Lawrence Berkeley National Laboratory
Recent Work

Title
PHOTOCHEMISTRY IN THE STRATOSPHERE - WITH APPLICATIONS TO SUPERSONIC

TRANSPORTS

Permalink

https://escholarship.org/uc/item/5nw9v3xt

Author
Johnston, Harolds.

Publication Date
1973-09-01

eScholarship.org Powered by the California Diqital Library

University of California



https://escholarship.org/uc/item/5nw9v3xt
https://escholarship.org
http://www.cdlib.org/

Submitted to Astronautica Acta LBL-2217
Preprint

A2 ./

PHOTOCHEMISTRY IN THE STRATOSPHERE —
WITH APPLICATIONS TO SUPERSONIC TRANSPORTS

Harold S. Johnston

September 1973

Prepared for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

e | ™
For Reference

Not to be taken trom this room

\- » J

/7

L122-197T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-2217

Photochemistry in the Stratosphere —
with Applications to Supersonic Transports
Harold S. Johnston
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University of California

and - :
Inorganic Materials Research Division
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Abstract

Two.years ago it was pointed out that thé oxides of
nitfogen'from the exhaust géses of 500 American SST would
'probably reduce the earth's 6zone shield‘by about 20 percent
on an average worldwide basis and up to 50.percent in zones
of high traffic. These calculations depénded on extensive
assumptipné about the natural background of nitrogen oxides
in the stratosphere and the expected distribution of exhaust
gases from SST. Also, this model invélved steady-state
photochemistry with explicit neglect>of atmospheric motions.

Recent studies by many investigators have made some
measurements of nitrogen oxideé iﬁ the stratosphere, calcu-
latgd the expected distribution of exhaust gases oﬁ the basis
of an almost-realistic model of three dimen?ional motion,
calculated the expected reduction of ozone in models that
explicitiy include one or two dimensional motions, and inter-

preted past historical events as constituting significant
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1njectlons of nitrlc‘ox1de 1nto the gtratosohere; 'The‘model
' calcu]at1ons,>1nc]ud1ng atmospherlc motlons,'glve a worldw1de
:reductlon of ozone by 500 SST between’? and 28 percent, and
for a 3 to 6 fold "local maximum" between 20 and 50 percent
ozone reductlon} ‘Some of thcse 1973 calculatlons, lncludlng
7-notions,tgiVeifesnlts comparab;e‘to'the 197l.steady«state : e
calcnlations.~' | | | : * | 4
.Recent‘studies indicate'tnat the'nncleafﬂbomb tests of
1952-62 injectodsignificant quantities_of.nitric.oxioe into
the Stratoephere; the*obsefved-increasecof OZone_inIthe northern
hemisphete-dnring the 1960s may, in patt, befthe etmosphere
teturning to/normal aftei the end of lérge:scale nuclenr tests.
Also, a‘iecent.interpretation of:the'sunspot,modulation'of cosmic_
- rays gives a‘qqantitative'measure.of the»resoonse of Stratosoheric
vozone to_an:injection of’nitric oxide; translated>into terms of |
SST}'these reéuits indicate tnet 75 éoncordes:>c operating{in‘
one . flight corridor for 11 months WOuldvdecreese the 1oca1 ozone
column between 2 and S percent. Some biologists regard even

this small reduction of ozone as a matter for serious concern.



Introduction

Two years ago it was pointed out that.SOU American type
supersonic transports (SST) operating at 20 km in the strato-
sphere would release so much oxides of nitrogen (NOX) in their
exhaust that there would pfobably be a serious réduction of
the earth's ozone shield.l The estimated magnitude of ozone
reduction was about 20 ﬁercent on a worldwide basis and up to
50 percent if there was a long-term, ten—fold, local maximum
of the exhaust products. Natural atmospheric ozone is the
only effective shield of the surface of the earth against
solar radiation between 300 and 250 nm.2 Both DNA and pro-
teins have a maximum absorption coefficient for radiation
between 300 and 250 ﬁm.s The long wavelength "toe" of these
absorption spectra extends to just above 300 nm. The ultra-
violet damage to skin3 (sunburn, skin aging, skin cancer,
eté.), to eyesu (snow blindness), and to p_lantss’3 (inhibi-
tion of photosynthesis, stunted growth, death) is brought
"about by the small amount of solar radiatibh near 300 nm that
now reaches the surface of the earth; Somé biologists state

that a systematic 5 percent reduction of ozone, which would

cause a large increase in harmful ultraviolet radiation,

i
i

would have serious biological consequences. e
When these questions of a possible 20 to 50 percent
reduction of ozone by SST were first posed two years ago, it

was found that there were many aspects abcut the stratosphere



thatmwefe uery pooniy understood-6’7' Thené-had been“a“large-
‘number of determlnatlons of ozone in the stratosphere, but
ithe concentratlons of trace spec1es such as water, nitrogen
ox1des,:methane,'etc. was unknown or poorly known- From the
'per51stence of radloactlve debrls follow1ng atmospherlc ’ |
nuclear bomb tests,8 for_example, 1t_was known that the
-stratosphere is exceedingly»Stable'Witn'tracer'nalftimes_of‘
'one to flve years; however, there remalned‘many gaps in
knowledge about the detalled motlons and m1x1ng processes
'tln the stratosphere. o

| Thls full problem 1nvolves hlghly complex consideratlons
'of three dlmen81onal atmospherlc motlons, absorptlon and
em1551on of radlatlon (from the far ultrav1olet to the far
1nfrared), .and’ the chemlcal reactlons of a ;arge number of.
specles, including traceugaSes at very low Canentratlons;
Tnefe are important couplings and feedback mechanisms betﬁeen
radlatlon balance, chemlcal reactlons, and atmospherlc |
_motlons_ It appears that a. reallstlc model of the atmosphere
including coupled chemlstry and"radlat;on is far_beyondvthe.
capaciti'ofvour largest computers, and significant'results
from such a reallstlc model is probably at least ten years'
in the future. When one 1s faced with an urgent practical
_prObIEm-anOlVlng~a vep§ CQmplex situation, one should not
postpone ali'decision until an "exact"'solution is obtained.

