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Abstract

A‘three—dimensibnal dyﬁamical;éhemigal'model of theAstfatosphere haé
been develobed.v The ﬁodel includes pfediétiéns not only of ;he dynaﬁical
structure of the_stratosphere’but also of atmosphéric ozone. A three year )
integration 6f this model has produced seasopal and latitﬁdinal variafions
of the zonal wind and of columner ozone which are similar to those observed.
Additioﬁal model calculations have included the steady state nitrogen dioxide
distributions resulting from a éburce.éf.l}S b4 106 tons/year inserted at
varioﬁs locaéions in tﬁe lower stratosphere. It is thus concluded thgt tﬁe
most significaﬁt effect of a large fleet of SST's prpducing such an injection

2

of NO. is to deplete total atmospheric ozome by of order 10%. The latitudinal
structure of this ozone depletion for various source locations is compared. .



Background
One of the mést'edvironﬁentally serious objections raised against
supersonic transport (SST's) in the early seventies was that of Johnston

(1971) and Crutzen. (1971) that nitrogen oxides would‘be introduced -into

_the stratosphere and would destroy ozone by the catalytic reactions

NO + 0, > NO, + 0,

NO, + 0 = NO + 02
Initial estimates of the resulting ozone destruction.were bésed upon
one~diﬁen§iona1‘(ié. globallf—avegaged) models of the atmosphere in which
questionablé approximations included the use of tfpical photddissociation
fafes at a particular latitﬁde to repfesent glogally éveragéd‘values énd
the use of a‘height—dependent vertical diffusion‘coefficieﬁt.to represent
verticél fransport on a globalvscale by all scaies of mdfion. Moreover
flight patterﬁs'of SST's were projected'to be éoncentrateai at mid-latitudes
of the Northern Hemisphere which ﬁight résuit in substantial latitudinal
variation in the resgltiné oéoné-depletion; this‘effecf of course could

not be resolved with a l1-dimensional model.

In principlehsomé of these questions could be resblved with thg
use of-2—dimensional models of tﬁe stratosphere. Such models had previously
been used to»study the (uﬁperturbed)ozone distribution in thé atmosphere
(eg. Prabhakara, 1963)7 Howeyer such a model depends onn a diffusion-like
parameterisation to repfeéent botﬁ vgrtical and hdriéontal transports. This
is an ad-hoc non—physiéal‘assumption and recént;studies with a genéral
circulatibn médel (Mahlman, 1975) have tended to confiim the suspicion that

the transport of a species is dependent on the chemical nature of the species.



.-

Moreover the studies with a general circulation model-by Hpnt and Manabe
(1968) héd indicated the complex nature of the trapSpdrt of'anlozoné—like
tracer in the 1owervstratosbhere with the nef'franspoft being the reéult

éf the sméll'diffefence between the tranépérts by the mean circulation

and by the edd? motions. We therefore déciaed to'deQeldp a three dimensional
model Qf the stratosphere iﬁ‘whiéh the motions wouldlbé prédicted and which
Qould inélude a limited number of éhemical reactions believed to be important

in'contfolling the atmospheric ozone distribution.

- Several threezdimensional.models had previopély been developed and
applied to s;udies of stfétospheric dynémics and of the latitudiﬁal variations
of ozone. For examéle Manabe and Hﬁnt (1963) ﬁerforﬁéd a simulation for'én
annual ﬁean insolatidnlwith an 18 level hemispherig general circulation model
extendihg frém the ground'to 37.5 km'with a verfical resolution of approximately

