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1.
INTRODUCTIUN

in the sarly part of this century astronomers recognized a faint
terroatrial component of light in the night aky. 7his light could not
ke écommtod for by the scattering by the sarth's atmosphere. The light
originates in the earth's atmogphers at sliitudss between 70 and 120 km
and i3 know as airglow. Studiss of the airglow have shown that it con-
sists of a numbar of distinet lines and bands at various wavelengths
and of differing intensities. Chamberlsin (1) has made a thorough study
of the information about the eirglow published through 1959.

The airglow exists at all tinmes in the uppoer atmosphere. It is tormed
dayglow and nightglow depending upon the lccal timo of observation. In
general, the dayglow and nightglow have different characteristics. At
davn and dusk certain compononts of the airglow are enhanced and thelr
ezizsion 4 know 28 the twilightglow.

In gensral, the energy for the ailrglow cones from the chemical re-
combination of substances disscoiated by the action of sunlight. The
roecoubination process is not necessarily direct. The dissociated com—
ponents may undergo several differsnt chemical transformations before
returning to the original {undisscciated) state. "ﬂlo chemical reacticns
give up tho stored solar ensrgy by exciting various electronic, vibra—
tionel, and rotational states of the reactior products. The airglow

recults frca the return of the chemically excitsd rezction produots down
toe their normal ground gtatos. Some components of the daygliow snd
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twildghiglow enlt an o result of regomensy and flourescence ofF mnlﬁ_ghﬁg

in this gtudy the nightglow and twilightglow produced by the hydroxyl
molecules (0H) and noulral scdivm atems (Na) ere examined along with ons
compenent of the sirglow produced by oxygen atcas (0). The vavlations
of these octmponsnis of the airglow with season, altitude, and latitude
as well az their diurnal veriatiions are presontied. The mechanismg thought
to be responsible for the production of these componenis ere discussed.
Correlations vith various gecphyzical phencmsna and other alrglow com=
ponents ere examined. Each of the three alrglow emiscions is discussed
separately and comprise the firgt three parts of this study. Information
found in ithe iiterature through 1083 along with some published during
the first part of 1844 ia inciluded in this study.

sSevera)l cuestiong of msteorclogical intereet arise from a study of
the airglow. How are the dynamics of the atmogphere at and near the
aititudes of the airglow regions connected vwith the observed variations
in airglow intensity? Can the known facts concerning the upper atwosphsric
cireunlation and structure be fitted into a scheme which will predict the
veriations observed in the airglow? Can transport processes of the upper
atmogphere gupply the energy for alrglow emissions during the arctic
winter? Is it pozsible for substances emitting radiations in the airglow
to be uged as tracers of uppsr atmospheric moticns? Do short term air-
glow variations indicate changes in the upper atmospheric circulation
pottern? Angwors to these questions would indeed be & valusble addition

0 the kncwledge about the upper layers of the atmozphere.



3.

The fourth section of this study is an attempt to f£ind relativns
botween the dynamicse and structure of the wpper atmosphsre and the
varigtions of the alrglow. Eddy ¢ransport processes ars discussed in
relation to their ability %o supply enorgy for the airglow and aleo to
supply the substances which emit afirglow radiation. Possible rclatir;na
between vertical eddy transport and airglow sltitudes and intenzitics
are presented. A circulation mechaniem is proposed which will sxplain
some of the latitudinal and ssasonal variatiens of the airglov as well
a3 soma Of the observed featurses of the mssospheric temperature struc~

