consistent

timated by 1 iu et aI. (1976) . w ith the estimates given by COMES.~ (1975) and
Foley’ and Ruderman (1973). but roughl y 10%
larger than those cited by Johnston et al. (1976) and

2.7 Effect of Past Atmospheric Seit, et al. (1968),

Nuclear Tests on Ozone * A t’ew nuclear devices were exploded in or above
the stratosp here. generating clouds that stabilized in

It w’as suggested by Foley and Ruderman (1973) or above the mesosphere. These tests may have
that the atmospheric nuclear tests of the late 1950s created more NO’./megaton that’. low-altitude tests ,
and ear ly I960.s should have caused a stratosp heric because a low-density fireball can he expected to
ozone depletion of more than IO~7 il’ then current depart from equilibrium composition at a higher
models of the ei’i’eet of NO’. on stratosp heric ozone temperature than a higher density lirehall. thus, it
were correct. However , their analysis failed to con- might be argued (Hampson 1977) that these devices
sider the difference in effect to he expected from a could have produced a very’ high yield oi NO at

pulse injection of NO’. in contrast to the effect of a altitudes of 70—200 km. Howe~er. in that altitude
— range NO’. has a lifetime on the order ui a day

Sce (‘hang ci al , ( t ~ 77I (Gerard and Barth 1977), and it is unlikely that any

1~3-,
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significant fraction of NO’. produced at high Thus if a readjustment of the NO’. y ield should be
altitudes reached the stratosphere. Further. while dictated by future work , our computed ozone per-
energetic particles escap ing from a high-altitude turbations would. to a fair approximation, scale
fireball might produce NO’. in the stratosp here. it is linearly.
unlikely that this process had a significant effect on A more difficult point concerns the altitude of in-
the yields of NO’. summed over all tests. jection. Foley and Ruderman ( 1972) gave a

The model perturbations are small enough that parameterization for the top and bottom of the
model response to variation of the total NO’. injec- stabi lized cloud versus device yield:
tion is approximately linear for most chemistries.

CT = i~~~4y(Ii .2 )  ,

Tab/&’ 9 Estimates of NO produend per megaton (Mt )
of nuclear-explosIve yield. CB = 13.4 1Y 1 0 ” t  ,

Estimated NO production where
Source (1032 moleculcs/ Mt)

(‘1 = cloud top (kin )
Zeldovich and Razier (1967) 0.5
Foley and Ruderman ( 1972) 0.3~~l.5 Cu = cloud bottom (kin )
Johnston et at, (1973) 0 .17—1. 0
Chang and Doewer (1973) 05  Y = yield (megatons TNT equivalent ) -

( oldrmi th et al (1973) 1.0
(;iim&we (1975) 0.4—1. 5 (0.9) This parameterizat ion was largely based on direct
COMI:SA (Goldsmith observations of United States tests (Peterson 1970):

ci at.) (1975) 0.6—1.1 (0.84 ) ,
i t w’as only inferred to he valid for the Soviet tests.

COMESA (after allowance Seitz et al. (1968) estimated cloud tops and basesfor th%entfainment) (197 5) 0.5—0.9 (0.67)
- from measurements of the radioactive debris a few

This work uses 0.67
— days after the 196 1—1962 tests. Very few of the

I’ahle JO. Es timates of approximate total yields (in megatons (Ml)) of high-y ield5 atm osp heric nuclear tests by year .

Foley and Johnston Seitz
COMESA Ruderman ci at. et *1. This

(197 5) (1973) (1976) (1968) work

Pre- 1956 61.6 62 -_ — -

1956 26.0 26 — — 20
1957 13.5 “1~ ~~ 

— — 16
1958 61.9 f  — — 58
1959 0 0 -- — 0
1960 0 0 -. — U
196 1 120.6 

~‘- 340 
99.7 119

1962 2 13.5 f 204 206 216
1963 — — — —
(964 — — — —
1965 — — — — —
1966 (.4 — — — —
1967 33 — — — —

196$ 7.6 — — - —
1969 3.0 — — —
(970 6. 1 — — —

Tota l 1961—62 334 340 304 303 ,135
Tot al 1956—62 433 45 1 - 4 9

5lests h~v ifl g a yield of I Mi or greater (I Mt 4.2 5 IO ’~ j ou leO. 
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debris measurements est citd ed above 24 km . and cloud top and cloud bottom. ~ ‘hen we used Stat , ci
thc ~‘ loud tops ui most o1 the higher y ield test s were al ‘

‘. (1968) inJection altitudes we assumed that it
not direc tly measured- \\ hen samp les were taken ss .is appropria te to adjust the injection to a constant
near 30 km shortl y alter .t high y ield test, the cloud height above the tropopause corrected to mid-
top ‘.‘. a’. estimated to he above 30 km:  h o’.’. e s er . i,t(t(udc cotidit ions lohns~’.n et al. 1976) J’hus. we
when no da t a abo ve 24 km were available , a cloud increased (‘I and CH by 4 km for polar test’. and
toj near 24 kin wa s .issucncd (Sell! et .tl 1968) reduced them h~ 2 km for t rop ical tests \~ c helies e
I:rom an analy sis ol the ratio ol’ 14(’ to ~~ r. th.tt these procedures provide approxini,tte upper
I ekgadas and l ist ( ( 969) concluded that the ver y anti lower hounds for the stabilization altitudes ot

large So’. let test uI October I 961 probably stabilized the test debris ~s we will sbus’. ~Fie 38 and
almost entirels above the region examined by Seit, I able Il l , the computed ozone reductions in the
et ~tI , peak year ( ( 96 3)  are t arger by about 1 -2 tot ’ tota l

t h e  parat lteter i!at ion of I olcy and Ruderman t ) i when we use th: Foley’ and Ruderm.tn l973t
( 1973). which we used in earlier reports (Chang and expression than w’heo we use the Seit, ci .tl. (19681
1)ue’.’.er 1973, MacCracken .ind ( ‘ hang l97~ ). may stabilization altitudes
overestimate the heigh t of stahili,attun since it is In all calculations the injection was assu m ed to he
based a lmost exc lusm ’ . el~ on data from the tropics. mixed throughout the northern hemisphere. and no
I low ever, the stabilization heights quoted by Seit , further dilution was considered. Mixing into the
et al. m.iy generall~ underestimate the stabilization southern hemisphere m ight have reduced the NO’.
altitude of the debris from So ’. let tests I:lgure 37 perturbation by I~ -25~ in 1963—64 (Johnston et al
presents the stabilization es timate s (‘rum the two dii’— l9~~’. .
ferent methodologies .lohnston et al. ( 1973) analyzed the global ozone

W hen s’.e used the I’oky and Ruderman ( (973) record t~sr l~ 60— 1970 and found a statisticall y in-
parameterization, we assumed the injection to result significant decrease ol’ 2.2~ for 1960—1962 followed
in .i uniform increase mu concentration between by a stati s t ic a lly significant increase of ’ 3. 7 ’~ for

60 ~ 
—r 1

P polar (4 km added to height)

- 
T tropical (2 km subtracted from height)

4 0 -  —

E

— 3 0 - -

20 - 

2T ~~ 

1

~~1P
?p 1w 

—

1 0-  5p 12P , ST 
—

0 1 1 & I I — & &. & I I J~ ___, .L___

0.1 1 10 100
Yield — megatons

I,~ ,.’,- 1’ ( loud lop and haw eles aikms s ’ . ~l~ld Ihe curses di’Ilulsg the s$md,d aces Øie IhI clu.d lap and has. aes ocdés~ to She
psramqierlsalkin or loles and Kud~,man m iq’ ( lie s.rtlciI hers esirud fin. ~Iu.d heir I. Ia, Inc Ilir data cited b~ s.ui, ci at i*Si~ attn
adjust ment lohri~hl ahoir a ~aiiabk tro popauw as discuss ed In She les t the numhei 01 irsis Jut a pseikuJu. ~l.ld at MØ lilitudes I’ and
bin lalitudes i I i’. also g u m  tot the data of ‘se m i, ci ii
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1977 chemistry

Seitz et at. (1968)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
l
’

~ 

~~~~~~~~~ 
Seitz et at. (1968)

it. ’ /‘
~

—_- Foley and Ruderman (1973)

- 6 -

-8 — —

—10 I I I I I I
1956 1958 1960 1962 1964 1966 1968 1970

I mgm mv m. 1.’. (‘ alcul aled change In 0 , ss ~enr. ‘Jioning the effect of the ire*tment of cloud st abi l ization heig ht. 411 calc ulation s used the ( hang
1 19761 k , profile and diurnal aseragi ng .

Table II. Effects on ozone calculated fur various fliodet inputs.

(‘akutated change in 0100’.’. ~~~ I’d
Slabultiafton

(‘henmistry k paiameteflza lion Othet valial ions ~~~~~~~ ~~~~~~~~~ .~~~ 1

1973 (‘hang 41974 ) Emiley and Ruderm uan 0.3 5 tO ” molecules NO Mt. — 3. 0 ‘-4.0 —LI
Hu ts and Hays 11967) val ues
for N~(), multi ple scatte ring
nut included

197 3 (‘hang 41974) t’nley and kude rman 0.3 5 IO ”~ NO.~nwgat on —4.8 —3.8 — .1.1

1973 llu nten (1973) Eoley and Ruudernian 0.5 5 lO’~ NO megaton — 3.3 —4 .3 - I ‘I
1974 (‘hang 41 974 ) hiley and Rudermnan —8 .2 — ‘.1 —~‘ 2

(9 74 (‘hang 41976) F oley and Ruderman -

1976 (‘hang (1976) loley and Ruderman Diurnal averagIng —6.8 -‘4.5 -1

1976 (‘hung 41976) Smuts ci at. Diurnal averag ing —5.1 — 4. 1

1976 (‘hang (1976) Foley and Rudt ’mn,an No diu rnal averag ing ‘4 .1 —4.2

(976 Humien 0~73) Foley arid Nuderman No diutmial averaging -S. ti —3 .9 -2 .8

(976 (‘hun g (1976) Smut, ci al. No diurmi ai averaging —4.3 —3 .14 -2 5

1977 Cluing 11976) E.mk~ and kuderman Diurnal averagIng -4.2 —3.0 -l 4

t977 (‘hang 41916) Seit , ci ii’ Diurn al averaging — 1 .9 — 1.3 —0,11

t 977 (lanai, 419731 SemI, ci il Diurnal averagIng —1.11 -1 .4 —0. 1
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l%3 -’f970. I hes v iewe d this increase a’. cons istent The 1973 model ((‘hang and I)uewcr 1973) did
with recosei’ s l’rom ai m oione dep letion of ‘a few not include rainout processes All subsequent
percent ’ induced hs the nuclear tests. (‘he same models included rainou losses below $ km using
data ha’. e been anal~ ,‘cd b~ sese ra l other authors rates of 2 3 1  X ~Ø 0 - for liNO 1. II(’l, and (‘tO
(Komh~r et al. 19”)~ -~iigell .tiid Korshover 1973. (fo r models including chlorine chemistry) and I 16
(976. (ioldsumit h ci (9 ~ . 

( ‘O~ l i-S~ I 975 . I on- ~~ It) 
~~
‘ for NO1, ‘the major effect of ratnout iv to

don .tnd kelle~ t’.i’4~ \ tos t  ,m t these more recent uncouple surface boundary conditions for NO’. and
anals ses agree in finding the obsers atm on s less con- (‘IN from stratospheric and upper tropospheric
sistent with a nucle.mr test series effect. -~ngell and concentrations. Calculated stratospheric perturha-
Korshoser ( (97~~) note th at .ipparenl 0/one n)iflfl)la tiofls arc not strongly sensitive to the precise rainoul
occurred in l9(’.() and l’.)u2. w hereas the major rates chosen.
nuclear t e sts  occurred iii the .iutumns of 1961 and the model uses fixed concentration houndur)
1962 so that a im s predicted de plet mor ms would he cx - conditions at the surface (Chang et al. l9’4). I or
pected in l%2 and I%3 \\ hcn the effects o1 the ersions incorporating rainout , the m odel
quasi-biennia l ozone armatt ut i s were allowed for, strat osp here has sign ifi cant sens itivit~ to t he houn-
Angefl .mnd korshovcr ( I ~ ~~ com icluded that any dais conditions for oni) N 2°’ (‘H4. (‘I I 1Cl. and
ozone reductions caused h’. the miLic lea r test series 

~~~~~~~~~ 
The 1973 model was also influenced hs the

must ha’. e been less than I ~ , t his is consistent surface b’.sundar~’ conditions for NO. N0~. and
with ( OM 1S\ (I 9”~~ . w hich concluded that any II NO 

~ . 
which produced a nearly uniform l~7 pph

nuclear test series effec ts ‘.‘.cre not detectable mu the NO’. mixing ratio in the troposphere. In mode ls
ozone record lii our discuss ion s’. e w ill accept treating rau miout processes. the NO’. tuixing ratio it)
\ngell amid Korshoser ’s .m m al)sls wi th  the reserva- the upper troposphere is dependent on K, hut is
l imit ) that i an effect is ‘.‘ .mk’(m late’.l to have a sul’li— smaller than 0,1 ppb.
eient ls king time consta nt , the gradual increase in In our 1973 calculation. w-e neglected multiple
ozone found during the middle and (ale 1960s scattering effects and diurnal variation of species
(Juhmiston et al. t’ .Y’ 1, ~u&~eIl .m m id Korshose r 1973. concentration s, and w’e used then current s,dues for
1976) might he cons istent s’. mth a sIightl~ larger per- the \ -~O photodissociation cross Sections (Hates and
turhation. I las s 1967). In all of the current calculations we

the model c hem ums t rs use’.l in our 1973 calculation used .Iohnston and Selwyn (1975) photodissociat ion
contained 33 reaction’ . (if (U) ’.. NO’.. and 0’.. with cross sections for N,O. The 1974 and (976 models
rate constants based pr imna ril s on (~arvin amid approximated diurnal variations in solar flux by us-
(levantman (1972). These are gmvem in rable A- I of imig one-halt the noontime phutodissociation rule’.,
‘~ppendix 

.
~~ as 1973 ehetn istrs - ‘I’he chlorine nitrate formation rate was adjusted to

When the CI \l’ ca lculations were carried out he consistent with a fully diurnal calculation for the
(1974) we incorporated the 41 reactions listed as (976 model, The 1977 model averages reaction rates
(974 chemistry in t able ‘\ - I Most rate constants at each level over a diurnal cycle (Chang et al. (977) ,
were taken from (,.mr’. in and I (ampson ((974). (mu t e d  calculations were made using the (976
Our (976 chem istrs ( table -\ - I) incorporated chemist ry and diurnal averaging, The 1976 amid 1977
(‘10’. reactions and ‘.‘..i~ ncarl, the same as that used models included multiple scattering effects (luth er ‘

in the National .‘%cademy of Sciences (‘I’M report et .il. 1977h).
(National Research (‘ouncil ft)” f~ Most of the rate the response of the model is little afi’ected by the
constants wer e den ’. ed from I I.tinpson and (iarvin change in N10 absorption Cross sections or multip le
1975), hut ses eral had been rc’ msed to rellect (975 scattering (together they resulted in a 0.2” change

or 1976 measurements (Nai lopal Research (‘ouncil in total ozone for a calculated maximum depletion
1976. 1)eMore et al. to7~) Our 1977 ehemistrs of roughly 5”~ using the 1973 chemistry). I’he incur-
(fable \ -  I of Appendix \ ) conta ins the same reac- poration of diurnal averaging of reaction rates in-
lions us our (976 ehcniistrs . hut several rate COfl - creased the ozone depletion for (977 chetnistr~ h)
slants have been .mdiimsted to reflect recent evaluu- about 0 ~ to 1% of total ozone when the Seuti injee-
tions (DeMure ci ,il f~ 77 , %~‘atson (977) and (ion scheme was used (see Table 10).
measur e ment ’. (h o w a r d  and Fvenson 1977 , We considered the effects of different K, choices
Hurrows ci al I97~, (‘hang and Kaufman 1976). As by performing calculations using the (‘hang ((974) .
we will show , the predicted effect of the nuclear test (‘hang (1976), and hiunten (1975) K, profiles. fhe
serics is quite sensitis e to model chemistry . For this (‘hang ((974) K, profile was used in the earlier work
study the model containe d about I 3 pph of (‘10’. by (‘hang and Duewcr (1973) . Only the recovery
Ironi (‘II ;(‘! and (‘( ‘14. hut ehlorofluoromnethanes time h,td a strong sensitivity to K, (see Fig ~ and
w ere neglected f able (0).
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- 1977 chemistry

1976 chemistry -’ r 
~~ A’

-

~ 1/ 
- 
______ Chang (1976) K,

Hunten (1975) K,
- 6 -

—8 1 I m I i I t I i I i I i I i

‘1956 1958 1960 1962 1964 1966 1968 1970

I memo-u ’ ~iV (‘ akulaled change in 0 , my sear for t w o K, profiles. ipper eurmes use the t977 ehemi~tr~ and diurn al av erag ing, l ow er curv es
use t he 1916 chemist rs without diurn al averaging.

Calculations were carried out using the Foley and would the choice of’ K, alone cause the calculation
Ruderman stabi lization parameterization for 1973 . to conflict with observation ,
1974. 1976. and 1977 chemistries. The Chang (1976) .‘~s shown in Fig. 38 and Table II. the procedure
K, was used with the 1974. 1976. and 1977 used to estimate the stab ilization altitude has a
chemistries, the Chang (1974) K, was used with the significant effect on the calculation. However, for
1973 and 1974 chemistries, and the Hunten (197 5) the model chemistries studied, the differences in the
K, was used w ith the 1973. 1976, and 1977 effects computed using these tw o stabil ization es-
chemistries. The Seitz et al. ((968) stabilization es- timates were less dramatic than the differences be-
timates were considered using 1976 and 1977 tw ’ een model computations using different
chemistries with the Chang (1976) K, and 1977 chemistries (Fig. 40).
chemistry with the Hunten (1975) K,. The estimated stabilization heights for the polar

In the calculation of’ the nuclear test ser ies effects , tests remain a significant source of uncertainty in
the total NO’. injection is determined by the device the calculations. For reasons discussed above, we

yield and is independent of K,. Further, most of t he find the published inl’ormat ion ambiguous and
injection occurred over a fairly short time: somewhat unsatisfactory . The two methods of es-
therefore, unlike SST calculations. ~NO’. is nearly timation used provide a probable upper and lower
independent of K,. As Fig. 39 and Table II show , bound to the true stabilization heights. but the
for the cases considered, the ozone depletions in Foley and Ruderman paramelerizat ion should he
1963-64 were weakly dependent on K,. For pre- the more nearly accurate of the two. Cham’ig (1975)
1977 model chemistr ies, there is a substantial dif- and Mahlman (1977) have discussed the informa-
(erenee in recovery time, based on the effective lion available from trace r ca lculations based on t4 C
remova l rate of ’ excess stratosp heric NO’.. For the and ‘~

0Sr. At present. we will note that t hese results
1977 model chemistry the apparent recovery time is further strengthen the need to accept the uncer-
initially determ ined b) the rate of vertical tainty in cloud stabilization heights as inherent un-
redistribution of the injection, although at later certainties in such analyses.
times recovers is controlled by the rate of remozal The model representation of atmospheri c
of excess NO’. from the stratosp here. In no case chemistry has evolved substantial ly since early 1973.
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~‘ ‘.Cmd’.’ .“ ( alculats ’d change in 0 , vs ~.ear for three different chemist riev. ‘UI calculations used the Foles mind Ruderman t l97~ st ii hjli,ii -
tion parameteri,ation.

and the effect of the most recent changes has been It should be noted that the problems related to
dramatic. W~t i  our (977 chemistry , when the Seitz high-latitude injection of ’ NO’. are also present in
ci al, (1968) stabilization height estimates are used, calculations of the effects of SST flight since more
we compute o~one increases from the l950s tests than half of projected SST emissions occur north of
and less than 2” ’ ozone reductions at all times. 500 (Oliver et al. 1977), Thus, many of the potemitial
When the Foley and Ruderman (1973) stabilization sources of error introduced by the use of one-
height estimates are used, we compute ozone dimensional models in the calculation of the test
decreases for all years during the period of active at- series effects also exist for calculat ions of ’ SS ts.
mospheric testing. amid the reductions calculated for Two- or three-dimensional calculations of ’ both ef-
1963 (3” annual average ozone reduct ion in the fects are to he desired, but present multidimensiomial
northern hemisphere) are still larger than is easily models are relatively expensive to run, and the rapid
consistent with t bservatj on, However , the source evolution of model chemistry may act to discourage
terni conststs of pulse injections primarily at high extensive calculations since further substantial
latitudes . m ost of them in a period of about evolution of model chemistry seems very likels , The
4 months in late 1962, Thus, at least for the several major changes in model chemistry—the changes
months before horizontal mixing in the northern that most strongly affect model sensitiv uties—h axe
hemisphere should have been complete , the one- been in the treatment of reactions that affect lit)’.dimensional approximation is expected to he poor species or link NO’. to minor species other than odd
and to oseresti mate the ozone depletions (I3auer oxygen . rather than in the major catalst ic odd-
and (itlmore 1975) rherel’ore. It would appear that oxygen destruction cycles involving NO’. (see a lso
our current results ma~ he comparable to the upper I)uewer ci al. l977b). Because this secondary
limit permit ted hs the observations , ‘~~ t w o -  chemistry has such a strong effect on one- -‘dimensional model calc~’latton of the weapons tests dimensional model sensitivity to NO’. injection, one
would he uscf ’ul in this regard . must closely examine the representation of ’ the
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1~hemmst r~ used in multidtm~nsional models when The possible r inges of saluec gisen for these
interpreting their results, parameters h~ Johnston ( l97~

) ,irc listed in
rhe calculations reported here reflect current best Eahfe 12 ‘~ssummng 3 I and ~N1 = 1(X) %lt ~r .

cs t umita t es of ’ mans input parameters. some ol’ which Johnston (1977) deduced valu’ .”. ol’ 02 ’~ to ‘O’~ for
(especiall) react ion rate constants in’. ol’. ung ItO~) - ~O ~. suggestimig the problem w ,ms ‘‘hopeIessl~,trc .tdm~ tcdl~ rather uncertain (L)eM’.vre l9’~. amorphous.’’ l’stahlishing ltmtts b) person.tl judg-
l)uewer em al l~ 7”h) ~ ‘hen new measurements ment. he concluded that —~~~)~ due to a continuing
become a~.ttl,ihle, it is likdy that some model inputs ~ N1 of 1(X) Mt r la~ between I and lO” , ,mmm d that
and model predictions wi ll change, Nesertheless , if the larger figure occurred it would take hundreds
our current muodel computes ozone reductions that of sears to build up to such ,i stead~ -stat e ozone
are not incompatible wi th  ohser~ations. reduction since this requited a long ‘ t t.X)-s r)

If ‘.‘t ie accepts t he .inal~ sms of ‘~ngell ,mntI tropospheric lifetime for N O
Korshoser (1976). then any model that predicts .m Table 13 summarizes the decreases in ozone com~response to the nuclear weapons tests ol’ the ~~~ puted hi~ s t r a t o s phe ric modelers .m mi d the
and I 9~ )s smg nul ’tcantl~ l.mrger than 2’~ (northern corresponding values used for the parameter ’ . in 1’q
hemisphere annual average) must he considered ~ (g I
he in error, and it would he necess,ir~ to understand .\ ll of these estim ates , whether ex plmc itf ~ st .mte d or
this apparent conflict ‘.‘. uth obsers at i’ .vmi before ,mc- not , we re based on the t’ollow ing addmtio,ial .issump-
cepting other predictions ol’ the model, t mo mts

I , l’he rate of nitrogen fixat ion ,ind denitrifica-
t ion a tid the \~

() budget of the atmosphere were
2.8 Effect of Agriculture and would remain in a t’iscd stead~ state in the ab-
on Stratospheric Oione $ 

sence of’ man’s agricultural acti’ . time s
, 2. \lan-niade changes in the nitrogen c~cle are

In a recent comprehensive re’. mess of the possib le limited to iticreases in the mimtrogemi lisation rate ~i e
cI’S’ect of man-made fertilizer on stratospheric to niak ing ,,~ N1 0).
‘.vzone. .Iohnston I ~)“~~) deduced the following sini- 3 Increases iti N~ 

_
~N ~~ 0) w i l l  has e no cl’f’ectpIe stead~ -state model for the percentage decrease on the remaining parameters o. 

~~
. ‘

~ - and
in ozone. —~~O~ ‘ “ 1. in terms ot’ the increm ent in The available observational dat.i tend t o support
nitrogen f’ixatiomi due to man. _

~N Mt of the conclusion of (‘rut/en and F hhalt I “)~~~ ‘‘for
N % r) millions of’ s-ear s t he rate of den ut rmt ’icatuon must.

therefore, on the average , have equalled the rate ot ’
— ,~()~ = c’.tJ > ~N N ,0 , (S- I) nitrogen fixation on earth. ’’ Hut this leases uncon-

sidered man-made effects on the biosphere other
I he remaining sariables arc def ’ined ~ f’.~lI’.~’.’. ~ 

than increased nitrogen l’ixattot i plus secondary
the fraction ol’ denitrified nitrogen released changes in o . 

~~
. , - and or r ss hitch ma~ result Ironi

to the atmosphere ~ ~ 
any disturbance of the equilibrium or stcad~ -state

the fraction of ..~N I that ‘.s ill he denitrified natural nttrogen cycle. ‘

w ithin -m few decades. ic,, immediatcf) or
al’tcr one or more passes through living ~~~~~~~ ,:. Possible ranges of paramet er val ues as given h~’
organisms, as opposed to the fraction I — ~ Jcdinston (1977).
which will he iramisferred to long-lived
(
~ 

l(XX) r) oceanic or lithospheric reser- raranveter Possible ran$t’ of va t isu ’ s
so irs uI fixed nitrogen .