3 km and a horizonfal resolution of approkimately‘SOO km. This simulation

~produced many of the pbserved-gross"featuresAQf the dynamics of the lower

stratospheré: although it was in better agreement with observed January

‘rather than equinoctial conditions. Two other models with which we were

particularly iﬁpfessed were constrﬁcfed by Clarkr(1970) and Trenbérth (1972,
1973) both of whom expressed the depeqdenf variables in terms of a limited
ﬁumbervof spherical harmonics and invoked the quasi—geoétrophic approximation.
Trenbérth used a 9 level model exténding from the grouﬁd fo 70 km ana retéined

only planetary wave numbers 0,2,4, and 6. He was able to reproduce realistic

- stratospheric warmings in late winter. While Trenberth's model included

no chemistry, Clark included the Chapman scheme of .chemical reactions and

was able ‘to reproduce numerically in a qualitativé sense the observed tendency



- for the large scale motion.field.fo shift the maximum of Verticaily‘integrated
ozone poleward from fhellow‘létifudelsqurce region. Thus the time seemed
propitious for the dévélobmenf of a similar type of mddei with increased
horizontal resoiution‘which would.ipciude the récently"suggesfed destruction
of oéone'by nitrdgen_oxides'(Crutzen, 1971) and which would'permit several
years integration with varying solar posifion. With this model it was
hoped td be able to a&equately simulate the observed seasonal and latitudinal
variations of ozone so that ozone'déstruction produced by an additional

source of'NOx (from SST's) could Ee estimated.




Current status of modeling work

'During.the first two yearé of this three year project a numerical
model of the global stratosphere was coded. The model contains 26 levels
equally spaced in log(pressure) between the ground and approximately 70 )
km. 1In the horizohtal_domain the model extends from pole to pole and
spherical harmonics are USed.(up toznniincluding planetary .wave number 6)
to represent variations with 1at1tude and longitude. The basic dynamical
set of equations used'ls onedof the 31mp1er forms of the "balance equations
(Lorenz, 1960) and incoroorates the qua51—geostroph1p approx1matron. This
permlts time steps of 1 hour to ‘be used durlng the model 1ntegrat10n so that
the computation ‘time on the 360/95 at Goddard Institute for Space Studies
is approximately 4 hours/model year or approximately 12 hours for the 3 year
integration required to reach a state of quasi;equilibriom. The dependent
variables in this integration are the stream fuhction, vertical velocity,temperatﬁfe
and‘ozone mixing ratio.

The first successful 3 year integration of this model was made early
in 1§74 and this was followed several months later by a simolation of‘the
effect of SST's on the atmospheric ozone distribution. Both of these
calculations have since been reported ih'the-open,literature and are the
most sighificantlresults of this contract;icopies of these papers are

BRI S

included'iﬁfthewaﬁpendixdnthis report. During the third yvear of this contract

additiohal calculations of the effect of SST's on ozone have been made

and investigations have begun into techniques of eliminating certain

undesirable features of the model.




_The previously reported model results produced a successful simulation-

-of the ozone distribution and of the 1arge—sca1e motions of the stratosphere.

In partlcular it was the first model to have 31mu1ated the seasonal variations
of ozone without any ad-hoc parameterlsatlon of the horlzontal motion fleld

Moreover the variability of ozone was approximately similar to that observed.

It appeared that the model was primarily governed by the same physical

laws as is the atmosphere. The model produced a westerly wind maximum of

the observed amplitude and location in the winter stratosphere which
. &b i . . -

changed over to easterlies in summer. Moreover the three cell structure

of the troposphere diminished to a two cell circulation in the stratosphere
With substantial cross—eqnatorial transport from the summer to the winter
hemisphere. Ozone was being transported polewards and:dOanards from 2

the equatorial sources region thus produc1ng the ozone .peak at high latitudes.

- The - standlng wave patterns of columnar ozone, whlle show1ng some agreement

with observation, were not particularly satisfactory. To correct this

deficiency we are considering other sources of tropospheric' heating information.
We believe that this type of model improvement is also needed in order
to produce more realistic stratospheric warmings.

In order to perform our calculations within the time limit prescribed

and to reduce computation time, certain approximations have been made. Detailed

testing of the adequacy of these approximations has already begun and the
continuing sponsorship of this modeling -work by the National Aeronautics and
Space Administration will permit this_work_to‘COntinue and will allow a more

careful study of the phjsical and dynamicai behavior of this'model.




