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Abstract

. 1
: .

This report covers progress on NASA Grant NSG-2010 during the period
September 1, 1975 to February 29, 1976. The coding of our 3-D upper atmo-
spheric model for the ILTAC computer at NASA Ames Research Center is now
nearing completion. Dr. Alyea presented a paper on the 3-D model at the
Australian Conference on Climate and Climatic change held on December 7-

11, 1975. Dr. Prinn attended the Space Shuttle Environmental Workshop on
Stratospheric Effects in Houston, Texas on March 24-25, 1976 and reviewed

our progress omn modelling the ozone perturbations resulting f{rom the Shuttle
booster exhaust. Mr. Gary Moore, a graduate student, has been studying

a time-dependent version of our 2-D mndel and is also investigating the

sulfur cycle in the stratosphere. Drs Alyea, Cunnold and Prinn have recently
been emphasizing the significant role of meteorology in influencing strato~
spheric composition measurements and in this regard Dr. Prinn presented a

paper on this subject to the NASA Stratospheric Advisory Committee on Dec.

17, 1975 at NASA Goddard Space Flight Center. This paper will shortly appear

in the Bulletin of the American Meteorological Society.

qunﬂ()‘f?ﬂ'f? oF 'FHE

\I\ P AU '1 }q’ 1}‘—)!
£ LA ' :



1. . Introduction

Wé‘will discuss significant progress overhthe six—mbnth %eriad covered
“hy this repért under 3 main catago¥iés: ’tﬁé ﬁ—ﬁ model with full chemistry
and ité coding for the ILTAC IV, the iﬁpact of meteorology on measurement
‘programs and measurement iﬁterpretatibh, and'finaliy further work utiliZiﬁg

our 2-D model.

2. 3-D Chemical Dynamical Model

-With the Eelp of a full time programmer, the present 3-D model (with'
abbreviated chemistry) is being coded for the ILTAC IV computer and
this arduous task is now nearing complétion. We continue to use ovy CDI -
Teleterm 1030 terminal £o aid this process. 1In the near future we should
be ready to run a simple test version of the full dynamical program. .The
-chemistry in the ILIAC IV version of our model will contain about 40 chemicalr
reaétions including those inﬁolving formation and removal of chlorine | |
nitrate (ClONOz). Our present full time programmer, M. Batish, will probably
be repiacé& SOmétime this summér with a‘full‘time research scientist. We
should have mosﬁ of the p;pgfamming complete by that ﬁiﬁe and be ready to
run scientific experiments. We are presently considering suitable candidates
with a good background in spectral modelling.

Dr. Al&ea presented a paper on somé 6f our 3-D modelling work at.the
"Australian Conference on Climate and Climatic Change" held in Clay;én,
.Victoria, Au;traiia dn December 7—ii, 19?5;; A3c0py.of the paper entitled
"Simulatibu_experiments_on the climate pf the.stratosphere and stratosphenic
ozone distributions under natural énd man-made conditions" is appended to

this report (Appendix I}.



Dr. Pfipn eﬁtenﬁedvpﬁe ﬁSpece Shuttle”Enﬁiromeepai Wbrkshep on Strato-
spheric Effects” held at the NASA Johnson Space Center om,March 24-25, 1976.
Hepgave a brief review thefevof Oup plané.for simulating the ozene'depie-
tlons resultlng from the booster exhaust products. Some prelimimary runs
'of our 2-D model have been‘made and relevant results will appear in the
workshop report. We do nqt have any deflnlte numbers to report at this
time end'indeed’we feel our besf estimates will be made oﬁly aftep we haﬁe

in operation the ILTAC version of our 3-D model with full chemistry.

3. Stratospheric Dynamics and Stratospheric Measurements

We.heve.beeﬁ particulariy concerned.qver the péSt yeer Withpthe'pfoblem
posed by dynamically iqdueeé stratospheric variability and its influence on
the.plauping and interpretation of measurements for minor.constituehte}

Dr. Prinn presented a paper on this subject ot the NASA SLratospherlc Advi-
sory Committee Meetlng held at the NASA Goddard Space Flight . Center on. 12/17/75.
This paper entitled "The impact of stratospheric variability on measurement
'progrems for minor constituents” is appended to this report (Appendix II);
It has been accepted for publication in the Bulletin‘of the American Meteoro-
logical Society and will appear in the June, 1976 issue. We feel that e
correct interpretation of stratospherie minor constituent ﬁeasurements will
entail careful use of 3-D modelling results and the known meteoroiogical

data for the observing sites. We also feel that observers should coordinate
their observations in a muchAmore meaningful manner than presently ex“ste;

We are presently studying a few examples of recent fluorocarbon and Gl

measurements in order to illustrate these ideas.
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4. 2-D Chemical Model

Mr. Gary-Mbbre,’a_greduete student, haé.recently:qompiefedfa'StﬁdyIOf

the effect of continuouS'time'updating of.tran5port perametere in 2-D models. =

.He has ertten a detailed report entltled "A partlal repart on the tImE

updatlng modlflcatlons made on the 2-D Stratospherlc model 2AM4" whlch will
provide us with a useful reference for future use of thls modelling apprcach<'
Mr. Moore has also been stu&ylng the cycle of sulfur in the,atmosphELe Wlth
partlcular empha31s on the productlon of stratospherlc B SD4 from the cos -

2

and 502 derived from f03511 fuel combustion. He intends to ultlmately model
the stratnspherlc sulfurlc acid 1ayer ut111z1ng our 2-D model but addlng
in_the sulfur chemistry and modelling the important trqpospheric removal

mechanisms (rainout, washout, ete.) in some detail,



The impact of stratospheric variability

on measurement programs for

minor constltuents

Ronald G. Prinn
Fred N. Alyea

Derek M. Cunnold 7

Depariment of Meteorology

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

1. Presented at the NASA Stratospheric Advisory Comnittee Meeting, Dec. 17, 1975

{(To appear in Bulletin Amer. Met. Soc., 1976)



ABSTRACT

The scales of temporal and spatial variations in'stratospharic minor
species concentrations and éfnamical quantitieé are'bfiéfly rafiewed; De-
;pite the fact that the stratosphere is often considéred as a very quies-
cent rngion.éf the atmosphere, it exhibits transient and generally uﬁpre~
dictable eplsodes of intense activity, The resultant necessity for some
degree of coordination between differé@t observers in their choice of
locations and times for measu?ements of minor constituents. is emphasized.
We provide the specific suggestion of one or more short "International
Stratospheric Periods” whose duration will depend upon the time of year.
During these short periods as many cobservers as possible would perform an
integrated series of observations designed to optimize the usefulness of

their data to atmospherie scientists.
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1. Introduction - -