- the ratio of
’ the percentage decrease in the 0.025 0.t (tand )

O~ column to the percentage increase in 0~ l (mwe an)

stratospheric NO’. (NO 4 NO~), 
0,025 - 0.4 t~lobat)

the tropospheric lifetime of N~O in sear s . U.Ot —0. 7S, ptm~ aNe av erage 0.1 0.15
N~O , = the unperturbed atmospheric burden 

~ ~~~~~~~ to t ~ or I S .on-
of N ~

() (Mt ol 
~~ nder~ t ~ v~ jhle)

- 
I ~~~~i iis .iev.vc r ~i~~’’~ 

r 5 160 ~r
‘ I Sl i Itt tcmim, - ’. 10” kg i i i  this us .s~a’. not mo be ,tv mv i ’usctl N t _t t)O Mt N

w it h th e nseg,mton ..i nucle~vr e’ .pkvsm s~ s m cl d , w hse h o the
eq msss ,mient ol the ~‘.ptsvviv ~ cnergs .~t .i m illion iomvs ot chcnvms~mul tM) - 650 Mt N
hu1~h c ’ .p l o ’ . s s  e ________________________________________________________________________
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1: ,! / i ’ Summary of ~ompuicd deeteases in (4 due to use of nitrogen fert ilizer and va1u~s of relesan t parameIer~ use~L

- Parameter
Cimrn puterf de~’iease in

0 ’.. —~ O~ 0) Reference .v .sN 1 t Mt l

t 9 %‘ upputuri 0974) (t )ou bt~ I ~~,O 4

20 (by 2023) Mel’ lroy (1974, 1975. 0.08 I 20 2(k)
1976)

20 (by 2023) M’.’ l ’t roy et ii . (t 976) 0.23 t 20 2(5)

S (by 2100) Criml ,c,i (1975) 0.04 I 100 160 204) 
—

t4 stead y stat e t
1.7 “~ 0.07 I tO 2(5.)

4.3 I 0.2 I tO 200
~ (by 2023) Crut sen 11976)

~ 1 0.3 I t O 200

6,7 ) 0,2 I 20 215.)

LU, ci at. (t 976) t 20 ~~~~~~~~ ~~~~

1.6 0.26 0.1 20 200

~ 
~~ (b y 2025) Sec and Rice (1976 ) 0.26 0~25 (O,35 aft,r 21) 24)0

9 ) 0.26 0.6 20 200
6 NRC (1976) (Doubled N,O )  

I - IS ~200 yr (‘ruUen and FiihaIt 0.05—0.2 0,33 10— 160 4t) 200
fot ( I97~ )

maximum) ‘

Johnston (1977) reported that the ens ironmem itaf pemids on the length ol’ t i m e  N1 remains mu the so i l ,

condmt~ons lay urine denitrif ication w ere: thcn these factors favoring a large o h~ slowing
I. Sat uration ol’ soils with staler. d~nitrif ’ication might also lead to a smaller ~ and to
2. \ hscnce ul’ oxsgen. no change or even a decrease in the product, o~~. or
3 Availability of organic m itter for microbial traction of ’ ~ N1 (or N1 + ~ N1 converted to N:()

- ‘ consumption. ss ithin the “short ” recycle time of a few decades
While not clarified h~ Johnston (l977~, it appears According to McEIro~ ( 1976). “denitrif ’mc,it mon can

likcI~ t hat t hese factors favoring denitrifit’atiun will sake place to a signil’icamtt extent only in media ss mth
lead to a larger d simice a larger portion of N 1 will pH larger than about 5,5.”
prcsumahl~ be dcnitriticd before it has a chance to While little quantitative information ms .is amIable .
mote unto a long-lived reserso ir. and sice ‘.ers,m l’he it is well know n that man, s ince t,iking up
ens uronmental conditions l’.~s oring .t large •, were agriculture, has induced large-sca le changes on the
gisen h~ .Iohnston ( In’ ) ,is biosphere other than those resulting from the ap-

I I ow te m perature . plm~’,ttmon of fertilizer, These include:
2 I ow ph i .  I - Increasing soil oxygen hs (a) loosenung and
3 Marginal anaerobic conditions turning the suil to produce increased aer.if ion. (h)

All three uI these conditions were also cited as treatments to improve porosity and drainage. tc (
leading “to a low rate oidcnmtr if icj tmon ‘‘ W hile ,ilso reducing cumpetit ise oxygen demand from root
not addressed h~ Johnston I’)”). it net ert heless growth through spacing of monocultured plants .
appears likeh that the latter effect ma~ pre- elimination of competing plants or w eeds. .utid
dominate, leading to a lower rate of \~O produc- fallow-ing.
tion. That is, ml ’ the f’r,~ctmon I .~ of N1 moving into 1 Reducing oxygen-exc luding soil moisture h~
long-u sed oceanic and lithospheric reservoirs de- (a) increasing runo ff through remos al of plant
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cover . (b) reducing water-retaining topsoil and the manner and locale in which man’s additions ut
humus through erosion and oxidation and non- f’i~ed nitrogen to the biosphere are made h erti lizer
return of plant debris, (c) measures to improve per- is added almost exclustvel~ to well-dr ained and
colation and -or drainage w hereser wat e r stagnat ion well-aerated soils . i.e.. to t hosc which d~ not
restricts plant growth. pros ide the anaerobic conditions required for

3 Reducing the solumne of ’ organic material or denm tr il’ication until the nitrogen has mused deep
culture medium tor soil bacteria ,is indicated in ~(h) enough to he below the humus or organic material
.ihose w hich denitrif~mng bacter ia require as .1 culture

4 Increasing sOil pH h~ 
- (~m loss of humus which medium. Further. m.iss app lications 01 fixed

is rich in organic acids. (hi ) accumulation of ’ alkali nitrogen tcnd to he in the reduced rather than the
metals through sa lmnation in most areas placed un- oxidized state. ~ h u e  reduced nitrogen wi l l
der irrigation . (c) deliberate use of lime. etc. geiicrall~ he readiI~ oxidized h~ nut ri t s mng bacter ia

~ I)ccreasing the natural equilibrium level of N1 in the soil, the f’.ict of Its being oxidized indicates
in the biosphere through clearing of forests and soil conditions which are aerobic rather than
shrubs and act ions in 2(h) ,mhos-e. h-or example. aitaerohmc and thus unfasorable f’or de mim tr i l m c at mo n .
SoderlamW and Ssensson ( I~i~ t estimuated global at l~,ist at that specific location and t ime Ihis
soil nitrogen loses due to agricultural activities at suggests that most til mail ’s additions 0! fixed
6,0(X)— I 3.(kX) \lt N (This should he compared with nitrogen to the soil will he taken up h~ plants or
the estimates for N1 - or tota l global annual fixation mote unto the lung-lived oceanic and Iuthosph’.’ruc
rates, of l6()—65t) Mt N ~r t .Iohnston li)’’) and resersoirs. That portuon taken up h~ plants mna~ he
230—4(X) \ft N sr ((.‘ru(~en and Fhhalt l9’~7)) returned to the soil , burned , or w ind up ,ts sew er

lm imtia l appraisals of’ each of ’ thesc anthropogenic sludge. f’eedlot manure , and or landfill. ~ll of’ these
effects suggest that , except fur the increase in pH. would appear to lead to lower that ) the n,itur,il
each should have tended to decrease the rate at alues of the product . ~m $.  Detamled qu .intmtatlse
wh i c h  N.O is produced. Increased ox~genat ion. amial~ ses still he re~uired to reach a lirmn conclusion
decreased organic material , ,und reduced water as t o w hether the fraction converted to \~O us
s ,itur at io n all appear to operate directb to reduce greater or less than the product ~3 for the .mssunmed
t he rate of ’ denitrification and thus would appear to preindustrial steady state. lnut mal indications arc
allow the fixed nitrogen inure timue to find its s’. a~ that it is soniew hat less and that , until the long-lit ed
into the long-lived oceanic amid lithospheric reser- oceanic and futhosph eruc resert omr s are hrought unto
v o i rs , thereby decreasing 3. In addition, except in- a ties’. equilibrium, man’s et’l’ect on N~O production
so lar as they tend to increase ‘‘margimial anaerobic still he such as to cause a decrease.
conditions .” each of these would have tended to Other foetors base been r.mmscd w hich hear on this
reduce o. Reducing the hmospheric store of ’ fixed problem. hut they appear to he minor (.is ci) corn-
nitrogen would not disturb an~ of the quantities in pared ss ith those considered above. ‘dan is ,ilso con-
Johnston ’s ( l9”~) simple model hut v.-ould disturb trihuting to nitrogen fixation through combustion
t he assumed steady state on which it is based . That (20 Mt N vr ’f . ammonia production (1 ’ ‘di N s r) .
is . the natural rate of production of N20 can hardly and direct output of N~O h~ coal combustiomi (now
remain unchanged if the accumulated fixed nitrogen estimated at 2. 2 Mt N yr) and auto exhaust. these
in the biosphere from t ’. hich it mx formed is suddenb latter two rna~ become important in the future
reduced. If the fixed nitrogen lost during the early ((‘ rut/ en and F hhalt 1~ 7’~’). McElro~ ~lQ’ tv) ha’.
sears of cultivation were denitri lied with no change suggested that man ’s in.Iection ol’ su lfur .ind
in the preex isting steady -sta te product. ,i3 . then it nitrogen compounds (air pollution) unto the at-
should have caused a temporars increase in the rate mospheuc us causing a decrease in the phi of
uI N~O production before the decrease set in. precipmt.uton . w hich in turn ‘.s ill cttuse a decr ease in
I Iowe’.’er. it appears more likely that most of this the env ironmental phi 01’ de nmt ruf~ ung hacte t i,i and
lixed nitrogen entered the long-lived oceanic and thus ,un increase in u and \~O production. \s of ’
Iithospheric reservoirs and that nearl) all of it now this can he considered no more than interesting
(rather than the normal I — 3 fraction of it) will un- speculation. L)ccreases in the pH of’ precipitat ion
dergo the long-term (~ 

10(X) r) c~cIe of denitrilica- hate been reported in o,d~ restricted ,ire.i’. of the
tion as opposed to the short-term (few decades) c~ ’ globe. ,ind past data i’or establishing trends in these
dc. \s i ndicated below , the effect of ,in~ significant areas are fragmentar~ ,it best - Soil scie ntist ’ . hate
increase in phi  us less clear, measured p11 profiles in the sotums of’ rnan~ ~ot ls

Another point which appears to have been In the ptvdzols t~ puc.if of timbered regions such as
ose rlooked in prev ious analyses of this problem is Ness England ,ind Scandunas ma 5’. here Incmeasmn ~
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acudut s ot pr ec ipit at io n h.is heemi cLtmmned. me.tsured 2.9 (;Ioba l l’ropospher ic OH
phi s .tfut’s m autge liunu 1 I to  - ‘ ~H.uile~ l~)45l. 1hc , , ,

~ow p1 i s  the sta t e of s v bs c r ’ . .111011 (1 ~23 I ~3.’) , and Distr ibuti ons
the t , m~ th,tt ri I not uncomunt ’.nI~ decreased with 1 he research for this studs s’. ,is f i rs t ca rt  med out
depth ‘.t est that ss v uI .w md uus is being controlled h~ usmn ~ l’)7t’. c hernistr~ - There hate suhsequeniI~ been
I.i~ t t ’ r ’ . other than the r~ 

i ot precupitatuon. I t t~fl new measurements of some of the chemic.il r.utes
more rmimca l is the ta ct that loss ph I reduces the important to tr opospheri c Oh i (xee Section 2 10 fo r
us ~‘r,ull r,uic ol demi it ru l’us’.ition .it the s,ime time ~j ’. it further details) Sumice ste expect these ~‘h.ungcs to
iI)~’r e i’cs Note th .tt .411 of the pit ’ s for podzols has t’ a potent ialf ~ sigmiufic ant effect on the
repomictI hs~ Bade~ I’~4’t stere at and below the ~ mag ii itude and fat  utudu na l va riat ion ut the
‘.‘utolt ,tt ‘.s hmch dent t r m tl~.it ion becomes mnsig iii I’mcj l i t thes m ical ls den s ed Oil concent rat ton’.. we  are in
.iccorslui g to \l~h lro~ (I.’) ‘ni ,tnd thus presumahl~ the process of’ rederus mug the g lob al OIl d ust rihu-
unre’.ps’ imsmss - to t urt her decrease in pH tion I lostes er, ‘se do not expect the changes to

I his .idmmttcd ls qualm t ,iu ~~~ afl.4lS ~~~~~~~~~ ~~ 
hi,us e .i large enough imp act on the result s to in-

fll ,i i s  mnodihcat ions o ’ spaces hip I arth mat has-c s .ulmd.t te the qualitatis e features of the global Oh I
• .mlreads led to ~u sfec re.uss ’ iii hs ’ production of N () distri b utions . Ihe effect of changes in arious

,ulld th at thus ‘.lecre.ise, i t  re,il , is fiLet s to continue ~ 
p.ir.imncters on model scn sm t ms it ~ is dm sctus ’ .ed later il l

s’,is t tu t it i l iii,iti s contributions of fixed nitrogen to t h is section under the heading ‘‘Ness I - I) Model
the long-term oceanic and fi thosphs’ric resers ours Results ‘‘ the mcihodolog of the derms .iimon as
lead to .u new glob.iI equilibrium hets’.een nitrogen desct ibed will not he a ffected h~ these cfi. iii ~~es in

luxation .tmid de nmt rul mc,t t ion. \t  present st e have mode l cheinustr
.tlrnost no iimfor ni.ttmon on w h~’h uo estimat e the rate ( lob~l 011 l)istribution
oI N ‘0 pro duction that st ill occur s’. berm the ties’. 1 he umpti rtamice of the hs dross I free radical in
equm imb rmutm i is cst.ihlms hed trops’.spher c photochemnustr~ has been suggested h~

Our current understanding ut the chemistr~ of’ the ulUulterOt us authors (L es~ I Q7 l~ 
(‘rut/en l~)”4. ~\ at

0, Ia~er suggests th,ut .umi s decrease in N O  produc- ncck l Q ’4 , ~~~~ \‘ ., s’.fs~ l~ ’6. and L)as is and
ti’.vn should he followed w uth mmi .u lest sears h~ .11) il l- KIauhver l~~5) . .‘~mong the important tm ,icc g. se’.
crease in t he depth of the s)~ I.i~ er I bus should ss host’ chemiiistr~ is not’. believed to he influenced h~
result from ,i decline mu N ~ 

)~. the atmospheric bun- the hi~ drox~ I species are carbon muom iox ide.
den and comi~-ent ration ol’ N .0. c.iusmng .i decrease met hane, sulfu r dioxide, nitrogen dioxide , h~ drogen
mu the rate of tr.m’.port of ’ N O  liv the stratosphere sulf ’mdc . and a ss mdc v ar let~ of higher-moleculam
w here a smuall fr, ict us ’ .m i of it t — ~ ’ 1 us oxidized to w eight h~drsvcarhons. On the global sc.uIe. .issign
NO, .t c,it,tl~ tic destr~vs c r ui 0, 1 lie recent Ltslt’r uncut of the role sit ’ Oil in defining trace g.u’.
rate determined h~ h loss , i is f ,ind I s enson lQ’’) for chcmm ’ .t rs is predicated on knoss mug the s .iriahilit~
the NO I l0~ reacti on is not cxpected to ch.ingc of ’ the OH r,uducal a’. a function of se.mson . altitude,
this picture qu.iimi.itts el~ htut still. ptesuni.itils I.ititu~le, ansi t un ic of das . Ihe s .i rm ,ibmItt ~ mu the con
reduce ~ ot 1 q S t ’i ccntr.it issui of the Oil r,tdm cal is in large part a result

ot the nature of’ the formation process , i.e -\s  amlahk d.ita on the tr end in tro po s pheric cot i-
centr,ituons 01 N ~O .ure ers s o u l  using (h’.icrOtti and 0 + In’ (

~ l~
) + 0K ,isniussei, li)’ri, , Iohnxton l~ ’’. (‘rut/en and “ 

‘

I hhalt It)’’) and .irs’ ut little help in resols-ing this 
~

( 1 D) \t (~~‘I~
) + \t -q uesim o um at Ns’s cmt t  I hes suggest .ihrupt mnc re.i ’ .s’s

in N .0 bets’. ccii I and I ~6S ,intl again ill recent I i)) + ~ v () lol ls ca rs I los ses er . the dii f et  etices in N .0 concentra- -

tuons indicated hs the different sets of nie,usu re- liu po rt ant loss Processes include its reaction s’. ithments arc ni,i inls su ch .i’. to cast slsvuht upon the .ic both (‘() .ins t (,
~h i 4 . lu r a complete listung of the ks ’s

cur,is’s ot the me.us ure ments themselses. 1 otal reaction’ . used il l the follow ung model s’a lctul,iuiotis
ozone uueasuremv’ntx are a hit more encour aging. see the I~’6 chemistrs show ii in table \ -  I 01 \p-
thes stuggesi . if .imis t hing. .imi uiic m s’,i’.t’ in tota l ozone pentlix -‘
since fl)C,u’.urs’ms’nt’. we re first tn,idc in the earls 

‘~xsum it1g the hs dross I radical h,is .i shortl~~ )s and particmul.i rls since the sig nmtmc. un i incre ase tropusphieris’ ehemu~al lifet ime . ste expec t t h,it the
in the number of ohss’rs m ug stat mull’ . ‘.5 huch began
about I h’. ~( hristie I i)’i, I sviiqisvn ,und ~ eIks 1 i)”4 ,
\ngell and korshos er ~~~ li)’p) ‘5~-~’ h . i~~. 55 id*ks , ..iiii t ’ .jv 
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tropospheric Oil concentratuom ’ . is highly variable 10 km altitude. It should he noted. howes er , that
and is almost tutalls controlled bs local variables near 00 latitude .it 10 km. the lifetime is .upprux-
such .i’. 11.0. (‘)

~ . CO. (‘H4. ~Jt 
Ii)), solar radiation. umateb 4—~ secomids I he small change ii ’. lifetime

temperature. and others. Consequentls. an a~curatc st-ith latitude prttiiarul~ rcikcts the ch.unge in (‘0
determination of tropospheric OH concentrations concentration. Substantia l change in lifetime would
wi l l  require the detailed modeling ot~ both not he expected .it still higher latitudes in the winter
tropospheric chemistry and d)namics . ~n alter- southern hemisphere w here OH concentr ations arc
natise to this would be the utilization ofman~ of’the decreasing rapidls (I- m g 4 11. The lufeunte of HO’. iscurrently available measurements w hich are deter- show n to fall in the range I— ~ \ I0~ seconds. I hese
mined h~ real tropospheric d~nan’.ic transport. In- lifetimes, although considerahfs longer thai’. th,tt for
sola r as the hs’droxs I radicals arc alwa ss in kinet ic OH. are still quite short s’. hen comp.tred to those for
equilibrium with the govcrmiung s ariables listed meridional and ertical transport .
abuse, and these variables arc in turn based on ob- 1 lie calculati on procedur e used in thi s suud~ w .is
5cr’. at ion. we suggest that the quasi-equilibrium a ms’.dilied ‘.ersion of .m one’dm mcnsmo m’..m I time-
hydro xy l radical concentrations represent a dependent model using the .~hove-n’.etituoiied fi~cd
reasonable approximat ion to physical realits - variables. The model norrn,tIl~ ~aIcuIatcs t he con-

If the global distribution of species important to centrat ions of’ 15 different trace species Wh ile a
OH are known, then a series of focal quasi- number of these had fixed concentr ations in th is
equilibrium ca lculations can he used to determine a studs , others important to the OH distribution have
global representation of the Oil distribution. The not been measured in sufficient detail. Their con-
model can thus account for the ef ’fect of dynamic centrations were calculated s’.ithin the model, utiliz-
transport through the specific concentrations of the ing tf ie variations in solar zenith angle, te m perature.
important species at all latitudes, Vertical profiles of and concentrations oh’ specified species to determine
temperature, water vapor, carbon monoxide, ozone. their distributions. Species such ,us N .0, NO. NO..
and met hane w ere specified in the model, and were i1NO~. and H.0. have fixed concentrations at the
varied w ith lalifude and season according to surface, w hich biusicalls define their tropospheric
available measurements. The temperature and profiles . These fixed boundary conditions were not
water -vapor data are from lou is (1974) and Oort varied with latitude and season in the calcu lat ions.
and Rasmussen (1971). respectively , The global (‘0 hieterogeneous removal processes for NO.. hiNO~.
distributions are those of Seiler (1974). The ozone and hi,O-’ s’.ere included in t he model his .isstuniing a
lat itudinal and altitudinal glob-al distributions are constant deea~ rate h~low 8 km w ith  an assumed
from Diitsch (1969), and the surface concentrations lif~tutiie of 10 days f’or NO. and S da~s for hiNO ’.
t ’ .f O~ are assumed fixed at the values of and 11.0.. Reaction rates in the model we re based
Pruchniew-icz (1973), The vertical (‘H4 distr ibution on the esal uated rates as given in Hampson and
is that reported by Ehhalt 1974), Gars in (1975). .‘\lso , the chain of’ reactions resulting

To demonstrate the validity of the quasi- from t he oxidation of methane is likeI~ to result in
equilibrium approach. typical calculated lifetimes the production of ses er.ul 110’. molecules (( ‘rut/en
for Oil and H05(O11 + ItO. + ii ,O~) are shown in and Isaksen 1975), h owever ,  the reaction
Table 14 as a function of altitude , latitude, and mechanism is still not fulls established ansi needs
season. i”or OH, the longest lifetime shown is ~v .0 further analysis. We hate assumed in t his siud~ that
seconds, which occurs during the winter at 30°S and each (‘1i~ molecule produced from (114 rs’sults in

TuN’ /4 S~ nc c~timau~f ~Topo~pherk s’hcmk.I IiIefl n,es for HO
’. ~

H0, + 11,0, + Ott) and OH.

Lifet ime (aeconds) at iatitudt ’ tvf ~Alt Itud e
Species 0(m) 30’ N (Mummer) 0” 30’ S (vtm ntt ’t)

HO i t3  \ t .S \ 3.7 ‘
~ In”

3.3 x t0~ 3.6 \ tO” 6.9 s to4
10 4,$ ‘. I0~ 4.7 x tO” 7.6 \ 10”

OH I - 1.0 1.3 3, ’
3 1.7 2.2

II) 4 .6 4.7 lv i)
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1 OIl + (‘0 ‘. II + (‘0, ,

Summer Winter
15 — c~z 7 ” ~~ 2 — ii + 0, + M —

~ HO, + NI , (5)4)

10 
/ ~

v..:__..,...
\

3 15 
— HO, + NO - oil + NO. , (5).~~)

J 
6 

‘

~~

‘

~

‘

~~~N — HO, + HO, — 1-1,0, + 0, ,

_ _ _ _ _  

- .~
~ 0 Vv mth high NO ~on~entration, reauuon ~9.,) no

~ 20 ‘T~~ I I T I longer represents a major sink for Oil radicals. In
___________________ Summer our calculations. w’e used fixed surface concentra-

15 
W int

~~~~~~~~~~~~~~~~~~2 5~ uo~~~ 

not er~’ sens u~ c i o lurthcr
~~~~~~~~~ 4 — decreases in concentration , For example. decreasing10 5 6 NO and NO. by a factor of 20 resulted in less th~in a

: 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

60 40 20 0 20 40 60 40e; increase ii~ tropospheric OH concentr ,itions.
N Latitude s I hus clearly points to the need for better NO’.

nie.usurements in the troposphere. Furthermitore. in-
,t~uri 4! ( *kuialed gk,bai var iaiio nv in irepiwphvric 011 t’Ofl sot,mt as the local NO’. concentration is also depen-

ca~tr.uion~. ~ are at local noun. ht ’av~ lines represent average dent upon the heterogeneous remos al rates of
•rn upai~e ait~iudc hI NO, and NO., a carefu l quantification of global

ralnout wou ld he desirable. We have also noted a
high level of model se ns itms ity to the lower hour’.-

the forrnatmom’. cit tw o 1102 molecules. We  have dar~ condition of 11,0.. and this is being studied in
based this on the e xa mination ol’ a 16-step greater detail. \~e would recommend strong ls some
mechanism l’or methane oxidation. However , measurement of ’ tropospheric 11.0. in the near
because of uncerta i” .ttcs in reaction rates. it is still future.
not clear exactb hoss m~iny 110’. molecules result \ ertical OhI distributions corresponding to local
from thi s series of reactions , nooti were computed for ever y ten degrees of

Model sensit ms its to the fixed surface concentra- latitude from 70°N to 70°S for the summer auid
tions of some of ’ the less well measured species has w inter seasons, and the results ,ire show-n in I ug. 4 1.
been studied. Surface concentrations of NO2 and The highest OH concentrations occurred in regions• NO are important in thus studs because of their cen- ‘.v f high solar insolation where O( IL)) concentr a-
tral role in determin ing the Oil concentration (ions ,ire highest. l’he lack of symmetrs bets’. ecn the
through the reactions northern and southern hemispheres for the same

seasoti (Fig. 41) occurs because of the dif ’ferences in
(‘() concentrations betwee n hemispheres (approx-

OH + NO, + NI - UN0~ + NI (
~~ iniatels a factor of’ 3 more (‘0 in the northern

- 
hemisphere according to Seiler ( l9’4 ))

hlO
~ 

+ NO ‘ 011 + NO , . (9-2) In order to compare these results w ith the autumn
noon nieasurements of L)avis et al. (t’) ’n!, w e
averaged the summer and winter s .ilus’s rhe

The relatisc loss rate of 110. through reaction (9- resulting 011 distribution is in- good agreemi’ .em’.t s’. it h
2)and the re-action HO. + HO. ‘ H.O. + 0, deter- the asai lahfe measured value s . ho r  - kn’. .it

mines the effectivenes s of’ (‘0 us a nt’f Siflis ,I~>r OH 31”N. t)a’.’is et al , found (3.5 ± I 1)

through the esc lc molecules cm . w hereas the model result s’..i’. 3 2
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~
‘. 1-or 7 km and 11 .5 km at 2I °N. the ob- \ diurnal averaging factor . ~~~. was determi ’.ined for

ser’.cd salues were respectiseI~ (9 I ± 3.2) X I0~ cac ti of the calculated diurnal sar ia t mu ns h~
and 4 9 ± 2.0) X I0i~, whereas the model results calculating the -average 24-hour Oil concentrat ion
were 4 2 ‘K 10” -and 3.2 ‘K to ” rhe concentrations relative to the noon value. (lenerall) our .iseru g ing
co rrespon ding to l~~al noon ii’. I’ig. 41 were then factor is somew hat larger than the value gisen hs
utiiiied .is the initial conditiot’ . in a diurnal cafeula- W art’ .eck (1975). W e  believe this us due to the fact
tion of ’ the OH distribution. I sanip les ol’ thc diurnal that Warneck obtained the scaling factor through
result’ . arc show n in Hg. 42. Iii gener~il. OH concen- averaging the photolys m s rate of O~ in form ing
trations reach a peak at local noon. whe u’. 0( 1)) O( I)) while ours is a direct result taking into ac-
concentration is highest. and rapidls decrease at count t he diurnal variations of other (race species
sunset due to loss mechanisms that continue s’. hile such as NO. NO.. 110.. etc. Va lues of m ranging

production mechanisms have stopped. from 0.22 to 0,50 were found depending ci ii season
and latitude , with a small dependence on .ultitudc.
Multiplying t imes the noon OH concent rations
gives the diurnally -averaged concentration ’ . shown

5 _________________________________________ 

in 1 g. 43 , Since smaller values of a occur mmi sun’.-

I I I 1 1 1 I I I , rner equatorial regions thzun in the polar regions , th e

- 
70°N summer diurnal-averaged distribution tends to he niure un-

iforni spatialfy (h-an the distribution of local noon
values,

/ •
~~•~~~~ 