- One particplatiaréa:.;bf:_;iinves‘tigatlion::tela.ted -to:the.fact -that :although ho -

"sub-grid scale'" diffusion has been,used'ln the horizontal directions -
tﬁat‘is to say all horizontal metions have been explicitely predicted - -
vertical metions,have iacluaed a diffusion—llke trahsﬁort proceas. This
diffusion term was‘used to represent vertical transport by those scales of
motion which were beyond the truncation limits of the medel.* In the

first reported run of the'moéel‘rather large valuea of'kz were used with-

a minimum value of 4 x lOBIemz/aec at tHe tropopause;_'lt was fbﬁﬁd that
the vertical tranatort of ozone between 20 and 30 km was priﬁarily the resultt
of diffusion aa opposed to transéort by the large-scale motidﬁs. This was
clearly an undesirable feature of the model since wevhad hoped that most of
the transport would be the result of the explicitely‘ﬁredicted motions ana
furthermore small-scale_k's in this region had been ﬁeasured to be only.'
102 cmz/sec. 'Ap attempt was made“to eliﬁinate_kz'entlrely above lO_km but.

we found that very .large oscillations of ozone ocurred as a result of the

vertical finite differencing and which resulted in negative ozone concentrations,
éonsequeﬁtlyg in subsequent model runs ﬁe,have used an intermediate k; prdfile
which aSSumeé a value of lOz'cmzfsec at the tropopause. Such a valﬁe,of_kz

still allows undesirably 1argelamplitude oscillations in ozone at the

.tropopause level and werhave thus spent considerable time recently on developing
alternate representatlons for the smaller scale osc1llat1ons associated w1th

our vert1cal finite differencing scheme. Assuming that we are sucessful in

% Tt should be noted that the vertical diffusion profile assumed could be
-quite different from that used by one- -dimensional modelers who seek to
parameterise vertical transport by all scales of motionm.



. this regard it seems possible that we may 'still find that 6 planetary
waves are not alone capable of providing suff1c1ent downward transport
'through.the tropopause‘to-yield observed tropospherlc ozone concentratlons}
Furthermore eertain dynamical deficiencies are also.evidentrin our model
'in'the neighborhood of the tropopause as for example in the unrealistically
high temperatures at high latitudes in this region. The jet stream also
is located'too close to the equator. We are therefore including additional
dgéfusion.inithe tropics.to'aecount-for cunuius.convection'there and.whieh
according to the G.I.S.S. model contributes to a more realistic. zomal wind
system (Stone et al, 1974) We are also constructing a triangular

truncatlon as opposed to the rhomb01dal truncatlon currently in use, and

over - the next year oY two-we are hoplng to- be able to increase the resolution

of the model by including more planetary waves.
The orography included in'the.model is that.of:the'Northern Hemisphere.

This orography has been reflected into the Southern Hemisphere. This"

procedure does have ‘some statistical advantages. Howeyer it will be interesting

to study the dlfferences between the two hemlspheres.‘ This means not only

'ineluding a more realistic Southern_Hemisphere orography (a trivial task)

but also a Southern Hemlsphere ‘tropospheric heating dlstrlbutlon. We

'are plannlng ‘to run the model using a predicted global heating dlstrlbutlon

from the general circulation model of the Geophys1ca1 F1u1d Dynamlcs Laboratory

It is thus hoped to slmulate the 1mportant differences between the: ozone

distributions of the two hemispheres'and in partieular the observation

'that the Southern Hemispherepcolumner ozone peak is found at approximately SQO

latitude instead of at the pole as in the Northeranemisphere. Thisv

calculation will be performed-within'the'next 6 months.

’



The chemistry of our three—dimeﬁsional model as originally proposed

and as incorporated in the reported runs of ‘the model comsists of just

OH, and HO, are required as

2° 2

input data to the model; the distributions of O and NO are then solved

seven reactions. Thus distributionsof NO

for diagnostically at each time step while the distribution of 03 is

predicted. In the first reported run of the model NOZ’ OH, and_HO2 were
assumed to be dependent only on altitude. In more recent model runs

however a latitudinal and simpie seasonal variation of NO2 hasi been included. -

This necessitated a two dimensional calculation of NO, and since a satisfactory

2

_distribution of NO, was not available at the time we wished to run the

2

threéFdimensional model; we assembled a two-dimensional model. The
“two-dimensional model COntains a prediction of total odd nitrogen, HNO3,

0, while OH, HO,, H, H,O0

2 2’ 2’

"Since the latitudinal distribution of ozone is fairly'ﬁell defihed_we

"and N 0, and 0(1D) are solved for diagnostically.
chose to input values of ozomne based on observation. Horizontal and
vertical transports were parameterised and based upon the experience of

seemed unlikely that an adequate ozone distribution

s

‘other scientists it
~could be predicted without Vfitting" of the transport parameters.