Over the past few years, atmospheric scientists havéfhécﬁhé iﬁcréééa ; -
'Lngly aware of the nere531ty ‘and urgen oy for.measurements of the concentra~Jf:
tlons of a s1gn1f1cant n&mber of stratospherLc minoxr constltuents. 0f :
partlcular concern has been the need for a sound observatlonal‘ba51s for-
'evaluating the stratospheric ozone models that ﬁave'recently beén"uSEd fo;

predictions'df ozone depletion by anthzo?ogénic trace gasesrsﬁch,as'NO‘ahd o

NOZ_from sgpérsbnié gifcrqftaand CFCl3 and C‘?Zﬁl2 from 3810501 cans and
féfrigeratofs. Coﬁéi&éraﬁle effort has been taken to dellneate.thqse spe— h
cies and dynamical variables whqse_megsq:eﬁeqt ﬁill contribu#e ﬁcst to_tﬁesé.
model validations.~ In conﬁrast, ﬁhe pos#ible ﬁged'for é:significant &ggr;e:.'
vof coofdination between Qiffergnt obsefvers in_their:dhﬁicé of times aﬁ@.
locations for these meésuremgntS'has received comparatively little_aﬁtentiOn.-
for species with_ghemical time constants which appear:to be smaller -
than typical advection times, there are a number of persuasivé;arguments
for comsidering simultaneous measurements as discussed at a'recent Wcrkshop o
- on the stratosphere (¥ASA, 1975). A few of such types of observations.inr
fact already exist (Ackerman et al, 1975; Lowenstein and Savags, 1975;7EVaﬁé”i'
et al, 1975). Examples of groups 6f species for whidh_siﬁuitaneous measure-
ﬁeﬁtsvare highly desirable are: odd;nitrogEnt(Nd 'NO' , HNO ).ZOHd oxjgeﬁ.'
(0, 0,), chlorine (Cl, €10, HCL), and odd hydrogen (OH, HO,, ) Since
many of these shart-llved‘spec1es are Dredlcted to exhlblt.significént;'f

variations with time of. day (Whltten and Turco, lBYﬁ) and Wﬂth latltude

and season (Prlnn et al 1975), the hour and 1ocatlon of such observatlons 7"

- -

is clearly an important ingredient in thelr ;nterpretatlon. Eortunately



;most.obserVErsxappear fully aware of such considerations so we need not

.fpursue;theseQreqnirements.anyrfurther]here;j»

' However, somewhat less emphasis has been given to the eoordinatiOn'

of measurements 1nvolv1ng SPECIES whose ‘coneentrations depend on. both chem—*

: 1ca1 and advectrve processes.' UtlllZlng observatlons and numerltal model

—_— - T e e

o taﬁt'variations'in stratOSpheric temperature Cﬁhichtﬁill influenee‘the

planning'observatlonal programs.

'chemical terms) and stratospherlc motions CWthh/Wlll govern the advectlve

terms) Such.inhomogeneitles should QEV1ously be fully appreelated in’

2; Dynamical'variabilityv' ' AR

N

Let us begln by looklng at a few examoles of the osc111 _i:nenﬂ..dy—'tf;

namical varlables in the stratosphere. In dolng so we wrll tend to . choose

cases Uhlch Wlll-lllustrate the greatest varlablllty. Thrs should not

-- be- 1nterpreted-as an.attempt to. overstate,our_case but rather as PTO—- .

———— oy A S - e e . e - - - . 'T; Lol

‘vmdlng a revmew of the sagniflcant changes Wthh ean. occa51onally occur

in the stratosphere._

Rapid alterations in stratospheric temperature'are nf course well - -

known to meteorologists.» The most impressrve are,the Sudden Stratospherlc

terest to our dlscu551on here is the facL that the temperature 1ncreased

by BD C OVer a ten—day perlod at’ the 43 km.level, 'Thls.particular-warming; .

——— s F— — - i | —

was 1ndeed—snrc ig enocugh to cause the usual w1nter c1rcumpolar vortex*,"'

Impressive events appear to oceur ahout once every‘oneor,two yearsi'

+* e

.- results we can- readily ',s'h‘o:w‘ that the tem_poral- and 'spati-al va:‘:iébili"tjr'of. o

“such ﬁinor specieS'isfsignificentr In addition, we know there exist impor—

, Warmlngs and in Flg l we show the temperature ehanges observed over Seot— S

r'n_1and {57°N) durlng the 196? 68 Warmlng (Qulroz, 197l)t Oprarticular-inv-t;v-

‘Cwesterlles) to be replaced temporarlly wrth antlcyclonlc easterlles. Such - :. -



Lwermings~on amealler-scalefoecurwwith*greeter'frequency“anﬂ in a gen—

"3erally unpredlcteble manner. ‘The magnitude and frequency of these ..

“Qfmlnor'warmlngs is partlcularly well.lllustrated in Fig. 2 in which .

- temperatures at the 30 mb’ level at high and mid=latitudes are given for

:““;:two Wlnter'seasens (Medden 1975)- The-observed temperature OSClllat10ES 

. ryplcally exhibit 1—3 week,perlods. The 1967-68 major warming‘is also
1;c1ear1y 1llustrated In recent unpubllshed runs of our 3~d1men51onal

_stratospherlc clrﬂulatlon model at M. I T (see Cunnold et al 1975), we

have also obtalned many minor Wlnter Warmlng events end thesa are shown

as functlons of 1ong1tude dnd tlme at 45 km in Flg. 3. In addltlon to

| the ge1era1 Warmlng at &5 km the reader should note What appears to be

:a Rossby wave w1th zonal wave,number 1 trevelllng westward et n43 m sec l.
 fThl5 produces temperature osclllatlonSﬁJSO K 1n addltlon to the geueral
_reermlng. At 30 km SPElelc eeve numhers ere less obvmous but 51gn1flcent :

V,temperature osc1llat10ns are present there also, As a rurther example,

.;_-,northern,hemlsphere temperature changes observed over a 7 day perlod 1n

March 1964 are shown in Fig. 4 (Newell et al 1974) Alteratlonsfln :

'Z,vertlcelzveloCLtmes_deduced;u31ng_the_thermodynam;c equationxere_also.