ture,.
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HYDROXYL NIGHTGLOW

A. Discovery

in the susmmyr of 1948 Meinel (2) obtained spectra of the near in-
Zrared region (7760~8900A) of the night sky. In this region he dis-
coversd a large number of intense emission featurss, spparently due to
molecular radiations. Ssversl other investigators attempted to assoclate
these features with varicus syatems of Nz but were unsuccessfule In
1950 Meinol positively identified many of thess features as belonging
1o the vibration=rotation system of the CH molecule (3,4). He algo .
defined the vibrational end rotationsl structure of the OE moleculs as
woil as the varicus constants of the system and predicted the positions
of more bands farther in the infrared which he believed to be much more
intense than the strong banda already obssrved (5). Later observations
taken in Dec. 1949 and Jan. 1650 gave excellent agresment betwsen theore~
tical and observed wavelengths of OH bands (5). Kron (6) investigated
gpectra farther into the infrared (9000"11000;) and identified bands of
CH predicted by Meinel and eliminated the possibility of thelr belonging
to Nza Roach, Pettit, and Williams (7) looked at spectra they had obiained
during the summer of 1848 for the region from 64003 and identified many
of the Meinel UH bands. |

In a later work, Meinol (8) predicted the relative intsnsities of
the werious UH bands and determinged the temparature of the emitting layer
f£rom the rotational structure of eome of the vibraticnal transitions.
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He waz able to observe all vibrational levels wp €t v = § (3.2488V),
A disgram of the ground state vibrationsl structure is shown in Figure
1. Heinel concluded that such a high level of energy could not be obtained
by thermal excitation and that the excitation mechanism was dus to an
SRergy resonance mschanizm which sslectively populated the v = 8 level.
The other lowsr vibrationsl levels wers then populated by cascading down—
wvard from the v = O level. From the intensities observed in the near
infrared and theoretical czlculations Meinel predicted that the total
enisgion by the OH bands was far stronger than all other airglow
calssions combined but that mozt of the smisszion lay so far in the in~
frared (3~41) s0 as to be unobservable due to the lower atmospheric
thermal emfission. All in all, Msinel rot only identified the OH
emigsion in the nightglow but ales laid a groundwork for further inves—

tigations and initiated ssveral 1ines of investigation himself.

Bs HNature of the Emission

The UH emiesion 1s composed of vibration-rotation bands formed in
the ground state (*7) of the OH molocule. Each band is composed of
¥, Q, and R branches with the R branch forming the bend head on the
short wevelongth side and the rotaticnal structure ovidsnbod in the R
and P branches. Tho wavelengths of the bands range from 38173. for the
8=0 band to 4.47p 2or the 5~8 band. In general the transitions with
highest Av have ths least i:robability 92 occurring and those transi-~

tions with the highest probability of occurrence (4 v = 1) have the
loweot energy differences and honce emit at the longer vavelengthg. The
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% %1 Ground State: Vibratiomal Structure

G(v), cm *

Giv) Golw) Go(w)
sooo;r . - -

V e on2 oV
1847.78 0.00 0.000

5417.41 3589.63 0.443
8821.36 6973.58 0.865

12061.61 10213.83 1.266
-—————-7/ 4 15139.28 13201.50 1.648
18034.82 16206.74 2.000

i
k\

5
1000%- 6. 20805.98 18088.17 2.350
7 23392.1 218%44.3 2.671
8 25808.7 23058.9 2.870
© 28043.6 26105.7 3.248
S i L 10 30093.1 28247.3 3.502
0.8 1.0 1.8 2.0
L]
r, A

° After Kressovgky, V. 1., No No Shefov and V. I. Yarin, Planset. Spaoe Sci., 9, 885, 1962,

"9
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berd origing and wavelengths have bsen computed by several autlorz
{2,10) and a complete listing is given by Chamberlain {1).