Thus uéiqg an obsérved-ozone distribution removed one uncertainty from the
prediction of nitrogen speciés. The derived distributions of nitrogen species
are in.good agreemeﬁt ﬁiﬁh fhé limited.observations.available; Iﬁ particular
Withoﬁtipfeséfibing nitfic acid at the lower boundary, latitudinal gradiénts
of hitric acid of similar ﬁ;gnifﬁde to those observed were pbtainéd.

Moreéver Evané (private commuﬁication; 1975) indicates that profileé’of

NO, NO‘, and HNO, at 60°N agree well with the recent simultaneous

_ 3

measurements from a balloon. Additional details of the two-dimensional




time-dependent model are given in the appendix which includes a copy of

) a?paper:by:£rinn;:Alyea;;and;Cunnoldgzaceepted;for publication in the -
'Journal of Geophyéiéél Research. - Because of the current interest in

chlorine chemistry additional reactions involving chlorine have recently

béen.édded fo this.model. o
o Because of the Questions that aiways arise.about describing the
transport-éf sevéral chemically different species'by a single éet of difquion
coefficients, and for'physical cohsistency, it is desirable thaf the two-
vaiménsional model be eliminatéd:and.that additional chemical species be
inéluded in.the three—dimensional'model. A start on this task has been
- made with the three-dimensional ﬁodel now being capable of makingvavprediction
.of_NéO. We anficipéte thét the addition of the chemistry currently |
gsed in 6ur two-dimensional model will approximately double the computation
- - time for a three year ruh of the threé—dimensiona} médg}. While using the ~
v two-dimensibpal ﬁodel‘it was found that approximately 25 years of integration )
‘ were'required'to‘arriye at'a steady.stéte.odd_nitrogen distribution. . We
cannot of cburse run our three—diﬁensional quel that long. We ére<cﬁrrent1y
4investigafing two aﬁproaches t§ éhortening thé COmpugatidn time. One
) approach involves makiﬁg an ﬁpdated estimate of.theeggilébthﬂnNoy'value
by calculating the flux loss out of the model apd the total source rate
vqand thenappiyihgélinear correction to update the estimate. The other
approach wou1d>store 1 year of dynamical variables of a tape and theﬁ
perforﬁ a.sepafafé calculation of NOy‘oVef many years using this'éeﬁ’of
dynamical vériablés repeated ea@h year. This approach dépends upon the
fact that.Noy'iéessentialy a passive tracer. Thus although the inclusion

of a more complete chemistry in the three-dimensional model has not

yet been accomplished, we expect this work to be completed shortly.

i
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The dynamics of the three dimensional model althoughAapparently
adeguate.tgmsimulatemnany_of the grgss'featuresAof the stratosphere are
asalreadystated unsatisfactory in certain respects, partlcularly in the
neighborhood of the tropopause. In order to provide a‘basis‘against which
to assess the dynamlcal behavior of our model we undertook an analysrs
of geopotentlal height and temperature at 100 50, 30, and 10 mb. and
between 20° and 90 N'. We first derived horizontal windS'using the_geostrophic
approximation. The monthly averagehmean zonal winds were presented for
each month of the 5 year period 1963 1967; the five year average values
are contalned in a report which was partlally funded under this contract
" and which.was,presentedvat the IAM? Conference in Melbourne, Australla.