A;so,'one should not abandon all\scientific'analySis and



decide what to do stricfly on the basis of judgment and

intuition. Many intermediate approaches are possible:

meaningful approximate scientific analyses can be carried
Out,vand action decisions should be based both on the approxi-
mate Scieﬁtific treatments and Qh judgment, The goal should
be to provide for an informéd judgment, not necessarily én
"exact" solution.

In seeking a significant approximafe treatment of thié
problem, I omittea all specific considerations of atmospheric
motions, assumed a wide range of plausible distributions of
"natural and artificial oxides of nitrogen, and solved for the

effect on ozone of an increase in oxides of nitrogen}; Atmo-
spheric‘mqtions were omitted both from the unpérthrbed~and
perturbed atmosphere, and the change to be expected from a
change in NOx was examined over an extensive range of vari-
ables. One analysis considered only the terms in the dif-
ferential equations for ozone. It was found that increases
in the'oxides of nitrogen from the SST would increase the
destruction rate of 6zone in some localities by a very large
.factor,‘more_than 100. However, a reduction of ozone€ at one
level permits the passage of ultraviolet fadiation to a
iower level with some increased ozone préductibn there. To
assess the effect of this buffering action; a series of
steady-state calculations was: made with the_model of a

static atmosphere. When this buffering action is included



the worst case of ozone- reduction for a plausible NO' source
from the SST was changed from a factor of 6 to a factor of
2. The expected reductlon of. the .ozone column from 500 SST

‘with a unlform worldw1de ‘distribution of NO 1n the stratof"

K

sphére was about 20 percent The approx1matlon_of explicit
.heglect of atmospheric motions (atmospheric.motions enter
:impliCitiy in-that these would be the meohapiém'for setting
_up'the aSsﬁmed NQx'distributions) permitted.oOnsideration‘of
‘a large body of chemicaivreactions; | -

The opposite approximation to thisvproblemvhasbbeen
carried out by ﬁaﬁlman.g He;ﬁas‘a threeSdimensional modei_
-of the atmosphere with 11 layers betWeen;O and-Bi'km. - He
'includesvoCeansvand‘continents,'evaporatioh and condensation
of moiSture3~Seasopa11y_varying radiation; and.both'abeorption
.and emission of radiaht energy The atmosphere is drlven by
_solar heatlng, and the phy51cal model is essentlally the laws
.of.phy51csﬂ It requlres very great computer capac1ty and
computer time_to-rUn this model, even wlth no-chemlcal re-
actions; At presenttit-appears:infeasibie to add chemical -
reaotiops tO'this model. .“This three dimeneional'model success-
'fully predlcts the distribution of ozone in the stratosphere
on the ba31s of a formatlon functlon at 31 km and destructlon
at the ground;% Mahlman, then, regarded the‘exhaust from SST
as dn inert tracer.andrcaloulated-the_epread and distribution
'df the exhaugt“gaees as;a fanction‘of time7 ‘The calculation

ES



Qas run for a’simulatéd time .of 11 months,: A graphical solu-
tion was presented giving the global distribﬁtion of exhaust
gasés (regarded as an inert tracér) after simulated 11 month

- operation of SST. Resuits were presented for the distribu-
tion of water vapor and of NOX from SOOHSST} This‘ca;culation
gives.the»distfibution of exhaust gases with no considerations

of chemistry; my previous calculations!

gave the chemical
efféct of prescribed distributions. Although these approaches
are exactly supplementary, the sum of the fwo approaches is
lfar from completé because interactions and feedback mechanisms are
important. | |
Intermediate approaches are possible and are being car-

ried out. One dimensional (vertical) models consider turbu-
_lentldiffusion, in some cases a vertical wind, and large

éets of chemical reactions. Two dimensional models are

also being developed which can include a substantial set

_of chemical reactions and both horizontal and vertical
motions. Such models can be partially calibrated against
observed stratospheric data following atm§spheric nuclear bomb-
testiné, 1952-62. These models readily permit the éimulation
of exhaust gases from the SST, including chemical and photo-
chemical reactions. Results from these one dimensional.and'
two dimensional models ére beginning to come in (late 1972

and mid-1973).



It Qas_recognized fQO‘years ago6’7’tﬁat there Qas an
inadeqﬁafé détavbase for“satisféctorymodéivcalculations of
-fhe]sfratoéphére;"Togreduce 0ur‘ignoranoe about tﬁé-compo?
.sition apdidynamics of*the stratospheré,.tﬁers has been an
'orgaﬁized,finférdisciplinary research éffort,;the Climétio
,Impéot Assessmént'Program'(CIAP)~of the U.S. Departmeht of
Transportation. SeVeral othérvnations, other govsrnmenfai
pagen01es, and other grouPs are cooperatlng w1th thls program
,The goal of CIAP is to assess by the end of 1974 the probable_
'effect of SST-exhaust gases on the ozone shleld, of the
effect of partlculates on the: global radlatlon balance,_of
.the effect of water from the exhaust gaoes on stratospherlc
.cloudlness, and to seek to idéntify any otheér possible
effects, Mgch~new -information has been obialned by August
'1973; and much more is expected during the next year. It
iS‘prsmafure to'pretend to'a’ final asSessméntvat thisjtime.
However, it is p0531b1e and timely to make a progress report -

comparlng the new flndlngs w1th the proposals of two years -

ago._"



Ozone in the Natural Stratosphere

Ozone is produced10 in the stratosphere from oxygen (02)
and ultraviolet radiation below 242 nm. In terms of ele-
‘mentary chemical reactions, this formation of ozone occurs

in two steps .

0, + hv (below 242 nm) + 0 + O

(0 + O2

+ M >0, + M) THICE

Net. 3.0 _2u2

Netﬁ.v3 02 nm 2 Q3
This prdduction of ozone is balanced by several different
removal or destruction processes: (1) transport to the lower
troposphere with destruction at the ground;ll (2) chemical

0

-~ destruction by oxygen atoms (the o, system);l (3) chemical

destruction by free radicals based on water, H, HO, HOO (the

_ HOx system);lz’13

and (4) catalytic destruction by the oxides
of nitrogen (fhe'NOx syStem).l’lq These destruction processes
are illustrated by the most important examples in terms of

chemical reactions, as follows:
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Qg.sys#ém; | 0 + 0.3 *.;02 + 02 

3

2.
5> HO + 02+ 02: -

-f:HOX system: . HO + 0 ;vHOQ +0

. HOO * 0

.Net:' 2 O3 + 3 02:.

