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Abstract

Photochemical calculations on mesospherie sgzone are
reviewed for oxygen only, oxygen-hydrogen and oxvgers:
hydrogenenitrogen atmospheres, Effects of vertical eddy
transport included in recent works by Hesstvedt (10G8)
and by Shimagaki (1968) are discussed.

The close relation that exists betweer tha ratioe
n(0)/n(03) and negative ion and electron concentrations
brings in a new dimension in ozone photochemlsiry work.

A remarkable linilqrity has been observed by Doherty
between LF phase variations during a solar scllpse and
the computed variations in ogone soncentrations. 81i111p_
rities also exisgt during sunrise and sunset. It thus
seems possible to obtaln synoptic information on mesc~

spherie ogone from Ionospherie parameters.

* Part of this work was done at Goddard Space Fligh®
Center, Greenbelt; Md.y UsS.A. where the author was
spending a year’s leave of absence as an NHC-NASA
Senior Research Associate, .




Introduction

The few rocket measurements of ozone concentrations in
the mesosphere summarised in Fig.l, form the basis against
which photochemical theories must be judgeds The main features
of these measurements, avallable generally upto about 70 Km,
are a monotonic decrease of ozone concentration in day-time
and larger values at night with a mesospheric maximum. In
some recent Japanese experiments, a dﬁytino maximum has also
been observed at mesoppheric heights, Typical daytime values
are s & x 101lon"3 at 40 Km, 6 x 10cn™3 at 50 Km, 8 x 10%a"3
at 60 Km and 6 x 108cm™3 at 70 Km (Johnson et al, 1952).

Photochemical theories of ozone date from the pioneering
work of Chapman (1930) in which reactions revolving 0, 05y Og
were only considered. This scheme is now known to be over ok
simplified and gives an excess of ozone in the mesosphere,
Following the identification of the Meinel bands of ailrglow
with OH, the importance of hydrogen-oxygen reactions was
recognized, resulting in the first major work on the photo=
chemistry of water vapour by Bates and Nicolet (1960). The
two ozone photochemistry works by Hunt followed = one on the
time-dependent solutions of the oxygen-only situation (Hunt,
1965); and soon afterwards realising that the oxygen~-only
situation yielded a distrlbutiqp considerably in excess of the
rocket-measured profiles (the only one available then was by
Johnson et al, 1956) followed with a second work (Hunt, 1866)

using a complex hydrogen-oxygen reaction scheme., The result-
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ing agreement with rocket obscrvations was better, although as
we shall see later, thir by itself 1s not very meaningful. The
next development came with the realisation that in the region
where the characteristic photochemical times are large (see,
for example Fig.2) static mocdels can have no meaning. One

must then take intc aoccount any effect of atmospheric motions,
eithor large-scale or small-scale (turbulence)s This, and one
might call the third phase in oxygen photochemistry, began
with the work of Colegrove, Hanson and Johnson (1965) who
brought in the concept of eddy diffusion and oxygen transport
in the lower thermosphere in a calculation combining some
rocent measuremsnts of the 0/0p concentration ratio above 120 Km
with the then available knowledge of dissociation, recombination
and moleculur diffusion rates, Subsequent works in this line
was carried out by 8himagaki (1967, 1268) whose most recent
work with Laird (private communication) coasiders the effects
of eddy diffusicn processes on the helght distributions of 14
componants of the oxygen-hydrogen-nitrogen atmosphere., In an

| important recent work, Hesstwedt (1968) obtained new distri-
bution for 0(3P) and 05 for eddy diffusion coefficients vary-
ing from 4 z 105cn?/s at 65 Km to 7 x 20%n?/s at 100 Xm and

| with photochemicel values taken as the boundary conditions. He
found the most striking ratios in the mixing ratios of the
major hydrogen components H, Ha and lgO and a substantial
#epletion of both 0 and Og near the mesosphere « a result of
great significance in negative ion chemlstry.




The fourth phase of ozone photochemistry that has Just
began to em ke 1s the very close relatiocaship that exists
betwveen opone concentration and mesospheria ionisation, and the
possibility of odtaining iaformation on ogone variations froa
D reglon parameterse An important worz in this arca &s by
Doherty (1068) who noticcd a remarkable similarity betwoen
ehangos in phase of a low frequency radic wave during a solar
e0lipse and lunt's computod osone variations, Heaotions have
been identifivd in the laboratory, and thoir rates have been
seasured, rglnﬁinc & nuaber of negutive ioas with either O
and Ogy with iaportent coansequences in the ozone theorys

In this vork the four phusee of oxygen photochomistry
are outlined, |

Re Oxygon-only \tmosphere
The oxygea-only atmosphere, first ocutlined by Chapman
(1930), coasists of the following resctions s

Op + nuRSR24A . 440 (Jg)
o + hY 211,800 o g (3a)
0Os0oM - Og + M (k37)
O¢0g e N > O3 ¢+ M (%;2)
00y » 20 (ity3)
for whioh the selevant reaction rates have the following valuos s
(4) K33 > 2.7 x 10" P08/ kaevas ot al
°ax m.aa(sga)-&ﬂzooi
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(11) LIPS 8 x 10'3sexp(é%§)cm6/e Bensou and
Lrworthy (1966)

‘ y 0’34 T -2 640.3
(300 cm™/ 8

(111) k 6.6 x 10~ lexy (- 2850 Benson and
13 T Axworthy (1966)

1600 % 200
¢ (1.4$0.3) x 10712 exp (- ———— .