The report is entitled ''Diagnostic Studies of the general circulation of |
the stratosphere' and is authored by Newell et al. Statistical'correlations
between merldlonal veloc1ty and temperature as well as'1nd1v1dual standard
‘deviations haue also been calculated. These have been broken down into
,contributions.from planetary waves 0 through 12 at each latitude and mid-
'latltude averages have been obtained for comparison with the model results.
Although the model results exhibit the same gross features at the observations
with the higher planetary'waves becoming_of lesser importance:with increasing
height with~conSiderably'less activity in Summer than in,Winter;_a detailed'
cOmparison between model results and the dynamically related observations

have not yet been- performed. Part of the reason for_this is that it is.

not clear to what extent the smoothing of the indiuidual station data

has limlted our abllity to resolve the higher order planetary waves in
thevobservational data. Other'dynamical investigations supported by this
contract 1nclude‘a study of the eff1c1ency of ozone transport in the lower

stratosphere by waves of various 1ength scales by Kleln (1974).
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Iﬁ“ouf"threefaiﬁenSIEhal“ﬁodéIféBEbfbtiGﬁ éf”ﬁitraviolet and visible
radiatién by ozone is tyeated explicitely. However radiative'cooling
in.tﬁe 9.6u and 15u. bands are épproximated'byANewtonian cooling. For
~ this reason we originally prbppsed that Dopplick's (1970) computation ofv

infrared coéling.be éntehded to higher altitudes to provide a bésis T
against.wﬁiCh to*test:the adequacy of the Newtonian coolihg approiimation.
However, the thorough caléuiatidhsvby'Dickinsonv(1973)73nd the apparent
éucceéslbf_the médéi‘in‘simﬁléting the température sfrUcture of the atmosphere

haVé made this task postponable.
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SST results

The simulation of the effect of SST's on ozone was accomplished

"~ by comparing two'three’year'iﬁtegrationsAof"thé“fhfeeldiﬁensiohal_modél?‘

-The only difference between the two runs was that different distributions

of NOz'were used. For the unperturbed atmosphere we used a two-dimensional

dlstrlbutlon derlved by Hesstvedt (1974). 1t was ‘then discovered that

2

We therefore aSsembled a,two—dimensional model and obtained distributions

»ardistributlonvof NO,. in the presence of a fleet of SST's was unobtainable.

of NO2 both in the unperturbed atmosphere and in the- presence of an additional

source of NO2 equal to 1.8 x 106 tons/year and centered at 45 N and 20 km.

This source was lntﬁndﬁd to represent the emission of 500 of the now defunct

and no 1onger planned'Boeing (2707).SST's flying 8 hours per day. . Unfortunately
time did not permit us to-make another 12 heur computation with thepunperturbed
sz distribution‘derived from our two—dimensional modelc Fortunately it |

was noted that although our unperturbed NO2 distribution possessed stronger.

--horizontal gradients than did Hesstvedt's, the two distributions were fairly

similar in vertical structure. We therefore chose‘to_take the difference

between our two NO2 distributions and to thus derive the NO2 perturbation

resulting from SST's. This perturbation was then‘added to Hesstvedt's

- distribution and the&resulting distribution was used as input to the three-.

dimensiohal model in order to calculate the ozone distribution in the

perturbed‘atmosphere.' We feel this procedure to be justified because

it is expected that the ozone perturbatlon is sensitive to the perturbation:

in NO2 than to the absolute level of NO2 and ozone concentratlons.

- With this calculation procedure certain feedbacks have been neglected.

In particular NO2 distributions were not recalculated to reflect the

predicted ozone depletion. However the ozone depletion was sufficientiy

small (12% globally) that we noted no significant changes in stratospheric



dynamics and we believe that the chemical feedbacks neglected have no

- substantial effects on the total 6Zone depletion.

Two three yeaf'integrations have been repo:ted inlthe literature aﬁd
we include a copy of tﬁe Science article as an appendix to this report;'
More recéntly we have compléted'two similar simulations'in which the

location of the source of NO2 was varied. Thus the calculations were

run'17:.nh#pnpertufbedtstratbsphére

fqh 18: Nozlsou?ce 1océ£ed at 20 km and ASON_-
run 19:*T' NOzfsource iocated éf 17 km and_450N
run 20: NOé source located at 20 km and 10°N

In all cases the source ﬁagnitude‘waé 1.8 x 106 tons/year. The latitudinal
-variation of ozone~dep1etion-f6r each: of four séasqns is compared in Fig 1.
The total global ozone depletion ﬁas found to bé apprqximately.12% in run 18,
6% in run 19, and 13% in run 20.' A more detailed analysis of these're;ulté
is inlprogress.