: _depictedin the 1atter'illustratibn.

The standerd dev1at10ns for the. stratcspherlc merldlonal wrnd durlng

_the‘W1nter 1mp1y typlcel varlatlons rangrng up to 25 m sec 1. SLandard

":"ﬂdeviatidns_during;the;summeriare;usually_about'a factoruofeBLOrTQ'leSS'K-QTT

(Newell et ‘al, 1966). The-'d:eiiy variation of the zomal wind during Mareh,
5fl964 ‘s shown in’ Flg. 5 (Doppllck 1971). : At”BO}km aititcieg 15 m sec

wenterly Wlnds reverse to 15 m sec eesterlres in & perlod of "about 2.

.

“”Weeks. “For® estxmatlng dally varlatlons in advectxve terms We are of course R

concerned Wlth dally correlatlons between the wind fleld components and

-1



1£heevefibﬁs eransﬁorted Quaﬁtifies; Tﬁe7vafiebility.of-the northward
eddy f£lux of.heat.at 60°N can be'equeted with the substantial oseiiiations
| in'the”cbnsergeﬁee;of tﬁis'ﬁeef'fiux-ﬁorthwardfbf’6bhﬂ'whieh efé“sﬁoﬁn in
rFig. 2._ As a fuxther'example the dally varlatlon of the vertlcal eddy
flux of geopotentlal is glven in Flg 6 for February, 1964 (Doppllck
' 1971) The substantlal varlatlons in thlS energy flux w1th both 1at1tude
and tIme should be partlcularly”1oted We-wlll-glve further exampleS'of

- i;hsﬁﬁ@-‘f@ }i‘?ﬂ_-.llty_ o.f__-_,sg_qh, qorre{giz_:}ér_ls shortly. .

Transport procésses acrosu the tropopause are also of'particu1ar

concern for quantltatlve studles of upper atmospherlc trece constltuents.
Relter (1915) estlmates that durlng one year ahout 40A of the total streto—
"Spherlc-alr.mess is exchanged with-the troposphere through the troplcel

Heéleyfcell, 20%. through large-scale eddy transparts,in the»jet stream . -

R reglon, and 10/ through seasonal changes in tropopause helghts.. The«up~

wara flux in the tropical branch of the Hedley cell mainly. occurs throuoh
locelize&fend‘transient cumulus convectlon‘(Riéhl“an&-MalkUs,»1958); whlle_7
exdhange of air in the jet stream reglou can be related to tropospheric
cyclcnlc acth;ty Cﬂahlman, 1965) Thus these two processes are expected

' to have s1gn1f1cant temporal and spatlal variatlons. In Flg. 7 we lllus~‘

“trate the surprlslngky 1arve verleblllty in the January, 1973 tropopause
p051t10n (Re1ter, 1975) J The Jnly, 1973 varlablllty 1s somewhat smaller e
| but nevertheless Stlll secnlflcant. This haS'lmpllcatlonS'both fores"
tropospherlc—stratospherlc exchange and for varlatlons ln the dynamlcaL

steblllty (eg. Rlvhardson number) in Lhe 100 - 500 mb region.

The dlfferenees between January and July just noted remlnd,us we should

BN
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'_"."1_1.5.0: _dis_cu's's scales of 'dar_iabj__lity' during di‘ffgi:ént'-ééasc@ns. . "Both _'th'e_c_)'r'y L

and obsérvatibn (see Holtom, 197.5-..1‘.07: a rev:f_éw) suggest t.ﬁat‘ve..rtically—

?f‘épagating- éxtra—ti.:op:r’._.c'al'_plaﬁéi:éify- waves iﬁrovi&é the ﬁaj or energy 'sbﬁrce :

for'driving‘the'loﬁer étratoépheré. Thls upward flux-is modulated in part :

4"."‘by doﬁnward reflectlon of quasi—statlonary Ross‘by waves by easterly Wlnds |
in summer and strong Westerly Wlnds in Wn.nter (Charney and Draz:l.n 1961) .

" This. modu1 at:.;n .1s ev:.dent in F:Lg 8 -where.z. v.ver have shown the. da:l.ly vert:.-—"'...:

| cal eddy flux of geapotentlal through the 100 and 10 mb 1evelsrdur1ng 1964

: 7. (Doppllck 197_1.) S:Lmilar annual cycles in the var:.ance of L.emperature

and merldlonal w:.nd %Lra evident at most strétosghefllc 1éﬁels in unpubllshed

"':.data here at M. I T We :therefc.;re'.expect‘ the rﬁost .rapid -and- 1argest-_var:.a.1.—k -
-'--tlons 111 dynam:l.cal variables durlng tHe late. Wlnter months and :mdeed mﬁsf:
.of the ez.a*"zples we have ;,usl. provided are der‘*ved from l:hn_s pe.f:.od Of

: _--Kfar_t:L_c_;l;Lar '_;,mpq;_#an;ce -f_p_:v_:_ our d:__-séjc_rs_s_lg;}-.hgre_,_;a_.s_ tne __t:.mgns,cale _ ﬁver: .

Whitﬁh‘tw‘a may 'expe;c-;t- o s-i_gn;i._f'icant dy’ﬁamit;al- 'ch-:a.ngeg and this is clearly

- very. different in.summer and winter seasoms. .-

3 Minor constituent variability

'Haviﬁg i:ﬁus notéd_t]:;é. .dYnarﬁical vafiébilty of. stratospher:l_calr, wg'l
can. move on to d:l_scuss s:mllar effectq for, stratocpnerlc m:mor const:.tu—‘ '. o
ents whose _Local.concentratlons are a:Efected by the scales and veloutleé:; -
of mlxn.ng p'roc_e'_ss_e__s' .a._?} _wt-:.il.'l .'a'_s‘ cher's_tis_t;:_g}. _ Although the majors.ty of the

" imgoftant' léhger—live& stratospheric specles have:.not been,mge__asured at’

& wide range.of localltn.as and ‘over _extéﬁ&é&:f 'péi:idds of "time- ;:.'en'ough. data R

'-does-'-'ei-::istl' (egr. for 03, H 0 T-INC}H, 2 fv’ CCl F and bF ) to :Llluqtrate
the types of :I.nhomogene:Lt:Les we- should expect in stratcspheric a:Lr As

.