~~~~~~~~ 
The OH distribution averaged diurn ally and

/ ~ 
\ seasonally is show-n in Fig. 44. Approximatels 75’~

1 — • / of the tropospheric OH is contained in the h-and
I~ \\ 30°S-30°N, although this band comprises onls half

- / of the global area. Therefore , a majorits of ’ the
05 — 1/ \ \—  tropospheric OH will be l’ound. in a seasona l- and

E ‘ diurtial-averaged sense , w i t hin the equatorial
- 7 km, a = 0.50 - regiotl: 97”~ of it is contained between 60°S and

1 km a = 0.48 tv0°N. Integrating the diurnal- and seasonal-
- averaged concentrations of OH in Fig. 44 results in

a tropospheric average OH concentration of I 68 X
E 10”. tiiolccules - cnY ,

0.1 — It is also interesting to note the clear presence of
the tropopause in these results (Figs. 4 l . -13. and

c 20 — 
44), This is expected in that the initial data such as

.2 ~~ 1 km, a = 0.32 temperature. water vapor . oione, and carbon
7 km a = 0.35 fllons)xide all exhibit distinct transitions between the

10 — troposphere and stratosphere. The preser\-at ion of
such transition regions in the computed OH dis-
tribution is indirect evidence on the meaningfulness

z 30°N ‘ of this modeling procedure.
0 , 30 N.’ s’.~ summer -winter ,vA, 

1 km,—7 - New I-I) Model Results
/f ’\ a = 024/  Recent reti’.easurernents of the rea~t mo n rates for
H \~ 

J - NO + HO. and OH + CO (a large pressure depen-
II ,,‘ dence was noted) have led to significant changes in
U I a 

the n’.odel chemis rs . The net result of ’ th ese model
1 

~ ~~-7 km. % changes is that the tropospheric average Oil con-
a = 0.25 : centrat ion computed with our one-dimensional

0 5 ~~ I I i I I - model is now 1.28 X 10” molecules en’. ‘. as corn-
- 

2 4 6 8 10 12 14 16 18 20 22 pared to the previous value of IT ‘K ho”
molecules , - cm -

~ . Table IS show’s the set is iti\ its of
Time of day (hr) the tropospheric as’erage OH to changes in sar ious

/ igur.’ 4 ..’ E~ampIea of ihe 1mw m d  ~piiial varla ij ons in the diur- paranieters ss ithin the one-dimensional n’.odel, Note
oni Oil dintributios, that the sens itivit s to NO -and NO. is much greater
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20 
~ I I I i ‘ I 20 I I I J I ISumme r Winter

_ _ _ _ _ _ _ _ _ _ _ _ _

60 40 20 0 20 40 60
20 

~ p I I I I J N Latitude S
‘~~~ (bi Winter Summer

I ‘eu ’. ’ .44 Seasunali ~ and diurn alI~ averaged gli ibul (ill disu’ibu-

15 — 

~,,/ lion. lh’jv~ lines represeni average t ropop ~iusc altitude.

10 — b~7 1.8
0.5 1.0 1.5 2.0 distrihutiot’. would he a ffected. ~i recalculation of

— 

p

0 60 40 20 0 20 40 60 parameters to detern’.ine tropospheric OH. we have
calcu lated a global distribution that agrees well with

N Latitude S the available but lin’.ited n’.easured data. \\ c have
- . . also identified sonic of the major uncertainties ii’./ ,euo’ 4.4 ( miculated dsur nalh av crs ged glo bal OH distribution. , ,  ,

IIeas~ lines represent av erag e t ropopiluse ~tiiiude. the determination of global OH distribution , such
as t he lack of measurements of 11.0. and I R).. the
lack of global tropospheric data on NO’.. amid the
uncertainty in the production mechanisms of HO’.than that found previousl y. The present values from from hydrocarbons. In addition, it should he noted

the one-dimensional model compare very closely to that neglected processes such as a net source or sink
those fout’.d at midlatitudes in the global distribu- of 110’. from nonmethane hydrocarbons t’.’.as plas
lion derivation. Therefore , althoug h the latitudinal -an important role it’. the determination of a global

Ta/il:’ / .~ . Sensit ivity of calculated average tropospheric Oil to changes in various parameters w it hin the one-dimensional model.

Aver se OH calculat ed
(molecules cm, l

- Ambient atmosp here 1.28 ‘s

Change NO’. boundary condutiona—lemia NO ’. i.os x to”
(NO from 0.1 to 0.06 7 ppb. NO2 from (L25 to 0.1 ppb)

(‘hinge NO’. boundary condldons.—’mort’ NO5 1.5 5 10”

(NO to 0.17 ppb, NO2 to 0.4 ppb)

1102 + NO rate 6 * 
10 .13 rather than 8 X 10~~i2 OA s It) ”

Pres~urc dependence of (‘0 + Oil not Included L9 \ 1(1”

Methane cyc le produces I (102 rather than 2 (102 1.1 x 10”

H~O~ p vlo(yss cutoff at 254 nm rather than 315 no’. 0.7 “ tO ”

SI 
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troposp heric OH distribution. Because of the process . we have determined tropospheric residence
emerging importance of OH in the tropospheric times for a number of halocarbons. both natura l
chemical cycles -and the continuing improvements in ai’.d man-made, and these are show- n in l .thle lb
both the laboratory kinet ics data and atmospheric All photochemical and kinetic ev idence avail able in-
measurements , more detailed analyses of its tern- die-ate that both of the above assumptm .vi’.s arc
poral and spatial distr ibution will be required in the just ified. These tropospheric cherni~al lif etm n mes were
future. ca lculated with the diurn~ills and seasona l ls

aver~sged OH distribution in Fig. 44. The predicted
lifetime of methy l chloride. CH 1C’I. of 04 yea r is

2.10 Alternate Halocarbons: Tropospheric short enough that seasonal variations of this impor-
Lifetimes and Potenti al Effects ~~ 

tant halocarbon ~—0 .7 ppb in the troposphere.
Davis (1976)) may be expected . Must of theStratosp heric Ozone calculated tropospheric lifetimes arc s’er~ short

Recent concern over possible regulations on the (
~ I yr) and are unlikely to result in large concentra-

use of the halocarbons CFCI; and CF1CI,. because tions of these compounds reaching the strat osphere.
of their potential impact on stratospheric ozone However, the long lifetimes of C’l- .CIH (4.h .r) and
(National Research Council 1976. Hudson 1977), CH 3CF,CI (7.1 yr). although much shorter than the
has prompted consideration of’ potent ial replace- lifetimes for CFCI3 and CF’1Cl 2. w’ifl require further
rnent compounds. The prime reason for the ac- analysis to determine their possible stratosp heric
cumulation of CFCI3 and CF.(’l. in the troposphere impact.
and eventually the stratosphere is their inertness, To see how the calculated lifetimes relate to the
Consequently, in seeking -alternate halocarbons, we predicted effect t hese halocarbons might have on
consider it a desirable characteristic that they ~ stratosp heric ozone, we have used the 1 1.1 one-
degraded in the troposphere. For many of the dimensional transport-kinetics model to analyze the
potential substitutes, reaction with OH radicals ap- steady-state vertical distribution of several of these
pears to be the principal mode of degradation in the halocarbons assuming a production rate of 500.000
troposphere. Given a tropospheric distr ibution of tonnes/yr . Table 17 shows the reaction rate
OH. we can estimate the tropospheric chemical assumed for each of the halocarbons reacting with
Lifet imes. OH. Temperature dependences were assigned to the

The tropospheric chemical lifetime r for the reac- rate coefficients for CF3CH,CI, CF 3CL.H, and
lion OH + X with reaction rate K can be specified CF3CFCIH on the basis of a comparison with the
by reaction rates of similar reactions as measured by

Davis (1976).

KIX I (OHI dV used for the five halocarbons tested. These cross
I J Figure 45 shows the absorption cross sect to ns

= V
T 

I’xI dv -

v 

~~~~ 10~ 
: 

~~~~~~~~~~~~~~~~~~
‘\ ,,,,.— CC1 2FH

10~~
~ss~ 

“K
~~~~~ç

CF3CH2CIwhere is concentration and V is volume , in-
dicating integration over the whole troposphere. If C CF 2CiCH,~
we assume that the species X is uniformly mixed in 

~~~ lH

the troposphere, then
U, -

U

j
K(OHJ~~~dV C ~

(
~-1 —o V

‘ C CF3CFCII - 4

J p dV .~~ 1o-2 s l i t s  l~~~~~l~~~
v < 180 190 200 210 220 230

Wavelength — nmwhere p is air density.
Assuming that the reaction with OH is the rate- i :guri’ .v~ Absorption cro~s sections used for the flv c haincai rboas

determining step for the overall degradation tested.
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Table !& Estimated tropo~ hetic chemical lifetimes (r) of haloca,bonmi.3

Species Designation T (ye) Rate data

CH3CI — 0.4 Davis (l976 )~’

CH2CI2 — 0.2 Davis (1976)h

CCI’.
H — 0.2 Davis (1976)b

CH3IIr — — 0.5 Davis (1976)b

C2C14 — 0.2 Dav is (1976)h

CH3CCI 1 FC-3l 1.4 Howard and Fvenson (1976)c

CH2CIF FC-3 1 15 Davis (1976)

CFJCI2 H FC-123 0.6 How ard and Ivenson 11976)

CCI2 FH FC-21 0.6 Howard and Evenson 1976)

CCI2FH PC-il 0.7 Davis (1976)

CF3CFCIH FC-124 1.3 Howard and Evenso n i976)

CF3CH2CI FC-l33a IS  How ard and Evenson I 1976)

CF 2CIII PC-fl 4.5 Howird and Evenso n (1976)

CF2CIH FC-22 4.6 Davis (1976)

(‘F2CICH3 FC-142b 5,4 Howar d and Evenson 11976)

CF2CICII3 FC-t42 b 7.1 Davis (1976)

il fetim es are based on the 2-I) OH distribution computed in Seciion 2.9.
rate data.

‘ Koo m.te mpe ratur e measurements.

Tub!: I 7. The reac tion rates of halocarbons with OH assumed in inves tigating die effe cts of the calculated halocarhon
lifetimes (Table 16) on the predictions of stratospheric ozone (see Table 18).

Reaction Rate coefficient Source

CF3CH2CI + OIl 5.9 X I0_ 13 ex p (—1200/1) Based on Homiard ~~ f
Fvenaon (1976)

CF3CI2H + OH 1.24 x lO_ 12 exp (—1056/1) Based on Ho ard and
• Evenson (1976)

CF2CIH + OH 9.3 x ~~~~~ asp (— 1577 1) Davis (1976)
(‘FJCFCIH + OH 525 * lO~~~ cap (— 1191 1) Based on How ard and

Evenaon (1976)
- CF2CK~H3 + OH 1.14 5 iO_ 12 cap (—1750/1) Davis (1976)

sections are based on unpublished data by W iti and was small for all of the halocarbons tested, ranging
Silver (private communication. 1977). All chlorine from —0. 13% for (‘F’.CI2H to —0,40~ for
atoms in a molecule were assumed to be released CF2ClCH~. These are to be contrasted to the -9.3%
when it reacted. change in total ozone predicted for CF4 l~The change in tota l ozone computed at steady assuming the same production rate to st eady state
slate is shown in Table 18 for each of the of 500,000 tonnes , ~r. \s show’n in Table 18,
halocarbons. The predicted change in total ozone changing the boundary conditions for NO and NO..
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Tub!:’ 18. C alculated changs in total ozone due to a st eady-state release of halucarbons at a rate of 500,000 ton nea y ,.
Results are given foe two different average tropospheric OH concentration,,

(‘basic in total ozone ‘—~ ) aimming:
Species OH 1 .28 * lO~ cm ’3 OH 1.03 \ 106 cm”

CFJCH2CI (Ft. 133a) —0.19 -.0.21

CF3C12H (EC 123) —0.13 —0.14

CF2(1H (FC-22) —0 36 —0.40
(‘F~CEClH (FC’ 1 24 ) -0.17 -0.1$

CF2CICIIJ (FC- 142b ) —0.40 -043

_ _  

_ _10 2 10 1 1 10 102 0 l i i i  i a i i

3 10 2 icr1 1 10 102
Loss rate — molecules/cm .5

Loss rate — molecules/cm3’s
I igurt’ 46 Calculated 10 ,. rate nith altitude for CE, (li z (‘ It PC -
133 . Boil. pl.otockemlcal t J and two- molecule chemical-kinetics I :gure 45 ( alculat ed loss rate w ith altitude for CF. ( $H (l’ (-
Ik reactions are plotted. 22).

6C , i ~~~ a

j
~~~~~~

!lcc tl2Hl

k

~
IO:;

I:3
C:1

: 

_ _ _ _ _ _ _ _ _ _ _ _

0 & ~l 10—2 10— 1 1 10 102
10-2 10-1 1 10 102 Loss rate — molecules/cm3.s

Loss rate — molecules/cm3- s

Iigl~’r 4 • ( akwlat,d les, rat, wI t h altitud , V., (‘F, (‘li H t F(’- I ‘gu,r 49 ( aku latad loss rat, w Ith mltltvd, for CE, (E( IH i EC-
12.1 . 1241.
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60 techniques. By accounting for the two hemispheric‘I JJ I I I I I 

abundances separatel y, it is possible to check the in-

averages.
40 0151 — The continuity equations for the abundance of a

30 — wri tten

~ 20 

given trace species in each hemisphere aiiay be

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ter nal consistency of hemispheric data and global

dM N
— ~~r S N~~~~~

MN ’ ( M N . M S ) .  ( I l - I )
— 

J - IC F 2CICH3I
0 — 

k - t o H I - ( cF2c 
Ms + (MN — Ms ) . (112 )= ss —

S

~ u i 1  ~ ~ i~ l ~ i t i l ~
l0’2 10-1 1 10 102 where

Loss rate — molecules/cm3 ’s M\. Ms = the total hemispheric abundances
(north and south) .

F igure 51) ( akulated loss rate w ith altitude fee Ci~ (1( 14, (PC- SN. S~ = the hemispheric release rates.
l42b1. 1’N~ TS = (he chemical removal rates.

T T = the interhemispheric mixing time.
Follow ing the pattern of historical release data , the
release rate in the northern hemisphere is taken to(see Table IS) so as to reduce the average be equal to a simple exponential function.t ropospheric OH to i.05 )( 10 6 molecules/cm ~ has

very little effec t on the predicted ozone
perturbation. SN = aebt , (11-3)

Figures 46—50 show the calculated loss rates
versus altitude for each of t he hatocarbons. In each and the southern hemispheric release rate is
case, most of the loss occurs in the troposphere or assumed to equal zero. The solutions for (Il- I) and
lower stratosphere where very little of the released (11-2) are
chlorine is capable of reaching altitu des important
to the chlorine-ozone catalytic cycle. On the other M N (t) = 00ebt + 

~~ 
exp(—X 1 t) + 02 exp(—)..,t)

hand , most o the CF~Cl~ is destroyed in the upper
stratosphere, with very little being destroyed in the

(11-4)troposphe re or lower stratosphere.

M s(t) = j30e
1’
~ + ~ exp(—X 1 t) + ~3, exp(—X ,t) .

2.11 Analysis of Global
Budgets of Halocarbons (11-5)

A two-box model provides a framework within
which one may examine the consistency of at- where

- - mospher ic data concerning the abundance and
hemispheric ratio of man-made h&alocarbons and
their release rate data. The continuity equations ar1(l + br1 + r T Ir s )
that constitute the model relate the hemispheric 00 = 

(1 + hr1 + rT /Ts )(I + br.1. + TI/T N)
abundances (north and south) to the anthropogenic
release rates, the chemical removal rates, and the in-
terhcmisphcric transport time. (liven the usually
representative exponenti ally increasing r4lease 01 00 — 02
rates , the solutions of the two- box model are no
more complicated than those of the simple one-box 00(I/T N + h r 1 — —model, but they add considcrablc insight into the 2 

-adequacy an d deliciencies of these simple analysis

55 1



all northern hemispheric total abundance ratio.
( I  + brT + T 1 / T ç )f I + bT.~. + T.I IT N ) — I - M N \1 

~
. which is given b~

MN br1 1.
aI rT(lr N + h il T — , = 

(1 + br1 + TI/TN ) — R ( h i - h O )

and the global average lifetime. r, given b~
= o~ r- 1 ( i / T N + I fr. 1 — X ,)

= + ~~ (Il-I l)
T \TS TN/ M

= 
~ ~~

tir s + I/ T N + 2/ T T ) We also find

± 
~~

i / T N - i/ r
~) 

+ 4/r~]~] ‘ (11-6) T = 
~~ R + T S ITN 

(11-12)

If r = T S = TN (e.g.. F-Il and F-l2). we have l’rom

and we have assumed MN = M s = 0 at t = 0. A Eq. (11-8)
similar solution may be found for the case in which

- 
- SN varies exponentially~ as in (11-3), wit h different M

rates. b. over different time periods. T 
=

The total cumulative amount of gas released into
the atmosphere at any given time t is 

~(M/ M )  
~ 

M/MT= (M IM1) ~ 
+ (I — M/M1)

- M1 = ~~(e tfl — I) . (II-?)

Consequently. if one deduces the atmospheric
lor sufficiently long times (bt >> I), the ratio of lifetime from the real release rate coefficient h and
the total atmospher ic abundance. M = M s + MN, the measured global abundance ratio. M/M 1-. the
to the total released is approximatel y constant. percent var iation in r is only directly proportional

to the percent variation in b but may have a very
strong dependence on the variations in M/M 1. If

hi 
— 

brs (118) M/M~ is in the range 010.8 to o.9 as is observed for
- - MT 

— 

I + b 
I 

~i — T fr ) the long-hived halocarbons. the amplification lactor
— i + R ‘ S N on the variation of the atmospheric lifetime is in the

range of S to 10. Thus, a 5% uncertainty in the
where R is the hemispheric ratio of abundances, global abundance ratio M/M1 for F-Il or F- l2 wi ll
M 5,’M \. This formula reduces to the formula lead to 25% to 50% error in the deduced lifetime for
derived l’or the one-box model in the case Ts = T N these trace species. A large number of very accurate
(compare Singh 1977). To the same order of up- measurements w ith good global coverage would be
proximation. the ratio R is further related to the required to establish the abundance ratio MIMI to
parameters r~ and r~ according to better t han 5%. Thus it is nearly impossible to con-

clusively detect the existence or nonexistence ol’ the
so-called “hidden tropospheric sinks” for long-lived

— 
Ms I halocarbons through global budget anal ysi s (see the =

R — MN 
— I + br.1. + TI/T S 

(11-9) second subsection following for further discussion).
For shorter-hived species we may hope to deri ve a

more meaningful lifetime from a budget analysis. It
from which r1 may be easily deduced from a is important, however , in this case to use he two-
knowledge of the hemispheric abundance ratio for a box model to check the atmosp heric dat a for con-
gas with a fairly !cng lifetime (see next subsect ion). sistency with the analysis. If TT and b are known .
For our further discussion we introduce the Eqs. (11-9) and (Il- hO) provide a clear test for this 
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purpose. While the lifetime analysis for shorter- Unfortunately, as discussed below , not mans
lived species is still highI~ sensitive to uncertainties measurements for I- - I l  are asu iluble for the period
in K and M\ ’M if varied separate ly. t he field of before 1975.
possible variations is reduced wit h the two-box Figure 52 shows how the solutions b r  the in-
model since both R and M~ 

- M 1. must be consistent terhemispheric mixing time, T I ,  and atmt~ pheruc
with a single interhemispheric mixing time. TT . lifetime. T , depend on the parameters M~ NI I and

We has-c framed our two-box model discussion in R in the case i~ i~~~. Large values for the r . i t uo K
terms ob the parameters M \ - Ni 1 ..nd K because we are consistent with short mixing times: large s~dues
believe that their determination from atmospheric (‘or MN/Mi are consistent with long atmopheric
data should he relaIi~e~y more accurate than the lifetimes. The dependence of the hil ’etit~,~ on
determination ol’ either hemispheric abundance M N : Ni 1 is quite sensitive to values of M \ NI near
separatels - rhe determination of R should be less the ph~sical upper limit .
sensitive than that of either MN or M5 to any possi-
ble s~ sleniatic instrumental bias present in the I
measurements. The use of M\ M 1 is preferable to MN /MT I + R T

S 
= T N

the use of M , M r because the relative error for MN
should be smaller than the relative error for M. This This is illustrated further in Hg. 53. and w e ina~follows because of the better latitudinal coverage in conclude that, as already mentioned, a ser~ high
the northern hemisphere and the larger magnitude level of accuracy in the data for the hemisphenc
of local concentrations. For the gases discussed abundance is required in order to derive a rcl;ahle
below . K and M\, M1 were calculated assuming a estimate for the lifetime of long-lived species (i.e..
constant mixing ratio equal to that obtained for a F—li and F—12). For example. Fig. 53 show~ that
particular observation above 200 latitude in the MN/M I would need to be known to better than ~~

•

northern hemisphere and below 300 latitude in the in order to conclusively show that the lifetime for
southern hemisphere (Rasmussen 1977), and assum-
ing a linearly decreasing concentration from 20°N
to 300 S. The mixing ratio was constant throughout 106

I I -the t roposphere. whose vertica l extent was taken
equal to 16 km from 30°N to 30°S. and decreased
linearly from a value equal to 13 km at 30°N and -

30°S to 8 km at the poles. The concentration in the
stratosp here was taken equal to zero, except for the - -
species with know n long tropospheric lifetimes.

Applic ation to Freon-Il c
C

.Ns shown in Fig. SI . we obtain a good fit to the 2
release rate data for F-I I using the exponential
(‘unction given in Eq. (II-)) . for t he periods 

~~ io~ -1958— 1965. 1965—1973 . 1973-1974 . and 1974—1977 .
wit h the following parameters:

-

~~a b Period

28.0 0.19 1958- 1965
lOb O.h, 1965 - 1973
314 0.032 1973 - 1Q74
324 —0.025 1974—1 977 -

the formulas (11-9) and (11-10) relating MN/M T
and R to T~~, rç. and Ti should be applicable for I I
data obtained before 1975 if we use b = 0.13. Data 1950 1960 1970 1980
obtained after early 1975 must be analyzed using the

I iguri’ 5/  Release rate of F-Il Frios 1 1 .  fl ats polet~ we rrfull time-dependent solution given by (11-4 ) and takea from Hudson t 1977i ar..d ~au h o,, tI’177 . the strai~lit(I 1-5). since a new steady state for M N/M T and R 
~~~ c r e ~~o,~ to the fit obtained using the psrameter~ for

would take several years to develop (see Fig. 54). Eq. t 11-31 gisos in the test.
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MN/MT i i I I I
‘‘ Relationship between the F-li hemispheric ratio oF 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

abundances. K = SI.,, ‘ci ~ • the northern hemispheric sb, 4ance M /M
rat io , ~i 5 ‘1 • the interhemispheric mis ing linie . T p ,  and the N T
chemic al rernoisl time , r , for the two-bos model with r = . . -

~~
. ~he unit.~ for r and r are ~~~~ 

I,~u,e ~ .‘ Sensiticin of the derised atmospheric lifetim e of I’ - i i
re changes in the abundance rano ~~ ,~%I for the case - - r ., =

~, 
for two va lues of thy interhemispheri c mising tim e r , u S

I- —I I wa s equal to 30 ± hO years. It is clear from the are consistent with transport times in the range
scatter of points show n in Fig. 52 . however, that the from 0.94 to 3.0 years. The measured total abun-
data obtained hel’ore 1975 cannot be used to es- dance ratios, MN/M T. are also w idely scattered and
tablish a short lifetime for F. II. The data points dis- range from 0.31 to 0.49. The concentrations re-
played in Fig. 52 were calculated from measure- ported by Rasmussen (1977) appear to be most con-
ments of F-Il taken before 1975 (see Table 19). The sistent with the 60-year lifetime for F-I I determined
derived values for K range from 0.65 to 0.82. They from atmospheric models (National Research

Table /9. Measurements of CFCI3 used to calculate data points of Fig. 52.