Those marked with asterisiks are more recent valuscse
The tims rate of change of 0 and 0 1n this simplo

scheme are given by

_",:._‘tP_)_ = 27gn(0p)+330(03)=2k, 10 £0)n(M)-lr)an(0)n(Cy) =1 gu(I0(0.) (1)

dn(05
:: . klzn(O)n(Og)n(M)-an(Oa)wkian(O)h(Oa)n(M) (2)

Under equilibrium condition, ozone enu atomic oxygen concentra=
tions are simply relatod by 3

a(0y) kyon(0)n(H) )
oy Ta¥kggn(0)u(og)a(m)

and 1f kjq is really as low as that given cbove the ratio for

all heights sbove 60 Km 1s given Dy
-206

a0g) _ ;-2 (_‘{_. S (4)
n(0)




An important parameter is the chaorscteristic fime (half-
restoration time) which detirmines if and when photoohemical
equilibrium gan be established. These are the timeg Laken for
departures A n(0) orzé'n(oa) from the squilibriuw volies
nf0) and n,(04) te be reduced to e’ of their initizl valuea.
The followlng expressinag fox the shaurscterietic Himesz may be

derived (Dutsch, 1956) »
T3 = ipn(0g)n(M)/4T k, 4, (0y)

I3

t l = RTINS L I Sy T e— LT ———T T R R D

2Jék13n(02304k12k13n(0g)nm(M)nO;OJ

The characteristic times for 0 ana Oq as galculaved by

(8)

Hunt (1965) on the above hasls and by Maeda and Alkin from a
time dependent study of the equations (1) and (2;*,;‘a.§:;fmm
Characteristic timea for an oxygen-hydrogen atmosphers,
calculated under the condition of photochemical equillbrium,
are also shownj there are two sets of the latter values, one
given by Hunt (1966) and the other by .‘esstvedt (1968). While
there are some dlfferences in the times glven by the various
authors, tihe basic concluslon is the samej namely that the
charactevistic time for ozone for the deytime mesosphere ia
short-from a few minutes to a fractlion of an hour < ana conse-
quently Eq. (3), valid for photochemical equilibrium, cun be
used, In the troposphere and “he stratospheire. however, the
characteristic times for atomic oxygen is short at 40 Ka, but
lsg large and increascs rapidly with height in the mesospbere,

80 that transport must play a very dominant part for thls consti-

tuent, Typlcal vslueg of the characteristic timee during day are 3




v 9a

Characteristic Times

( segonds) (seggnda)
40 10° 3 x 10°
60 103 108
80 10° 10%*
100 107 102

¢ Large at night when n(0) is small,

Hurib~

Ba¥ has calculated 0-03 distribution with this simple
case as well as for the oxygen-hydrogen atmosphere which we
will discuss latters The main difference, it appears, is that
a pure oxygen atmosphere leads to an excess of ozone, 1he
ogone distributions such as those given by Huht and most
recently by llacda and Alkin (1967) must therefore be gonsi-
dered as very gross.

The main virtue, howvever, of thess simple calculations
1s that these give a clue to the type of variations that one
may expeet with time or with latitude, or with seasonal
changes 1n mesospheric temperature, Variation of ozone and atomic
oxygen concentrations with time as calculated by Maeda and
Aikin (1967) are shown in Fig. 4; and those with latitude as
calculated by London are shown in fig.5. The reaction rates
used are ldentical in both, and are those marked (a) ia Tuble 2,
There is no diurnal variation in ogone at 80 Km (as oue would
expect from the large chafacteristic time at this altitude),
but nighttime enhancements uppear at greater heightse The night-
time distribution shows a maximum at about 70 Km in the Maeda-

Aikin model as well as in the pure oxygen model of lunt, but ££
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— Table 1. Photochemical Models of Osgone
Authors Conditions Remarks
Barth (1961) Oxygen-ﬂitrog:y Considers nine reactions
Atmosphere Time between ‘g 0, 029 030
Dependent solution NO and NOg
Diurnal variation given
Hunt (1963) Oxygen-~only Overhead sun
Equilibrium case  Used ki3 = 6.45x10° Pexp
(2299) sm3/s
\ RT
1969 ARDC atmosphere
Hunt (1965) Oxygen=only Overhsad sun
- 1963 equilibrium values used
Non-Equilibrium as preliminary values, Assumed
case. 6x1013 molecules/cn® column

Hunt (1965)

i,

i1,

Hunt (1966)

and 4,6x1019 molecules/cm®
column for O3 amount and Og

amount above 80 Km respectively.

Air model and rate coefficients
as in earlier models,

No change in Og below 45 Km

Solar Eclipse with
follow: ng particu-
lars s '

Time of eclipse from
first contact to
fourth contact

= 9000 seconds

At instant of tota~
Pility at 4000 sec-
onds no solar radiae
tion reached the
Car‘h.

Oxygen=-only
Atmosphere,

Oxygen=hydrogen
atmosphere

Substantial chinges in O3
in the mesosphere, Time
curves given for 61.26 Km
»nd 78,76 Kme Increase of
iesg than 1% of the total
0. amount expected,
cgmpared to experimental
observations of 4%,

0 concentration remains
unchanged above 70 Km
dnspite of large O3 increase,

28 Lsactions used with rate
coefficicnts t:ken largely
from Kaufman (1964)




| REPRODUCIBILITY OF THE ORIGINAL PAGE IS

POOR. |

Rop- PR
Authors Conditions Hemarks
Both £quilibrium "Excess of ozone obialred under
and loneequilibrium oxygen-only Gase largely
sclutionse removed, 03 contont decreasing
£rom 0o® ©0 0.2 cm STP (0,17 om
SIP urde? non—equilibriuz case).
Maeda and Oxygoaeonly For polar atmosphers pasilcle
Aikin(1967) Eoth cquatorial dissoasiation is mssumod through
and polap process o
roglonse 0p 0 040g¢@ED1 ey

For equatorial atnosghcm esults
similar Go dunt’s betweon 80 to

80 Kmy but above 80 Kmy their Og
goacentrations less than liunt'se,

London Oxygon=only Jerives latitudinal and scasonal
(1967) variation, Uses Cole and Kantor
Tima-dependent distribution of Qmusnrc and
solution s temperature and the following

Cate coefficiente 3

K); 888% 20°gn se ¢
X © 20 X 10°Fonsea2 |
ko o 8l T 10°3axp («3000/T) enPsee™?