7 we 1'11p11ed earller, our pr:.nc:.pal thes:l.s w:Lll be tbat uncoord:mated



~and with mld—latltude thunaerstorms.f We can dillustrate our:caseAusing_

recent observations of the latitudinal dependence of the H,

observations of different species at different localities and/or times are

in general incompatible. As a result erroneous estimates of vertical

profiles may result from simple superposition of such uncoordinated measure-
ments.

- Let ﬁs,look at some typical early spring ozone variations. In Flg o,

we 1llustrate the temporal and latltudlnal varlatlons 1n,total ozone ob—

served-during March,-1964 (Newell et al, 1973).- It.is clear that total .

 ozone increases of up to 50% may occur at mid-Istitudes over a{time span
- as shortoas.ten days.  The quasi-horizontal eddy activity shownrin Fig.9.

is also “increasing very.significantly during this particular period. Ob-

servatiofis at the same latitude but 10 days apart would therefore provide -

significantly different results. ‘Similar rapid temporal variationms occur'

in OZoné concentrations at various altitudes as illustrated oVer Switzer—

" land in Flo 10 Cpﬁtsch,71974):5.ln the_ietter'caSe we gee thet factor of

38_chsngesioveria‘period of 3 days are fiot unusual. Significant variations .

in'rotal‘ozone < 25%)-a1so gcecur withrlongitude (Reiteffand Lovill, 1974)

" as iilusﬁrsted'io.Fig;}11;”for 20°N"1ati£ﬁae.'JHost:reeders”will beffamiliarf

: Wlth the 51gn1f1cant variations 1n,monthly mean total ozoné as a function

" of p051t10n and season (Dutsch 19?1) and such variations have been simu-

lated in the M}I T modeL (Alyea et a1, 1975)

Unfortunately; measurements of Water vapor i the stratosphere are

'faW‘and generally restrlcted to Europe and NOrth Amerlca. Spatlal and

temporal varlabllltles are, certalnly expected beeanse of temperature changes

'and the 1ocalized and transrent anections of Water vapor 1nto the lower

, stratosphere associated w1tﬁ the troplcal upwelllng (1 fﬁumulus towers)

20.mixing rstio



in the 15 - 2b km region during October, 1973 through Janﬁéﬁy; 19%4 whic.
are illustrated in Fig. 12 (Kuhn et al, 1975). Npté the dqubling of this
ratio in the region of the ITCZ.

Observations of hydrogen nitrate and sulfuric aéid have exhibited
significant altitude and latitude variations. A summary of global observa-
tions during-Qorthern'Hemisphere Spring by Lazrus and Gandrud (1974) is

glven in Fig. 13 and the HN03 observatlons can be compared Wlth our 2-D

o v oot - - -

model résults (Prlnn et al 1975) Whl“h sbow qu311tatmve agreament w1th
these data. The HNO3 map is constructed by superimposing wvarious obser—
vations during the Spring’o? 1971 and agreement with a 2-D model in which
shortmtermé§ariations are essentially averaged out is perhaps not surpris-
ing. The process of superposition is of course contradictory to the gen-
eral theme of this paper but our purpﬁse in presenting such results is

to qualitatively illustrate the spatial variability of HNO3. Significant

spatial varlatlons suggest that significant f:emporez'I variations will

result during sporadic rapid large~-scale jnterchange of air parcels of
the type discussed earlier. The féét that'léwer straﬁosphgric mixing.ap-
pears to be domlnated by large—scale rather than very*smal] scale motions
{(Cunnold et al, 19?5 Heck and Panorsy, 1975) reinforces this notion.

As a final example we show in Fig. 14 the observed latitudinal varia-
tions in CClBF during April and Oétober;.197& fKreﬁ.and Lagomarsino, 1975).
Variations are most significant in the vertical aﬁd temporal variations over

at least a 6 month period cannot be neglected. Similar results were obtained

" by these workers for SFG'
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4, An Internatiomal Stratospheric Period

It is hoPé&-that.wE have provided 2 sufficient case for pbncerﬁ_gﬁér'ﬂ

the inhomogengity of the stratosphere.. We particularly emphasize that °

superposition of profiles of different species measured at different posi~

tioné and times 'is in'generél hazardous., In additiom, we must be prepared
to accﬁrately'SEale lﬁéalizéd vertical profile observations to the annual
" global average for comparison with 1-D models in which most of the ozone
predictions.haﬁa been made. MﬁltiQdimensional models, particularly 3;D
models where dynamicg are predicted, Will play an important role here but

we are still faced with the problem of‘ﬁay to day predictability of the

.

stratosphere. We must therefore obtain some idea of temporal variatiomns

on a-monthly of seasonal scale. These observations need not be continuous.

in space an% time providing imaginative use of 3-D nume:ical models and
existing stratospheric observaiions is made.

With these points in mind we would 1like to recommend the designa-
tion of one or more "International Stratospheric Periods" (ISP) for the
purpose of coordinating existing measurement projects. In each ISP we
suggest the following scemario for the timing and location of observations
and their interpretation:

1) Each ISP should be defined with enough lead time being provided
to observers to prepare for participation. The existing funding agencies
in North America, and if possible in Europe and Australasia, should en-
éourage their various observing groups to cooperate fﬁlly during these
periodsf |

2) The duration of each ISP will vafy with the time of year chosen.

t
-

Baged on our earlier discussion we suggest intervals of about 1-3 days

[




during late Fall, Winter, and eérly Spring; about ]:-WEEk?dnripg_early
Fall and late Spring; and about 2 weeks during Summer. If ome ISP is
planned each year then a different season could be chosen each time,

3) Balloon and vocket flights during ISP should be as far as pos-—
sible chosen so as to ensure measurements of vertical profiles of as
many constituents and dynamical variables as possible zbove each station.
In the event that this is not possible, super?osition{of the results from
’; different stations at the same latitude and local time of day is gemerally
preferable to superposition of results féom stations of the same leugitude.
The aim would be to obtain sélf—conéiséent éété of vertical profiles for
at least one highnlafitude, one mid-latitude and ome low-latitude station.

Southern hemisphere coverage would initialiy be sparse but would hopefully

improve in later years,

4} Adircraft flights and satellite observatioms during ISP should
cover the regions above and between the stations in 3). This will pro-
vide knowledge of horizontal variations and help to relate the localized
measurements'at each station to the global picture at the tiﬁa of ISP.
Some coverage of the Southern hemisphere would also be useful.for assess—
ing the global picture.