Z

2

+0 =+ NO +o0

' NO* system: (A) ~NO + 0 > NO “f 0

Net: 0+ 035>0, +0,
(B) N0, + 04 % NO, +0,
NO, + hv(visible) + N0 + O,

3

0+ 05 10, ¢ 0,

Net: 2 03 »> 3.02:

' At present it appears thatvthe'relative'cOntributions ¢f the
four ozone‘destfuction,procesSes’are:ISI‘

(1 ',Transpoft o - 1%

(. o, 15 to 20%
(3) ‘HO, = 10 to 20%
()  No, - 60' to 74% S
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The vertical profiles of ozone have been observed by
so»undin_g,rockets,l8 and examples of such data above 20 km
~are given by’Figure 1. The total overhead ozone column can
be fairly easily obtained by optical measurements made on
the ground, and broad features of the vertical profile can
likewise be obtained.17 Before 1850, the only extensive.
records of ozone data were those taken at Arosa (Switzerland),
Tfomso.(Norway), and Oxford (England).18 Starting with the
International Geophysical year 1957-58, numerous stations
have made.reguiar observations of total ozone, and now there
are more than 100 suéh stations. Since 1960 the detailed
records of these stations have been published as Ozone Data

0 K
1% In pecent years total. ozone data (and

for the World.

some aspects of its vertical distribution) have been obtained

20 Contour lines of total ozone (in units of

by satellites.
milliatmosphere - cm, STP) as seen by safellite‘for the
northern hemisphere are illustrated by Figure 2.

The contour lines of total ozone column in Figure 2 are
not precisely‘parallel to the latitude liﬁes, but there is
a very strong correlation with latitude. The variation of
ozone around the world at avgiven iatitude is lesé than the
variation from one latitude to anothef, for example, 15°
away. This fact suggests a convenient; approximate represen-

tation ("zonal average") of the global ozone distribution on

one flat diagram, as illustrated by the heavy lines of
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vFlgure 3 The absc1ssa goes from the north pole through the
_equator to the south pole, and the ordlnate glves elevatlon
'from zero to 50 km The zonally averaged ozone concentratlon,

:1s glven by contour llnes

th' "tropopau se,! obdufs-at;about 10 km at the poles and at
about 16 km at the equator. The COntour llnes of ozone in

’Tthe lower stratosphere more or less parallel the tropopause.
_VThe_helghtyme;e the maxlmum_concentratlon of ozone occurs 1s

:about ZS“km at'the edhator, about. 20 km at 45° latltude,

. .and about 16 km at the poles... ‘As can be .seen from Flgure 3

the max1mum concentratlon of ozone. 1n March is between 60°N
and the north pole, not over the equator whlch rece1Ves
ax1mum 1rrad1atlon. ‘ | o |
The global rates of chemlcal and photochemlcal reactlons

'can also be’ expressed as zonal average contour maps. The

-

rate of formatlon of ozone (tw1ce the rate of, photolys1s of
bO ) is glven by the’ llght llnes in Flgure 3 If there were

no destructlon of ozone, it would requlre an ozone_production

rate_of}3 x 10u molecules em™3 secfl to form 10° zvmo1ecu1es:

cm—3 of‘ozone»ln one year. To produce ln one year the maxi-

_mum cohcentration of ozone, 7 x'1012 .1t would requlre a rate

of 2‘x“’105 offozone formation. In the north polar region at

_16 to 18 km, the concentratlon of ozone is. 7 X. 1012 molecules

cm ? but one must go to. 23 km in the temperate zone or to

| : , _ Y
.The separatlon betweenjthe troposphere and stratosphere,_'
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20 km in the tropical zone to find ozone formation rates as
' 5 . -3 -1 . , o

great as 2 x 10 molecules e¢m . sec . This superposition

of global maps of ozone concentration and ozone formation

" rate clearly shows the importance of air motions in shaping

the vertical and horizontal distribution of ozone. Insofar

- as polar ozone is concerned, the "ozone formation region"

in Figure 3 is that where the rate is gheafer'than 2 % 105
molecules em™ 3 sec™t.
It is not the purpose of this paper to go into the
. . . 21,22,23 | . -
vast details of stratospheric photochemistry, but
~some of the problems will be briefly stated here. .In its
act of shielding the surface of the earth against short:

wavelength radiation, ozone is photodissociated

0, + hv (below 310 nm) » 0, + O tp)

3

O3 + hv (above 310 nm) = O2 + 0 (3P)

The excited sihglet oxygen atom is typically deactivated
to the triplet ground state at@m; which adds to O2 to

reform 03; there is no net reaction:

‘03 + hv - 02 + 0

+M~=>0, + M

0+ 0 3

2

Net: no reaction



Howéver,}Ov(;D) is very important in both HOx and:Nbx chem-'
istry;f'HydpQXyl radicals are'forméd‘frbm'sihglefloxygen ,
‘atoms and water '

2° * ?,H9;;‘{°;v'

o by +

The active oxides of nitrogen (NO,YN02) ére'fohmed‘in-thé
stratosphere from inert.nitrous oxidé by means of singiet _

oxygen

0 ('D) + N0 > 2NO .-

Nitfogeh\diqkide, 1ike ozone, iS'photolyied_in a "do-nothing

cycie"
' NO, + hv (below 400 nm) + NO + O

040 MOy M T

- NO + 03 » NO, + 0y

vaet:f no reaction S )

There abé ﬁgmerous other'féagfibns_involviné the Cx'syéfem,
 fh§ HOx,system;'énd tﬂe NO,, syéfém,7and;£he?eiisan'iﬁporfant
_ intefaction between the’HO* and;NOX'syStems iﬂQolving nitric
acid Vapér.v Nifric-acid is formed from hydrdﬁyi‘radiéals

and_nifrqgen~didxidé” | - | o

SO +No, M om0, .
: : 2 U3
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This process is reversed by ultraviolet radiation and by

hydroxyl radicals
HNO, + hv (below 320 nm) + HO + NO,
HNO, + HO » H,0 + NO,

Recent measurements of NO, NOZ’ and HNO3 in the strato-

sphere are given by Figure 4. In the stratosphere between

15 and 25 km the observed NO is between 0.1 and 3 x 10°

molecules‘cm-ag NO + NO2 (observed as N02-at night) is 1 to

8 x 109; and nitric acid is between 1 ahd 10 x 109 molecules

cm*3- The total vertical column of NO + N02 + HNO4 is about

1015 molécules em™ 2.