Hesatvedt Oxy genehydrozen Caleulates 0(1D}, 0(3P) ol
(1968 a) ntmosph:ym 18240 Km HOs,y Hoy HpOy ﬂé and ﬁ°°39 0

Also modification Feaction mates as in Hunt (1966)

due to vertical and Hesstvedt (1968b)
eddy tmnsag;ﬁ
(Kg = 4x10 /8
Hesstvedt Oxy gon=hydrogen Oe=distribution shows a broad
(1968d) atmosphere with maximum around 90«95 Km, and a
eddy diffusion pocket of low oonoontru@ion
around 80 Km, lg0 congentration
60 = 100 Kus gonsidaorably increunedo

Eddy diffusion

coefficicnt u-.zungd
to vary from 4:.12032

at 65 K= to 7x10

atb 100 Km
8 himagaki n=hydrogen= Height distrivution ¢f ié aimospherie
and Lavid gxg:e?itmg:phm components galculated ; 0(32) |

(private  with eady diffusioms O(1D) Ono OHo H. §
Comsunie umo-dap!ndont aaomou:%'ao?noaf N, ::8' Hal
Gation) solutione |
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Authors Conditions Remarks

Three types of eddy
diffusion coefficients
assured

(a) a constant value of

10%cm2seq~t

(b) a constant value eof
107 e sea~

(e) coefficient varying
linearly from

6 x 10%m2see~! at

40 Ku to & x10%cm2seq~1
at 100 Km_an conitant
at 5 x 105cn®sec"

above 100 Km.
Keneshea Oxygen-liydrogen-Nitrogen Using the computer code
(1966) atmosphere, along with developed by Keneshea
all major.reactions (1963), computes
involving positive and variatlons of several
negative ions. neutralspecies as well

as thore of major

ositive and negative
ons during the solar
eclipse of 12 November,
1966, Increase in
ozone at mesospheric
heights given as a
function of time during
eclipse,




‘PUNOIV ZoqoeJ
® £q 93X STYY JoxeeA [[TA

8UOTYE9S SDPNITITIPTH UT SUTEIBA (90

Jo3WiA eyy °Axysiweyo ue3Axo - ..wm _otxoe (q)
oTIenicOsSon uhul 309330 JuecTITuUlTS 3°0%g °g- \ = &€
eaey (q) enfea Asu eyy | ) }
v soaova&ovowruammoauou g °g FPRLEr () W - @ <=7 k(de)o ¢ (de)Yo °s
oomv :
. 8% (4) O enfevA flau eyl °Q A.q_;.m\Omwvaomm.uO.ﬂM@ () o 39 = % < (de)0 °S
¢
eyadep Teorado Lo o (ARTATER) o
A sqg sy V4, pue ygduetossA geyy . - (ar)o = Z V 00TE >X (4 0 Y

¢ av c¢ierudsoww sya epysanc suoysgd

wn.wvw«oomm.nv 39 Jsqunuu a7q ST & 20 2 — R
™3 < ¢ yadue ..o»ﬁh 98 _2UeTOTI3 : (48)0 =+ <0 YOOSTT> Y>001E Sl I
-eo2 mogjdcosqe eyg 3 Ny exouym
A (e3uny uuewndg)
L X 2 °
P, 50 Yy s L (@R)0H(AT)0 o w0 *g
8 £q nob.nu aIe 838X
uoy3e§oossIp syl °(Je)0 Jo uogy 93eq23eq) . n
-9hpoxd JO 869IN08 UTeW oUy ar?® £-T ﬁmm!..?.?mueﬁ‘mm&v‘,av 08l o

(4poq g)s/guoé(4poq Z)s /WO
STV SEIVH NOZ IOV HOI IOV

(ISVO NTHOHAXH-KIDIX0) XMISIHTHOOIOHd TNOZO NI QEATOANT SNOIIOVEM
é TIHVY




°g°314 eeg
*SUOTRIueDUed Z0H pu®
HO wo spuedep (JE€)0 JO ssoT

POOR.

N oy U] €T pu® ZT SUOT30TeI.
R .uo»awc A Q«un s bl
% F ATq®qoxd ST @32 Tea3ovV °gY M-t XY % + H0 *+—20m + (a8)0 ‘et
- 1¢-OT % + H <— HO + (dB)0 °zT
— ¢ H+HO -— %5+ (a1)0 °TT
< °Ie38ey ®q

dew e3yex Tenjov ceTqifTT[deu
m ST OSH JO Uop=2To0SSTD
G "MMM“ vMMo«nou ¥y sjonpoxd ) :
— J93 wo
~1 3 woysoeex Ley °OT -0t HO 2 “—0% + (ar)0 °OT
L -
— ! (896T) (B0 = R) g33=0T X T * 0 S st
o  wchnLE R _ w

Ol XE i Bg % + (a1)0 °8
. °(S06T) ®3juoJoy |
W pejond uﬂwswmwuﬂmmuoon u.ﬂuauﬁ n.noﬁd oTxz
| —d | 9% enTEA eyJ .ohonnuouok : (22/0°%~) o T ()
=2 —oven) HePoipdq qIiorir ses |
O SOYeN onyTeA STY3 ‘sso
1 euozo ® o~ OTX(E°0FP°T) (Qq)

| D J04 °9 pu® G URY] JeTTews % 3T
a) uﬂﬁoa&m.m w.aa s °31a © |
O_ Uy UeeS ©q weo se pur ‘moT sT
m, 838X oy (q) pue (®) ysoq ur ° (mu/00Lg8-)dxa . _OTXO° () - S0z +—— € + (a&)0 °L
T - _
o | 4poq g)s/gus{(Lpoq g) s/cmo

SAHVHA'3H %.Hdm NOT IOVEd HOIIOVZY

R



17

(8961)
ojquoxoy 3¢ wmysodwis ynvy ouy

«} pejond Lyjusoex(q) 3® enTeap

896T) ojuoIoy

By GnpsoOuis Yovi syl Gy
uououuﬁaooﬂ?u.ﬁosﬁp

*sxoydsosom

zoddn eyy uy €0 Jo ssor xolem
epyacxd Ley °*my 09 240qe LTuo
queqroduy sswodseq L£TqEqoxy

12

.3.