F-Il mixing
ratio (ppt )5 Latitude Date R MN/MT Reference

it) 50~N Nov,— Dec. (971 0,640 0.417 Lovclock at al
38 6O~S (1973)

79.8 52’ N Sept .— Dec. l974 0.824 0.313 Cox at ii. (1976 )
61,7 33°S

125 43’N Jan. 1975 0.782 0.489 Rasmussen (1977)
90 9O~S

138 43° 14 Jan. 1976 0.860 0.489 Rasmussen (1977)
113 90’S
143 4 3N  June 1976 0.903 0.483 Rasmussen (1977)
125 43’S

154 43’N Jan, 1977 0.822 0.493 Rasmussen (1977)
127 90’S

1Parts per trllil on (10 12 ).
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Council 1976). Ills measured interhemispheric be as large as SO~- lasting o%cr 3-sear periods
ratio. 0.78. would imply an interhemispheric mixing without causing the solution l’or K and Nis. Nh tO
time of 1. 9 years. change b> more than 5~~~~~ S We ma~ therefore use

Since 1975 the value for K derived from at- - Eqs. (11-9) and (Il -hO) in wha t follows
mospheric measurements has apparently increased. Table 20 presents the data for CIl~C(’l~ ,ind the
.~\s shown in 1-ig. 54 the growth in K is consistent calculated values for K and M~ M 1. In order to
with the decreasing rate for the release of FI I  compare these values with the two-box theory . we(1: 15. SlI . A s-er~ rapid growth of R. as suggested b~ must spec ify one of the three parameters r 5. r~~ . or
the data shown in Fig. 54, is not consistent with the r1. or introduce another relationship. (IluCCh is

two-box time-dependent model. As shown in removed in the troposphere h~ reaction w ith OH.
- - 11g. 54 the calculated rise in R after 1975 increases and the average abundance of 011 iii eac h

more rapidly for longer interhemisp heric mixing hemisphere is not expected to be the same since
tunes. If the interhemispheric transport time were higher concentrations of (.0 in the north should
longer than two years. a rapid rise could be cx- cause a lower OH concentration (Wofs~ 1976).
plaineti, but then the calculated absolute value of R Current models suggest there should be about a
would be substantiall y less than that required b~ the variati on in the average concentration for OH be-
data. Since there were se ry few measurements taken tween the hemispheres. In what follows we theret ’ore
before 1975. conclusions based on the rate of assume = O. 757\ , although ihc conclusions

— growth for K are risky. We therefo re take I yr < TT drawn are not very sensitive to the precise sa lue
< 2 ~ r as an acceptable range for the in- used for the ratio 01’ the removal rates.
terhcmispherie transport time (compare Czeplack 1-igure 56 shows the values (‘or K and M\/ M T
and lunge 1973). from Table 20 plotted on a graph which relates
ApplIcat~ ntoCH~C(1~ 

these parameters for several ~aIues of rT . with cc =

0.75r.,,. Also show-n are the values derived using aThe time hi story for the release of methyl- 
constant tropospheric mixing ratio in eachchloroform is shown in 1-ig. 55 along with the ex-

ponential release rate we used for Eq. (11-3). The
data show- n in Fig. 55 do not correspond prec isely 

~~~~~~on~ius tin shased ~ n (hc u sco l r 1  — I ~to the single exponential growth rate chosen, but the
solutions for R and M ~ ~ M 

~ 
are very stable to

changes in the parameter h used in Eq. (11-3). We
have verified numerically that the change in b could 106 i ‘ i

J

105

~~~ 0.6 - 2.0 — 
~, io~ - -

~~0.4 -~~~I T 
- o

— io3 - °  -
-

I I ‘ 0I a

1960 1970 1980 102 
0 

i I ~
I igun ‘4 (‘routh I. the P-I I heaisphcric ahvud a,r, rain. N - 1950 1960 1970 1980

,. - ~~~ I.e the release data show. is Fig. ~I. to, four sane. .1
the inteehemlsØssk udsiug lime r~ in )saes . flats psl ts are / igure Release rate of (‘H ,( (I ,. l)sta points were tak en
tahen fran, fable IC sad rrf .r to the meamermeela of Ioerloek at tram ‘seals and Lionks 1C171. The st raight line corrnpn.ds to the
al lC73 . ( O s  at at. t IC7S,, and Rasmussen t IC77i. 1k obtained wh h b • 0.17 in Fq. (lI .~ ).
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lahk ~O. Measurements of (‘H~t ( l~ mixing rst tot.

(II
mixing

ratio (pptE1 Latitude Date R MNIM r Reference

52 N Sept. — Dee. 1974 0.503 0.285 Cox at at. ( 1976)
24.4 33S
94) 4 7 ’ s  Jan. 197 5 0.686 0.403 Rasmussen (1977)
54 905
9$ 47 N J an . 1976 0.672 0.376 Rasmussen (1977)
57 78~S

109 43’ N Ju ne 1976 0.743 0.389 Rasmussen (1977)
7) 43’S

110 47 N Jan. 1977 0.716 0364 Rasmussen (1977)
70 90S

~Ij rts per t fiiiiou 110 12

hemisp here equal to the value measured in each Esen for the adjusted values, the earliest measure-
hemisphere. 1-or Rasmussen ’s (1977) data, the more ments ((‘ox et al. 1976) appear not to he consistent
eateiull~ derived hemispherical  abundances are with interhemisph eric mixing times that are less
consistent with ~in average interhemispherie than about tw o years. This conclusion remains true
transport time ol’ 1.5 ears . lhis is easily within the unless the removal rate in the southern hemisphere
range of aecepiable values for r , derived from the is more thait two times faster than that in the north.
budget for the more extensive l~ measured 1:,l i.The a condition that is not presently supported by tw o-
interhemispheric transport time derived from the dimensional models for the tropospheric Oil ahun-
raw abundance data is 2.1 1 scars. somew hat longer dance (Wofs~ 1976. Chang et al. 1977). Using the
than that considered appropriate, data measured by Cox et al (1976) and assuming

the northern hemispheric removal rate is
1 .0 -

‘ 
slow-er than that in the south , we derive a transport
time equal to 2.3 years and an average atmospheric

0.9 — 

~~~~ _, .~~~~~~~~~~~~~~~~~~~~~~ lifetime for CH~CCl~ equal to about 4.5 years This
0.8 — 
,
‘ .~~

10
15 — 

— same analysis applied to the measurements made h~
0 — / /‘~ ~ 

2.0 — Rasmussen (1977) leads to a rather different cond o-

I f — 
sion. Rasmusse n’s measurements fm CH~C(’l~ ar e

~ 0.6 — I 1 o° — consistent with transport times ranging from 1.3 to

~ J / 1.8 years and with average lifetimes ranging from
~ ~~5 

~1 ~ — 10.0 to 12.8 years. If we average his data , we obtain
0.4 — / — a lifetime for CH~CCI~ of about 1 1.3 years.

0 3 — 
-\s illustrated in Figs. 57a and 57b. th e derived

- / lifetime for CII ~CCh is rather sensitive to the values
0.2 — — 

derived hfthmes for F.1Iand F~- — — 
the derived value for the total abundance obtained

0 I t. I i I I from Rasmussen ’s data by lOs’, from 0.38 to 0.34.
0 0.2 0.4 0.6 0.8 1.0 t he average lifetime decreases to 8.6 years. If. in ad-

Ratio M /M dition . the hemispheric abundance ratio is loweredN I from the derived value of 0.7 to 0.62. the value ob’
‘~ Relationship between the CH,5 CCI~ northern t am ed from an average of Rasmussen’s (197” ) raw

hemispheric abundance ratio. Ni %*~ • and the hemls$Ieric rat io , data for each hemisphere, the lifetime wouldK • NI ,~ NI .. for th, case ,,, ‘ ,~~ 
• (1.75, for four salue. of the .

inl,rhemhpherk mlsing lm, r~ - earal. The circie data polnisare decrease to 7.6 years. This again illustrates the high
measurements b~ (o x at ii. lC7bu , the square point. b~ 

level of Sensi t IVIt y tO UnCertainties in the at-
Rasmussen i 1h77u see Table 201. mospheric data.
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lowered from the current value of 8.0 X 10

- I I I molecules cm 3 to 2.5X 10 ’.’
(a) 

~ ~ 
-

~ 
It is not likely t hat the entire tropospheric OH— I I I — concentration from the one-dimensional model is a

J I I factor of 3 too high since the calculated noontime
I I OH concentrations near 7 km and II km are6 —  r ’1- = 2.O , i - already somewhat lower than the values measured

1.5 by Davis et al. (1976). If the entire troposphcric OH
— 

1.0 
— 

column were adjusted downward in order to
0 5 calculate a longer lifetime l~or CII 5CC11, the concen-

- - - trations near 7 km and II km would he at least a

2 — ) — ~ iaIIer oSS

- somewhat higher than the appropriate noontime
0 I I global background values at those altitudes , it is dii
0 0.2 0.4 0.6 0.8 1.0 ficult to imagine local perturbations which might in-

R = M /M crease OH by a factor of 5. The model results for
S N OH above 7 km are therefore probabl~ fairly

reliable. In any case, any adjustment for Oil above
14 5 km has very little effect on the calculated lifetime

- 
I I 1 I for CH~CCl~, since the concentration for CIl~CCl~

12 — 
(b) decreases exponentially wit h the air densit~. The

TT = 0.5 major contribution to the chemical removal ol’
- 1.0 (‘H ~CCl~ comes from the OH molecules near the

~ io — — earth’s surface. This is also the region where com-
- - pies processes that are not accounted for h~ current

20 models may cause large variations in the density of— — OH. In order to increase the calculated lifetime for
CH~CCl~ fro m the one-dimensional model h~ .i fac-

6 — — b r  of 3, the OH concentrations below’ 4 km would
- 

have to decrease by about a factor of 3.
The requirement for a large change in the concen•

— — tr ation of OH near the surface would be reduced
- somewhat if the global abundance for C1l~CCh

2 — — were actually smaller than the values derived above.
- 

It is clear that a better understanding of the
I I chemical balances in the lower troposphere is

0
0 5 ~~ ~~ A ~ 

needed. More latitudinal coverage in the measure-U.l U.& U.~~ U.~~ U~~~ U’U ments of CH 3CCl~ and more measurements of t he
MN/MT OH concentration in the lower troposp here are

hi ghly desirable.
I igim ~~

‘ a t  S,nsltishs of the ( H ~( (‘I~ derised southern
hemispheric litdsme, ,,, to the hemispheric abunda.ct ratio, R • ~~ A 5% • L’ 1’I- .

~
l
~

/%t
~~

. for the ease ~,, - ‘ r 5 • 0.75, for four sable. of el.. ~.- ~~~~~~~ i i~evi ew oi zone i neor~
• tethemi’ipher k mining time r (~ earst. ~b) Senaltisit, of r~ to the and Observational Data

nufi hern hemispheric abundanc e ratio. %l~ ;%I , . for the same con-
ditius. a’ in t a t .

Until recently. attempts to validate oione models
The II 3-year average lifetime for CH1CCIJ have been restricted to comparisons within the

derived above is not Consistent wit h the lifetime stratosphere and primarily to total co lumn depths
derived using (he OH concentrations from a ~~~~~~~ 

and vertical profiles of measurable species. I-or l-D
dimen sional chemical model. In order to obtain a -

. - . - ‘~h ith th e c ross s~a,~s ns kir ph o t ol%%ts tiC I-I .0 - til Slt ilin,i ,indlifetime for CH~CCl 3 consistent with the values Molina (prisaic communtc.IIIt-in, 147’t she a%cr.I ge Oil ~oncen-
derived from the iwo- box model , the diurn allx and iratiti n in our model inc reases hi I ~ S l0~ ni,sk, iiks cm
vertically averaged tropospheric OH concentration (‘ompare Section ~.9
in the one-dimensional model would have to be tSce I Ilsacsse r (197th,
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~one-dimensionaI) models such comparisons have While the introduction of h)drogen. nitrogen.
been ~imhguous at best due to the large seasonal and chlorine chemistry wou’d be expectes.~ to have
and latitudinal var Iat ions and the paucity of obser- reduced the computed oione mising r.itlo at the
vational data even for ozone and particularl y so for level of the maximum and the rate of dccr~ase with
all other trace species . L)uewcr ci al. ~ 977b) height above this level, the above discrepancy with
demonstrated that comparison of computed and observation appears to have persisted. Including
ohser~cd species prolites within the stratosp here is hy drogen and nitrogen chemistry . Kur,e~a il97~

)
currently inadequate to determine a choice between computed up to 25~ hi gher ozone concentration s
ensemb les of reaction rates producing drastica lly over the equator at 35 to 45 kin than observed. Ioth
different sensitivit ies to stratospheric injection of the ozone excess and the decrease with height .
oxides of nitrogen. In addition. with the recent —a(04 ,’az. were greater when the more accurate
development of several 2-L) stratosphere models, it fully diurnal integration was used. Kurze~a (1975)
has become apparent that by a judicious choice of concluded that his diurnally computed ozone “cx-
transport prescription it is possible to match ceedled) observed values by amounts too large to be
latitudinal and seasonal ~ariaiions in total ozone attributed solely to observational error.” The ozone
w ith various representations of stratospheric excess above 26 km amounted to as much as
chemistr~. Accordingly. it now appears that valida- 30 m’atm’cm or 9~’ of the ozone column density ,
tion of the chemistry o1 the stratosp heric ozone Both Frederick and Hay s (1977) and l.iu and
layer can best be done outside the stratosphere. or Cicerone (1977) state that some recent measure-
at least outside the middle and low-er stratosphere ments indicate two to three times more ozonc in the
where species concentrations depend more on 50-to-6()-km region than computed from current
transport than on photochemieal equilibrium. That models. However, they disagree on the situation at
is~ the most sensitive regions for %alidating ozone 40 km: Frederick and Hays (1977) appear to tind
chemistr~ by comparison with observations appear agreement between computed and observed
to be above 35 km. where photochemical equi- amounts while iiu and Cicerone (1977) claim that
librium ix believed to be least disturbed by the observed ozone concentration exceeds that corn-
transport . and in the troposphere where we have the puted even for odd chlorine mixing ratios as low as
most observ ational data. 2.3 ppb. Both sets of authors suggested th,it the

A review of comparisons which have been made most likely source of these discrepancies w as in our
in these regions indicates some remaining flaws or present imperfect understanding of ozone
uncertainties in our current understanding of the chemistry .
chemistry of the ozone layer. Prechlorine models -

- - 
- . - . Theory vs Observation in the Troposphereixpically computed a maximum ozone mixing ratio

exceeding that observed and a decrease an ozone The most obvious and most discussed disagree-
concentration w ith height (-‘~(O~ -a,) above this n’.ents betwee n our current understandings of ozone
altitude more rapid than observed. This in turn led theory and observation occur wit h respect to
to computation of lower ozone concentrations than tropospheric ozone. W hile suggestions that
observed in the upper stratosphere and lower tropospheric ozone was not simply a tracer and that
mesosphere. photochemistry might be important to tropospheric

(nonurban) levels of ozone were made by 1- renkiel
Theory vs Observation Above Ozone Maximum (1 955) and Ripperton et -al. (197 1 ). pioneer de% elop-

I)Utsch and Ginsburg (1969) and D~itsch (1971) ment ol’ the photoc hemistry of tropospheric ozone
pointed out t hat with a pure oxygen atmosphere and particularly of the methane cycle is generall~ at-
and Chapman chemistry, —a~O 3), - az is determined by tributed to Cru zen (1973) and Johnston and
the temperature dependence (or activation energy) Quitevis (1974). Papers by Levy (1972, 1973). V~ ofsy
ol’ t he ratio of the reaction rate k~ for ozone forma- ci al. (197 2). and Chameides and Walker (1973 ,
tion (0 + O~ + M • O~ + M) to the rate k~ for 1976) are also relevant .
ozone destruction (0 + O~ -• 2O~

) and the tern- Crutzen’s (197 2, 1973) early work in this area led
perature lapse rate in the stratosp here. They ob- to estimates of tropospheric ozone production
tam ed the best fit to available ozone observations which exceeded the estimates of stratospheric intee-
by assuming no temperature dependence for this tion and boundary-lay-er destruction rates of (5.6
ratio, a surprising result since 1800 K (i.e.. k~1-k ~ ~ ± 1 .8) X b ’0 molecules-cm ~‘s (Fabian and
e ~~ T was the smallest value they ever found Pruchniewicz 1977) by more than 10-fold. Crutzen
reported from laboratory results at that time . (The (1973) cautioned against accepting his results
currently accepted temperature dependence for this becaLL’ - of their apparent conflict with the obser-
ratio is e ~~ 1(Hampson and t3arvin 1975).) vational evidence. Using more recent reaction rates
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and lower concentrat ions of odd nitrogen. Crutzen most of the range of likel y NO 5 amounts the corn-
11974h) calculated net tropospheric (lowest 2 km) puted ozone concentration was much less than that
ozone production rate s of ( —1 .2 to f2.6 ) X 10 ~ observed. They concluded that “photocheniical ac-
molecules cm 2 .~ for the reaction schemes con- t iv it y alone cannot account for obscr~cd Itro-
sidered. ~% hile infe rring that troposp heric ozone posphericj values of ozone and many other impor-
was not chemically inert , he could not decide tant species.”
whether there is net destruction or production , “due In addition to the dramatic evolution iii nmdel
to insufficient knowledge of some essential chemical results reviewed above, all recent investigators have
processes ” (( rutzen I9’74h). In a still later study concluded that tropospheric ozone is photo-
1-ishman and Crutzen(l976). using 0.2 ppb of N0~. chemically active: except for very- speciiic profiles of ’
arr ived at a net ozone column production rate of S NO5. the~ compute ozone production or dest ruc-

• ~ 10 ~ molecules cm - ‘ s. a rate regarded as tion rates which exceed or are a significant fraction
“signif icant compared w ith,,,est ,rnates of down- of the rates (generall y considered to be identical) at
war d ozone flux from the stratosphere and which ozone enters the troposphere from the
photochemical column destruction rates. ” They stratosp here and at which it is destroyed ~it the
concluded that it is “diffi~u!t to explain the ob- earth’ s surface. Thus, unless the ohservatiou,il data
served troposp heric oz one  profi les ” and have been misinterpreted , there appear to he serious
h~pothesized “therefore , that catalytic ozone- errors in our understanding of ozone chemistry in
producing mechanisms are operative in the the troposphere. It appears unlikely that correction
troposphere in addition to those onsidered ” or of such errors would leave our computat ions of
“that the rate coefficients which govern ozone stratospheric ozone unchanged.
production are substantiall y larger than assumed.”

Iohnston and Quitevis (1974). using Crut,en’s The Importance of Transport
(1973) photochemistry, determined the crossover Transport has long been recognized to he the
altit ude as 13km at which the “standard” NO5 overriding controlling mechanism for mans  t~pes 01

’
profile switches from net destruction of ozone in the variations revealed by the ozone data. The list of
stratosp here to net production of ozone at lower vai- iat ions begun by Chamberl:tin and Leovy ,19’S)
levels v ia the “methane smog cycle. ” Their Fig. 13 has been expanded upon and now includes
indicates a net ozone column production below I. Seasonal variation. Total ozone has long been
13 km of about I0~ molecules cm i’s.  Since then know- n to have a seasonal variation with max ima
the crossover altitude for NO 5 net production of occurring in winte r to spring and minima in summer
ozone has been pushed above 13 km by Hidalgo to fall. Photochernistry alone would predict a max-
and (‘rutzen (1976), Duewer et al. (l976), and imum in summer and a minimum in winter .
\~idhopf et al. (1977). 2. Latitudinal variation. Minima in total ozone
From their calculations Charneides and Wal ker occur near the equator and maxima occur polcw ard

(1Q73. 1976) concluded that tropospheric ozone is of 550 latitude.
near a state of photochemical equilibrium (i.e.. not 3. Biennial oscillation , Ozone obsei’~,itions
transport-dominated). Serious conflicts between generally- reveal an oscillation with an amp litude of
their results and observational data were cited by about 5% which in low latitudes is in phase wi th the
1-ahian (1974), Chatfield and Harrison (1976). and quasi-biennial oscillation in the 50-mbar zonal wind
Fabian and Pruchniewie, (1977). A reexamination over Panama. The oscillation shows an increasing
of the tropospheric ozone budget by Chameides and phase lag with latitude but little change in th .’ per~Stedman (1977). in the light of revised reaction rates centage amplitudes (Wilcox et al. 19~ ’)
and lower observ ed concentrations of odd nitrogen, 4. Day-to-day local variations. Day -to-d ,iy var i.i~concluded “that at mid-latitudes photochemistr~ tions of total ozone correlated wi th the pass ,igc of
acts primarily as an ozone sink.” synoptic systems have long been recognized

~ recent more complete tropospheric model by 5. Longitudinal variations. \s with synoptic
Stewart et al. (1977), using more recent reaction variations , changes in vertical motion pattern s .ind
rates, obtained results differing from previous heights of the tropopause induced by the
models in several respects. One of their more in- sernist ation ary long-wave patterns ol’ the general
terestang findin gs was that ozone did not increase circulation are accompanied by pr imar i l~monotorncalby with NO 5 bat rather exhibited a longitudinal variations in total 0,. In addition.
maximum for JNOJ 0,5 pph. Although they longitudinal variat ions in total ozone in the tropics
could choosc an NO5 concentration that would have been ascribed to large-scale cells of ascending
produce an ozone level near that observed, over and descending motion induced by- ~‘OnIinenl and
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ocean contrasts in surface heating and topographic molecules/cm 2 •s have been obtained Lising the
uplitt. same types of vertical transport used in models and
6. \orthern hemisphere total ozone increase of 5 basing the results at least partially- on observational

to I l~ from 1957 to 1970. Unless this change can be data such as the stratospheric profiles of blNO~ and
related to the parallel increase in stratospheric water \~O. Onl y estimates made using stratosp heric
vapor (Ilarries 1976), this increase, which is ap- profiles based on the tilter collections of IINO~ by
parentl y restricted to the northern hemisphere Lazrus and Gandrud (1974) provide numbers
(london and Kelley- 1974). cannot be exp lained by (4.4—12.4 x l0~ ) close to the mode of ’ the
photochemistry alone. Ellsaesser (l976c ) proposed theoretical estimates (II X 10 7), All other estimates
t hat this increase was due to a progressive weaken- derived from observed profiles of llNO~ and N O
ing of Ilad ley-cell-driven exchange between are 2-to-S-fold larger than the theoretical estimates.
stratosp here and troposphere evidenced by the Since t here are reasons to believe that the lilter
weakening and virtual disappearance of the Junge collections by Lazrus and Gandrud (19 74) ,ire un-
layer in 1971, the Sahelian drought , and the lower- derestimates . this seems to suggest rather strongl~ing and warming of the trop ical tropopause re- that curren t models are underestimating the odd-
ported by Angell and Korshover (1974). nitrogen budget of the stratosphere. This is a con-

7. Hemispheric variation. Most investigators elusion also reached by Ackerman (1975) and
have concluded that mean annual total 03 is less COMESA (1975).
over the southern hemisphere than over the
northern. London (1975), for the period July 1957
to June 1970, reported values of 282 and 2.13 Effect of Receiver
292 m’atm -cm , respectively. From IRIS data for Orientation on Erythema DoseApril through July 1969, Lovill (private com-
munication , 1977) obtained 303 and 318 Because reductions in total ozone would perniit
rn-atm-cm . and from Nimbus BtJV* data for April greater amounts of ultraviolet (uv) radiation to
1970 throug h April 197 1. Heath (1974) reported reach the surface of the earth (Cutchis 1974,
mean hem isp h e r i c  v a I u e s o 1 30 I and Halpern et al. 1974). a number of studies have been
314 ni-atm-cm. performed with the goal of assessing biological sen-

sitivity to ozone-induced changes in uv radiation
(National Research Council 1973). One branch of’

Stratospheric Odd-Nitrogen Budgets these studies has been concerned with the impact of
Tables 21 and 22 summarize a review of increased uv radiation on human beings, the prin-

stratospheric odd-nitrogen budgets determined cipal effects being increased occurrence of skin can-
from theoretical work and from observational data. cer (Urbach 1969, Giese 1968) and increa~ed
It is apparent that the theoretical work reveals an vitamin D production (Leach et al. 1976). One up-
uncertain consensus that N~O produces approx- proach has been to correlate skin cancer incidence
imately 80% of the odd nitrogen in the stratosphere data directly with ozone layer thickness. The possi-
and cosmic rays account for most of the remainder. ble influence of such factors as duration of sunlight .
While the N20 production rate shows a fairly clothing and exposure habits, and optical path
strong mode near 9 X l0~ molecules/cm 2 -s. the length have been considered (McDonald 1971 . van
range is 20-fold, extending f’rom 2 x l0~ to 40 der Leun and Daniels 1975). Another approach has
X I0 ’

~. Additional sources that have been proposed been to explicitly consider the dose of uv radiation
(other than cosmic rays) include: received as a function of ozone amount and ot her

I. Downward transport from the thermosphere, climatic variables (Green and Mo 1975). The radia-
particularly during the polar night. t ion dose is then related to cancer incidence al’ter

2. Oxidation of NH~, 
weighting by a wavelength-dependent function uc-

3. Upward transport of N02 from the counting for variation in radiation efficacy . This
troposphere . second approach. though less direct, is appealing

4, Ot her hypothesized but unidentified sources. because the mechanism of cancer production is
On the other hand, estimates of odd-nitrogen more fully represented in it. and it allows l’or cx-

turnover rates in the range 4.4—50 < 10 7 perimentation with combinations of independent
variables outside the rather narrow range of reliable
observat ion,

NUV is t he abbreviation ror t he hj~’kscatier ult raviotci ~ensor As the first step in this approach. Green and co-
carried on iht’ ~imhus sat et liie. workers developed a semiempirical model for
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ca lculating uv raditition at the surface of the earth in would normally’ he in a nonhorizo~~al posit ion In
the spectra l region 280— 340 nm ((i reen et al. t ’~,ct , the horizontal projection of ’ an upright person
1974a,b. Mo and Green 1974). They have calculated amounts to only a few percent of tota l sui’f,~ ’~ •ir v’.i
cry thernu (sunburn) dose as a function of total (I-ange r 1970), l’his suggests that rece~ve i ~‘i eiit,i-
ozone, solar zenith angle. latitude, season, and tion should he considered in the siutI~ ol us doses
cloud amount. l’hcir model was .ilso used in t he The cl’fcct of receiver orientation on incident
t lim,ittv’ Impact -\ssessmcnt Program’s analysis (~f solar radiation iv routinely included in stud ics of
ozone depletion ((ireen et al. 1975). building healing load ~e g- . K asuda I Q’ ~ and

One feature of Ihis model, and of uv dosimetry in human comf ort Morgtin 1972, Hurt 1976) Oi ient ,i-
general (Berger et al. 1975), is that the rece iver is tion has also hecit investigated directly in ~onnec
assumed to be horizontal. The geometry of humans, (ion with sot ith-f ’aeing pl atte • i rc. ts (I ),ive ci .iI lQ’~however, is such that the majority of exposed skin and human beings ( ler~ung and I owe l970 using
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TilNe 2,.’ Available estimates of continuous natural st,atospheflc wuuri~ev and si nks of odd nitrogen (I 0~ mokciu(cs in ‘ s

asermgvd over the $obr unless otherwise staled). Positive numbers Imp ly sou rces~ negativ e numbers, sinks.

Source at sink Refe~~nce Magnitude Rem stks

Oxidation of N20 by O(ib) in (‘i-allen (197 1) 0.29- 1.5 Pci Johnston 11972), nut stat ed in
the stratospher, repor t .

McElroy and McConnell 0.2 , 0.24 , 0.63 l’ropopausc’ values (IS kisi ) read from
(197 1) their F I g. lb. Ab*tract cues —0.2.

t)uc to difI’erenl diffusion prsufstes.
Nicolet and Peeteimans 0.5 2.5 Repoi ted as 1.5 ‘ I. Due In
(197 2) different diffusion and 0017’) pruf itt ’s

and zeni th andes.
lsaksen (1973.) 0.7, ( .0 , 1.4 WinIer, annual , and sunumer scerages
lsaksen (1973b) 1.2 computed from his Fig. 4. Quoted

by johnston t1974.) as 0.11 1.0.
Bruseur and (‘icslik 1.3 , 4.0 Integ rals computed frunu t heit
(1 973) Fig. 6 for t’su different su ffusion

profiles.
Ms.’(’onnell and Ms.E lroy 0,3. 13,9 For two different diffusion profiles.
1197 3)

McConnell (197.5 ) 0.3 , 0.9 Integrals computed from his li g. 4
for two differen t diffusion profiles.

Brasseur and Nicok I 03, 0.9, 1.4 , Integrals com puted from their
((97 3) 1. 9 Table I - t)uc to t~ifTorenI diffusion

smut O( it) ) profiles.
McElroy et ii . (1974) 0.819, 0.1189 Due to reduced and nomsal O t

profiles.

Johnston ( 1974b) -“ I (Sued on first three est inates above .
(‘rutien et at. (197 5) 0.23—2. 5 (‘ited IS lange of lu st four

estimates above.
Duewor et *1, (1976 ) 0.64. 0,98, 100 , Models (S, A. A - and ( . and (‘

1.53 respectIvely. Due parity to rate fo,

• N20 + O( ’D) reac tion.
Duewer (1976) 0.92 (‘urrent Lit. l.D model with new

(‘hang K, profltc and 20% increase
In O(’D) quench ing rate.

Schmcltekopf of at. 4.5 Observed N20 profiles and
( t977a) Cnstzen’s (1973) 2-D model .
Schmeltekopf ci at. S I  Observed N2() profiles and
(197Th) (‘rutzen’s (1973) 2-I) model.

OxIdation of NH3 McConnell and McElroy —0,9, —0.3. 1.0 Source considered mor~’ likelis .
Ii (1973)

Mc(’onnell ((973) —04, 0.6 —

ii 
McElroy •1 ii. (1974) 2.0 Integ ral computed from the ir Fig. I t .

Flux thto4s~l afratopause Crutsen (1971) 1.0 Tested in model.

Nkohet and Peetemians 0.5 For 8 7’s 105,cm 3 (40 ppb) of NO
(1972) at 80 km and ma.xlmunu diffusion.

McConnell and McElroy 0.15 Presc rIbed to model the poss ibility
(1973) of significant high-latItude winIer

transport.

McConnell and McElroy -0.4, —0,2 Upward fluxes at 30 km from their
(1973) Fig. I t .
Brasasur and Nicolet -0.1 to -0.02 Peak upwa rd fluxes on theut
(1973) FIg. 24.

: . t
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Table 22. (continued)

Source or sink Reference Magnitude Remuks

Flux through strstopausc (conkL) Crutzen (1974a) >0 Obtained from diffusion profile of
Wofay and McElroy (1973).

Heulvedt (1974) >0 Downward’directed gradient in NO
in high latitudes in winter.

Jo hnston (1974b) —0. 1 Provided it is a source at all.
Nicolet (1975b) 0 —

Duewer et at . (1976) —0.23 Model’computed photodissociation of
• NO in upper stratosphere.

Zinn and Sutherland <0 Upward gradient in model-computed
(1975) mixing ratio as slntopause.

• Flux through tropopause Lazrus and Gandrud —1 24 to —0.44 As HNO3, based on measured HNO3
(1974 ) and Krey and Krajewski’s (1970)

model.
Ackeiman (1975) —0.8, —3 , —5 As HNO 3~ larger values would

require NO source in addition to
N20.

Ackerman (1975) >0 As NO2, particularly in summer.

Galactic comsic rays (GCRs) Nicole t (1975a) 0.16, 0.24 Global mean solar cycle mm and
max , from integrals of his Fig. 10.

Net of ill sources Joh nston (I974b) 1.0—2.0 Given as net effec t of all natural
sources.

the entire solar spectrum. The purpose of this work distance to the earth-sun distance on a particular
is to determine the signilicance of receiver orienta- day. It thus allows for eccentricity in the earth’ s or-
tion in the wavelength region responsible fo r sun- bit , wh ich causes variations in the extraterres t rial
burn and skin cancer. The effects on erythema dose flux of about ±3.5%.
are considered for different latitudes and seasons, The terms A~ and D1 are optical thickness func-
and variations in total ozone and the erythema tions accounting for the presence of ozone (oz) . air
weighting curve are also included . (a) . and particulate matter (p): they are gi~en by

The procedure employed here involve s using the Green et al. (I974a):
Green model (Green et al. l974a ) to obtain total uv A ( O.X ) w k exp l— (X — A )/dj seq(O.y )rad iation (Qh + qh) as a function of wavelength A (IL (5/ 0 ~si

and solar zenith angle 0. Valid for clear sky condi-
• tions. it is essentially a Beer-Bouguer formulation ‘A ~

(or both direct beam (Qh) and diffuse (q~,) radiation. + w . k5( IL) seq(O .y 5 ) + w k (—n-) seq(O .y ~
)

The latter is assumed to be isotropically distributed. ‘ A . I P A I

- These fluxes are determined using the relationships ( 13-3)
= H(A) V2 exp (—A 1(O, X)1 c~ 0 (13 . 1) and

and D 1(0 , X )  K0, seq(0 ,q 1 )

q~(O.A) = 11(X) V 2 exp~—D1(O , X)J , (13-2)
I ( X X 0)

where H(A) is the extraterrestrial solar irradiance at X exP
i 

Kk(),wfl, — 
.

the mean earth-sun distance (taken from Howard et ¼.
al. 1960). The symbol V . which does not appear in

• the Green model , is the ratio of the mean earth-sun + K . ,15 seq(O . q.,) . ( 134 )
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where The ground reflec t i% ity r is small for sur laccs other
than snow- and ice at uv wavelengths (~~ondrat~c~/ sin 4 O \ l  ~ 1973) . \ value of 0.I w as chosen here forspcq(U) ~,

l — 1.14$ ) 
(13 -5) The sum + q~ + qf represents the tot.tl r.idta-

tion incident per unit area on a plane inclined at an
. angle ti and w ith azimuth a. Because radtat ion I s  fbian 

equa l l~ eflicient at all wavelengths lfl producing .tr L1 ~ biologic response. one cannot integrate incident
sur f) — 

2 radiation directly over wavelength and obta in— 

[
I — 

q 
~ 

. q = (I + (
~ ‘ fi . 

meaningful measure of skin tissue insult . One niusi
know the relative resl onse of skin to u~ ra di.ttto n ,is

(13.6) a f ’unction of wavelength. In the case of sunburn the 
•

so-called action spectrum (or erythen~a ef f ic ien cy
Values for the parameters appearing in ( 13-3 ) has been studied using Liv larnps (e.g . (ohknt, and
through (I ~ 6) ire the sa me as those publtshi.d in St tir 1Q~4 Magnus 1964 ( ripps and R im’. i~ IQ’O)
the study by Green et al. ( l974a) . tor  the spectral and ~an be represented by (Green et .iI. l’l 4h)
region considered here , the total ozone optical r 1

~ ~~7depth w~,is oispecial interest. 
~(X) = 14 ~~~ ~~To calcu late the direct-beam radiation incident L .—

on an inclined surface Q~. it is necessary to replace !? r —2
in t-q . (13-I) with the angle between the position of x ~,i + cxp~ ~ ~ 

- ( 13- I l )
t he sun and a line normal to the surface (i):

The action spectrum for skin cancer in humans is
Q (lI S A) 11(X) V~ exp l—A 1(O . X)~ cos i . (13.7) not known: it is usually- assumed to he the same asP 

for cry thema or similar to the t)NA action spec-
where (rum tSetl ow 1974).

l:quations (13-8) through ~I3- l I) may he used to
CbS I * CbS 0 COS 0 + sin a sin 0 cos (a — a ) . calculate the instantaneous erythema dose for any

time of day , date, latitude, ozone amounl. and
- - 

- (13.8) receiver position. In analyzing the effects of ’ recei~er
orientation, we have numerically integrated os-er

Here a ’ is the so lar azimuth (relative to north). ~i IS wave length and time to produce daily cry thcma
t he azimuth of the receiver, and a is the angle of the doses lor northern hemisphere latitudes, assuming
receiver ’s inclination (relative to horizontal). For a the receiver is stationary. Integrations were per-
horizontal receiver. a 0. Equations required to formed for the lSth day of each month using .i time
find if and a’ as a function of latitude, season. and step of approx imate ly 20 minutes. The total o one
time of day may be found in Dave et al. (1970). was specified as a function of latitude for each
Sellers (1965), or the Smithsonian Meteorological month based on data from t he Nimbus .1 satellite
Tables (L.ust 1958). The last reference also contains reported by I ox- ill (1972) . Ozone reductions of’ 10
tabulated values of V . and �09~ were also considered in the calculations.

l)iffusc radiat ion incident on an inclined surface To estimate the average dose for a population . 
- 

-has two components: that arriving from the sky as w here there is random orientation (i.e.. no prel~rred— scattered radiation. q5. and that reflected from the orientation), we made ca lculations while allowIng
surface . q

~
. Under the assumption of isotropic t he receiver to rotate 360° at each time step l)oses

reflection and the earlier assumption of isotropic at- were computed at 20° intervals in the azimuth
mospheric scatterin g, these quantities are given by angle. and the average of these was used for integra-
(Dave ci al. 1970): lion. The inclination angle i w as held fixed at

I values of 0. 45. and 90 degrees.q~(8 ,X) • -
~
- q1~(O ,X~ l + CbS a) (13-9) Figure 58 show-s the daily tota l erythema dose for

a rotated surface as a function of latitude for dii-and 
ferent ozone amount s and receiver inclinations for

(I A ) — ~ IQ (8 A) + (8 X) I the 15t h days of ’ June , September. and December.• 2 ‘ Follow ing the seasonal migration of’ solar declina-
t ion, the pe~.k daily cry thema dose occurs in the

* (I — cos a) - (l3 .lO) latitude region 30—45°N ~n June and moxes
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southward to 0—20°N in September and to the ‘ i i

southern hemisphere in L)ecem ber. 6 — (a) June 15
Ihe relationship between dose magnitude and in- a 0°

clinat ion is such that inclined surfaces generally 5 a 45°rece ixe lcss daily- integrated dose than a horizontal 
0

surface at the same latitude. Exceptions to this OC’ S ~~~~~~~ 5 
t& ;90 

—
cur in some low sun situations (large I?) where the 

•
.“ ,• 

.