5} As scon as possible after the I8P all the results should be com-
piled into a compact data report made readily available to the atmospheric
sceientific communi;y. This report would be recognized as preliminary; it
would not preclude subsequent publication of £0th the data and methods in

the open literature. Recognizing the forecing role of the troposphere, this

voluﬁe should alsc include pertinent global tropospheric and lower strato-
spheric meteorological data obtained during the ISP under existing daily

atmospheric observation programs.




.

- 5. Concluding remarks -

We feel tHat a scenario of the‘type proposed here will comsiderably
incéease the>usefﬁlness of future stratospheric measurements for aeronomers
and meteoronlogists alike. .To conélude, we should emphasize that except
for funding of a small staff for coordination and data report compilation
purposes, there is no requirement for additional funding over and azbove
that pfdvided by existing'agenniés. There should be no hint of a central
controlling agency; each observer would have to obtain his own funds baséd
bh the'merits of his particular experiﬁent. We also recognize that the
vagaries of instrument development and the weather may prevent participation-
by some observers dﬁring a particular ISP. However, even partial success
in such ; ﬁenture must be deemed superior to allowing a haphazard and
totally uncoordinated program for measurement Of stratospheric minor com-

stituents to exist.
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Figure Captions

1. Stratospheric temperatures T (°C) observed over West Geirinish, Scot-
land (57°N) at various altitudes (km) during and after the December, 1967

Sudden  Stratospheric Warming (after Quivoz, 1971).

2. Zonal mean temperatures T (°C) for 70-80°N (HIGH LATITUDES) and
40-50°N (MIDDLE LATITUDES) duriné the winters of 1967-1968 (upper) and
1971-1972 (lower). Also illustrated is the convergence of the meridional
eddy heat flux (°C/day) morthward of 60°N (EDDY COMV). -The latter flux
ig defined as the zonally-averaged correlation - between the geostrophic
perturbation meridional velocity v# (m sec—i) and the perturbation tem-
perature T* (°C), with only the first six zomal wave numbers being con-

gsidered. All data refer to the 30 mb level.

3. Stratospheric temperatures T (°C) obtained during January and February
at 70°N from a run of the MIT Stratospheric Circulation Model. Data are
given for the 2 mb level,

4. Northern hemisphere stratospheric temperature T (°C) observed at the

10 mb level on March 1% and 12 during the 1964 spring warm;ng (solid lines).
Also showvm (dashed lines) are vertical veloecitiss W (ll'_)"5 mb secﬁl} computed

from cbservations for the same period using the thermodynamic equation (after

Newell et al, 1974).

5. Daily longitudinally-averaged zonal windsu {(m sec—l) at the 10 mb level
computed from Northern hemisphere obhservations assuming geostrophy for March,

1964 (after Dopplick, 1971).
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6. Daily zonally-averaged correlations in the Northern Hemisﬁhere between
vertical perturbation veloeity in the Northern Hemisphere w* (10“5 mb secﬂl)
and perturbation géopotential height Z% (em) at the 10 mb level during
February, 1964 (after Dopplick, 1971). This correlation has the units of

2 . - . . ) .
h) and constitutes the pressure work contri-

energy flux (deciwatt m
bution to the total vertical wave energy flux. A negative correlation

denotes an upward flux,

7. Cumulative percemt frequency distribution of tropopause pressures

over North America during January, 1963 . (after Reiter, 1975).

8. Daily horizontally-averaged correlations in the Northern hemisphere’
between w* (10~3 mb sec-l) and Z* (cm) at the 10 and 100 wb levels during
1964 (after Dopplick, 1971). The units are deciwatt m 2 (see Fig. 5

-

for physical interpretation).

9. Total columnar ozone Qcm. mb) and zonally averaged correlation
between w* (mb secﬂl) and v* (m sec—l) at the 100 mb level during 1964
Northern hemisphere March., The latter correlation is positive for north-
ward and downward (ie. quasi~horizontal5 eddy transport (after Newell, et

-

al, 1973).

10, Ozone partial pressures (II.O_6 mh) and atmospheric temperatures (°C)
observed as functions of pressure (wb) over Payerne, Switzerland on Feb-
ruary 20 (solid lines) and 23 (dashed limes), 1970. Lines of constant
ozone masg mixing ratio (10P6 gm O3 per gm air) are also shown (after

Dutsch, 1974).



11. "Total columnar ozone (cm. mb) observed at'ZOaN during June

1969 by the NIMBUS IIL IRIS experiment (after Reiter and Lovill, 1974).

12. Average water vapor mixing ratios (10~6 gm,HZO per gm air) observed
in the 15-20 km altitude region during the period October, 1973 through

January, 1974 (after Kuhnm et al, 1975).

13. Aircraft -observations at various altitudes (km) of the mass mixing

ratios (10-9 g per gm air) of HNO, gas (lower graph) and sulfuric

3
acid aerosol (upper graph) during the 1971 Northern hemisphere Spring

and Southern hemisphere Fall (after Lazrus and Gandrud, 1974).

14. Volume mixing ratios (part per 1012) of the chlerofluorocarbon
CCI3F observed at various altitudes (km) during April (left hand side)

and October (right hand side), 1974 (after Krey and Lagomarsino, 1975).

The tropopause position is indicated by a dashed line.
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SIMULATION EXPERIMENTS ON THE CLIMATE OF THE STRATOSPHERE AND

STRATQSPHERIC QZONE DISTRIBUTIONS UNDER NATURAL AND MAN-MADE CONDITIONS

F. N. Alyea, D. M. Cunnold, and R. G. Primnn

Department of Meteorology
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

Prepared for presentation at the Australian Conference on Climate and
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Although ozone (03) constitutes less than one-millionth of the mass
of the atmosphere, it plays an important role im heating the stratosphere
and in controling the amount of ultra-violet (UV) radiation that reaches

the ground. The global distribution of O,, however, evolves from a com-

32
plex mixture of dynamical and chemical processes which lead to considerable
spatial and temporal variations. Thus, in order to simulate the climato-—
logical chapges in the stratbsphere, a2 combined dynamical chemical three-
dimensional model, global in scale, is desirable.

We are presently using such a model, 1) to simulate the large-scale
climatological features and ozone distributions of the stratcsphere, 2} to
estimate the possible effects of anthropogenic pollution sources on the
stratosphere and UV radiation levels at the surface, and 3) to study the
dynamical and transport mechanisms relating to the stra-osphere. To date

some progress has been made relative to the first two of these points.