i 4

(32/v-) dxeyy OTXZ
y1-OT
1e-"T T ¥°T
mmiod X8
70T
(3/2°0T-)4Xeyy.OTXL
nuM\N.b1vgl0HA|adHH.¢

(a)
(=)
11-oT
erOTX 2
3 o
y1-OT
27-0T X 0°Z
«.H'Q.H s w.«

(1)
(®)

X
cpOT X 9

11-OT T 9°2

(de)o+ 2o <— | + €0
20z + Ho“4— Z0H + no
R + ZoH “—R+HO+(d€)0

H + BO “— R+a+(d€)0
8oH + HO <%= B02p+(dc)o

H + B0 “——2H+(4€)0
HOZ <4 SOH + B °

20+ %g «—Zg + 1
80+0%g *+%0H + HO

Sog+ OH <—30H + €0

(ae)o+0%g 4—— HO + HO
%0 +Z0g 4 po + €0

20 + go «=—— g + €0

92

qgd8

°22

‘e

*6T

*LT

‘ot

4

SV I

(4&poq g)s/gue #(4&poq 2) s/wo
SAIVE NOIIOVEN

NOIIOVEH




2/0081=> gpb 21-OT T & 2% + oNa——— N + €0 °BE

(ae)o+no € qY+B0F  °LE

aaouo«..ﬂ X 1°[-)dXe_ OTX L°9F  H4HO < QU+0%H °o¢
P1+gLe2> X 08T

HOZ < —ay+20%H °gg
vg28E» X Y8481 Se
(ou/e°g=) dxe . OT # <+ 0% <+=—— HO ¢%H °%€
(za/8°g-) dxe, OT X 8°T (de)0 + %1 —«—HO + H °c€

v o
b (/8°9T-)dxe, _OY X Y (de)0 + Ho % ¢+ @ °s¢

1) - .
- ﬂ%wmmno.m x (g+9) H+%H «- H+%+H °Ic
§°0%0°3~
e1-0%t S0H + 25 ~—30%H + H °O¢
o 0L ¥ 8°2 H+% & H+H+3d °63
(38/%=)dx8,,. UL ¥ & (qe0) + 0B ——0H ¢« B °3%
(BOBT} WrgsGduwas : _ _

FDVY 020030y 0% vowond L2 o7 0T T €°F Sy + 208 <307 + B0H ‘uE

[ B

T — L ——— - S i e e N

—

(£poq g) s/ mo S(£pog 3) £/ 83
&3 K SAIVE FOTIOVEM ROLIOVES




vgov

- T

‘ ~ - P N e T e &P
- Cr\nuf( (R

4§rosy3 UOTI0EST IOFEH BV 70T X O°€E 2y 4 Cot— S0+ ‘%Y
20T~ o+ S¢— cuso  *L¥
— (0T-1) 20 + 0% € + o ‘ov
or-OT * (8°0 + §°2) r+, 0N 4 0 ++Nm 'Sv

eg3aydsomyay] IeMoeY

Uy uy aowon»ﬁn oTuoq®

Jo ooanos IOfvE eul SSPTA 1 e .
—oxd Lrqyssod uwopjoesl sTUL b 44 Am.mmw blo.n s OESs ® *OF v
= o 40N +—OH + N °E¥
11-0T X @°2
otxe ()
@qUO0JOY WT WNY om!nmwwmau =

qU0I0] s vovl
eqq ¢ pegjonmd {4} 98 enT2A °Z¥ »mmmw 0T ) H+ON «H >0+ & °2¥
oy + Ol <« 8 + N M § 4

.5..3 X2

PRIy 0T X ¥

JO $s59XY6 U} ST #18I

eqq JeU3 puroj saeq (898T)
ATeeuuey pue cdoeid TeC ¢, 4 n.?c.n X¥ > uv.n..o.m p 8§ ¢« ON b\».fwomo + B 0¥
& e 0T X (220 F3°0) o+0f — %0+ N °6E

002+009c" .
(kpog €) 8/guo E(£Pou 2) 8/gW°
STIVAEH ga1vy HOIIOVEH NOIIOVH




OOR.

*@ouETeq UG

SAp223eU WO e2UeNTJUY PUNCAOI
SA®U WED ( JO UOTETIBA

Luay cuoy o>wuauon Axeuyad

oqy ‘voy _50 J0J ssedoxd

IWeTHIRIeD UTER o3 SapTA03d °$Q or-0T * 9°2

d'ld

-t * e
0T X8
OT =T
s

_OT X 0°L

« + % . 0+ .%

2+ %n « % +%ox

%20+ % « 0+f00 -

0+ %n + oF+ %

%0 +..moo « %9 +...no

o+|mo 4 na+..o

ey

1S

‘08

“e¥

(&poq €) s/gu0 f(4poq 2) s/oW0
SEIVE NOTIOVTY

NOI IOVEN

REPRODUCIBILITY OF THE ORIGINAL PAGE IS P




is net so apparent in the exygen-hydrogem caleulations eof
Hunt er Hesstvedt, ' |

The latitudinal contours given by Londen (1968) are feor
the region 15 = 60 Kms Londen alse considered the possible
seasonal variation erising from the changes in atmospherie
temperature as well as, of course, the changes in mean solar
senith angle. Changes in tpo characteristic time for osome
from summer to wintoer given in Fis.2 are of interest, fhnrc
is 1ittle latitudinal varistion in summser, but large varia-
tion ia wvinter, In summer 1€ docroqsos from about 3 years
at 20 Ka to less than one hour at 55 Km. At pelar latitudes
in winter large characteristic times are found upto about
36 Km. Above 45 Km these times are, however, reduced %o
less than one day at all 1a£1tudos. The large winter
cnaracteristic times at high latitudes allows polar acumi-
lation of ozone trnnsportéd from equatorial regions, resuliing

in an increase in ozones.