~~~.• 
.
• 

— 20% !
dose on the inclined surface te.g.. .~ 45°l slightly S •• •• • •• • —10%~ ~ O3 —

exceeds that on ihe horizontal surf’jce. This result ‘~ 3 ~ 
~~ 

I —

in contrast to the study of Daxe et at. (1970) using - J
the ful l  solar spectrum where radiation on south. 2 ~~ — = ~~~ —

facing surfaces was show n to grow larger than that
received by a horizontal surface near the poles. At 

— 

— 

—
the wavelengths contributing to eryihema. the 1 10%

,~~~~
”~~~ ~~~~~~~~

radiation is predominantly difTuse. Consequently-, o Ithe angle of incidence does not exert as strong an in- 0 ‘

t luence as it wo uld w hen the radiation is ‘ J 
I I J I I

predominantl~ in the direct beam. For the isotropic 6 (b) September 15 —

model used here, the diffuse radiation flux incident ~
on an inclined surface decreases with increasing -

~~~ 5 &•••• —

ang le of inclination (E q. (13-9)) because as a in- ~ —20%crease s less sky is visible to the inclined surface (e.g.. I .
.

the ratio is I 2 for a = 90°). T. —10% ~ O3
l-igure 58 also indicates that daily erythcma dose ~ 

•..~~~~ 0
does nut change uniformly with inclination angle. 3 —

I-or example. at middle latitudes (30— 50°N) for a = _~~

450 , the daily erythema dose ranges from 75 to 80% 2 ~~~~~~~ 
—

of the dose received by a horizon tal surface 
~~~~depending upon mont h and latitude. For a vertical 

~~~ i — 

- 20% 
~~~~~~~~~~~~~~~~~ 

—surface (a 90 ). the daily cry thema dose ranges ô -10% ~ ,_
_-

from 25 to 509’ of the dose received by a horizontal 0 ~~0 ‘ 1 isurface .
\ ariations in a also alTeci the latitudinal gradient ‘ ‘ I ‘ ‘ I ‘

ol’ cry ihema dose. In June the largest changes in the 6 — (c) December 15 —

latitud inal gradient occur at middle and low
latitudes It-ig . SSa), wi th the smallest changes oc- 5 — —
eurring pokward of 60°N. Increasing a decreases
the latitudinal gradient poleward of the peak dose. 20% —

In September the latitudinal gradient is almost un- •.

changed at latitudes poleward of 50°N for a (45° . -~~~ 10% ~O3
hut the gradient is reduced by approximately a fac- 3 

• 0 —

• tor of 2 for a 90°. In December the latitudinal
gradient is reduced only slightly for a ( 45° in 2 ~ — —20% —

northern latitudes. -- - - -

I igure 59 shows the percent change in erythem a 1 — - 
10% 

—

dose .iS .i function of lat itude for the rotated surfa ce 
~~~~ 0

b r  reductions in total ozone of’ tO and 20~ . The
maximum percent increase in daily erythema dose 0 

n 60 90due to ozone reduction occurs at high latitudes
w here the aver age solar zenith angle is largest The Latitude — degrees north
amplification factor on erythe ma dose (~dose ,- ~~~ranges from about 1.4 at low latitudes to over 3 at
high latitudes (where th e dose is small). the max- 

~ ~~~ ~~~ .nshs.. è~e I. tha uurihtr. h~~i~ kers’
imum value depending on season. Increasing Ii f~ a ,ut~ied ~~~~~ iii June IL ibi ~~~. br. IS. i~~
decreases t he amplification factor at middle and low bet IS.
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latitudes . This occurs because a change in ozone substituting 270 nm fo r 297 nm in Eq. (U-lI ) .
amount changes the partitioning of energy between Aside from the expected decrease in dos e
the direct and diffuse flux components (see Eqs. (13- magnitude. very l ittle changed fr om the results oh-3)and (13-4 )) . In order for a change in partitioning ta m ed above. An important exception concerns the ; 

—

to have an effect on the amp lification factor , the fractional change in dose produced by- changingdire c t and diffuse componen ts must be roughly ozone amount, which k shown in Fig. 60. I)ose am-compara ble in magn itude. w hich is only tr ue for plifi cation factors are significantly higher at middlesmall zenith angles. Consequently , the greatest . -and low latitudes where the dose is alread~ highestvariation in amp lificati on factor occurs at the . . - - -

latitude correspond ing to solar declination , for the at.tion spectrum center ed at the s horter
As mentioned earl ier, the action sp ectrum for wavelengt h. The minimum amplification factor is

skin cancer is an unknown functi on. However , van now about 2.0 compare d with 1.4 for the results
der Leun and Daniels (1975) argue that the peak in shown in Fig. 59. The reason for this inc rease is
t he action spectrum shoul d occur near 270 nm, This related to the ozone absorp tion cross section. w hich
is shifted consid erab ly in wavelength from the loca- in the region near 300 nm is a rapidly decreasing
t ion of t he peak in the eryt hema action spectrum function of wav elength. Shifting the action spec-
described by Eq. ( I3- l  I), w hich occurs at 297 nm. tru m to shorter wavelengths, where the uv f luxes are
In order to test the sens itivity of dose to action spec- more sensitiv e to variations in ozone amount, leads
trum position. t he above calculati ons were repeated to larger amplification factors.
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3. SATELLITE OZONE DATA : PROCESSIN G , ARCHIVING . ANt )
ANALYSiS

3.1 Oveniew rhe Satellite t)i&’rie ‘~nal~ sis (‘enter (SO ~ (
‘ ) .ii

t ,iw-rence I ivermore laboratory w,is tormed i i i

- -~tmospheric total ozone has considerable tern- ~ugust 1976. Its purpose is to produce total oioiic
poral variability os-er a w ide va riety of’ geographical data of high quality f r o m  measurements taketi h~scales ranging from as large as the planetary scale to the unique cross-tr ack-scanning ~Il K sensor I his
as small as the mesoscale (see e.g. Bojkov and Lovill sensor permits areas .is small js ~ km in di,iii~cic~l969 . Dobson et ad. l927 . I)ths ch 1969 , h eath l974 . to he resolved t’or the first time wi t h pole.to-polc
london 1963. Lovill 1969. l970. Lovill and Miller coverage (I osi ll et al . l976). rhe incre•ised data r.”
l96$ . Miller et al. 1976. Pittoc k 1971. an d Reinking of this sensor enables 20 to 30 times as n~i’~~ ozone
and I ovill 197 1 ). These variations are postulated to data to he obtained per day as w a s  o~- .iined h~
be produced by- a number of e~ternaI as well as in- earlier satellite sensors. The initial St)A( 4kirt is
tern al forcing functions. The effect of external directed toward an analy sis of ’ the feasibilit y of oh-
mechan ism s (such as sunspot intensit~, solar proton ta m ing useful data from the MI- K ozone se ~soi
events , and solar sector crossings) and internal This feasibility study is scheduled for ctsmplctioi~ h~mechanisms (for example. (‘I-Ms. aircraf ’t effluents. ,lune l978.
volcanic eff luents , and transport phenomena) are rhe feasibility study will include a demonstration
not well undeistood presently, due principall~ to the of ’ the data-con~ersion technique. which is now be~small total-ozone data set ava ilable since the Cs- ing developed , and an assessment of ’ the quality of
tablishment of the world tota l ozone surt ’ace the ozone data that results. To assess the qualit~ of ’
network of Dobson ohser~atories tw o decades ago. this satellite ozone data. we will compare ii in detail
This surface networ k consists of fewer than 100 with corresponding I)ohson ozone data . We will
presently active total-ozone observatories . prin- also analyze the satellite ozone data to determine ii
cipall~ located in the northern hemisphere and on it can he assimilated with other atmospheric data
land masses . Clearly large voids rema in in this for a more complete understanding of ’ the at~“Dobson data ” network over oceanic areas and in mospheric general circulation and the delineation of
the southern hemisphere. anthropogenic and nonanthropogenic perturha-

The advent of the meteoro logical satellite sensor tions in the earth’ s atmosphere.
in the early l960s brought to the atmospheric l)ata analysis beyond the feasibility study will he
sciences the first satel lite ozone measurements in needed to show- to what extent the S0.-\C MER
l 969. The measurements were ta ken by the Nimbus ozone sensor data are of use in (I) initializing
3 and 4 spacecra fts ’ Infrared Interferometer Spec- numerical models, (2) long-term monitoring of ’
trometer (IR IS) and aae’kscatter Ultrav iolet (BUV) global total ozone for trend analysis. (3) analysis of ’
sensors. Two years’ wort h of data taken by these ozone variation at the meso-scale (which ma~ be
sensors has been processed at the present time possible with the higher resolution of’ the MER scn~(Heath 1974. 1 ovill 1974. Prabhakara et al. 1971). sor). (4) analysis of the diurnal variahil it~ of total
The satellite IRIS sensor pro~ided approximately 30 ozone (with a two-sat e llite ozone sensor sy stem).
times as many total ozone observations in a day as and (5) integrating with studies under wa y by the
the entire surface network could produce in the World Meteoro logical Organization ’s (ibohal
same time period. Moreover, the satellite data had Ozone Monitoring and Research Project ((IORM1’)
none of ’ the regional bias inherent in the surface and the United Nations Environmental l’rogram ’s
network data (Reiter and Lov ill 1974). The analysis Global Environmental Monitoring (GI:M).
of t his satellite ozone data has given additional in- The Defense Meteorological Satellite Program
sight into t he external and internal mechanisms (E)MSP) spacecraft with the MI-R sensors ,ire
mentioned earlier , designed to provide water -vapor and temperature

-~~ new- series of meteorological satellite sensors information to the Air Force Global ~\eat he r ( en-
with ozone measurement capability was authorized tral (.\}:GWC) for operational 1)01) mete-
for deployment in 1976 by the Department of orological commitments. At ’ter a stor age period of
Def ’ense. The first of these sensors (termed a Mul- less than 24 hours, these data arc o~erw riIien in the
tifilier Radiometer (MFR~ wa s launched in Sep- AFGWC data-base system by new data, and the old
timber 1976 and began transmission of mete- data would be lost if they we re not •irchised h~orobogical data in March 1977 . SOW -
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-\ memorandum of agreement was signed in 1976 3.2 The Satellite Multi lilter
between I aw rence Livermore Laboratory and the Radiometer (MFR ) SensorDepartment of Commerce’s Environmental Data
Service. Under t his agreement the U.S. Air Force SOAC’ receives spectral radiance data from the
will furnish all available MFR data to SOAC. The MI-’R sensors via u coinmunication link that allows
data provided will be raw spectral radiance values the satellite data to he telemetered to earth station-.
with time and location identification. In addition to in the United States and then retransmitted to ,i
converting this raw data to ozone data . SOAC will telecommunication geosy nchronous satellite , which
also transmit the unchanged raw data to the in turn transmits to the ~ir Force Global ‘s’s eather
National Climatic Center w here it wil l be arc hived. Centra l in Omaha. Nebraska. These data are then
F rom the derived ozone data SOAC w ifi produce mai led to SOAC (Fig. 6 1) on magnetic tape.

• daily global total-ozone maps for the -\ir Force and The cross-trac k-scanning MFR returns 16 spec-
NOA.-~. tra l radiance values: one radiance is located at

The ultimate use of’ the data is to permit the 9.~ ~m for ozone absorption, six are located in the
national and international scientific communities to t3-to- l5-~m CO’S band (selected for vertical tern-
perf’orm researc h directed toward a more complete perature structure delineation), eight are located
understanding of the var iability of the ozonosphere. between IS and 29 pm (selected for ~.erticaI and
The SOAC study contributes to this end by the in- total water-vapor distribution), and one channel i s
tegrution of ’ several tas ks, described separately in a(t 2 urn for determrnatton of the surface radiance.
the following Sections. The SOAC operational plan. The channel spectral centers, widths, and noise
which describes the data flow- beginning with the in- equivalences are indicated in Table 23. Note that
itial satellite sensor observation and terminating the noise-equivalent spectral radiance (NESR) for
with the data dissemination and research objectives, the 9.8-nm ozone measurement is only 0.05
is indicated in Fig. 61. erg/sec ’cm 2 ’sr ’cm -

~~ (Nichols 1975).

Satellite Ozone
I Analysis Center
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Tah!(’ 23 The ~- ross-Irack-scanning MFR sensor prov ides 16 channels of spectral rad iance data: one channe l for otonc (03) - -
it 9.8 urn, one chan nel for the window at (2.0 Mn?, six CO2 channels ii (3.4 so 13.0 Mm for delineation of tlic vertical
temperature structure, and ei~ st watcr ’vapo r channels at $8.7 to 28.3 Mm. Tabulated below sec the spectral ceniers, widths.
and nosse’cquivalent spectral radiances (NESRS) for the 16 data channels.

- - Spectral center - .Channel Spec ies Spectral NESK
No. detected (Mm) (cm~~ ) wid t h (cm ” ’ ) t t0 ” ~ W cm~ ‘si’~m”1)

0~ 9.8 $022 $2.5 0.05
2 (Window ) $2.0 835 8 0.11
3 (.‘O, 13.4 747 10 0.1 2
4 CO2 (3.8 725 10 0.11 

—
S CO2 $4. 1 708 10 0.11
6 CO, $4.4 695 t O 0.10 ‘

7 CO~ 14.8 676 $0 0.09
8 CO2 $ 5.0 668.5 3.5 0.30
9 11,0 18.7 535 ’ 16 0.15

t O 1120 24.5 408.5 12 0.14
I I  11,0 22.7 441.5 1$ 0.09
12 H~o 23.9 420 20 0.12
(3 1120 26.7 374 (2 0.18
14 1120 25.2 397.5 t O 0.16
IS 1120 28.2 355 IS 0.25
16 1120 28.3 353.5 II 0,33

“ Ibi s chj~ u ~i is no t  on th e I- I ~ I K sensor.

The A I-GVs C’ provides the lb-channel digitized, ter earth resolution by factors of 3.8 and 2 4. respec-
calibrated, and earth- located data in an eight- thel~, than given In the IRIS sensors on Nimbus 3
computer-word (36 bits per word ) packet for each and 4. The instrument data return ol’ 67 .5(X) ozone
sensor sample point. There are 25 samp le points per values per day is 20—30 times that of ’ any pres b u s
cross-track scan, l90 cross-track scans per orbit , ozone sensor.
and 144 orbits per day, giving a total of 67.500 The first of the new- series of .‘~ir Force
ozone. temperature. and water-vapor measurements meteoro ’ogical satellite sensors was placed into an
each day. The scan geometry of’ the sensor is given 835-km-altitude polar orbit on September lO . 1976.
in Fig. 62 (Nichols 1975). At the suborbit point note The satellite flight model I (Fl) was delayed from
that the field of view resolved is 39.3 km. This is bet- its originall~- scheduled launch date until difficulties

Suborbital
track

~~ Q ~~~~~~~~~~~~~~~ 
~ooOOO0000~~6~~~~~

o OOOOOoO000
~~~~~~~~:~~~