Work has just begun on the third.

Model description

In order to accomplish these tasks, our strategy was to develop a
fairly simple dynamical stratospheric circulation model (SCM) coupled with
a relatively few chemical reactions considered most important to strato-
spheric 03. The basic dynamical set of equétions makes use of a form of

quasi-geostrophic approximation. The chemistry is limited to the Chapman

oxygen reactiens
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coupled with three odd nitrogen reactions

. *
NO—!—-DB N02+02

NO, + 0+ HO 40

2 2

qu +hv+NO+0
&
For details of the model see Cunnold, et al, (1975).

Although the model encorporates 26 vertical levels from the surface
(including orographic effects) te approximately 72km height (well into the
mesosphera), we are not concerned with reproducing the detailed observed
motions iz either the troposphere or the mesosphere. The troposphere has
been included solely to provide a more or less realistic energy source to
drive the stratosphere, while a number of model levels in the mesosphere
have been retained in order to remove the upper boundary as far as possible
from the stratospheric levels of interest. The 3-dimensional prediction
variables are limited to vorticity, temperature, and cozone although, as in
many other quasi-geostrophic models, horizontal mean temperatures are not
‘predicted but are gxﬁernally specified, Coupling between the photochemistry
and the dynaﬁics is achieved not only through the temperature-dependent
photochemicai reaction rates but also through the heating term in which the

absorption of solar radiation by the predicted ozome is integrated explicitly

using a simplified radiative transfer law. In the middie and upper layers



of fﬁe'modal thé.radiative éooling is approxiﬁated using Néwtonian rate
coefflclents computed by chklnson (1973). Below about 20km (lower strato-
sphere and troposphere) heatlng is SpElelEd in a qulte dlfferent manner.
_ In earlier ve:éions of thg model this ﬁas accomplished through a simple
linear parametexrization of thermﬁnabe and étricklér (1964) tyﬁe'in-wﬁicﬁ
the heating raté is proﬁortional to the differemce betﬁeen an "equilibrium
temperature,.T*, and the locél'model.predictéd temparature, Spaﬁial and
temporal distributions of T* were determined from data obtained from the
M.I.T. General Circulation Project. Currently, however, we are replacing
this linear heating mechanism with total heating data obtained from the
results of g one year integration of the 13-layer general circulation model
(GCM) of the Geophysical Fluid Dynamics Laboratory (GFDL) in Princeton, N.J.
This pronedure has the advantage of provzdln; the.model with a fairly de-
tailed heating input, global in extent, and over the entire annual cyele,
In contrast, the present heating parameterization is based on fairly smooth
data which is limited to the Northern Hemisphere,

Horizontal representation of themodel variables is accomplished by
application of truncated series of spherical harmonics. To date all of
the model computations haﬁe been limited to series representations which
have been truncated after planetary wave number & (with equal resolution
in the north-south direction). Higher resdlutions are undoubtedly desirable
but we appeal to the tendency for larger scales in the stratosphere. 1In
additioﬁ; iiﬁear theofy suggests that only the very long planetary scale
waves of the tloposphele,penetrate far enough into the stratosphere to act

as a major energy source for stratospherlc motion.



Because of a lack of good tropospheric heating data in the Southern
Hemisphere, it was convenient for the first few model integrations to
assume that the two hemispheres are geographically similay. Thus, the oro-
graphic heights were defined by imagining that the Southern Hemisphere is
a mirror image of the Northern Hemisphere (Fig. 1). Tropospheric heating
values from the Northern Hemisphere are also used in the Southern Hemisphere,
but with a six month time lag. In this way we have retained realistic intere-
actions between the hemispheres while making use of the limited tropospheric

heating data awvailable.

Simulation of the unperturbed stratosphere

The ipitial model integrations were concerned with obtaining a fairly
realistic climate simulation of the observed stratosphere, The model was
integrated for a period of 3 years, starting from an initial state of rest,
until the 03 and dynamical gquantities arrived at equilibrium solution
conditions. Figure 2 shows a winter-summer seasonally averaged temperatuxe
cross-section obtained from year three (season 18) of the results of one
of these model runs (Runm.12.). The upper part of this figure contains the
corresponding observational analysis of Newell (1969). Throughout the strato-
sphere the model temperatures appear adequate, with some exceptions near
the poles. Near the winter pole the model predicts temperatures that are
approximately 20 degrees too low at upper and middie stratospheric levels,

At the lowest stratﬁspheric levels (~10~20im) both polar regions of the
model exhibit temperatures somewhat higher than observations (by approximately
10-20 degrees). However, the probability of an error in the observational

analysis exists at about 50km in the summer hemisphere (Newell, personal

communication}. Here the observational cross—-section shows a closed 273°K
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contour which is about 20 degrees cooler than other independéent observa-
tions and also as predicted by the model. Tn the lower mesosphere, the
model fails to predict the cbserved reversal of the peole to pole tempera-
tﬁre gradient. This probably results from the artificialily imposed upper
boundary condition in which the vertical pressure velocity is assumed to
be zero.

Corresponding cross—sections for the seasonally averaged zonal wind
field (winter-summer) are contained in Fig. 3. The data is as expected

from the temperature profiles and the thermal wind relationship. The

climatological winter-sumner mean zonal winds obtained from the model
exhibit the essential large-scale characteristics of stratospheric metion.

A winter-hemisphere upper tropospheric (lower stratospharic) westerly jet,

with maximum wind speeds of 40 m/s, is found at am altitude of 10km in the
subtrdpics (although 2bout 15° too far toward the equator). In the upper
part of the stratosphere, 2z westerly wind belt (polar night jet) exists

in winter, while easterlies prevail during the summer. The failure for

the model upper stratospheric wind belt contours to close with the height
above the ~v60lm level is again attributed to the artificial upper boundary
condition.