3.  Oxvgen-Hydrozen Atmosphere

The need for including hydrogen reaction im the 0-03
scheme was first reoognisod by Bates and Nieclet {1050) whe
empnasised the significance of the identification of the
Meinel bands of the airglow with OH. Indeed the hydroxyl
emigsion may very well hold the clue to the O - 04 probleme
The dawn decay of the hydroxyl emission occurs through the

hydrogen-ozone reactien ¢

He °3 —» QH ¢+ 0o

R r———T T T e - el Y
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which hee a rate coeffisient of 2.8 x 10" 1em®/s and can be
an important participant in csgome photochemistry if hydrogen
eoncentration 1s large. Iiveat photedissociation of Hg0 at
heights ebove 60 Em, and &t _ev2> heights the indireat

process ¢

063} & Tp0 ———p BOH

‘ followed by

OH © € s 0Og ¢+ H

H +0 ¢ ¥ ~p HOg + M

HOp < 40 <——3p Hy0p + Op
provide the gource for the war.izus hydrogen products.

The different ~escbtlons inrsived in the oxygen~-hydrogem
system and thelr rete coeffiolante are summarised in Table 8,
Where mere rvaasnt valuvg ¢ avallable, they are lndicated
under (k). The rates are in ma:: 2388 quite uncartain, and
in some cages very airongly ’'opendent on temperatuse, Varia-
tions of the remctlor rsées w. - lziitude and season, ef the
dissocietion rates (J'n) with scl.™ genith angle, and eof
atmospherisc density should be ta.en into ascount if the
computaticns are to be comyiste. This, however, is not
feasible when so many reactionsg are involved, |

Not all reactions ~re, however, important. Consider-
able simplification 1s possibie Hlicough the examination ef
Figs.7 and 8 in which the production and loss process for 0
and Og are plotted for am wzons distribution suggested by
Evans ¢t al (1968) combinines the Johnson et al observatlions

)
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Fig.6 Schematic diagram giving important reactions in the
production and loss of atomic oxygen and ozone with
current values of reaction rates,
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Fige7.a Height distribution of atomic oxygen production and

loss rates for each reaction. Note that not all reac-
tions are important. From these curves it 1s possible
to select the dcminant reactions for each height. Curves
(a) are for daytime and curves
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Fige7. b Height distribution of atomic oxygen production and
loss rates for each reaction. Note that not all reae-
tions are important. From these curves it is possible
to select the dominant reactions for each height. Curves

(b) for night.
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below 70 Km with those estimated from observations of metastable
Op (Evans et al, 1968). For atomic oxygen no e:perimental
values are avallable, and theoretical models must be used. We
have used the models given by Hesstvedt. For the present purpose,
1,e. 1dentification of the principal procasses, the exact
O-model used is not oritical, For other minor constituents,
Hesstvedt's models are used, excepting for NO for which Pearce's
(1969 ) new recent rocket results are used.

In the 1light of these calculations, the number of impors-
ant processes can be brought down to an usuable number even
for the oxygen-hydrogen case, Schematic diagrams for dry alr
and moist air cases subjected to such selection enterlz are
given in Fig.6.

The neutrals we are concerned with are 3 0(3P), 0(1D),
03, OH, HO,, H50, H20p, Hy and Hs For each level the total
amounts of 6xygen and hydrogen can be assumed to be constant,
as follows (desstvedt, 1968).

[n(o 'n)q-n(oar)m(on)m(n,oﬂ / g+n(02)+f1(303)+n(5303)
+30(03) /2 = M («= o.aoss)

[_n(on)m(noa)m(nﬂ /2. +n(B00)+n(Hg)#n(Hg0) + pM.
(p =8 x 1076)

which, for all practical purposes, can be written simply as 3

‘n(0g) + n(0)/2 = «f"
A(H)/2 + n(Hy) + n(Hz0) = pM

Hesstvedt identifies three separate regions 3

g S ———




-390 =
(1) 100-116 Km (41) 70-100 Km (11i}1) 45-70 Km. A fourth region IX45 Ka
has also to be considereds The principal characteristics of these

four regions are as follows 3 | |

Region I . h ~ 100 =« 1156 Km

03 10%se0 P.E,®
0 >10%300
OH, l0o < 1 sec P.E,
Hp O & - 3 nre ’ P.E..
iy Hg0 : large :
6.6 x 10~23(300/r)%*%a(0)n(0g)n(¥)
a{03) = § X 10B+0.14exp(-1500/1) n(0)+2.6 n(H)

cton ITs h ~456 = 70 Kn
All, except Hp and H have small characteristic times. Dominat-
ing terms are J3n(03) and kg n(M) n(O)n(Oa).T(oa) i3 large at night
and consequently there is no dlurmal variatiéri. For atomic qxfygon,
the characteristic time at night is about 1/2 hour, and the photochemi-
cal equilibrium value ‘for atomic oxygen is given by 3 |

| , 2.5 3¢ | '
| ntop)p g = 5‘1‘)21(5%6) n(mg(og;'

The day tinme value for atomic oxygen for heignts below ©8 Km, wherg
the characteristic time is shorter for atomic oxygen than for ozone, .

is given by s

n(O)d = .. 2.5

5,6 x m'za(—sgs) n(mn(oa)wn(on)d+g(no,)f‘

P,E. Stands for Photochewical Equilibrium.

=~ 1" ' B ’
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Region IIT ¢+ 70 =~ 100 ¥Kw.

The charascteristic time for 0 s increasing very rapidly
in this height range, and a marked change occurs at 80 Km, where
<7 (0) is of the order of a day. Oz, OH; HOp and Hy0p have short
life-times, and ithelir daytime concentratlions are given by

2.8
5.0 x 3.0‘34(%0-) n(mn(%)n(oa)

n(0,), =
L :Lo;":".f8 < 2.6 n(Hy)
7.4 x 10'21n(M)n(02)n(H¢)
a(HOg)q = n(0y4)
n(HOp) 4n(04)+2.6n(Hy) n(0g_g4)
n(OH,d) = 2’4 54‘ 4 3y
n\Od)
2 o1
30n (n%’d)
n(ﬂaoz,d) =

“or o0 and Hy the characteristic times are large. For wvater

“mour it 1s 3 days at 100 Km and more than 1 month below 76 Km.
e

. 112, the‘\is about one month throughout this reglon.