.1
~~~

M

I igur.’ iS~’ Scan gen.eu~ for the multifilter radiometer ~~ FR cross -irack-~.csgslng sensor u’,ed to obtain ike satell ite data from uhk’h
SOA( nilI deris, global ozone data . Earth projection of the scan is sho~niE.O.V. mean-. fie ld of slen i . All dimensions are in kilom etre,,.
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w ith the on-board computer and upper stage were theoretically possible to obtain 14 total oione ob-
alleviated . Prelaunch solar panel abnormalities dur- servations every 24 hours at the highest polar
in8 vibrational testing produced additional delay. latitudes (an ozone observational rate of once per
The F I vehicle achieved the predicted near-noon I .7 hours). Figures 64 and 65 indicate the optical
ascending orbit on September lO. but due to schematic of the sensor and the data flow . respec-
malfunction of an attitude-control gas valve within tively (Nichols 1975). Note that the ozone channel
m inutes al’ter launch. the spacecra ft began to spin at 1022 cm ~ makes six times as many obser~ations
about its vertical axis. The combined efforts of a as any of the other channels during a gi~en at-
USA F and industry team during the period from mospheric sounding.
September l976 to March l977 produced a software
telemetry command sequence that eventually per-
mitted stabilization of the spacecraft and allowed
data transmission on March 26. 1977. The Fl MFR

- . 3.3 Data Quality Controlsensor transmitted CO,. 1120. and 03 data until
September 1977 . but postanalysis of the data stream A SOAC Satellite/Dobson Calibration Program - 

‘

indicated sensor degradation and CO2 channel to relate the SOAC satellite ozone data to the Dob-
failure during the period July 15—29, 1977. son ozone data has been established to provide

The I’2 M FR sensor achieved an 835-km-altitude quality control for the satellite total-ozone observa-
orbit on June 5. 1977, This sensor orbits with a view tions. SOAC has carefully analyzed the data f’rorn
near the day-night terminator and a local early- the approximately 100 active Dobson stations in the
morning ascending orbit. The first M FR data were world ozone network and from them has selected a
transmitted from the sensor on July II, 1977. An F3 high quality subset to participate in the quality con-
MER sensor will be launched in early 1978. It will trol program. Thirty-three selected Dobson obser-
be identical to those on the Fl and F2 satellites . vatories have agreed to participate in the SOAC

Figure 63 indicates the location of all cross-trac k- program (see Fig. 66). These stations were not se-
scan total ozone observations over the northern lected for their geographical location, but on the
hemisphere taken by the Fl MFR on June 20, 1977. basis of quality of observation. The Dobson-
On this date approximately 31.000 observations observatory geographical coverage extends from
were made over the nort hern hemisphere. This is 90°S to 75°N (Fig. 66). The greatest data density is
10% fewer observations than the theoretical max- over North America. Europe. and in the
imum of 33,750 over a hemisphere. Note the high Australian—New Zealand area. As many as fi~e ad-
density of data over the polar region, It is ditional observatories may be added to our program
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igun’ 64 Optical schematic of the ocone. temperature. and nater-vapor detectoni in the %IFR sensor t ‘sieho ls I’s’7~~.

in 1978. pending the results of the 1977 Boulder prediction times at monthly intervals. These obser-
Dobson Intercompa rison program , vatories have agreed to transmit their total ozone

SOAC has obtained NASA/ NOAA software for observations at weekly intervals by either telex or
satellite orbit prediction and has modified the air mail, An example of the type of observation
coding for specific use. SOAC has an agreement taken at a typical observatory by the Dobson spec-
with the NORAD (Colorado Springs ) satellite- trophotometer can be seen in Fig, 68. Information
tracking facility to provide orbital elements of the from the Hohenpeissenberg observatory includes
DMSP satellites, These parameters are used with the total ozone amount (in units of m atm’cm). the
modified prediction software to produce a predic- background against which the observation was
lion of the daily passage of the M FR sensor over taken, the specific uv wavelength, and the optical air
each of the Dobson stations participating in the mass, These data from the global SOAC Dobson
SOAC program. An c~ample of the prediction sent network are integrated into the SOAC data base
to the participating stations is shown in Fig. 67. in- continually.
dicating the overhead passage time of the MFR sen- A communique was begun ‘n August 1977 m l -
sor for each day of the month for the Dobson obser- tiating a dialogue between SOAC and the par-
vatory in Hohenpeissenberg . Germany. ticip atin g Dobso n observatories , The communique .

All observ atories in the SOAC Satellit e /Dobso n referred to as the SOAC Bulletin, is issued at
alibration Program network receive the satellite monthly intervals and provides a frequent update to
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______________________ J Spectral 1 ______________________ 

I
splitting 

[ 
-

I Temperature Ozone I
• 1 Spectral7 channels, One channel, 7 channels, data650 to 850 cm 1 1022 cm”1 350 to 450 cm ”1 

input

I 2 looks 1 [ 12 looks 2 looks I
I per sta tion per S~Jtiofl per station

I 
‘
~‘ One summed 7 summed

look lookssummed window )
Data
processing

One window
look

‘5 /— --- ---

I i Data[ Sixteen 12—bit words per station output
S

l ,~ur, ~~ F loss dla~ram for data fro* (he .‘sone. temperature. s~d ~aier -sapor detectors in the %IER senso r I \ichols l’s’?~ t .

those in the ozone community interested in learning ternational Ozone Commission (lOC). and the
of research at SOW and those individuals outside W MO in the SOAC Bulletin urged that all L)ohson
of SOW interested in communicating their recent spectrophotomcters not participating in the inter-
results or comments on programs. As an examp le. comparison should calibrate against the sccondar~the September 1977 SO \C Bulletin was used in part instruments as soon as possible .
by the World Meteorological Organization (W MO) In addition to the special Dobson ohser~ations
to communicate to the community the stat ions that taken at the participating observatories , a smaller
participated in the Dobson intercomparison tests, set of observatories has agreed to launch
These instruments were designated in August 1977 ozonesondes simultaneous wi th  the passage of the
as area secondary-standard instruments by the In- MFR sensor. The fi rst of these simuli.ineous
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/ iI,’u,r M l ocations of the 33 l)obson obser storics th at has, agreed to particip ate in the SO.-t( Satellite ; l)obson ( idibration Program.

SATELLITE OZONE ANALYSIS CENTER (SOAC)

ORBITAL PREDICTI ON TIMES FOR SATELL I TE OZONE SENSOR (F2)

HOHENPEISSENBERO (47 08N - 1 1 OlE )

TIMES : GREENWICH MEAN TIME

OCT 1977

TIME 1 TIME 2

DATE HR MIN  SEC DATE HR MIN  SEC

1 4 41 21 . 86 1 6 20 0.79
2 6 4 5.89 2 0 0 0.
3 5 47 10. 97 3 0 0 0.
4 5 31 16.04 4 0 0 0.
5 5 14 21 . 08 5 0 0 0.
6 4 57 26.10 6 0 0 0.
7 4 41 3 1 . 1 1  7 6 20 10.04
8 6 4 15.03 8 0 0 0.
9 5 47 19.99 9 0 0 0.

1 0 5 30 24.94 0 0 0 0.
11 5 14 29 .88 1 0 0 0.
12 4 57 34.79 12 0 0 0.
13 4 41 39 .68 13 6 20 18.60
14 6 4 23 .48 14 0 0 0.
15 5 47 28 .33 15 0 0 0.
16 5 30 33.17 16 0 0 0.
17 5 14 37.99 7 0 0 0.
8 4 57 42 .79 18 0 0 0.

19 4 41 47.57 19 6 20 26.49
20 6 4 3 1 . 2 5  ~0 0 0 0.
21 5 47 35 . 99 21 0 0 0.
22 5 30 40 .72 22 0 0 0.
23 5 14 45.43 23 0 0 0.
24 4 57 5 0 . 1 1  24 0 0 0 .
25 4 41 54 .79 25 6 20 33.69
26 6 3 38 .34 26 0 0 0.
27 5 47 42 . 97 27 0 0 0.
28 5 30 47.58 28 0 0 0.
29 5 14 52.18 29 0 0 0.
30 4 57 56 . 76 30 0 0 0.
31 4 42 1.31 31 6 20 40.21

/ ,v.rr .S l samplo of the predictiona supplied to each participating Dobson obse rsator, of the times ‘shen the satellIte s ill be oserhs’*d.
This p,l.e.us ihssss the ptr~dk-t.d pamage times for DMSP Satellite El oser the l)obson obsersator~ in Hohenpeissenberg. German . for the
monh it (kiuke lPfl.
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results is show n in I ig . t~9. l’his is for a high- and 12 ozonesonde soundings f rom I luhenpeissen
altitude . low-pressure case. Smoothing has been berg (middle-latitude locat ton i. [hese %uunditlgs are
achieved using a triangular siit l’unction. This phase ass imilated together and run against t he hand
of development determined w hich spectral interv als fllOdCl and lmnc-h~ .line ca lculations to produce .i

could be processed using the hand model and which s .mrie t~ of ’ multilevel. n ultilacttudin.tl mode ls,
required the line-h~-lm ne mntegrat ion technique. \pp roxima te l% t (XX) ozonesondes are ,trchiscd in

The second stage of ’ technique development ss as the SOS( ’ data base , These cons ist of ’ data l’roni
focused toward the selection of high-quality vertical numerou s observatories around the ss orld that
0/one data, well distributed both h~ latitude and begati taking vertical ozone soundings in the earls
season, The selection wa s made, for examp le . from l%t)s . ‘S large number of ’ these soundings arc
12 ozonesonde soundings in ‘Sntaretica and 12 uttliied to generate statist ics for regressIon and
I’rom Northern Canad.t (high-latitude casest . 12 clgenvectur an a l~ ses with various sestso ,iall~ and
ozonesonde soundings from Panama (tropical set I. Litttudinall~ dependent distributions.
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The final stage ot’ the technique development will ozone values obtained dail~. The data wil l  he ,iis-
involve generation of large samples of simulated pla)ed in a graphical form similar to that shown inmeasurements for the desired MI’R channels
through the use of’ transmittances for individual Fig. 70 and will also be tabulated in a global 20 grid
profiles of atmospheric gases and temperature. and Processed ozone values with spatial and temporal
the development of’ the statistical regression equa- locations will be available on tape to all interested
tions relating the measurements to total ozone. . . - .agencies. A master soltss are program is being writ-
33 Data Analys is ten which will sequentiall> run the s is. program s in-

A computer spline analysis will be performed on volved in the data ca libration, processing. qualit~ 
—

the approximately 68.000 final processed total- control, and spline analyses in a production mode

SI



r—’-— --——’--’
~

—
~
’-
~
’ 

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

--

~ 

~~~~~~~~~~~~~ . :“ ~~~
‘ —:~-===: ~~~~~~~~~~~ “ -~~~ ‘ —•—‘- - - - ‘—-,.- ~~~——~

-,
~ —-~—‘r-’-’—-- . ‘-.•-—— - ~~~~~~~~~~~~~ ‘~~“~~~ -

~~~ . 

-

4. REFERENCES

‘ .‘\ckerman. M.(1975L ’ NO. NO~ and I1NO~ Below 35 km in the Atmosp here.”.! .4 imos .S ’i 32. 1b4’4- l(5’
Anastasi . C. .. P. P. Remand. and I. Vs . M. Smith (1976), “Rate Constants for OH + NO~ (+N~) ‘ llNO~(+N-,) Between 22O and 358 K .’ ( !,e,,i. Ph i ’s . I.eii. 37. 3’1O.-372.
.Snastasi , C.. and I. W . M . Smith (1976), ‘K inetics of the Reaction OH + NO~ t+M)  -. 11N05 (+MI  Over a

Wide Range of’ Temperature and Pressure.” paper presented at I 2th (‘onference on Photochciuistr~,
(iaithersburg . Maryland. June 28 through July I, 1976.

Angell . .1. K.. and J. Korshover (1973). “Quasi Biennial and l ong-Term Fluctuations in Total Ozone:’ l ion
II eather Rev . lOt . 426—443.

Angell. J. K.. and J. Korshover (1976). “G’obal Analysis of Recent Total Ozone Fluctuations.” l ion.
h e a ther Rev . 104. 63—7 5.

Anderson, J. (1.. and I:. Kaufman (1973) . “Kinetics of the Reaction OH (i. = 0) + O~ . IIO~ +O~.” 
( ‘hem. Phi ’s . l eit . 19. 483—486.

Ashby. R. W - (1976), -l S umt ’ru’al Studi ’ ~/ the ( ‘hemical ( ompas:twn of tht ’ Stratosphere. Ph i). thesis. Un-
iversity of Wisconsin (University Microfilms No. 76-206 53) .

Bailey. I- . H. (1945), “Hydrogen-Ion Concentration of the Important Soils of the United States in Relation to
Other Profile (,‘haracteristics: II. Pedalfers and Soils Transitional Between Pedocals and Pedalfers .” Soi l .~.-i
59. 239—262.

Bates. I). R.. and P. B. IIa~s (1967). “Atmospheric Nitrous Oxide .” Plane’t. Spas ’e’ Sd. IS . 1 89—19 7 .
Bauer. I- .. and F. R . (lilmore (1975). “ElTect of’ ‘Simospheric Nuclear Explosions on Total Ozone.” Rev

(ieop hi ’ .s Space Phi ’s . 13. 4 51—4 57 .
Haulch. D. I . D. D. Drysdale. I). (I. h o m e, and A. C. Lloyd (1972). Evaluated kinetic flaw for h igh I~’ns-perature Reactions , I al I: hloiiiogeneou.s (ia.s Phase Reactions of ’ the hl ,—O~ S) ’.ctem (Butterworths. London)
Haulch. U. 1.. I). U. Drysdale . and U. G. l-Iorne (1973), Et&uaied A /,u’i/c’ /) aia /~r 1/1gb Iemperaiuri ’ Reac-
lions. I oh. 2.’ Ilomssgeneou.s’ (lax Phase Reactions of t/ic If.— ,\ ~— O~ Si ’stem (Butterw-orths . London).

Berger. L).. U. F. Robertson. and R. F. Davis (1975). “Field Measurements of Biologically Effective US’
Radiation.” Appendix I) of (‘hapter 2 in lrnpact.c o / ( ’ himatic (‘hange on the Biosphere . ClAP Monograph 5
(U.S. i)epartrnent of Transportation. Washington . D.C.).
I3ojkov. R. U.. and .1. E. i.ovill (1969). “Comments on Berson ’s ‘Spring Warming-Transfer Processes in the

ow-er Antarctic Stratosphere.” !‘ellus 21. 284.
l3rasseur . G.. and S. Cieslik (1973), “On the Behavior of Nitrogen Oxides in the Stratosphere ,” !‘ure and -ip-
plied (ieoph t’ .sit ’s I !‘ I (l E O! ’! !)  106— lOS . 143 1—1437.

Brasseur . G.. and M. Nicolet (1973). “Chemospheric Processes of Nitric Oxide in the Mesosp here and
Stratosphere,” Planet Space Xci. 21. 939—9 61.

Broderick. A. J. (1977). “Stratospheric Effects from Aviation,” paper presented at the A IAA / SA L 13th
Propulsion Conference. Orlando. Hon da, July 1977 .

Burgess. R - H .and 3 (‘ Robh (19~7). “The Mercury-Photo-Sensitized Reaction of Hydrogen and Os.sgen am
Room Temperature.” ( ‘hem. .Soc. Spec. !‘u!’l. 9. 167 .

Burrows . 3. P., (1. W . Harris. and B. A. Thrush (1977). “Rates of Reaction of HO~ with HO and 0 Studied h~Laser Magnetic Resonance.” \ature 267 , 233 — 234.
Burt. J. E. (1976). Human i’hern,aJ Corn/art in the I .S.. M A .  thesis . Universit~ of California. Lo s Angeles .
California.

Callis. L. B.. R. E. Boughner. V . Ramanathan. and J. F. Nealy (1976). “Ozone: Fifect of U S ’  Variability and
Stratospheric Coupling Mechanisms,” paper presented at t he International Joint Symposium on At-
mospheric Ozone, Dresden, East Germany, August 9—1 7 . 1976.

Chamberlain. J. S.. and C. B. Leovy (1975). I /u ’ Stratosphere. 1V75-1980. Report of a Works hop. May 28-30,
1975. NASA Goddard Space Flight Center. Greenbelt. Mary land. pp. 44—48 .

Chame ides, W . L. and D. H. Stedman (1977). “Tropospheric Ozone: Coupling Transport and
Photochemistry,” .1. (leap/ n’s . Res . $2. 1787—1794 .

Chame ides . W . 1., and J. C. 0. Walker (1973). “A Photochemical Theory of Tropospheric Ozone .” .1
(leop hys. Res. 78, 8751—8760.

Chumeides. W . 1.. and 3. C. 0. Walker (1976). “A Time-Dependent Photochemicul Model for Ozone Near
the Ground,” .1. (leopht ’.c . Res. SI . 413—420.

$2



-‘: ~~~~~~~~~~ ~~~~~~~~~~ 
“ ~ ~ ‘T~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
“— -‘--— - - 

~

—- -

~~

-‘. ,-.

~

—--- --

~ 

- - -- “~~
-—-—- ‘

~
‘•
~-T .

~~~

(‘hang. .1. S, ( 1974). “Simulations. Perturbations. and Interpretations .” in Proc. 3rd ( ‘I I I’ ( ‘on! . I. ~ S L)ep~mrt-
ment of Transportation . (‘ambridge. Mass,. February l974 . DOT-TSC-OST-74-l5. pp. 330—34 1

(‘hang. .1. 5, (1975) . “Uncertainties in the Val idation of Parameterized Transport in I-U Models of ’ the
Stratosphere. ” in Proc ’ , 4th (‘I I I’ ( ‘on/ . , It S. Department oflransportat ion. (‘ambridge. Mass . Dor-Ts( ’-
OST-7 5 -38. pp. 175—1 82.

(‘hang. J. S. ( 1976). eddy diffusion profile described in High -l ititude I’ollution Pragrani I ir.sl lnnu ,l Repori
Il~)76I. l’rederick M~ luther. principal investigator, Lawrence Livermore t,aborator~. [ is’errnor~’. 

( ‘alit’..
U(’Ri,.50042~76. p. 4 f ’f.

(‘hang. 3. S. (1977). “Tropospheric Modeling. ” paper presented at the Gord on Conference on ins irssnm ental
Sciences: Air . New Hampton. \‘irginia. August 15—19 . 1977 . (Chang was also chairman of the Stratospheric
Session at this conference.)

- (‘hang, .1. S.. and W . It. Duewe n (1973 ), “On the Possible Effect of NO5 Inj ection in the Stratosphere i)ue to
l’ast Atmosp heric Nuclear Weapon Tests ,” paper presented at the A IAA -AMS Meeting. Denver. (‘olorado.
June 1973. Lawrence L ivermore Laboratory. Livermore, (‘alif.. UCRL-74480 Preprint.

(‘hang. J. S.. and W . H. Duewer(1977) . “New’ Theoretical I stimate of the Effect of Past Nuclear I’csts on
Ozone,” FOX !ran.c . I(,I 55(8). 689 (Abstract). Paper presented at the IAGA ’IAMAP Joint .‘\‘.semhl~.
Seattle. Was hington. August 22—September 3. 1977. L.aw-rcnce Livermore Laboratory . Livermore. (,‘alii..
U(’Rl. -79302 Abstract.

Chang. .1 . S., W , H. I)uew-er. and I), J - Wuebbles (1977). “The \tmosphenic Nuclear Tests of the SO’ s and 60’s
A Significant Test of Ozone Deplet ion Theories.” submitted toi. (,eopht ’s . Res, (September 1977). law renc e
l.iverrnore Laboratory . L.ivenmore , Cal if., UCRL-80246 Preprint.

(‘hang. J. S., A, (‘ , ljj ndrnarsh. and N. K. Madsen (1974). “Simulation ofChemical Kinetics Transport in the
Stratosphere ,” in Xl i i i  !) itleren:ial Sm’sierns. R. A. Wil loughby. Ed. (Plenum. New- York ) . pp. ,Sl 6~

Chang, J. S.. and F. Kaul’man (1976), private communication cited by F. Kaufman in “The Ten Most \~ anted
Rate (‘onstants in Stratospheric Chlorofluorocarbon Catalysis.” paper by F. Kaufman and M. S. /ahniser
presented at 172nd AC’S Annua l Meeting. Sun Francisco. (‘alit.. August 29—September 3. 1976.
(‘hang, J. S.. and F. Kaufman (1977). “Determination of an Upper Limit to the Rate Constant of the Reac-

tion OH + HO~ H O  + O~,” paper presented at t he AGU Spring Meeting. Washington. I).(’., Ma~ 30--
June 3. 1977 .

Chung. J. S.. and J. I - Penner (1977), “Analysis of Global Budgets of hlalocarbons .” paper presented at the
IA(iA/ IAM .’\P Joint Asse mbly. Seattle. Was hington. August 22—September 3. 1977 . Lawrence L ivermore
l.aboratory. Livermore, (‘alif.. UCRE.-793l8 Abstract.

Chang. ,I, S.. and D. J. Wueb hles(l976). “A Theoretical Model of Global Tropospheric OH L)istribution.” in
Proceedings of t he Joint A GU/AMS Symposium on the Non-Urban Tropospheric (‘omposition.
Hollywood. Florida, November 10—12 , 1976. Lawrence Livermore Laboratory, Livermore. (‘alif.. U(’Rt -

78392 Preprint.
(‘hang, 3. S., and D. J. Wuebbles (1977). “Fully Diurnal Averaged Model of the Stratosp here.” paper pre-

scnted at the IAGA/ IAMAP Joint Assembly. Seatt le, Washington, August 22—September 3. 1977 . law rence
Livermore Laboratory. L.ivermore, Calif.. 1~CR 1 -79117 Abstract.

(‘hang. J. S.. I). J. Wuebbles, and D. D. Davis (1977). “A Theoretical Model of Global Tropospheric OH 1)is-
tribution.” revision to paper presented at the Joint AGU/AMS Symposium on the Non-Urban
Tropospheric Composit ion, Hollywood, Florida, November 10—12 . 1976. Lawrence Livermore laboratory.
l ivermore. (‘alir. UCRL-78392 Prepnint Rev , I (1977).

Chatlield. R.. and H. Harnison(l976), “Ozone in t he Remote Troposphere : Mixing Versus Photochemistry- .”
1. (leap/i i ’s . Res . SI. 42 1—4 23.

(‘hnist i~. A. P. (1973). “Secular or Cyclic Changes in Ozone,” P4 (i l ’O! ’I I  106— lOS. 1000—1009.
Cob lcntz. W . W .. and R. Stair (1934), “Data on the Spectral Erythemic Reaction of the Untanned h uman

Skin to u ltraviolet Radiation,” I 5. Bureau of Standards .1 Rt’s . 12, 13— 14.
(‘OMISA (1975), Ihe Report of the (~i??s?niuee oil . tieteoro logical Fl fret.c of ~Strae ’o.cpherft ’ 4 irs ’ra / l

l~ ’2-~ 1975 . U. K. Meteorological Office. Bracknell.
(‘ox . K. . \.  (1975). “The Photolysis of Gaseous Nitrous Oxide: A Technique l’or Obtaining Kinetic Data on
Atmospheric Photooxidution Reactions.” m t .  .1. ( ‘hem. &inetic.c S.t’mp. ‘so I ,  379—398 (Proceedings o fF irst
Symposium on Chemical Kinetics Data for the Lower and Upper Atmosphere, published by Wi ley . New
York.)

(‘ox . R - -\ - .  K . ci . Derwent. A. F. Eggleton. and 3. E. l.ovelock (1976), “Photochemical Oxidation of Halocar-
bons in the Troposphere.” - l imos . Fns’iron , tO , 305—308.

83 . —

—~~~~~~~~ -~~~~~~~~~~ -- -‘



~ -~
- 
.‘

—‘--~ :~,.
‘
~
—:‘-:

~ ~“~‘:~~‘-‘:T— 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

,‘,
~~~~~~~

—‘—‘---
~~~

—“- -- -.---‘--‘--,- -
~~

---—.-

(‘ripps. L) . . I,. and C. A. Ramsay (1970). “Ultraviolet Action Spectrum with a Prism-Grating
Monochromator ,” lint. .1. l) er,naiol. 82. 584— 592.

(‘rutzen, I’. J. (197 1). “Ozone Production Rates in an 0x~gen-Hydrogen-Nitrogen Oxide Atmosphere.” .1
(ieup lit ’s . Re.s 76(30). 731 1—73 27 .

(‘rutzen. P. 3. (1972). “SST’s— ’\ Threat to the Earth’ s O,one Shield,” ‘lmhio 1. 41—SI .
‘ (‘rutzen. P. J. (1973). “A l)iscussion of the Chemistry of Some Minor Constituents in the Stratosphere and

Troposphere.” I’ l ( l l ~OPI! 106—ION. 1385— 1399.
(,‘rutzen. P. J. (1974a). ““s Review of Upper Atmospheric Photochemistry,” ( ‘an. J. ( ‘hem 52 . I ~69— I ~S I
Crutzen. P. J. (1974b). “Photochemical Reactions Initiated by’ and Influencing Ozone in I. npollutcd

Tropospheric Air.” Iellu.s 26, 47—57 .
(‘rut/en. P. J. (l975~. unpublished memorandum circulated in December 1975. cited by Johnston (1977) .
Crutzen. P. J. (1976). “Upper Limits on ..\tmospheric Ozone Reductions Following Increased Application of

I”ixed Nitrogen to the Soil.” (ieophj ’s. Res . i.eiz. 3. 169— 172.
(‘rut/en. P. .1.. and D. H. Ehhalt (1977), “Effects of Nitrogen Fertilizers and Combustion on the Stratospheric

Ozone Layer , ” lmhio 6. 11 2— 11 7 .
(‘rutzen, P. J.. and I. S. A. lsaksen (1976). “The Impact of the Chiorocarbon Industry on the Otonc Layer.”

preprint submitted to .1. (leap /i ‘s. Res.
Crutzen. P. 3., I. S. A. Isaksen. and G. R. Reid (1975). “Solar Proton Events: Stratospheric Sources of Nitric
Oxide.” Science 189. 457—459.