Another important climate parameter, and one that is certainly impor-
tant to the transport of stratospheric ozone, is represented by the meridional
mass eirculation. Calculations of this quantity from atmospheric wind data
have been made by Louis (1974). Figure 4 shows Louis' mass meridional
circulation pattern for the winter-summer months, December through February.
We see that the troposphere contains six individual cireulation cells domi-
nated by the direct (Hadley) tropical cell of the winter hemisphere. How-
ever, above the tropopause there is a rather abrupt change to a three cell

(possibly four cell) pattern. Here again, the direct circulation patters



associzted with the tropospheric winter hemisphere Hadley ceil dominates,

but has now extended its influence throughout the subtropics and into the
midlatitudes of both hemispheres. The corresponding mass cireculation pattern
for the months December through February from the model calculations are
contained in Figure 5. The results are essentiallv as computed by Louis, but
the direct tropical cell in the summer hemisphere extends upwards through

the entire stratosphere instead of being confined to the lower stratospheric
levels noted in the observations., WNevertheless, the model exhibits a large
stratospheric mass transport across the equater from the summer hemisphere
to the winter hemisphere. This is in accord with the observational evidence
aﬁd thus provides a satisfactory basic meridional flow field for the initial
poleward transport of stratospheric O3 away from the equatorial production

regions.

Hodel czone distributions

Coupled with the dynamical aspecis treated above, the model zlso pre-

dicts three-~dimensional 03 distributions. In addition to transport of D

by the wind fields, the model O

3

3 guantities are also effected by temperature

dependent chemical reactions. Feedback to the dynamiecs occurs through the
heating terms which depends upon the absorption of solar radiation by the

03‘

An iImportant contribution to the quantity of 03 which exists in the

gtratosphere is realized through the presence of odd nitrogen compounds.

NO reacts with ozone to destroy it by producing NO2 and 02, but the NO2 is

quickly converted to NO again. Thus, a catalytic reaction chain is realized

in which the net result is 03 depletion while the amount of NO remains un-

altered. This odd nitrogen reaction chain has only recently been suggested
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as being important to stratospheric 03 distributions and its absence from
earlier model calculations undoubtedly accounts for their overprediction
(by about a factor of 2) of 03.
Since our model does not.explicitly predict odd nitrogen, we are forced
to provide spatial and temporal odd nitrogen distributions from independent
sources, For the model results to be discussed here, we have adopted NO2
values as predicted by a two-dimensional model calculation of Hesstvedt
(1974), from which NO is obtained diagnostically. This NO2 distribution,
at its midsummer and midwinter extremes, Is shown in Fig. 6. The values
lie within the range of uncertainty (about a factor of 2) of the limited
number of measurements, and we therefore comsider them adequate as a first

estimate. We note from the figure that the NO, mixing ratios appear to be

2
relatively independent of latitude, but vary considerably with height, at—
taining maximum values at about 35km,

Figure 7 includes mean zonal 03 cross sections for the winter-summer
(December through February) season from observations (Wu, 1973) and from
the model calculations. The model correctly predicts the downward and
poleward transport of ozone, with maximums at polar latitudes. However,
in the model, these maximum densities are located about two kilometers
too high. This undoubtedly results from an inadequate downward transport
of 03 into the troposphere by eddy motions which are restrained by the
model's limited resolution (truncated after planetary wave 6). As another

bagis for comparison of observations with our model 0, results, we refer

3
to Fig. 8 in which total columnar 03 values, as a function of latitude
and season for the Northern Hemisphere, are shown. An observational compila-

tion by Dutsch (1971) is presented in the upper part while a similar picture,



averaged over year 3 of the model results, is contained in the lower part
of this figure, The model has correctly simulated the observed polar spring
maximum as well as the relative minimum at the pole in the fall. The polar
spring maximum, however, is some 10%Z less than is observed, reaching just

over 400 Dobson units compared to more than 440 in the observations,

Ozone reduction. by SS8T's

Since the amount of O3 in the stratosphere is somewhat controled by the
presence of odd nitrogen compounds, it stands to reason that aircraft, whose
engines produce odd nitrogen compounds, £lying in the stratosphere may inject
guantities of odd nitrogen sufficient to be of importamce to the 03 halance.
This is of particular concern because of the relatively long time periods
required for the net removal of odd nitrogen at these altitudes. Such long
regidence times are primarily due te the inherent vertical thermal stability
of the stratosphere. The principle removal mechanism for odd nitrogen in
the stratosphere appears to involve its conversion to nitric acid (HNOB),
with subsequent transport into the troposphere and rainout. Thus, it is
important that we obtain an estimate of the long-range effect on the 03 layer
that might be generated by a large fleet of supersonic transports (SST's),
before such a f£fleet becomes a reality.

To do this, we have introduced an additional amount of N02 into the
model to represent a hypothetical S$ST fleet (Alyea, et al, 1975). This per-
turbation in NO2 was computed using a two-dimensionzl model for chemical

stratospheric constituents developed by us at M.I.T. (Prinn, et al, 1975).

For this first perturbed NO, calculation, we assumed zn odd nitrogen emission

2

6 . . .
rate of 1.8 x 10 metric tons per year, to be released in a corridor centered



at 45° N and an altitude of 20 km. The corridor extends 15° in latitude
and 1 km in height. This injection rate was chosen to most nearly repre-
sent the effect of a large fleet (~ 500 aircraft) of the now cancelled
American SST (Boeing 2707) which might have existed near the year 2000.

The results of the two~dimensional caleculation of the NOZ perturbation,

after equilibrium solutions had been obtained (some 25 years of integration
time), are shown in Fig. 9 (Northern Hemisphere winter). We see that while
much of the introduced odd nitrogen is found in the Northern Hemisphere,
interhemispheric transport processes have distributed a significant quantity
to the Southern Hemisphere, particularly in the 30-40km altitude range.

The effect of this increased amount of odd nitrogen introduced into

the stratosphere can be seen in the 0, distribution simulated by the three-

3

dimensional model, Figure 10 shows the seasonally averaged distribuiions

of total columnar 03 as a function of latitude,calculated for both the SST-

perturbed stratosphere and the unperturbed stratosphere. On a global scale

the perturbed stratospheric 0., depletion amounts to about 12%. However,

3

the model also shows that about 164 of the Northern Hemisphere 03 will be

destroyed. Despite the absence of any direct odd nitrogen injection in the
Southern Hemisphere, the calculations indicate that approximately 8% of the

total 03 will be destroyed there. The mid-latitude injection of odd nitro-

gen in the Northern Hemisphere apparently produces a filtering effect on

the northward transport of O, through this region so that there is a larger

3

(by about a factor of 2) reduction of 0, at high northern latitudes than

3

at low latitudes.
To estimate UV radiation reaching the ground, we submitted the total