Both vertical mean motion and vertical eddy diffusiom can
be important. Two mz2jor works exist dealing with the effeast of
eddy diffusion in the 0-05 complex. These come fxom Hesstvedt
(1968) Shimazaki (1967) and Shimagaki and Laird (private

commnication).
The continulty equation for the 1 W constituent can be written

!I-—-—-—-—-————-_________—




ong )
at = Q’-(nj) - lt(nip nj) - 583

where 4 #2, and the three terms on the righthand side ane
the production, the loss, and the transport terms. T7a this
it is assumed that horigontal mean motion and horisontal eddy
diffusion are of less importance than vertical meam motion
and vertical eddy diffusion. The average of total v‘art:i-.ul
flux in a ualt time 1s given by 3

b owmm e e T et

where 451, reprosents the flux due to the mean motlon, and can

be evaluated from 3
8\11 kT u,. . h § an1 | 2 1
e B - oum o s —— o e r— -"- - —
ot mg "

and Ya representis the flux due to the turbuleat mixing motion,

end can be described in terms of the verticel eddy diffusion
coefficient Degay by (Colegrove, Hanson and Yohnson, 1968) s

= o(q/ml)
os

\V = n'in'i 2 = .dd’
1 zo
) ofy _ By u)
= = Doaay (az o, 0os
The value of the vertical eddy diffusion coefficient

and its variation with height is not well known. Heastvedt
(1968) used values varying from 4 x 10 cnzlc at 66 Km te
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7z lo‘on'/. at 100 KEm. Bhimagzaki (private communication) has
tried a number of D.“, models. These includs constant values
of 10% and 107on®se0™? and a model 1in whioh the coefficient
varies linearly from § x lt)stzlauc"1 at 0 Kmto 8 x m‘cnaqoc'
at 100 Km and remaining constant (at 8 x 10%omE/seq) above
100 Km,

Hesstvedt's 'eddy diffusion model' extends from 68 to
100 Kmj at these two boundaries photochemlical values were taken,
The assumption of photochemical equilibrium is quite justified
at 656 Kmj but that at 100 Km is questiommble; and it would seem
more realistic tc start from a level (such as 120 Km) where
measurements of the ratio 0/0o exist, Calculation by Shima-
gaki and Laird (private communication) extend from 40 teo
160 Km.

The inclusion of eddy diffusion in the calculation brings

1

in some very major changes above 30 Km, speclally in the
hydrogen components H, Hy and Bg0. The concentration of water
vapour which has a long characteristic time is considerably
inoreased, taking up 85 / of all available hydrogen at 80 Km.
The distributions of water vapour, with and without eddy

. diffusion, are shown. There are also inoreases in OH and
HOg which appear to have a serious consequence in O-distri-
bution, since these increased concentration now provide a very
effective sink for atomic oxygen through the reactions s

OH + 0(3P) —> H + 0y

HOg+ O(3P) —» OH + Og

m
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In consequence, there is a pocket of low atomie oxygen
in Hesstvedt's model near 80 Km: The other major effect on
atomic oxygen 1s the appearance of a broad maximum centred
around 90 = 95 Km in place of a pronounced peak at 100 Km
obtained under the condition of photochemical equilibrium,

8. OXYGEN - HYDAOGEN - NITROGEN ATMOSPHEEB _

A further complication, normally ignored, is that there
are also a number of reactions involving O and 0 wvith a
number of n:ltrozon_conponndn, especially nitric oxide, The
important nitrogen-~oxygen reactions are also summarised in
Tahle 2 alongwith current values of their reaction mates.
8ince most nitrogen compounds have low concentrations, they
do not seriously affect the concentration of 0 or O3y so
that in describing the variations of 0 and Ogy &t 15 gota-
rally immatdrial whether or not we consider the nitrogen
reactions, There are, however, twe reasons why these should
not be ignored. One is that the concentrations of nitrogen
compounds such as NO, NOg and No0 are vary eritically dcpéndent
on the concentrations of 0 and Og, so that any observations
on latter may ultimately lead to an information on the fommer,
The other is that ome of these nitrogen compounds, namely NO,
is also easily ioniged and in fact contributes a large part of
the D region ionization. This ionization is being measured with
increasing reliability by a wide variety of groundbased and
rocketborne techniques, and can, in principle, provide informa-

tion of considerable value to ozone photochemistry.
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The principel resctlons consern NO, lit:ﬁ% oxide appears
to be quite sbundant in the mezosphere; although there is sonsi-
derable dispute about how abundant 4t actually 4s. Rocke$
measurements reported by Barth (1966) and very recently by
Pearce (1969) place its concentration at 70 Km between 10° «
109°.-3 and at 90 Kum betwsen 10’ and lcabl's. Ionospheriec

~ostimates are one to two orders of magnitude lower,

It seems fairly certain that Oy provides a powerful sink
for NO below 70 Km through the reaction s

NO + 03 + Nog + Og
which has a rate coastant of 9.5 x 10”130n§/l.

That this, in fact, does occur im observed in the results given
by Pearce in which a sugden change in '19" is observed helow
70 Kme Thus at this level nitric oxide, osone reaction begins
to take over from the usial rnitric oxide, atomic nitrogen
reaction 3

K+NO = No+0
The reactions participating in the produotion and loss of NO
including these involving 0 and 04 are given in Table 3. If
at 70 Km, the two loss rates are assumed to be equal, then,

using the rates given in Table 2,
n(0g) = ® x 10°a(N)

The observational results of ogone vary from 3 X 10‘ to.
1 x 10%n"2 at 70 Km, giving

e ————————
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TABIE 3

PRINCIPAL REACTIONS FOR NITRIC OXIDE IN THE MESOSPHERE
AND LOWER THE RMOS PHERE

MAJOR REACTIONS 36004200
T
lo N+ Qo -397 NO + O b7=(1.4¢0.2)xlo"ne omala
b T
2, N + O+ —p HOWH b1g=1e 1310 — ca%s -
blb . .17 3 '
3. N+8§ —2 HO+h blbsz.lo cm“/s
bg
4, N + NO —p lig+0 bg=2.2x10™-on’/s
5. N+0,(MAg) HN0%0 At least 4 x 10"4cn®/s, may be
10 times or more larger.
% "/7 + «-1742_ 3
6. 02+N2 —» NQO +NO -Yvalxlo =“cn“/s
b _ 1300+100
4 =13, T T 48/
7o H0+0g — NOg+0g bg=0.5x10 € em”/s
V5 B
8. 05+NO =5 N0*+0, - ¥=(812)x10"10%cn’/s
0 3
9o NOg+h? = NO+0 Ino = 6x10
-5504100