The rate of formation of oxides of‘nitfogen in the strato-

14b, 24,25

sphere has been estimated by several authors. The

principal source appears to be the reaction of singlet oxygen
atoms with nitrous oxide, which is formed in the soil and

which diffuses up into the stratosphere. This source strength

appears to be about 1 x 10% molecules cmf2‘sécf1. Cosmic

rays at latitudes greater than 60° are a:significant source

of ions and then NO in polar regions; the rate is 0.4 x 1081

molecules em™? sec™! at the pole and yery small below 60°
1atitude,26 Ammonia may survive rainout and penetrate the

stratosphere to a small extent, but whether ammonia would

form or destroy NOx in the stratosphere is uncertain.23

Nitric oxide produced in the ionosphere may23 orlmay not?2
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be_transpOrtéd downvinto the strafosphére}sbut if it is,
the'éburce?3_is.about 0.1 x 10% molecules cm™? sec™t. The
net effect of all these processes is a natural source of -

'NO_, of about (1.5 £0.5) x 10° molecules em™2 sec™ .
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Perturbation of Ozone by Supersonic Transports

Estimates of the amount of nitric oxide expected to be
injected into the stratosphere by supersonic transports‘have
covered a wide range; It is important to>identify the source
of this wide range of estimate.

The
variables in the problem are: (1). the number of SST,
(2) the rate of fuel consumption, (3) the emission index
(EI) or grams of NO emitted per kilogram of fuel burned, 
and.(u) whether emissions are calculated on fhe basis of a
, uniform'wérldwide average or of a "local maximum" tenfold
(or some other factor) the worldwide average.

The projectéd number of SST for the period 1990-2000 is
several‘hundred, sometimes predictions abe as low as- 200
and sométimes as high as 1000. The numbér_SOO has been
widely used, both for economic justification and for model
calculations of environmental hazards. The number 500 is
taken as the standard, reference case héreu‘

‘The amount of fuel consumed per hour by the abandoned
American SST is about three times as greaf as for the
Concorde. The American SST is taken as fhe standard case.
An average operation period of 7 hours pef;day per SST 1is

taken as standard.
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fRécént measurementszj_of theAamouht éf nitric oxide
emitted'pef unit weight of fuel bufned<give'an "emission:
~index" of l5{i.S gfams NO,per'kilogram of'fuel. The Sthdy
of Critical EnyirénmentaliPpogiéms (scEP)?8 was given aﬁ
emiséibn-indexvof 42 by”GQneral Electfic enginéers, and this
high figure.has been used_in<seVeral?éalculations. My calcu-
latibnsllin'1971 used an-émiSsioﬁ index of 14.8 g NO per kg
‘fuel. 'Although“Goldburgzg'said the value 14 .8 waé'a_factor
Hof fiQe too high,\fhe Qind tunnel data on SST-type engines
under simﬁlat;d strafoéphéric conditions do not support an
emission index anywhere hear aé}low as Goldburg's 3 grams
NO per kilégram_of fuei, and modelers have:not‘used such
numbers. In'tﬁis-paper 14 g/kg is taken as the reference
emiSsionbindex; R |

“The Nortﬁ Atlantic traffic corridor between Europe and
North America:will be more-heavily traveled than the rest
of the world. By what factor should the wofldwide average
rate of”SSTvexhaust emission be multiplied to account for
this high traffic corridor? The "local maximum" traffic
density'haé been given a factor up to 20 times the world
average, but sbme argue that atmospheric motions will
average it ouf»tohoné. In the sfratogphere, flow between
the northern and southern hemisphere is sloQ, and at least
a factor of two is indicatedjfor the "local maximum."

Mahlman's calculation of the spread of an inert tracer in
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a three dimensional giobai model (when cOntinued for several
years of simulated time) should provide a good answer to
this problem.

With a fivefold spread in the pfojected number of'SST
(200 to 1000), with a threefold differencé in rate of fuel
consumption by the Concorde and the Boeing SST, and withra
threefold range in emission index (14 to 42), ‘one can see
that theré is a forfy—fivefold spread in the estimated,

worldwide-average, emission rate of nitric oxide from

-STT's. _Between the lowest estimate (200 Concordes, world-v
‘wide average) andbthe highest estimate (1000 Boeing SST,
42 EI, twentyfold "local maximUm") there ié almost a
thousandfold spread in estimated zonal emission rates. Model
calculations have been made on this full rénge of cases,
and in comparing one calculétion.with another it is important
to be explicit about where along this faéfér of 1000 each
calculafion stands. |

Table 1 and Figure S‘givé 13 calculatiOns by 6 investi-

1,14¢,30-33 of the percent reduction of the vertical

gators
6zone éblumn‘by the operation of éupersonic traﬁsports.
These caseé‘aré scaled by-a'rélative factor that is one for
500 Boeing SST, 1 emission index, worldwide average. The
cases vary on this relative scale from 0.13 to 120. The

calculated reductions of ozone vary from 0.4 to 70 percent.

My.calculatiohs made in 1971 were stéady—state céléulations,
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‘Table 1. 'Calculated percentage'reductions_of'ozone column

for various models

o, o Local Reléﬁive._Reduction of
Supersonlc.szpqurts max. - factor . ozone column
Number  Type - EI® : S

Ref.