O3 distributions for the January and July months to Dr. S. V. Venkateswaran,

who used this data in a multiple scattering program (N. Sundararaman, et al,

.
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1975) to compute daily mean surface UV flux values. The values for beoth
the unperturbed and perturbed stratosphere at four wavelengths under clear
sky conditions were then used to prepare curves of approximate erythermal
dosage (sumburnm producing effect on Caucasian skin). If F(A) represents
the solar UV fluz per unit wavelength arriving at the ground, then the ery-

thermal dose D.at a given latitude and time of year can be represented by

D =jw EQA)Y FQ) dd)
A

where E(A) denotes an erythermal efficieﬁcy function (e.g., Cutchis, 1974,
Fig. 8). The results of the numerical integration of this equation for

the July and January months for which UV fluxes were obtained are shown in
Fig. 11. The greatest differences between the calculations for the per-
turbed and unperturbed states occur during July in the Northern Hemisphere.
The erythermal dose at 30°N for the perturbed state is about 30% greater

than that for the unperturbed state. At 60°N this difference increases to
about 58%. Thus, during July the calculations indicate that Northern Hemi-
sphere mid-latitude erythermal doses under the perturbed conditions are
roughly equivalent to unperturbed levels some 15° of latitude to the south.
At the same time, Southern Hemisphere July mid-latitude erythermal radia-
tion levels are relativeiy uneffected. During January, however, mid-iatitude
erythermal doses in the Southern Hemisphere are comparable to an equatorward
latitudinal shift of about 7°. In Melbourme, which is somewhat on the equa-
torward side of the central mid-latitudinal belt, the summer sunburn potential
under these perturbed conditions would be roughly equivalent to that of pre-

sent day New Caledonia or along central sections of the Great Barrier Reef.
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REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR

Two additional model calculations have been made concerning the pos~
sible effects on the 03 layer due to operation.of an S8T fleet of aircraft.
On of these (Run 19) assumes that the SST corridor is centered at an altitude
of 17kin (rather than 20km as in Rum 18) at 45°N, while the other calculation
assumes a tropical £light corridor at 20km altitude and 10°N. Summer and
winter seasonally averaged distributioms of total columnar 03 as functions
of latitude for these two experiments (Runs 19 and 20), as well as for the
unperturbed {Rum 17) and the 20km, 45°N SST corridor (Rum 18) cases are
compared in Fig. 12. The calculations show that for the conditions of Run
18 (corridor at 17km, 45°N), approximately 6% of the total unperturbed O3
will be destroyed during an annual cycle. Most of this depletion occurs.
in the Northern Hemisphere where 8% of the total 0, contained there will
be lost. In contrast, only about 3% depletion will cccur in the Southern
Hemisphere. This is particularly evident during the Northern Hemisphere
winter and summer seasons shown in Fig. 12 during which 11Z (N. H. winter)

and 8% (N. H. summer) O, depletions are indicated., At the same time, neg—

3

ligible O, losses are noted in the Southern Hemisphere. Thus, we see, in

3
comparison with the results of Run 18, that lowering the altitude at which
a fleet of SST's would operate reduces its impact on 03 depletion in the
Southern Hemisphere,but still must be considered as a factor in the Northern
Hemisphere.

The situation is somewhat different, however, when SST's fly in the
tropics, as simulated in Run 20 (corridor at 20 km, 10°N). For this case

approximately 127% of the total global 0, will be destroyed throughout the

3

year (the same amount as obtained from Run 18), but this loss is fairly



evenly distributed between the two hemispheres. This feature can be seen
in Fig. 12, especially for the NHorthern Hemispﬁere summer during which
the difference between the unperturbed curve (Run 17) and the Run 20 per-
turbed curve is fairly uniform f£rom pole to pole.

The odd nitrogen injection rate assumed in our model calculations (1.8 x
106 metric tons per year) was chosen to most nearly represent the effect of
a rather large fleet (about 500 aircraft) of the proposed Boeing 2707 SST,
which might have existed near the year 2000. However, if, in fact, only
8ST's of the current Anglo-French Concorde and Russian Tupolev 144 proto-
types, which are smaller and £ly at lower, less harmful altitudes (~v17 km),
are built, we estimate that it would require 2 world wide fleer of a few thou-
sand aircraft to attain an effective injection rate as large as the one used
in our model simulation. Clearly, the nature and proliferation of the global
SST fleet of the future must he carefully analysed if we intend to maintain

the enviromment as we know it today.
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Figure titles

Fig. 1. Model surface topography in dekameters drawn from the truncaten
spactraljrgpresentation.

Pig. 2. The atmospﬁeric temperature distribution " "ained for seascn 10,
Run 12 compared against the observed atmospheric temperature dis-
tribution for summer and winter according to Newell (1969).

Fig. 3. Vertical crass section of the zonal wind (m/s) for season 10,
Run 12 compared with the summer-winter observations amalyzed by
Neffll (1969).

Fig. 4. Mean meridional circulation (mass flow in units of 1012 g/s)
redrawn from an analysis by Louis (1974) for the months Decewber-—
February.

Fig. 5. Mean meridional circulation patiterms from the model results
(Run 17, season 12) for the months December-February.

Fig. 6. The unperturbed winter-summer N0, distribution (in parts per

2
billion by volume) according to Hesstvedt (1974).

Fig. 7. Ozone number density (1011/cm) cross sections for the winter-summer
season predicted by the model for season 12, Run 17 cempared with
observations analyzed by Wu (1973).

Fig. 8. Columnar 03 distribution (in Dobson units) in the Northern Hemisphere
as a function of season and latitude: (a) as determined by Dutsch
{(1971) from observations and (b) as predicted during year 3 (Run 17)
in our unperturbed model.

Fig. 9. The winter-summer 55T induced perturbation in N02 (in parts per

billion by volume) from the two-dimensional model of Prinn, et al

(1975).



Tig. 10.

-16—

Seasonally averaged distributions of columnar 03 (in Dobson units)
as a function of latitude predicted for the unperturbed (dashed

1inés - Run 17) and perturbed (solid lines ~ Run 18) stratospheres.

Fig. 11. Approximate daily mean erythgZpal doses predicted from the model

Fig. 12,

03 results shown in Fig. 10 but limited to the months of Januaxy
and July.
Same as Fig. 10 but adding the results of the SST hypothetically

perturbed conditions of Rums 19 and 20 (see text for details).
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REPRODUCIBILITY OF THE
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MEAN ZONAL WINDS
{ REDRAWN FROM NEWELL, 19691
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OZONE NUMBER DENSITY (10"7cm?)
( REDRAWN FROM WU, 1973}
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