(‘utchis. P. (1974). “Stratospheric Ozone Depletion and Solar Ultraviolet Radiation on Earth. ” .‘~,i~”mee l~ 1.
13-19 .
(‘zeplak. G.. and C. E. Junge (1974). “Studies of the lntcrheniispheric Exchange in the Troposphere by a Dil’-
l’usion Model,” Ids’. (, eap hv s . ISB . 57— 72

Dave. J. V .. P. Halpern, and H. J. Ms-ers (1975) . ~Solar Energi ’ incident ~ pan a Soush-hwing . J ilted. I / a t Sur-
f ace I nder ( ‘loudless ( ‘onditian.s . IBM Palo Alto Scientific Center, Palo Alto. Calif.. (1320-33 31,

Davis. 0. I.~~. (1974), -Ih.w/ute Rate ( ‘oil s-ta,: iS for I’.’/emenzari’ Reactions of .4inwspherie JPn/ ’arIaPh ’.’ Results
Irons the ,,ii ’ersiii ’ of ’ ,t lari ’land ’ .s ( las A i,u’ti(’.c Laboratort ’ . University of Maryland. Chemistry l)cpartment
Report No. I.

Davis , D. U.. and 0. Klauber (1975), “Gas-Phase Oxidation Mechanisms for the Molecule SO~.” In: .1
( ‘hem. A inetic ’s 5ii ’mp. ‘so. F. 543— 556,

DeMore. W U. (1973). “Rate Constants for the Reactions of Hydroxy l and Hydroperoxy l with O,one.”
.S’c ’j en c’e ISO. 735— 737.

DeMore. W . B. (1975). “Rate Constant Ratio for the Reactions of OH with O~ and CO.” In:. .1 ( hem
Aineiicc Situp. ‘so. 1, 273— 280.

DeMore, W . B.. L. St iel, R. T. Watson. R. Hampson. U. Garvin, J. Margitan. M. Molmer. and U. (lolder
(1977). “Laboratory Measurements,” in (‘h!orofluoro,;selhcsne.c in the Siralo.cp hc ’rc ’. R. U. Hudson. Ed
(National Aeronautics and Space Administration. Greenbelt. Mary land). NASA Reference Publication
1010. pp. 1-SO.

fleMore W B., and E. Tschu ikow-Rout (1974). “Temperature Dependence of t he Reactions of OH and Hth
wit h O~,” .1. I’h,m ’s . ( ‘hem 78. 1447 — 1451.

Dixon-Lewis, 0.. J. B. Greenberg. and F. A. Goldsworthey (1974). “Reactions in the Recombination Region
of Hydrogen and Lean Hydrocarbon Flames,” Proc. /5:/i .St’flipo .ciUUi on (‘ omhu.c:ion . pp. 7 17— 730.

Dobson, 0. M. B.. U. N. Harrison, and 3. Lawrenc e(I926) . “Measurements of the Amount of Ozone in the
Eart h’s Atmosphere and Its Relation to Other Geophysical Conditions.” Prot ’. Rot ’ Sac ’. A- h O, (stsO— 693.

Duewer, W . H. (1976). private communication.
Ducwer. W . H. (1977). “Evaluation of the Sums and Densities of Vibrational Energy Levels fo~ Coupled

Anharmonic Oscillator Models of Small Molecules and Some Implications for RRKM Calculations ,” paper
presented at t he 173rd National Meeting of the American Chemical Society. New’ Orleans . Louisiana .
March 20-25. 1977. Lawrence Livermore Laboratory, Livermore. Calif.. UCRL-78795 Abstract.

Duewer. W , H.. D. J. Wuebb les. and 3. S. Chang(l977a). “Effect of NO Photolysis on NO~ Mixing Ratios,”
.‘sa:ure 265. 523— 525 ,

Duewer. W’, H,. D. 3, Wuebbles. H. W , Eltsaesser , and .1. S. Chang (l977b). “NO5 Cata lytic Ozone l)esmruc-
tion: Sensitivity to Rate Coefficients.” 1. (leap/i t ’s . Res . 82. 935—942.

Duewer, W. H.. D. J. Wuebbles. H. W . Ellsaesscr , and J. S. Chang (1977c). “Aut hors Reply’ to Comment by
Johnston and Nelson.” .1. (ieoph,i’.c. Re,c. 82. 2599—2605.

84



-.--
~ 
-.—- -

~
- ..—‘--

~ ~
-

~
‘--- =-::

-‘.: -
~~~~----‘ 

~~
-

~~~ :~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘-—-‘- 

- —
~~

--- 
-~~~~~~——

l)~itseh. l’I, U. ~ 1969), “Atmospheric Ozone and Ultraviolet Radiation.” in II ar id S i i r s t s  of ( ‘ls,,sa:oIog~s’ , H.
Landsberg. I d. flilsevier. Amsterdam ). vol. 4.

l)’~tsch. II, Ii . t 1971). “Photochemistry of Atmospheric Ozone,” ‘lds’. (ieoph,i ’.s’ . IS. 322.
I)~hsch. H. U. ( 1973). “The Present Status ofOzone Research: Photochemistry and Ohser~ations.” Proc . 2nd
( ‘I IP  C on]. ( ( I S. 1)cpartment of Transportation. Washington. D.C.). DOT-TSC-OST-73-4, pp. 106— 113.

I)~itsch, II. ~1 , and Th. Ginsburg (1968). “Parametric Studies on Ozone Photochemistry .” Pure ’ Ipp l.
(seop li t ’s . 72. 204—2 13.
Ihhalt. 1), H. (1974). “The Atmospheric Cyc le of Methane,” I c//u. s 26, 58—70.
Ellis. J. S., and T. H. yonder Haar (1977). “The Earth’s Radiation Budget Sensitivity’ to Cloud Amount as

Determined from Satellite Measurements ,” paper presented at the lAG ’s IAMAP Joint Assembly. Seattle .
Washington . August 22—September 3. 1977,

a Fhisuesser . I-I, W ,(l976a). “A Reassessment of Stratosp heric O,one: Credihiliiy of ’ the Threat.” invited paper
presented at the Environmental Health Sciences Symposium on SST Pollution and Skin Cancer. Hollywood.
Florida. October 25— 29 . 1976. Lawrence Livermore Laboratory- . Livermore. Calif.. UCRL-78285 Preprint.
Accepted subject to revision for publication in Climatic ’ (‘hange .

Lllsaesscr . H. W . (1976b), “Ozone Destruction by Catalysis: Credibility of the Threat .” paper presented at the
Fall Annual Meeting of the American (ieophysical Union. San Francisco . Calif.. December 4—8 , 1976.
Lawrence Livermore L.aboratory . Livermore. Calif., UCRL-78627 Preprint. Accepted subject to revision for
publication in 1 tnw.s-pheric Fm’ironn:eni.

1’llsaesser . H. W. (l976c). “The Increase in Tota l Ozone of the 1960’s: Probable Cause,” paper presented at
the International Conference on the Stratosphere and Related Problems, Logan. Utah. September 15—1 7 .
1976 . Lawrence l ivermore Laboratory. Livermore. Calif., U(’RL-78408 Abstract.

I llsaesser . H. W. (1977a). “Comments on ‘Estimate of the Global Change in Temperature. Surface to 1(X) mb.
Between 1958 and 1975.” %Ioi,. l l ’ eaiher Res ’ . 105. 1200—120 1.

l-llsaesser. H. W . (1977b). “Comments on ‘The Distribution of Water Vapor in the Stratosphere.” Re~
(ivuph i ’.s . .$’p ace P hrs. 15, 501.

I’.llsaesse r. II. W . (1977c). “Has Man Increased Stratosp heric Ozone?” ‘sattire 270. 592— 593
Fabian, P. (1974). “Comments on ‘A Photochemical Theory of Tropospheric Ozone’ by W . 1. Chameides and

J. (‘. (i . Walker.” .1. (leap /ii ’s. Res. 79. 4124—4 125,
Fabian. P.. and P. 0. Pruchniewicz (1977). “Meridional Distribution of Ozone in the Troposphere and Its

Seasonal Variations. ” .I~ (seo pk s’s . Res. 82. 2063—2073.
I:anger. P. 0. (1970). !herma/ ( ‘onif or: (Danish Technical Press. Copenhagen).
1-Eshman. 3,, and P. 3. Crutzcn 1976), “A Numerical Study of Tropospheric Photoc hemistry Using a One

Dimensional Model.” in Proceedings of the Joint AGU/AMS Symposium on the Non-Urban Tropospheric
Composition. Hollywood. Florida. November 10—12 . 1976.

Fo ley. H. M.. and M. A. Ruderman (197 2), Stratospheric \ il r i i  Oxide Production Irons I’a.sI ‘sue/va, / spin-
sgon.c and u . s Relevanc e to !‘ro~vt’ted SSI Pollution, Institute l’or Defense Analyses. JASON. Arlington .
Virginia. Paper P-894. pp. 1-25.

Foley. H. M . and M ‘s Ruderman (1973). “Stratospheric NO Production from Past Nuclear Explosions .” .!
(ieO/~li’.% . Res 78. 444 1-4450.

l oner. S. N.. and K. L.. Hudson (1962), “Mass Spectrometry of the HO~ Free Radical .” .1 ( hen, Phi s 36,

268 1— 2688.
Frederick, 3. F.. and P. B. h ays (1977) , “The Need for a Revised Theory of Mesospheric Ozone.” ~ OS Iran.s

I(,( 58(6). 462 (abstract).
l’rcnkiel. I- . N. (19 55). “Ozone Theory’ in the Troposphere.” .1 ( ‘hem. Phi’.s 23. 2440.
Friswell . N. .1 .. and M. M. Sutton (197 2). “Radical Recombination Reactions in H~ O~-’N, Flares: Participa.
tion of the HO Radical.” ( ‘hemis. Phi ’s. l. ’u IS. 108— I 12.

Garvin. U.. and T . H. (levctntman (1972). ( hem/ca l Aineiic.s /) aia .“iurs ’ei ’ . Ill. Selected Rate (‘on.c:am.s for
( ‘hen,i ’aI keac ’tios,.s ’ of Interes t in ‘limospher u ’ ( ‘hemistr v. National Bureau of Standards. Washington. D.C..
NBS Report 10867.

(iarviii. U.. and R. F. Hampson (1974). ( ‘hemic ’al A inetics i)aia .Survei- . I ii. l ab/es ojRare and Ph4’m:oehemic ’al
I)a:a for .t lodeling of the ‘stratosphere . National Bureau of Standards . Was hington. D.C., NBSIR.74-430
(Revised).

Gelinas. K. J. (1974), .‘sum?,sars’ of Radiatis ’c’ I)aw I .sed in 1,1.1. I imospheric ’ Phr.cs~ 
( ode.c , Lawrence l iver-

more Laboratory. Livermore . Calif., UCRL. -74944 Rev , 4.

85



~~—— ~~~
—, . 

~
--; -‘-7::’; . ~~~~~~~~~ :~‘.~r,’;~~ ’-’- - ~~~~~~~~~~~~~~ ~~~~~~ ~~ _ Z ~ 

- -
- 

. 

1

(‘erard. J . C . .  and (‘ . ‘s Barth ( 1977), “High Latitude Nitric Oxide in the Low-er Thermosphere .” .1. (
~eophi- .s

kes ’ $2. 674-68 1 .
(‘iiese. “5. ( . I d .  ~ 1968). Rc’.spoisse.s of’ the /lu n:a~i SAm zo I ltras ’ioiet l i ght (Academic Press, New \‘ork).

‘ 
(j ilmore. I- . K ( l97~). “The Production of Nitrogen Oxides by Low Altitude Nuclear Explosions .” .1

(ic’op/si ’ .s is~e’ $0. 4553—455-$ ,
(il~nzer. K.. and 3. Tr~ie (1975) . “H0~ Formation in Shock Heated HNO;-NO, Mixtures.” Her. /! runsenge.s

! ‘h tsi A - ( ‘h em. 79, 465—569.
Goldsmit h. P.. ‘s .  F. Tuck. J. S . Foot. F. L. Simmons, and K. L. Newson (1973). “Nitrogen Oxides. Nuclear

Weapon Testing. Concorde and Stratosp heric Ozone.” ‘sal ure 244, 545—551 .
Green. - ‘s .  I- . S.. and J. Mo (1975) . “Calculat’:d Erythemal Radiation Doses,” chapter 2.2.5 in Impacts of

( ‘lu natic ( ‘Isang e a,, the Biosphere. ClAP Monograph S (U.S. Department of Transportation. Washington .
D.C.).

Green. A. F. S.. J. Mo. and 3. II Miller (1974a). “A Study of Solar Erythema Radiation Doses.” / ‘hatoehen,.
!‘Iwtobiol. 20, 473—48 2.

Green. “s . F. S.. T. Sawada. and F. P. Shettle (l974b). “The Middle Ultraviolet Reaching the Ground.”
/ ‘hotot ’hem . l ’ho:ohiol. 19. 25 1—26 2.

Grobecker. A. .1., S. C Coroniti . and R. H. Cannon. Jr. (1974), Report of I”indings. U.S. Department of
Transportation. Wash ington. D.C.. DOT-TSC-75-50.

Hack. W ., K. Hoyermann. and H. 0. Wagner (1975), “The Reaction NO + HO~ NO~ + OH with
OIl + H~O. ‘ HO~ + hl~O as a lIO~ Source,” In:. J ( ‘he,,, Mnetic ’.s’ S; ’tnp a. I ,  329—3 40.

Halpern. P.. .1 . V . Dave, and N. Rraslau (1974), “Sea-Level Solar Radiat ion in the Biologically’ Active Spec-
trum.” Science 186, l204— l208.

Hamilton. F. J. (1975). “Water Vapor Dependence of t he Kinetics of the Self-Reaction of HO~ in the Gas
Phase,” .1 ( lu’,;,. I’ht s 63. 3682—36$3.
Hampson. 3. (1977). “A Model I’or Iterative Interaction Between Atmospheric Chemistry. Heating. and Cir-
culation to l-’xplain Perturbation al Weather and Climate by Solar Activity ’ and Anthropogenic Change.”
paper presented at the IAG A IAMA P Joint Assembly. Seattle. Wash ington. August 1977.

Hampson. K. F., and D. Oars-in (1975). ( ‘hem / c al  A inetie and Photochen:h’al I)aia / or .tlodeling 4:nso.cpheric
( hemistri ’ . National Bureau of Standards. Washington, D.C., NBS Technical Note 866.

Harries. J.  F. (1976). “The Distribution of Water Vapor in the Stratosphere.” Ret’ . (ieophi ’ .s’. .Space’ I’k~”
, 14,

565— 575 .
Heath. D. F. (1974). “Recent .“sdvancesin Satellite Observat ions of Solar Variability andGlobal Atmospheric
Ozone,” in Proceedings of the International Conference on Structure. Composition and General Circulation
of’ the Upper and I ower Atmospheres and Possible Anthropogenic Perturbations. Melbourne, Australia,
January l4— 15 , 1974, pp. 1 267—129 1.
Hesstvedt. F. (1974), “Rcductuon of Stratosp heric Ozone from Hig h-Fly ing Aircraft . Studied in a Two-
I)imensional Photochemical Model with Transport. ” (‘an. .1 (‘hem. 52(8), 1 592— 1 598.

hlidalgo. H.. and P. 3. Crut zc n (1976). “The Tropospheric and Stratospheric Composition Perturbed by NO 8
I-missions of High Altitude A ircraft ,” in Proceedings of the Joint AGU AMS Symposium on the Non-
Urban Tropospheric Compos~tion. Hollywood. Flor ida. November 10—12 . 1976.

lloc hanadc l. C. J.. 3. A. (Thorm ley. and P. J. Ogren(I972), “Absorption Spectrum and Reaction Kinetics of
hIO~ Radical in the (las Phase.” .1 ( ‘hem . Phi ’ s . 56, 4426—4432.

Howard. (‘ . J.. and K. M. Evenson (1977). “Laser Magnetic Resonance Study of HO, Chemistry .” H) .S
lrun.s 1(/1 58(6). 464 (abstract ) .

Howard . 3. N.. 3.  I. F. King . and P. R. Gast (1960). “Thermal Radiation.” chapter 16 in lIandhooI~ of
(ienp/ii ’.sic’s (Macmil lan. New ~‘ork),

Hudson. K. 0.. Ed. (1977), ( ‘hloroJhtoromefha’:es and the Stratosphere. Goddard Space Flight Center. Green-
belt. Maryland, NASA Reference Publication 1010.

Hunten, D. M. (1975a). “Estimates of Stratospheric Pollution by an Analytic Model,” Proc ‘sat. ‘1 cad. Sd.
( . 5 72. 47 11—47 1 5.

Hunten. U. M (I975b). “Vertical Transport in Atmospheres.” in .4tmospheres of !‘.ar:h and the Planets . B. M.
McCormac. Ed. (Reidel Publishing Co.. Dordrecht, Netherlands).

lsuksen. I. S. A. (1973a), “The Production and Distribution of’ Nitrogen Oxides in the Lower Stratosphere ,”
I’ l (~l- OP/ I  106— lOS. 1438—1445.

86 

~~~~~- - , ‘ - ,-~~~~~~~~~~~ --~~~~~~~-- . - .~~~~~~~~~ -



- ~~~~~~~ - ‘ - - - - -
~~~~~~~~~-:~~~~~~~~~~~~~~~~~~ 

- 
~~ ~~— - -. — - , .  

~~~
-

r 
—.— - ‘ ‘- .-‘ . “— .—  — —  — 

: ~~~~~~~ 

‘.- .‘ —,.—.‘—

~~ 

- 

~~

. .. -..———— .—,“. . ‘— 

~~

— . ‘— -—— ..—‘,—..‘—,. —‘—.——‘—— . - —.—.,—.—,.- ‘ . -

Isakse n. I. S. ‘s .  (I973b). “Diurnal Variations of Atmospheric Constituents in an Oxygen-Hydrogen-
Nitrogen-( arbon Atmospher ic Model. and the Role of Minor Neutral Constituents in the Chemistry of the
l ower Ionosp here.” (seophi- .s’ ‘s ors’eg. 38(2). 1—63.

Johnston , H. S. (l974a). “Pollution of the Stratosp here.” !nvfron. (‘on.s’ers’alio,, 1(3). 163—176 .
Johnston. H. S. (I974h), “Photochemistn in the Stratosphere with Applications to Supersonic Transports .”

l c ’ta Is :ron. I. 135— 156.
Johnston. H. S.( 1977 ) . ”..’snalysis of the Independent Variables in the Perturbation ofStratospheric Ozone by

Nitrogen Fertilizers .” .1. (seoph .s’ .s . Res. 82, 1767— 1 772.
Johnston, II. S.. 0. Katten horn. and C. Whi tten (1976). “Usc of Excess Carbon 14 Data to Calibrate Models

of Stratospheric Ozone Depletion by Supersonic Transports.” J. (ieoph.i’.s. Re.’ SI, 368—380.
Johnston. H. S.. and I-I. Nelson(l977). “Comment on ‘NOn Cata lytic Ozone Destruction: Sensitivity to Rate

Coefficients.” .1. (ieoph i ’ .s. Bc’s. 82, 2597—2598.
Johnston. H. S.. and F. Quitevis(l974). “The Oxides of Nitrogen wit h Respect to Urban Smog. Supersonic

Transports. and Global Methane ,” paper presented at National Congress of Radiation Research. Seattle.
Washington , July 14—20, 1974.

Johnston. H. S.. and (1. S. Selwyn (1975). “New Cross Sections for the Absorption of Near-Ultraviolet Radia-
tion h~ Nitrous Oxide(N~O).” (leap/u.s. Re.s . I.ett. 2. 549— 551.

Johnston, H. S.. C. Wh itten. and J. Birks (1973). “Effects of Nuclear Explosions on Stratosp heric Nitric Ox-
ide and Ozone.” .1. (svnphi ’ .s Res. 78. 6107—6 135.

Kasuda . T. (1973). h eating and ( ‘ oohing loads’ (‘akulation Program ‘s BSI.I)t . National Bureau of Standards,
U .S . Department of Commerce, Washington. D.C.

Kaufman. F. (1975). “Hydrogen Chemistry : Perspective on Experiment and Theory.” in ‘l ime u’rt ’.s oiI-pr :h
and the I’Iane:.s. B. M. Mc(’ormac, Ed. (Reide~ Publishing Co.. Dordrecht. Netherlands).

Komhyr , W . U.. Li. \V . Barrett. G. Slocum. and H. K. Weickmann (1971). “Atmosp heric Total Ozone In-
crease During the 1960’ s.” ‘salure 233, 390—39 1.

Kondratyev . K. Va. (1973). Radiat ion (‘harac’terislics o,/’ the .ltnsosphere and the Earths ’s Sur/àce (..‘smerind
Publishing Co.. New Delhi).

Kurylo. M. J. (1973), “K inetics of the Reactions OH (v = 0) + NH. ‘H~O + N l l~ and
Oil (v = 0) + O~ ‘ HO~ + O~at 298°K.” (’henz. Phi ’s. Leit. 23,467—47 1.

K urzeja. R. 3. (1975), “The Diurnal Variation of Minor Constituents in the Stratosphere and Its Effects on the
Ozone (‘oncentration.” .1. ‘f tmos. S d .  32(5), 899—909.

K urzeja. R. J. (1976). Ihe !‘rodu lion and i’ranspar: 0/ ’ (‘) :one and Other .~linor (‘on.cliuu.’nt.s in the
Stratosphere. Ph.D. thesis. Florida State University (University Microfilms No. 76- 28636).

Lazrus. “ s. L. , and B. W. Gandrud (1974). “Distribution of Stratospheric Nitric Acid Vapor ,” .1. -lt,,,os. 5 ,.
31. 1102— 1 108.

Leach,). I- .. ‘s . K. Pingstonc, K. A. Hall. F. 3. Ensell. and J. I - Burton (1976). “Interrelation of .“simospheric
Ozone and (.‘holecalciferol (Vitamin D~

) Production in Man.” A i’ia t ion Space Enviros,. tied. (June 1976).
630—633.

t es -y . H.(1971) . “Normal Atmosphere large Radical and Formaldehyde Concentrations Predicted.” S, ’u’n~’e
173 . 14 1— 143.

Levy. H. (1972). “P hotoc hemss s ry of the Lower Troposp here. ” Plane: Space Sci. 20. 9 19-935.
Levy. hl .( l973) . ”Photochemistr~ of Minor Constituents in the Troposphere.” Planet. Space Set . 21. 575—5 91 .
l.jst , R. 3. (19 58), .‘smi:h.conia,, tIe :eorologieal Table (Smithsonian Institution Press. Washington. D.C.).
L iu. S. C.. and R. J. Ciceronc(1977). “Comparison of Theory and Measurements of Ozone Above 35 km.”

/ - ?) S l ran.s. I(,( 58(6). 462 (abstract ).
Liu. S. (‘

., R. J. Ciceronc, 1. M. Donahue, and W . I Chameides (1976). “Limitation of Fertilizer Induced
Ozone Reduction by the L.ong Lifetime of the Reservoir of Fixed Nitrogen,” Geophu ’s, Res . I.ett. 3. 157—160 .

Liu. S. C., T. M. Donahue. K. J. Cicerone. and W . 1. Chameides(l976), “Effect of Water Vapor on the
Destruction of Ozone in the Stratosphere Perturbed by (‘IX or NO5 Pollutants.” ./ .  ( leap/it ’s . Re.r. SI ,
JlIl — 31 18.
Lloyd, A. C. (1974), “Evaluated and Estimated Kinetic Data for Gas Phase Reactions of the Hydroperox~lRadical.” Int. J. ( ‘hens. Aiuetic ’.c 6. 169—228.
London, 3. (1963), “The Distribution of Total Ozone in the Nort hern Hemisphere.” Rest rage :ur P/s t ii, der

ltmosplsare 26. 254-263.



¶ . --—
~~
- - —

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

—.-- -‘. 
~~~~~~~~~~~~~~~~~~ . 

~~~~~~~~~~~~~~~ 
‘,-- :w~:L~

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

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

l.ondon , 3, ( 1975), I/se Global l) istribution and I ‘ariathm.s of ‘lwwspheric ’ O:one, [)epartment of
Astrogeophysics. University ofColorado, Boulder, Colorado. A D/A-0 19 501 (DOT-TST-76- l2) . Asailahle
from National Technical Information Service. Springfield. Virginia.

London . J.. 3. F. Frederick , and ( .  P. Anderson (1977). “Satellite Observations ofthe Global Distribution of
Stratospheric Ozone.” - I . (leap/ u.s . Re.s. 82. 2543—2556.

London , .1 .. and .1. Kelle~ (1974). “Global Trends in Total .-‘stmosp hcric Ozone .” .S’cienc ’e 184, 987-989.
Louis, 3. F. ( 1974). I I ts ’o- I) insen.cio,,al Tran.sport .tlodel o/ the .‘l t mosphere. Ph.D. thes is. University of

Colorado , Boulder , (‘o lor ado.
I.ovelock , .1 . F. . K. J. Maggs. and R. J. Wade( 1973) . “ Ha logena ted Hydrocarbons in and Over the Atlantic. ”

‘sature 241, 1 94— 196.
Lovill, J. Li. (1970). “Gravity Wave Measurements as Simultaneously Determined by Satellite . Ozone and “sir- ‘

plane.” - I re/s . .tleteorol. (seop/ su ’ .s’. llio/o’i,naio l. 5cr. I 19 , 13—28.
l.ovill. i. F. (1974). “s Comparison of the Southern and Northern Hemisphere General Circulation (‘hurac- *

terist ics as Determined by Satellite Ozone Data.” in Proceedings of the International Conference on Struc-
ture. Composition and General Circulation of the Upper and Lower Atmospheres and Possible
.“snthropogenic Perturbations. Melbourne. .“sustralia. January l4.-l5, 1974 . 340-359.