1200 c 14 1 0.13  0.4-2.4  Hesstvedt>°?
o - » o o o (1973)

300 c 14 1 . 0.20 8 1L (1973)°%
600 c 14 1 0.40 16  LLL (1973)

s0 B 14 1 - 1.0 28 LLL (1973)
1.0° S 26 ~ crutzent®®
R (1972)
500 B 14 1 1.0 . . 23 Johnston™
. - STTT e | (1971)
- 1.07 l>  :18 | '-HesStVedt30b
T aeT2)
500 B 14 1 1.0 . 7 _ Chang32
| o ' I (1973)
500 B 42 -1 3.0 a1 LLL (1973)
o -~ 's0  Crutzen
| o (1972)
1000 B 42 1 6.0 25  ‘stewart33
. ' ' . o : — (1973) .
500 B 14 10 10 50 ' Johnston -
, . - SRR (1971)
‘1000 B 42 20 120 - 70  Stewart

a. Emission index, grams NO in exhaust per kilogram of fuel
burned. o ' R S . ,

b. This factor taken from continuous curve of added NOX without
specific mention of number of SST, etc..

c. C,'Concorde; B, Boeing.
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assuming a stationary atmosphefe. All of the othervcalcu—
lations include one or two dimensional dtmoSpherié'mbfidns.
For given-aséumptions about relative emission faté;'éohe
1973 calculations give equal or greater oiéne reduction as
“the 1971 "static" calculations. Thé‘spréad in resﬁlts for
" equal emiséiéns_arises from different aésumptions about
"motion fields, boundary conditions, - NO_, backgroﬁnd,
choice bf:sets of reactions, elevation atbwhich the éST is
aSSumed to'fly,.été. For the reference caée of worldwide
‘spread of 500 Boeing SST, the calculated reduction of the
ozone column varies between 7 and 28 perceﬁt_(bdfh'ethemes
‘reported in 1973), whereas the static. (1971) model gave 23
percent. Three models, all including atmbspheric métions,'
used relative emission factors between 3 and 6, and the
calculated ozone reductions vary between 25 and 50 percent.
The static (197;) model required.a tenfold "local maximum"
to give a 50 percent ozone reduction. The 70 percent ozone
redhction given by Stewar't33 (1973) involves an extreme
case: 1000 Boeing SST, 42 emission index, twentyfold local
"maximuﬁ: ‘ ST

All model calculations reported in Table 1 and Figure
S are stated by the authors as being tentative.s In each
casé, further work is tg be done. ' A minimum criterién fﬁr
these one dimensional and two dimensional models is that

they adequately predict the present, natural distribution
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of ozone and. of the oxideé of nitrogen._ In additioﬁ‘they..
.Should be con51stent w1th the hlstory of radloactlve gases

lln the stratosphere., Once they are verlfled in thls way, ST .
'then the rcsults of art1f1c1al 1nput of exhaust gases froml

the SST can be serlously con51dered . Meanwhlle, it appears

that models 1nclud1ng atmosphcrlc motlons do not glve results
'drastlcally dlfferent from ‘the statlc, steady—state model

_when the twq’approaches make comparable assumptlons about f&te

of input of exhaust gases and concérningithe NO,, nafurél.

baékground.
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- Injection Experiments

-Although'very Qaluable information éan'bé obtéined'from
comﬁuter models of the strato;phere; one‘always must wOrry»
‘about cohpleteness. 'Has some important'chémical reabtion
been left out? Has some important feedback-mecﬁanism been
overlooked? It would be desirable to'injéét a known amount‘
oflnitric oxide in the stratosphere and to_méasure the effect
on ozone. ’Certain thoughts of this kiﬁd_are now reviewed.

The straightforward conéept is to‘reléasé nitric oxide
’frpm.a-bailpbn or other platform and to‘foilow NO, N02,'
-HNO3,}and Os.as a function of time. -However, at realistic

stratospheric values of NO the half time to destroy ozone

x?
is hany months. Such an injectibn‘experiment would ﬁave‘tb
be followed for about B-moﬁths‘to give SigpifiCant_data on
- the effect of NOX'on ozone. The‘quéntity of NO réquired to .
‘make such an éxperiment is exceedingly greatguwSOO,American
VJSST would emit ébout a million tons of Nb_pér year\in the
Astratosphere, and a useful injection experiment would require
perhaps one percent of th;t. So far, no one éppears to
have devised an experiment that will meet‘ali of these
requirements. |

It would be very convenient if some past action, natural
or artificial, had injected known large am§untsﬁof’oxides of
nitrogen into tﬁe atmosphere. Threevsuch.poséibilitiés are

discussed here: (1) combustion in theé troposphere,



24

(2) atmoSpheric tests offnuclear bombs; and (3) the sunspot
'modulated 1nflux of cosmic rays in the polar reglons. i

Combustlon in the troposphere In recent decades the

. amount of combustlon in the troposphere, ~ including regular

alrcraft as well as ground—based act1v1t1es;_has increased.

3
that the ambient mole fraction of NO_ in thermiddle~or upper

.However, NOz-and'HNO are’sovrapidly‘nashed~out_by rain -
troposphere is only one to three ppb. 34 The mole fraction
of NO (1nclud1ng HNO ) 1s higher than thls in the strato--
sphere.- Thus the gradient of NO is from the stratosphere_.'
toWard'the‘ground Random dlffu51on processes (turbulent
and molecular) would transport NO down, not up ‘A bodllyv
mixing. of tropospherlc air with stratospherlc alr would
reduce the mole fraction of NO in the stratOSphere.‘ Thus
1t does not appear that‘dus hlStOPlCal trend can be inter-"
_preted‘as an lnjectlonvexperlment of NQxblnto_the stratosphe‘re‘.'T

=
Ay,

’Nuclear’BombfTésts. ‘Foley and Rudejrman35 in 1972 calcu-

lated the amouﬁt ofinitricvoxide»that would be producedbbyf"
nuclear bombs exploded in-the atmosphere hThis workvwas

' extended in 1973 by&Johnston et al 36 and by Gllmore.37

_The high temperature in the nuclear exp1081on flxes large
amounts of nltrlc o#lde from air, and the rlslng mushrOOm
cloud transports much of 1t into the stratosphere, if the
energy of the bomb is one megaton cr more. There is a linear

relation (with about a factor of three uncertainty) between
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bomb energy and molecules of nitric oxide formed. Also, there
is a linear relation between strontium-90 or excess carbon-1l4
‘and. bomb. energy. Although nitric oxide from the bombs was

9OSr,'luC and other radiQactiVe'nuélides were

not measured,
- measured in the stratosphcre38~fdr many years after the
términatidn of large'scalevtests in 1962. An example of

~observed 90sr in the stratosphere is illustrated by Figure 6.