Perturbations in the atmqspheriq-heating‘rate due'to SST associatéd
Aefosolé'have also been considered. Malchow‘(1974)“found_that the absorption
of direct;,Visible radiafion.was the dominant term in the net aerosol heating.
Fof SST soot particles maximum heating rates of approxiﬁately 10‘—3 oK/day
were calculated for.the North Atlantic region. For sulfate aerosols there
 wasVsome uptertainty»about the net heating rate bécause'of>thé large
uncertainty in thé absorptive index of reffactiqn, Assuﬁing a>representative
value of .01 forAthis index, the SST sulfate aerosol heatiﬁg at 15 km was
calculated’ to be approximately .05 0K/gl_ay. TﬁuS'it seems cleér that the
pefturbations in atmosphéric heating due gé SST aerosols are much smallef
than the gaseous heating and can be neglected..

After the above Aeroéol results were obtained it was decided that

emphasis in this area be shifted to defining the aerosol distribution and

»




—Skylab;:EPN_587~—was to~have«been—1nverted _to.yleld aerosol number density,

physical properties in the unperturbed atmosphere. Horizon data from

size dlstrlbutlon and real and complex index of refraction.
However, unforeseen errors in the processed NASA Skylab data requlred

diverting the level of effort~in order to be able to begin to process

these data‘correctly. In particular, there were three areas where significant

L

‘errors were determined to exist in the S-191 instrument that were not

known to NASA to have existed during the design, construction, prelaunch

-

testing and calibration, data acquisition and post flight processing.

These three areas are as follow.

1. Short Wavelengthbintensity correction (wavelength dependent)
2. Straylight'(Skylab“local-environment which is wavelength dependent) ‘ o

3. Line-of-Sight offsets for variable mirror angles ' |

In each of these areas the determination that the processed Skylab data
was incorrect was based upon prior knowledge of the theoretical horizon
characteristics and experimental solar and horizon data. However, once there

was an-acknowledgement.of'questionable data, procedures had to be defined

and verified that would determine these corrections and establish the magnitude

of the residual uncertainties. Since each correction was initially unknown
to NASA there was a period of time where therepwas extensive communication

to obtain NASA's own acceptance and verification of these errors which led

to correction tables.and reproducing of these data. The present status of

the skylab EPN 587. data is that to the best of our knowledge all 1nten31ty

and altltude corrections ‘are known. The fllght data has been processed

to the point where the data can now be inverted and apalysed.




Summary

A‘stratosphéric circulation model has'been dgvéloped which is -
rgmarkably successful in simulating the grosé features of the étﬁospheric
ozone distribution. lThe model has been used to estimate ozone depletions
resulting frbm an intensive ievel of pperation of SST's. A digestion
period is now required Which,will allow us to study in more. detail the
eifent to thch tﬁe ﬁodel simulatgs the real étmosphere. This ﬁill'
reﬁuire additional,cbmpériséns with ozone and dynamical défa as well
as modificatiqns Qf_thevmodei to perinit more exténsive éhemistry and
increased resolution. forfunately thesé studies are‘expected.to éontinue

under the spdnsorship of the National Aeronautics and Space Administration.

‘o
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_iFigure Caption -

Figure 1, (a), (), (c), and (d). A comparison of the seasonally-averaged
édnalfmean tofal'ozone distributidns for the unpétturbed stratosphere
'.and’for sources of 1.8 x lO6 tons/year of N02 ag three different 1ocation§;
Run 17:.’thelﬁhperturbed strétosphere.A ‘ . . |
Run 18: 'soufce af 45°N and 20 kn altitude.
Run 19f source at 450N gnd 17 km altitude.
Run 20: Hsourge at 10°N and 20 km altitude.

Results are shown for four seasons.
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