10, 0 +¥0g =PH0O+0y+46 Keal (2.820.9)x10" e 7T




TRRATA FOR RPU SCIINTIFIC RZPORT NO.47

Page . Line Shod read as
7 Tquation 1 g._nSOQ = 2J2n(023+ Jan (0 -2K11n2 n(y
-K12n(0)n (02)n e&)-lhsn (8% 20)3)

7  3quation 2 311 (03) = K4on(0)n (02)n(M)-I3n(03)-K13n(0)n(03)

7  Lquation 3 néoe) . Kqy2n(0o)n (1)
Lo J3 + K13n70)

M
15 Bquation 1st J = JA QRO A an
Column 3, b
= - 2.5 2
30 2nd Zquation Ln (O)n"P.E = 5x10 21 (380—) n° (H)p
. n (M)n (0p)

31  1st Equation n(03)4 = 5.5x1o'34 (T )2'5 n(M)n(02)n(0) g4

107173 + 2.6n (H)q

31  2nd Equation n(HOp)q = 7.4 x 10’21n(m)n(02)n (H) q
n(0) 4
31 3rd Bquation n(0H)q = n(H02)gn(0)g + 2.5n(H)an(03)4
5n(0) 4
31 4th Squation n(Hx02)g = - 30n° (H0p)4
S, —
\ﬁ 10 9n(H202)+. 10™n(0) g+4n(0H) g+n(E) 4
7 .
32 2nd Iquation i = nﬁ!} L. ‘n§'ui S -m—:.-=¢1 + \411
32 3rd Bquation duy . KT
_511 (uwi 4+4  Ony 1 J7 1
ni D . - * - _.>
i3 N <2 R FJT;
' &
2
44  2nd Bquation q = éc ; (02) Ne + °§>n (xy*) N
e
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a(¥) ~ (3 = 10) x 10%m"3

Any variation in either constituent will affect the transitiom
level,

Although at levels belew 70 Km, the nitric oxide, ogone
reaction provides the major source for the loss of nitric oxide,
it does not affect 04 aconcentration, At 70 Km, the ozone loss
rate per ozone molecule for the different reactions given in

Fig.9 are

0, 03 reaction 1075 en"3g0c”2

Hy O3 reaotion 2,6 x 10"4cn"3s00™*
OH, Oy reaction 1.5 x 10"8on"33e0"1
HOgy Og reaction 1.6 x 10°8cn"3s00"2
NO, 05 reaction 2.3 x 10-8cu~3s00"2

©' (Pearce model)

03 dissociation 1070 ewd e’

Thus at this height the principal loss is through Hydrogen-
ozgone, oxygen-ozone and photodissociation of ozone and
although nitric oxide, ogone loss rate 1s larger than those
of (0H, 03) and HOp, Og) reactions, it is still unimportant.

Thoro‘may, however, be a drastic change after sunset.
Atomic hydrogen concentration at heights below 80 Km 1s now
negligible, In contrast the twilight observations of NO and
photochemieal qoonsideratiens for nightiime situatien show
that the NO concentration 4s large ab least down to 70 Ka.
Thus at night nitric oiide may provide an important loss
process for osone and may well be responsible for the low
pooket of O3 sometimes anorvod in nighctlmn reoords,
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8. OZOME _VARIATIONS DURING A SOLAR EGLIPSE

Photosherical saloulations of the variations of ozone
aoncertretion in the mescsphere were carried out by Hunt (1968)
for an eclipse inm which the time from first contast to fourth
contact is 9000 seconds and nc solar radiation reaches the
earth at the time of totality at 4500 seSonds. Computations
have also been made for twe specific cases 1 for the ooiipso
of July 1963 by Doherty Rprivate communication) and the eclipse
of November 12, 1968 by Kereshea (1966)., Koneshea's computa-
tions consider not only the nmeutral atmospheric species, but
wlso the positive and negatiwe lons, and are thus more complete,
Bome of these calcuiations, alongwith rocket measurement of
handhuun for the Novembez eclipse, ame shown in Fig.1l0. Kene-
shea's computations give an order of naénitudo increase in 05
concentration between 60 ~ 100 Xm as photo-dissociatidn of 04
is gredually cut off and en increasing emount of ozone is being
formed through the thrse body reastlon 3

Q+03+M # 0q+ M
vhich has & reaofion time of about 10°
these times sare smsll in compsarison with the time of the

seconds at 70, Since

eclipse, one expacts that a change in 03 will occur. Hhxinni
enhangement cocurs about 10 minutes after totalit'y. Randhawa's
(1963) obsexvatiovns with rocketborne ozoncgonde during th‘
eolipse of November 12, 1966 at Tartagal (22°32's, 63950'W),

Axgentina showsd that czono consentration at 57 Km dur;nz total
solar eclipse waa about 8.6 times higher than that measured a
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Fig.10 Keneshea's computations omn changes in ogzone concentrae
tions during the solar eelipse of November 12, 1966.
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day earlier at the same altitude. The increase in osone

during total solar eclipse was found to be rapid.

(B 020 AdD MESOSPHERIC IONIZATION

Doherty (1968) has identified a curiocus resemblance bet-
ween the computed variation in ozone concentration and mese-
spherie ionization during the July 1963 solar eclipse (Fig.ll).
The suggested explanation is that an increase in ozone ¢an
deplete Ng¢ through the chain indicated in Fig.12, In the
negative ion scheme outlined 19 Fig.12, most of the electrons
that attach to 02 to form 02" immediately (time constant at
70 Km 1s 0.6 sesc) return to their original ltati through the

reaction
O +0 —>» 03+.

which has a very fast rate of i%oomQ/a. A smaller part of the
02" ions will charge transfer with 04 molecules to form Og

ion (5 ses.)