The linear relationship between nitric oxide‘produced and
80

Sr, as measured; permﬁté the . construction of profiles of
bomb—added nitric oxide at various times and latitudes, for
examﬁie,”Figuré 7. Large nuclear bombs were tested at
.irfegulérvintervals betwéén 1952 and 1962, and then (except
for:relatively small tests by France ana by China) stopped.&
There was an extremely active period of teéting 5etWeen the
fall of 1961 and the end of 1962, mostly by USSR-above the
Arctic Circle. From data such as Figures 6 and 7, 6ne finds
that the maximum amount of artificial nitric oxide in the
northern hemisphere occurfed in early 1963, and the hemi-

26,36 ls'molecules —

sphere average was between 1 and 3 x 10
AThe nifricvoxide added to the southern hemisphere ehfered
there over a longAperiod of fime, and it was abéut an order
of‘magnitudé less than the northern hemisphere} |

| The bomb;pr§duced increment of nitricioxide, as mea-
| sured by the_observed distribution onQOSr; iélabbut |

one-third to one-tenth of that expected as the worldwide
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average from 500 American SST. The calculated feduction32’36

of
ozone by the bomb-produced nitric oxide is apprOXimafely

5 or ld.percent in the northern hemispheré,vand much less -in
the southern hemisphere. If the 100 or so ozone observing‘
stations now in operatién had uninterrupted data extending .
back for 30 yga#s,>then one could sharply answer the question
as to how much the global ozone was affected by nuclear bomb
tests; one would, in that case, have a reference period’
before the tests started in 1952, the period of large scale

' testing from 1952-62, and the decade folibwiné the cessati;n
of large scale testing after 1962. Unfértunately, there are
oﬁly twé stations, Tromso and Arosa, with continuous records
6f total ozone covering this full pefiod. At a given ozone-
observing station, there is a fairly large daily noise
pattern, well-understood annual cycles, less well-understood
"quasi-biennial" cycles, eleveﬂ year Sunspot cycles, and
possible long tefm secular trendéflg With these variations,”
it is very difficult fo spot at one or two stations thé
expgcted 5 or 10 percent decrease of ozone;by 1963, followed

- by an épproximateiy 10 yeaf restoration pefiod. However,

a proper sfafistical analysis of all the ozoﬁe data of the
Awdrld since the installation of a large number o6f stations.
1(1957—1563) should detect a § or 10’pércentAchange 6£.total:

ozone.
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Kon'ihyr'g9 gﬁ al. (1971)‘analyzedvthe total ozonevdata
from about a dozen selectedvstations for'the-period 1961—70,
and they fqund_a stafiétically significaht increase of ozone
at most df‘the stations, averaging abouf 5 percent. WJohnstonss
et al. (1973) applied Komh;r's methbd_to ail the'staticns of
the wdrld_for the period 1960-70, inéluéiVe.» The stations
were averaged with/proper weighf giQen to number. of days of
observation at each'statioﬁjand weighted as the inverse square
of the standard deviation of-obserVatioﬁ$ at'each station;*
No significant'#rends were found in the southern hemisphere,
but a statistically signifiéant iﬁcreésé §f ozone of 5§ i'l;2\‘
(twice the stanhafd deviation) percent was found for the
nortﬁern.hemisphere for the period 1963-70 inclusive. A
marginailyAsignificant decréase of ozone -3 * 3 percentiwas
found for the three years 1960-62 incluéive;'however, the
phasé of the quasi-biennial cycle18 was such that fhis
decrease would have beeﬁ“lgbgéfwif the.biennial cycle had
not been éresenf. - | |

Londbn and Kelléyuo (1973)'analjzed,éll daté fér total
ozone from 1957 through 1970. They used the . T
dataﬁtq assign.ah average monthly value 6f'ozone td zones of
fhé-earth. In this Qay they have éﬂ éstimate of the total
ozone Of'the-ﬁorid and of each hemispﬁereffor‘each ﬁgﬁth
from 1957 to 1971, Tﬁese‘totai-pzdneAdaté corrected for-

seasonal variation and expressed as deviations from the

/-’-’- -
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‘average'are shown by Figpre 8. There was no significant
trend in the southern hémisphere. In the 'northern hemisphere
London and Kelley report a decrease of -2.4% + 0.8 (mean : .
deviation)-percent over_the period 1957—1961 and an inereasev
”ef 11 i_2f3 percent over fhe decade 196171970. The minimum
ozone ocCurred (Figure 8) in the spring of 1961, but the
vquasi—biehhial cycle also went throggh avﬁinimum there,ls
ahdvfhus_the time ofvfhe‘ﬁinimum should net be taﬁenvliterally}
The decreasing slope of:the eariy\years plﬁs-and minus its
mean.deviafion intersects the increasing eIOPe through the
later years plus and minus its mean- deviation somewhere
between 1960.and 1863. The analyses by Johnston et al. and

by London and Kelley egree in three major respect: no. |
51gn1flcant trends in the southern hemlsphere, a decrease

) in the northern hemlsphere
~of total ozone in the late 1950s ‘and early IQSOSA and a :
large ‘increase of ozoné in the middle and late 1860s. ;The(_
increase of ozone in the - 1960s may be interpreted as
stratespheric ozone feturnieg te normalvaftervfhe perturﬁa—
fion.by nitric pxide from‘thebnuclear bomb tests ef 1952-62.
.If this'interpretetion.is accepted, one has a calibration
Roint/for the éensitivity ef the stfatosphere‘to added oxides
of nitrogen§ an incfeaée of.NOx-(including HNO3):by_(l to

3) x 1015 molec:‘ules__cm"2 reduces the ozone column between

5 and 10 percent (references 36 and 40, respectively).
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| Modulated Cosmic Rays as Nitric Oxide Sburcé. Ruderman
vand Chamberl;xin26 (1973) pointed out thét‘a nétufal cycle |
with fésﬁect to cosmic rayé may be interpreted in terms of
the effect of nitrogen oxides on ozoﬁe. Low energy cosnic
rays are steered by the earth's mégﬁetic field, they are
deflected in equatorial and temperate zbhes, but they are
guided into the atmosphere in polar regions. The cosmic
rays produce atoms and ions in the stratosphere, and ‘ion
production as a function of latitude and elevation has been
extensively measured for several decades.,41 It is straight-
forward to calculate how much nitric oxide is produced from
the‘stoppihg of cosmiq rays in the stratoéphere.' The earth's
. magnetic field is affected by the stream of ions from the
suﬁ which varied with the eleven year sunspot cycle. This
varying magnetic field strongly changes the intensity of
cosmic rays in polar regions. The prodﬁcfion of nitric
oxide should thus be modulated in polar regions by the
‘eleven year sunspot cycle, and this modulated effect should
spread with an increasing phase shift and decreasing
' amplitﬁde from the poles to the equafor-°