Lovill. 3. F., and A. Miller(l968). “The Vertical Distribution of Ozone Over the San Franc isco Bay’ Area.” .!.
(leap/n’s . Re.s. 73. 507 3—5079.

Lovill. J. E., T. J. Sullivan, and J. A. Korver (1976), “Measurement of Atmospheric Ozone by Satellite.” in
Proceedings ol’ the Sevent h (‘onference on Aerospace and Aeronautical Meteorology and Symposium on
Remote Sensing from Satellites. Melbourne. Florida. November 16—19 , 1976.

Luther. F. M. (I976a). “Relative Influence of Stratospheric “serosols on Solar and Longwave Radiative
Fluxes for a Tropical Atmosphere .” .1. ippl. .t leieorol. IS . 951— 9 55.

I.uther. F. M . (l 976b), h i g h ll titude Pollution Program Firs : .‘lnnual Report / 19 76/ .  Lawrence Li%ermore
L aboratory . L ivermore, Calif. . UCRL-50042-76.

I.ut her. F. M. (1977), “Effect of Multiple Scattering on Ozone Reduction by NO5 and CFM’s.” paper presen-
ted at the I.”s G.A - l . ” s MAP Joint Assembly. Seattle. Was hington. August 22—September 3 . 1977.

Luther. F. M., and W . H. Duewer (1977). “Effec t of Changes in Stratospheric Water Vapor on Ozone Reduc-
tion Estimates,” accepted for publication in J. (ieop h,i ’s. Re.s . Lawrence Livermore Laboratory. Livermore.
(‘alif.. LJCKL-79660 Preprint.

Luther. F. M.. arid R. J. Gelinas (1976). “Effect of Molecular Multiple Scattering and Surface Albedo on At-
mospheric Photodissociation Rates ,” .1 (leap/u. s. ks ’s. 81. 112 5— 1132.

Luther, F. M.. and D. J. Wuebbles (1977), “Photodissociation Rate Calculations.” paper presented at the
NASA Workshop on CEM Assessment, Warrenton. Virginia. January 10—14. 1977 . Lawrence Livermore
Laboratory. Livermore , Calif.. UCRL.789 I I Preprint.

Luther. F. M.. 0. 3. Wuebbles. and J . S. Chang (1977a). “Temperature Feedback in a Stratospheric Model,”
.1. (

~eophu ’s . Re.c. 82, 4935—4942.
L uther, F. M.. D. J. Wuebblcs. W . H. Duewer. and 3. S. Chang (l977b), “Effect of Multiple Scattering on
Species Concentrations and Model Sensitivity.” submitted to J. (leap/u ’s. Re.r. Lawrence Lis-errnore
Laboratory , Livermore. Calif.. UCKL-79946 Preprint (August 1977).

MacCracken. M. C.. and J . S. Chang. Eds. (1975). I Prellissinaru ’ Studs ’ 0/ the Potential ( hensic ’aI and C limatic ’
tjjec ’t.s ol ltmospheric .‘suc ’lear Explosions. Lawrence Livermore Laboratory , Livermore. Calif.. L CRL-
51653 (April 1975).

Magnus. I. A. (1964), “Studies with a Monochromator in the Common Idiopathic Photodumatoses ,” llrir .1
l) umatol. 76. 245—264 .
Mahlman. 3. P. (1977), “Application of General Circulation Models to Stratospheric Transport Problems,”
paper presented at t he IAGA I IAMAP Joint Assembly. Seattle. Washington. August 22—September 3 . 1977.

Mastenbrook, H. 3. (1974), “Stratospheric Water Vapor Distribution and Variability.” in Proceedings of the
International Conferen ce on Structure . Composition and General Circulation of the Upper and Lower At-
mospheres and Possible Anthropogenic Perturbations. Melbourne, Australia , January 14— IS . 1974 .
pp. 233-248,

McConnell. J , C. (1973), “Atmosp heric Ammonia ,” J. (leap/ i -s . Res . 78, 781 2—782 1.
McConnell. 3. C.. and M. B. McElroy (1973) . “Od d N itrogen in the Atmosphere.” .1. . ‘ltnsos St ’i. 30(8).

1465—1480.
McDonald. 3. E. (1971 ), “Relationship of Skin Cancer Incidence to Thickness of Ozone Layer.”
(‘ tmgressional Record 117 (March 19, 1971). 3493.

88 

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



r - 
~~~~~~~~~~~~~~~

‘
~~- ‘:— -. ~~~~~~~~~~~~~~~~~~ T~T—~:::’ ~:-:::: ---- 

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

.

L. .

‘slcl:iroy. ‘sl . H. (1974 ) . testimony presented to the Com miuee on Interstate and Foreign Commerce. U.S.
House of Representatives . Washington. D.C.. t)ecemher I I, 1974 .

\IcL:Iroy . M. B. ~I97~l. testimony presented to the Committee on Aeronautical and Space Sciences . U.S.
Senate, Washington. D.(’.. September 23, 1975. ‘

~s 1ct Iroy . M. B.. J. %V . Elk ins . S. (‘. Wolsy. and V . L. Yung (1976). “Sources and Sinks for Atmospheri c
N20,’’  Rev. (,eop /n ’.s . pat ’s’ Pht’ .s 14. 14 3—I 50.

\Icliroy. M. 13.. and 3. C. McConnell (197 1) . “Nitrous Oxide: A Natural Source of Stratospheric NO.” .!
I ts ;so .s . .~~“ I 2N(es). 1095—1098.

\lcI’Iros- . NI. B.. S. (‘ . Wol\ \ . 3. I . Penner. and 3. C. McConnell (1974). “‘\tmospheric Ozone’ Possible Im-
pact of Stratosp heric ‘s ~~ iation,” .1. ‘I t,szos . ci. 31( I ). 287—303. ‘ 

-

NlilIer , ‘s , R. \l. Nagatani. K. B. I.abitzke. Li. Klinker . K. Rose. and U. F. h eath (1976). “Stratospher ic
Ozone Transport During t he Mid-Winter Warming of December 1970—Janua ry 1971.” in Proceedings ot’the
Joint Symposium on Atmospheric Ozone. Dresden. 1976 (to be published).

Mo. J., and “s. I- . S. Green (1974), “A Climatology of Solar Erythema Dose.” l ’hosoehc ’ns Photo/sa l. 20 .
483—496.

Morgan. D. 1.. (1972), tian—Lns ’iron n,ent ( ouphing: I ’hs ’ .ciologie - ( ‘ons/ ort ol .tian isj an ( rhoss Setting . Ph.D.
thesis . University of California. Davis. California.

National Research Council (1973) , Biological Iissp att .s’ of lflc ’rc ’cz.cc’d /ntess. sj tj e ,c of !~olar ( ltras ’iolet Rca/ ia i iem.
NRC Fnvironrnent~,l Studies Board, Nat ional Academy of Sciences . Washington. 1).C.

National Research (‘ouncil (I975a), bss ’iro,s,,sental 1s;spact / Stratospheric Flight. National Academy’ of
Sciences. Washington. D.C.

National Research Council ( l975h), l ong— I er;;. II ‘orldss ide EIIc ’ t . c of Multiple .‘s uclear- II eapon.s- l) e ’:onaiion.s .
National Academy ot’ Sciences. Washington. D.(’ .

National Research (‘ouncil (1976), Ilalot ’ar ho,s.s-: !‘.jJec’t.s on Stratospheric O:one. NRC Panel on Atmospheric
(‘hemistr~. National .“scademy ot’ Sciences. Was hington. D.(’.

Nedy . W . B., and .1. 11. Plonka (1977), “ ‘sn Estimation of the Time-Averaged Hydroxy l Radical Concentra-
tion in the Troposphere:’ Dow Chemical Company preprint.

Nichols, I). “s.(I9 75), “t)MSP Block 5L) Special Meteorological Sensor H, Optical Subsystem.” Optical l’. ssg
14 . 284—288.

Nicolet. M. (1964). “Reactions and Photochemistry. of Atoms and Molecules.” Dis c ’. 1-aradas ’ Sot ’. 37 . ‘-20.
Nicolet. ‘sI. (1975a), “On the Production of Nitric Oxide by Cosmic Ray s in the Mesosp here and
Stratosphere,” P/asset Space’ S ’(. 23. 637—649.

Nicolet, M. (1975b). “Stratospheric Ozone: An Introduction to Its Study.” Re’s’. (ie’opht’s . .‘ipaee’ I ’hs ’.c . 13(5).
593-636.

Ni~oIet. \I . and W . Peetermans(I972), “The Production of Nitric Oxide in the Stratosp here by’ Oxidation ol’
Nitrous Oxide ,” Ins!. /:p ophi ’s. 28(4). 75 1— 76 2.

Normand. (‘ . (1953), “.“simospherie Ozone and Its Upper-Air Circulation.” Quart. J. Roi . tieteoro / Sot ’ . 79.
39—50.

Oliver, K. C., F. Bauer , H. Hidalgo , K. ‘ s .  Gardner . and W . L asv lkiw-s kyj ( 19 7 7).  . -l irerali Emi.c.sion.s; I’oien-
tsal I / /e ’e i.s on () :one and (limats ’ , a Re’~’1s’~’ and I’rogre.cs R eport . U.S. Department ol’ Transportation .
Washington . D.C.. I- ..’s.”s- FQ-77-3 (March. 1977).

Oort. ‘s .  11 .. and Li. M. Rasmusson (197 1 ), 1 tmo.cpheric ’ ( ‘ircu lation Statistic ’s . National Oceanic and ‘ s t ’
mospheric Administration. NO-’s- ’ s Professional Paper S .

Paukert. 1. T.. and t I. S. Johnston (197 2). “Spectra and Kinetics of the Hydroperoxv l Free Radical in the Gas
Phase,” .1 ( ‘hie ’Us. Phi ’s . 56. 2824—2835.

Payne. ‘s’s - ‘ s . ,  I - .1. Stief. and 0. 1). L),isis (1973). “ ‘ s  Kinetics Study of the Reaction ot ’ l I0~ with SO. and
NO,” I Imt ’r ( he’,,s. .So - 95. 7614—7619.

Peterson , K . K. (1970), “ ‘sn Empirical Model for Estimating World-Wide Deposition t’rom Atmospheric
Nuckar Detonations,” Health P/s.c . IS . 357—378.

Piereutt i, U.. and K. - ‘s .  Rasmussen (1976). “The .“stmospheric I)istribution of Nitrous Oxide.” Proceedings of
the .loint \Gt f - ’ s ’ sI S Ssmposium on the Non-Urban Tropospheric Composition. Holl~wood. l-lorida.
November 10-12 . 1976.

Piltock , ‘s .  H (197 1 ). “Synoptic Ozone Observations During the Passage of a (‘yclonic ‘s ertex. ” iu ,clr
tletve ’rol tIag 19(1),  I I I .

89 

- -—~~~ ‘ - ~~ - ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
- 

-~~
-
- ‘-



. 
— -—

~~~~

—,

~~~~~

- - ~~~~~~~~~~~~~~~~~~ •::
~~= :— r --’-

~~~~
—

~
-’-- - . -  

~~
-

~
—--.- - —-.— - 

~~~~~~~
- - -

~~
—--.-

~
-. - ‘ 

..—
~
— 

. . .- - “- - - - -  - - . - - j:

Prabbakara . C..’ .. V . V . Salomonson. B. J. Conrath. J. Steranka, and 1. J. .-‘sllison (1971 ). “Nimbus III. IRIS
Ozone Measuren~ents over Southeast Asia and -\frica During June and July- 1969,” .1. tt,no.s .~‘e ’I 28. ~ -
828—831 . ;

Pruchnieccic, . P. (; .  (1973). “The Average Tropospheric Oione Content and Its Variation wi th Season and
1.atitude as a Result oI’ the Global Ozone Circulation,” Pure Ipp i. (seop /si ’ .s . 106—lOS . 1058— lt ’i” .t .

Ramanathan. V . (1974), “ ‘s  Simp lified Stratosp heric Radiat i~e Transfe r Model: Theoretical Estimati,’s of the
Thermal Structure of the Basic and Perturbed Stratosphere.” paper presented at the A MS:A l.”s.”s Second In-
ternational Conference on the E nvironmental Impact of Aerospace Operations in the High .-‘stmosphere. San
I)Iego. (‘alif.. J u l y  8—10. 1974. -

‘

Ramanathan. ‘s- . ( 1975) .  “Greenhouse Effec t Due to Chlorotluorocarbons: (‘limatic Implications. ” S ien, e’
190, 50—51.

Ramat :athan. V . (1976), “Radiative Transfer Within the Earth’ s Troposphere and Stratosp here: A Siinplit’ied
Radiative-Conve ctive Model.” .1. I tmo.s’ . Se ;- 33, 1330— 1 346.

Ramanathan. V .. L. B. (‘allis . and R. Li. Boughner (1976). “Sensitivity- of Surface Temperature .snd ‘st-
mospheric Temperature to Perturbations in the Stratospheric Concentration of Ozone and Nitrogen l);as-
ide,” .1. lt,nu.c Xci. 33. 1092—1112 .

Rangarja n, S. (1969 ). “s Worldwide Anomaly in the Concentration of Ozone Above 80km,” ,! Itm s \,-i
26. 613-616.

Rasmussen . K. “s. (1977). personal communication.
Reck . K. “s. (1976). “Atmospheric Temperature Calculated for Ozone Depletions.” ‘s uture 263. I 16— I F’ .

Reed, K. 3.. and (‘ . 1. ‘s leek (1969). “The .“snnual Temperature Variation in the Low-er T ropical
Stratosphere.” .1. lznsos . 5 .1. 26. 163—16 7.

Reinking. K. I”.. and 3. F. Lovill ( 19 71 ).  “ ‘ s  Compariso n of Ice Nucleus and Ozone Concentrat ;on~ in
Stratospheric Air,” .1. (tnso .s Xc i. 28, 8 12 — 8 16 .

Reiter. 1. R.. and J. F. Lovill(l974) . “The E.ongitudinal Movement of Stratospheric Ozone Wares as Deter-
mined by Satellite,” -trek. lleieo,v/. (leap/n ’s. /hiahIimaw/ . Se,. .4 23. 13—27.

Ripperton. L. -S., H. Jeffries . and 3. J. B. Worth (197 1), “Natural Synthesis of Ozone in the Troposphere.”
I ns ’i ross. Xc ’s Iec ’h,sol. 5. 246—248.

Rudernmn, M. S .. and 3. W . Chamberlain (1975), “Origin of the Sur.spot Modulation of Ozone: Its Implica-
tions t’or Stratospheric NO Injection.” Planet Spas ’s’ Se’i. 23, 247—26 8,

Russell, F. W. (1973). Soil ( ‘o,sditio,s.s and I’lasst Growth (Longman. New York). 10th edition.
Schme ltekopf. .5 . L.. E. F. Ferguson. P. O. Goldan, and J. K. McAfee(1977). “Stratospheric Measurements
of’ N~O. F 11 and Ft~

,” paper presented at IAGA IA MAP Jo int Assembly, Seattle . Washington .
August 22—September 3. 1977.

Seiler . W . (1974), “The Cycle of’ Atmosp heric CO.” i’s’llu.s 26, 116— 13 5.
Sel lers, \V . D. (1965), l ’hs ’sis ’al ( ‘linsatologs ’ (University of Chicago Press . Chicago).
Sci z. H.. B. Davidson, 3 . P. Friend, and H. ~.‘s-’. Feely (1968). \ umeri ’a! .tIodt’l s of i’rass.spori / ) i / / u . sio,1 wish

Fallout of Stratospheric Radioac ’th ’e Materials (Final Report ass Pro/ ct ’s STR !-. . -1 1~ . USAEC Report NYO- ‘

36544.
Setlow , R. 8. (1974), “The Waveleng ths in Sunlight Effective in Producing Skin Cancer: ‘s ‘t heoretical

Analysis.” Proc . ‘sat. .lcad. Xc i. 71, 3363—3366.
Simonaitis, R., and ,I, Heicklen (1973). “React ion of HO~ with O~,” .1. Pbs ’s. ( ‘hem. 77. 193 2— 1935 .
Simonaitis, R.. and 3. Heicklen (1974). “The Reaction of HO~ wit h NO and NO~,” J. P/s ,s ’ .s - ( ‘hen,. 78.

653—6 57 .
Simonaitis, R.. and J Heicklen (1976), “Reactions of HO~ with NO and NO~ and of OH w ith NO.” .! Phi ’s .

( ‘hen,. SO, I—i.
Singh, H. B. (1977), “Atmospheric Halocarbons: Evidence in Favor of Reduced Average Hydroxv l Radical
Concentration in the Troposphere.” (leophi ’s . Re.c. l.eti. 4. 101—104 .

Soderlund, R., and B. H. Svensson (1976), “The Global Nitrogen Cycle,” ~ c ’ol. Null. ( StoCkholm ? 22. 2 3— 2 7 .
Stewart, K. W., 5. Hameed. and J. P. Pinto (1977), “Photochemistry of Tropospheric Ozone ,” .5 (teop hu ’ .s

Re.c, 82. 3134—3140.
Stolars ki. R. S. (l977), private communication, a preliminary draft of the chemistry section of Hudson (I ‘~7 )
Sze. N. D., and H. Ricc (1976), “N itrogen Cycle Factors Contributing to N~O Production from f ertilizers .”

(ieoph;’s. Res. Lett. 3, 343—346,

90



rr’ -— --‘ - 

~~~~ 
~~~~~~~~~~~~~ - - - -:~:‘ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

‘

~~~~~

“ ‘

~~~~~~~~

“ ‘ ‘ 

~~~~~~~~~~~~~~~ ~~ 
‘~~~1 

“

~~~~~

: 
.

t ~ -~

T eleg5tdas . k.. and K. .1 . List (1969). ““s re Part iculate Radioactive Tracers Indieat isc of Stratospheric S b -
t ions ” .1 (u ’op hI ’? Re’s . 74 . I 339— I 350 :

ierjung. ‘s’s . H.. and S. S-I’ . Louis (1970), “Potential Solar Radiation Climates 01’ Man,” In,, I ~s ’ ~ tnu’r 
S(s ei ’gru p lit ’r.s 60. 48 1—500 . ~ —

Ihs ’srnc, R. 51 ~l97~), “I’nergetic Radiation Belt Electron Precipitation: “s Natural Depletion Mechanism for
Stratospheric Ozone,” Science 195, 287—28 9 .
I r~ ’. .1 (1969), “I. ltrav iokt Spectrum and Reactions of HO, Radicals in the Thermal Decomposuion of
11.0..’’ Her. Hws.ti’n~e’.s I’h ;~ ( ‘hem. 73. 946.
Isang, ‘s’s . (1923) . “Comparison Betwee n I sperimental and (‘alculated Rate Constants for Dissociation and
Combination Reactions Involving Small Polyatomic Molecules,” list. .1. ( ‘Isem. Ainetit ’.s S. 947—9~3.

I. rhach. 1’ - ‘  I’d. (1969). lhe ’ Hiccl ogic ’a/ F~/ e ’ei.~ at ltras ’iolet Radiatiots with Ensphasi.c on the’ .5k in ( Pergamon.
Os ford).
.5 ‘standard Iinu ’ .spherc ’. IV ’ó (1976). U.S. Government Printing Office. Was hington. D.(’. See .il~o I .\

Sicasc iard I ‘mosphere ’. I %2 . and ~ .5’ .Siwsdard ‘f tmo.sphere Supplensessis . / ‘~~~~~

van der I eun. 3 (‘ ., and I- . Daniels, Jr. (1975). “Biological Effects of Stratospheric Ozone I)ecrcasc -‘s (‘rit ica l
Review of Sssessments .” ..‘sppendix B. Chapter 7 of’ lmpas -t.c o f (‘linsatie ( ‘hangs’ on ihe’ Hio.cplse ’rc ’. 1) 5.
Department of ’ Transportation. Washington. D.C., (‘l.”sP Monograph 5.

‘sa n Horn . .1 . C. (1977t , personal communication.
S upputuri. R. K. (197$). “The Role of Stratospheric Pollutant Gases (HO.. NO 5 ) in the Ozone Ba lance and

Its Implications for the Seasonal Climate of ’ the Stratosphere .” in Pros ’. LI t/ i P/ ! . 4P.5 ( )  I irsi Spe ’e ’iu l
I .s.senshli ’ ( ‘stmos pheric Environmental Service. Downsview . Ontario, Canada). vol. 2. pp. 905— 93 1.

‘s’s’ arneck . P. (1972). “(‘osmic Radiation as a Source of Odd Nitrogen in the Stratosphere .” .1. (ieop !si ’ .s Re ’.s
77 . 6589—6591.

\‘sarncck. I~. (1974) , “On the Role of Oil and HO~ Radicals in the Troposphere.” I c//u .s 26. 39—46.
S’s arnec k . P. ( l’4”5) ,  “Oil Production Rates in the Troposphere.” Planet. Spac e ,S’ ’i. 23. 1 50 7—ISIS
‘s ’satson. R. T. (I Q ” ’ , ‘‘Raze (‘onstaifls oS’C105 ol ’ . ”sImo,spher ic Interest .” ,) J) ~ ;..j ( hews . Re). / ) aia (in press).
Vt idhopt’. (i . 1 .. 1.. (ilatt . and R F. Kramer (1977) . “Results of Phenomenological Time-Dependent Tw o-

Dimensional Photochemical Model of the Atmosphere .” paper presented at Al.~’ s ’ s  15th .-‘serospace Sciences
Meeting. Los  “sngeles. Calif.. January 24— 26 . 1977 . ~‘sIA.”s paper 77 -1 3 1 .

W ;lco~. R - S’s - ‘  (1. 1) . Nostrom . and -‘s . U, Belmont (1977), “Periodic Variations of Total Ozone and Its 5c r -
tical I)istrihution.” . / . tppl. tteteoro l. 16 , 290—298.

‘s’s ots ~ . S (‘, ( l97~~, “Interactions ot ’CH4 and CO in t he Earth’ s Atmosp here,” ‘Inn. Ret’ . / art!, F’Ianet .5.. , 4,
441-469.

S \ sit’sy . S. C.. .I. (~ \tc( ’onnell, and M. B. McElroy (1972). “.“stmospheric CH4. CO and (‘0.,” .I (
~eopIu’.t

Re’s. 77, 4477-4493.
S’s uehbles. 1) 3 . (1977). “.‘slternate Fluorocarbons: Tropospheric Lifetimes and Potential Effects on

Stratosp heric Ozone,” paper presented at the lAG ’s IAMAP Joint Assembly, Seattle . Washington .
‘sugust 22—September 3. 1977 . law rence Livermore Laboratory. I is’ermore, Calif.. LICRI,79 303 .“shstr,ict

‘s’s uehhles. 1) .1., and .1. S. Chang (IQ’S) , “Sensit ivity of Tim e-Varying Parameters in St ratosp heric Model.
ing,” . 1 (se ’opbi ’.c . Re.c. 80. 2637-2642 .

Wuehb les, 1) 3.. J .S .  Chang. and W . H. Duewer(1977), “Effect of the SST in a Chlorinated Atmosphere .”
paper presented at the 173rd National \ leeting of the .-‘smerican Chemical Society . New Orleans. I ouisiana .
‘sta rch 20—2S . l9’7 lawrence t.ivermore Laboratory, Livermore, (‘alif., U(’RI -78803 Abstract.

Leldositch . V.. and Raizen . V . (1967). l ’hi ’si t ’.s ~I Shoc k IFut’e’.t and h igh l emperuture Phenome’,,a (Academic
Press. New York ). p. 565. —

/inn, .1 . and (‘ I). Sutherland (1975), Strata.cphs ’ric ( ‘he ’nsi .ctru ( ‘amputation , Los .“slamos Scientific
I ,ii’or,itory . I os “slamos, Ness Mesico . I.A-6l I I— MS.

H 91 



APPENDIX A
CHANGES TO THE 1-D TRANSPORT-KINETICS MODELS

In the past year a number of changes have occurred in the series of theoretical models used at LLI. to
study tropospheric and stratospheric chemistry. These changes are discussed below’ ,

1. (‘ode Development
The l-D transport-kinetics models for diurnal and time-dependent calculations have been redesigned to

increase user efficiency. Whereas we formerly had to choose from one of three different codes to calculate an
atmosphere . selecting the code according to the assumed level of chlorine in the atmosphere—zero chlorine, or
background chlorine (due to CH~CI and CCI4), or levels of chlorine predicted on the basis of prescribed
growth rates for F-Il and F- 12—we now have a single code that handles all three cases. ‘l’he user decides at the
beginning of a run which case to be used. I --0 (input/output) efficiency was also improved in the redesigned
code. These improvements have decreased the amount of user and computer time necessary to set up and per-
form a calculation,

In addition , a new code was developed which takes chemical equations and puts them into the forms re-
quired by the model. This code makes future changes to model chemistry much simpler.
2. (‘hemistry Changes

Table A-I shows kinetic rate changes that have occurred in the past year as well as a comparison with the
chemistry used in 1973 and 1974 (as discussed in Section 2,7 on the effect of past nuclear tests). One reaction
presently included in recent model calculations (i.e,, Section 2.9) is the pressure-dependent rate for CO +
OH CO2 + H. 7.3 X ~~~~ In addition, the absorption cross sections for H,02 and HCI w ere modified to
the recommended values in Hudson (1977).
3. Boundary Conditions

Due to changes in model cnemistry (especially changes in rate coefficients for HO~ + NO and CO +
OH). the lower boundary conditions for some of the species in the model have changed. New surface values
(in molecules/cm 3) for some of the more important species are listed below:

NO, 2.3 x l0~ (<0. l ppb)
NO 9.O X l0~
OH l.SX I0~
O~ 9.7X 10 ’’H~O~ 7.0 X 1010
HO. 2.7 x 108
N~O 8 .2X 10 12
HNO 3 l.6 X flJttS
Cl-f 4 3.34 X I0’~
HCI 2.55 x 10 ~

Heterogeneous remova l of H~O2 at altitudes from the surface to 8 km with a lifetime of five day% is now’
included in the model. Previously, such removal processes were included for only NO2. HNO~. and H(’l.

4. PhysIcal Improvements
Multiple scattering is now an integral part of the model and is included in all calculat ions. I)iurnal

averaging is also now included in the model as standard procedure for future calculations.
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