- - .m
Og” + 0y — Oz + 0y (4x10"00w/s)
Although these constitute only the beginning of the chain, the
vital role played by O3 and 0 are derived. It 1s clear that a
decrease in electron density occurs by s (a) an increass 1ia

ozone concentration and also by (b) a decrease in atomic oxygen

concentration. Both conditions are satisfied during an eclipse,
Similar situation exists during the sunset periodj when
with night fall there is an increase in 03 and a decrease in
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atomic oxygen.

If this explanation 4is correct, then variations in atomie
oxygen or ozone in the mesocphere should be observed through
changes in mesospheric ionization. In simple terms, the two arec

th?n related through the equation 1
%
¥ (9,04) » q//Ne

vhere Y (0, 03) is the effective loss rate; q the rate of
@lectron prediction and l&, the electron density.

The exast relationship relating Y (0, 03) with the conce-
ntration of 0 and 05 depends, of course, on the exact nature of
the negative ion scheme assumed. Bowhill and Radicella (1968),

considering only the reactions s=-
Op +0p+® > 07 + 3 (pa)

0" + h? ——> O + @ ()
0" +0 —> O3 + o (ka)
Op +05 —> 03~ + 09 (k)
xt+e 5  X+X (ep)
derived the following expression s~
pa n(Og)g . .
: L. Pt k(o) et o nXXDY,
%qn(03)

from the observed variation of Ny during the solar eclipse of
November, 1966, he and his collaagues concluded that the ozone
concentration inoreased by as mish as 100 times at 76 Km durlng
totality,

The caleulations of Bowhill et al were examplified,

2 0
since the channel e -.22;., 02" ._2.-) 03~ does not terminate

!-—_’_"—"'w'—'—'————-m—-———_*
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at 03 and the subsequent fate of Oz down the 1ine to NOz (or a similar
long endurlng ion) or via COg to Oy to eleatrons must be known, There
are several reasons why the exaot involvement of 0 or O, in negative
ion veriation cunnot at present be gquantitatively discussed; one major
reason being the obsence of any process that could normally lead the
negative lons away from 0;. An interesting consequence of tuise jnnnt

negative ion theory 1s that: 3

- A(C0R) n(0
wa) 5 n o .
and that NQ,_md 1103 ions~winlch are subseguently formsed from CO., dons

.1 n(NO) A(CO03)+10n(N02) A(Og)+7n(N ) M (02)
are given by i '\(N°2) < 9 n(NO) ofzoi(oa),,smT?WQa Og 3

Aloz) 16-5a(50) x(g;‘)
A(NO3) = 6 x10™°n(0g) =¥ + 3 x 207 n(N0
With ocurrent laborutory rates 03 associato detachment process ts the
sontrolling factor, and the negative ions in the daytime mesosphere,

almost excl'usiitely Og, are given by 1

2
- -21 n°(02)
)\(02) 7 x10 ~To%-

Observational estimates, including those recently obtained through rocket
borne scundings, indicate tha: X\ is between 1 to 10 at 70 Km during
daytime. If these results are accepted and current laboratory rates are
beliaved; then atomlc oxygen concentration must be low at these helghts;
and with A = 1 &t 70 Ka, n(0) carrit be much in excess of 7 X 10803,
This i1s a very low value, and quite inconsistent with the photochemi.cal
modei of Hant (which gives & value of about 5 x 1010cn™3 at 70 Km).
Hesstvedt's 'Eddy diffusion modsl', comes clesest te this yeguirement 1
his 'low' atomla oxygen concentration, under the conditions ef eddy
diffusion, is about 6 x 20%n"3 at 70 Km and 1.4x10%n"3 at 80 Km,

The requirements of mesospheric ionigation and in particular of

negative ions are not normally oonsidered in photochemical theories of

" ogone, This is a sericus omission.
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%gggnds of uidgpanl

Fig. 1 Observations or osone ¢istributions cbiained by
various workezs wilih rocket and ssielllte-horne
lastrument s

fod

Fig.2 Characterlstio times for atomic oxygen (™) and
ozone (7=’ .omputed by differsnt wnrke s
Hesstvedt s ourves inolude oxygen-hydrogen
reactionsy Hhe others for cxygen~onliy atmosphere,

Pig.s Charasteristic times for water vapou" and warious
hydrogen components.

Fig.,4 Dinrnal variaitons of acomic ozygen and cgone
compuced by Maeca and Aikin (1.967) for sr oxygen=-
only atmosraere.

Flg.5§ Latitude variations in ozone concentratiorn computed
by London 19€7) Zompared wiith ohservaticnal results.

Fig.6 Schematic diagrem giving importankireact’ons im the
productior and losa of alomlc oxygeu and ozone
with current values of reaction rates-

Fige7.a,b Height distributions of atomic oxygen production
aund lous rates for each reacticn, linte that not
all reactions are important, From thesec curves
it 18 possible to scleot the domirant reactious
for each height. Curves (a) are for daytime and
ocurves (b) for night.

Fig.8.8,b Height distributions of ozone production and
loss rates for each reaction. Note that not all
reactions are imporiant. From these curves it 1s
possiblz to select the dominant reactlions for
each height, Curve: .a) are for dayilme and
curves (b) for uight.
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Figolc

Pig.ll

Fig.12

28

Photochemigal distributions of ozone obtained by
different worrerg under different assumpilons.
Vote the differcnceg in the distr~ibutiorns., The
distribution given by Shimazaki and Laird (private
communicatlon) is for an oxygene-nyrdroger-n’irogen
atmosphere,

Kaneshea®s computailions on changes in ozone
concentrations during the solar eclipse of
November 12, 1966

Variatlons in LF phase compared with ochanges in
ozone concentrations during the solar eclipse of
July 1963,

Negative don scheme with curreat rz2actior xates.
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