This pfoblem was analyzed in depth by Ruderman and -
Chamberlain}2é They were able to eva;uate thé magnipudé of
the change of nitric oxide .and the phasev;hift bétweeﬁ'sunspot
cycle change of ozone at Tromso, Arosa, and as a hemispheric

average. Only Tromso and Arosa - have



..-30;

total ozone data that go back contlnually to the 19405.
Angell and Korshover-lj8 (1973) analyzed these data and found
a pronounced correlation of total ozone'(smoothed with a 30
' month running mean) with the'sunspot:cycle; Figure 9 | There
was a phdse shift of 32 months at Tromso (70°N) and 38 months
.at Arosa (48°N) in close agreement with Ruderman.and Chamberlain's
calculations; The amplitnde'of the ozoneichange'is greatert
at Tfomso;(close to the polar‘source) thanlat Arosa. The
coherence between the sunspot cycle and the ozone response
is largely destroyed in the early 19605, presumably as an
'effect of nuclear bombs. In the southern hemlsphere the
'nuclear bomb effect was small and a correlatlon of . total
hemlspherlcal ozone and sunspot cycle 1s apparent

| Ruderman and Chamberlaln obtained the magnltude of the
‘change in nltrlc ox1de vertlcal column at Tromso, at Arosa,
’and for the. southern hemlsphere, and the amplltude of - the _'
ozone_modulatlons shown in Figure Q‘glves the change of
ozone as‘a function;of_Change of nitric'okide,'-Their_results
are.summarized'in‘Table.2, together mithfthe point based on

nuclear bombhtests;; o - o S .-
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Table 2. The observed response of statospheric ozone to
injections of nitric oxide by nuclear bombs and.

by cosmic rays.

T Observed
Example Location Change in NO, - change of O,
molecules cm'2
PR percent
. . 15 .
Bombs No. Hemi. (1-3) x 10 5 - 10
Cosmic rays _ Trohéo 2 x 1014 2 -5
Arosa ‘ 1 x 1014 ‘ 1 -2
13

So. Hemi. 4 x 10 0.3 - 0.7

The four points in Table 2 constitute a ¢a1ibration
curve for the effect of nitric oxide on stratospheric
ozone, and model calculations should be checked against
these relatively direct experimental results. The cosmic

points ' o
rays,are particularly direct involving Qbserved atmospheric
-ionization and observed total-ozone data;'the only calcu-
lation is that relating rate of ion formation to rate of
nitficldxide formation’ A comparison of a model calculétion
and these néw interpretations of cosmic ray and nuclear bomb
| daté in terms of ozone gépletion by nitric. oxide is given
by Figure 10. The calcﬁlations are based on the photo-

chemical steady-state, 45° latitude, solar equinox, static

atmosphere, various uniform NOX backgrounds (0.3, 1.0, and
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| 3.0 ppb),_xandvad'dedNOx spread over 2 band about 10 km wide
above and below 20 km (a model for‘SST‘injectionj;‘ Theee_
caiculatioﬁs'uere‘made-before the paper‘by7Rudermahrand |
'Chamberlein,appeared, and the assumed added‘NOX”column,
only goes down to 1jx'101”; . The four "calibraticn"'poiuts
from Table 2 are entered on-Fiéure 10. Withinithe experié
mental errOr,»these four Calibration bcints,follow.the non-
linear calculated curve'associated with'an'NO background
between 0.3 and 1 ppb in the lower stratosphere. If the
in the northern hemisphere

.10 percent increase in ozoneAbetween the early 1960s and
1970 as glVen by London and Kelley can‘be_a551ghed to the
return to normal after the end of the nuclear bomb tests,
: then all four points lle on the curve of hlghest sen51t1v1ty
of ozone to NOX |

uIn.Mahlman's analysis? of'the‘spread:of (inert) exhaust
gasee'by means of a three dimehsional global circulation model,
he;specifically solved for the cgeewc%HSOOTAmerican_SST with
en emission index of 42. His comPUtationbohly went for 11
mcnths; and he eetimated that_the peak diStribution would be

perhaps-a factor of two higher if allowed to run for an

«

indefinitely long time. His emission index is about

three tlmes too hlgh hlS value is ‘about’ two times: too ﬂow _
of n1trogen~ox1des
because of 1nadequate time, and thus his estimate  is about

A

50 percent_too high. The vertical proflle assoclated with

Mahlman's calculation is indicated'byvan arrow in Figure 10.
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My (1971) estimate of the worldwide average NO# column from
500 Americén~SST with 14.8 emission ihdex is also indicated
.on the figure, ahd it 1s somewhat less théh fhat of Mahlman.
If Méhlman'svestimate is divided by 3 té correct for emission
index and multiplied by 2 to correct for inéufficiént model
simulation time, then it 1s very close to the 1971 estimate.
If fhekcalculated curves aﬁe regarded as being calibrated

by the_coémic ray modulation and by the nﬁclear bomb response,
then the indicated reduction of the ozone'shield by 500
American SST (emission index 14) is between 17 and 28 percent. -
The -indicated ozone reduction by SOOJConcofdes is between

8 and 17 percent.

The results of the nuclear bomb testS’seem to lie some-
what lower than one would expect from e#frépolatibn of the
data for cosmic ray modulation. It coulé.bé that the results
- for 500 SST would be somewhat lower thanfindicated by the
calculated curves in Figﬁre 10. | | -

On the other hand, the modulation émplitude of NO, at
Tromso'COPresponds to onlyv75'Concorde ssT (emission index
of 14) after flying regular schedules for only 11 months
(Mahlman'model). The data for Tromso iﬁ“EigUré"g’bétween
1936 and 1954 (negligible perturbationvﬁy.nuclear bomb tests)
appear fo correspond to the effect of oﬁly 25 American SST or
75 Concordes.  The ozone perturbation aanrosa correspondé

to only 13 SST or to 40 Concordes, In each case, there is

a noticeable change of ozone.
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Conclusions

The calculated.ozone reductions by nitrogeh oxides
according to 1973 models of the stratosphere including one
and two dimensional motlons are in falrly good agreement
with 1871 models of the stratosphere based on the photo-
chemlcal steady-state and a static atmosphere (Flgure 5).

Of course, a static model of the atmosphere will not pre-
dict the distribution of speoies.in the atmosphere, but
starting with aﬁ observed or assumed distribution, the static
modelbdoeS'a useful job in predicting the changes to be
expected from more or less NO_ (or other‘edditive).

A recent analysis of the modulation of cosmic rays in
thetpolar regions by the eleven year soiar cyclel(Ruderman'
and Chamberlain) indicates that the NO_, inorement from.75_
Concoxrde - SST operating for 11 months'rould produce a
2 to 5 percent reduction in the verticai ozone column. '?his
analysis'does not depend on photochemical model calculetions,
it depends on a logically close-coupled reiation_between
eq37

41, . . . . . .
observed " ionization by cosmic rays, inferre nitric_oxide

8
productlon from these 1onlzatlon processes, and correlatlonsl

observed ‘ '

ofAFotal ozone ‘ with the sunspot cycle. To

the extent that Ruderman and Chamberlaln s analy51s is con-

firmed, there is direct ev1dence that stratospherlc_ozone is

highly sensitive to added nitric oxide.
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TITLES TO FIGURES

~ Vertical profiles of ozone between 20 and 50 km as

measured by rockets. a.- Duplicate profiles at

one latitude and at approximately the same seasQn.v

b. Effect of latitude.

Total,Qéone in the northern hemiséhé;e as:ﬁeasured'

from Nimbus IV satellite, May 1969. Cantour lines

are in units of miliiatmosphéré~cm'STP (Dobson units).
Zonal average oéone concentration (heavy lines) in

units of molecules cm™3 (6E12 = 6x1012) and zonal average
production rate (light lines) in uﬁits of molecules -
cm—3asec_l. Note: ~3x10% molecules cm > sec T produces

12 '

molecules cm > in one year.

Recént observation Of oxides of nitrogen in the stratosphere,

.1nclud1ng HNO3, NO, and NO (NO + :NO )e

Calculated reductlons of total ozone as a functlon of

added NO._.
; . X

- Ozone'profiles at the equator caléulatedf(l97l)

~from photochemical steady state and a sfatic.atmosphére.

b. Effect of uniform moie.fractions‘af Noxbon total

ozone colunm. Lower curve neglects the buffering |

action of partial reformation of ozone at lower»elevations.‘f

.afteriit is destroyed by NO, upper curve 1nc1udes this

radlatlon—transfer bufferlng actlon (Steady state, 1971)

C. NO and O3 vert1cal columns as '‘a function respectlvely



Figure 6.

Figure 7.

Figure 8.

SV

of 300 Concordes, 600 Concordes, 500 American SST,

1500 American SST (worldwide~average; 14 g NO/kg

fuel-emission.index), including one-dimensional

\

’atmospherlc motions (1973)

d. . Decrease in ozone vertlcal column for varlous

'numbers of SST.glven'ln Flgure 5c.
B e. Decrease of stratospherlc ozone after 1n1t1atlon

' of fllght by 1000 Amerlcan SST (42 g/kg emission 1ndox)

Mlnlmum 1n]ect10n is based on world—w1de average;

max1mum 1njectlon assumes 20 fold 1ocal max1mum This

model 1ncludes ‘one dlmen51onal atmospherlc motlons

(1973)

£, Calculated reductlon of vertlcal ‘ozone column from

SST ChhanL accoxdlng to olfrerent models flom static

_1971 model to models w1th one or two dlmenSLOnal motlons

in 1972 and 1973.

. Stratospheric”distribution of‘strohtiuméQO as observed

from atmospheric sampling program: lMayfAug., 1963;

Max1mum bomb produced NO as inferred from observed

; dlstrlbutlonyof strontium-90 (Fig. 6), iﬁcluding the

linear relationships: nuclear bomb yield and nitric

oxide; nuclear bomb yield and strontium-90.

‘lrends in- total ozone following the lsrge scale nuclear

bomb tests of 1952-62.

a. Increase in ozone at various individual stations,



Figﬁre 9.

Figure 10.
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in terms of monthly deviatibns-from monthly»no:mals.

b. Changé in hemispheric ozone in terms of monthly

: deviatiohs from monthly normals: there is no significant

trend ih»the southern hehisphere;_there'appearé to be
a decrease of ;4.711;5 percent per decadé before 1961

and an increase of 11.3%2.3 percent per decade after

1961 in the northern hemisphere..

The effect of sunspot cycles on cosmic rays, ionization

‘of the atmosphere, production of nitric oxide in the -

atmbsphere; and the toﬁal ozone response.

a. .Ionization at various elevétipns as a function of
sunspot number, Thule, Greenland.

b. OsCillating gmplifude of rate of ionization as

a function of altitude, Thule, Greenland.

c. Total ozone variation (percent) as a function of

sunspot number. Note phase shift at Tromso and at

Arosa,; relative amplitude at Tromso and Arosa, and -

destruction of coherence between sUnSpot’éycle and

ozone during the period of large scale atmospheric

nuclear bombs.

Calibration of sensitivity of stratospheric ozone to

increases in nitrogenhoxides,on.the basis of cosmic ray
modulation (Fig;_9c) and nuclear bomb tests (Figs. 7

and 8b). The three curves are calculated (steady-state

‘model) on the basis. of uniform NO_ backgrounds of 0.3, 1.0,

or 3.0 parts per billion. Estimates of the nitric
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T‘oxide‘increments from 500 American SST are‘giVen on
-jvthe basxs of two year accumulatlon (1971) and
 three-d1mens1ona1 global atmosphere model for ll

month:flight time.
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Atmosphcnc Total Ozone Increase
during the 1960:.
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Fig. 1 Plots of mcan monthly total ozone deviations from
monthly normals for selected stations.  Lincar trend lines have
been fitted to the Jata.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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