The transition probabilitiss sre given by several authors. The most
racent work has been dong by Ferguson and Parkinson (11) vho used a
fifth degree polynomial to0 reprossent the dependence of the dipole moment
on inter—nuclear distance in order to celculate transitional probabilities
but concluded that they cannot be uniqusly determined since no observa—
tiong o2 Av = 1 transitions are available. Relative and absolute
intensities of the varicus OE bands have bezen dotermined by ssveral
investigators. Meinel (8) was the first to report intensity ratiocs for
bands in the near infrared. Roach, Pettit, and Williems (7) reported
the first ebsolute intensitics as woll as relative intensities for
many bands out to 1.16y. Later work in 1955 for the 1 to 2 ragion
wag hin;-zered by water vapor sbsorption (12). Dufay (13) gave the cbserved
relative intansities of the entirs Av = 4 gequence in 1857 and in that
same ysar Harrison and Jones (14) reportod absclute intensities for the
4dv = 3 and Av = 2 gsequonceg. Additiocnal obzservations of absolute and
relative intensities from more accurate observations have been reported
gince 1638 (15,16,17,18,19,20). Beyond 2.5 atwospheric thermal emission
cvercomes the COH emissions. In addition, 4n the 1.8 to 2.5 region water
vercr bands gtrongly attemuate tho OR emission. Neither of these effects
eculd be oliminated, even by choosing an exceptionally cold and c¢lesr
night for choorvations (at 52° N) {19). Neadless to say, there i3 con-

giderable dissgroemant among tho absolute intensities reported and ewven
smong the relative intensities. Part of this 4is due to ths vardability
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of the (4 omissicnas but, es Chasherlain points out, the intensity mea-
surensnts are quite subject to ervor (1).

Meinsl (8) originslly postulated that the excitation of OH wmas due
o an ensrgy resonance vhich sslectively populated ths ninth vibrational
lovsl and that tho remaiming levsls were populated by cascading from
the ninth level. At the tims thers was no deiailed theory for the energy
distribution produced by a chemical rsaction and it seemed that resonansce
would be fmportant. Later work hes disoredited this idea and Chemberlain
end Bmlth (10) chowed that there was no reescn to expect the ninth or
gny Lther level to ba preferentially excited. They propesed that all
levels vould bo pepulated eguallys Thig latter idea is inm better agroe-
ment with the observations of relative band intensitics and theoretical
transition probabilities (29,21).

Another problea is the sbsence of excitation of vibrational levels
zragter than the ninth. The sslution may lie in the ensrgy available
frem the exciting chemical reaction. The exciting reaction(s) has yet
%0 be irrevocably esteblished. Shefov (22) has reported the observaticn
of the tenth vibrational level at Zvenigorod in Des. 1962 but this ig the
only report of a lovel greater than the ninth in the OH nightglow aince
tho identification of the OH bands by Meinel in 1650 and hence its wvalidicy
is rather doubiful. Krassovsky (23) has argued that 42 the tenth and
higher ievels ave excited they will repidly diseppear through col=-
ligions with 02 or Na bhefore emission and hence not be observed in the
nightziow. Ho states that OH{vZ10) has sufficient ensrgy to react chemi-

cally with (.:2 and Hz to form O, and Nzo regpectively.

3
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Ths enorgy releaged by tho OF band for cicseds thet of ell othber
sirglow componoats combined., The observed ensrgy roleese in the 1 to 2
vegion by OH 1s approximately 3.4 X 10 2 exg/en® stercdian ssc (14)s The
total energy rolease by all OH bands is estimated to be several ergs by
Perguson and Parkinson (11) and 3.2 erga/cmz #ec by Chamberlain and
Smith (10). Mosmt of this camwet be observed due to atmompheric thermsl
enlission. Wallace (24) oetimates that 85% of the photons are smitted in
the 2.8 to 4.5 region. Unm the average esch CH molscule emits four to
2ive quanta before reaching the ground vibrestional state (10,24). The
reimum possible emissior is nine quanta for a molecule excited into
the ninth vibrational level and cascading down with a Av = 1 at each
trangition. Using the azsumption of exclusive excitation of the ninmth
lovel varicus investigetors estimated the excitation rats of CH wolacuies

10

o ba betwoen 10°° and 1.5 x 10 %/cn® sec (14,17,25,28,27). Using

egusl execitation of all lsvels, whieh is more likely, the rate of mewly
formod excited OH molecules is estimated to be 1 to 1.6 x 1012 OR/cn® sss
(10,131,24,28,27). The actual rates are probsbly somevhat higher than
tha velues given here due to collisional de—excitation of excited OH

by other substancos.

Detormination of the rotational structure of the OH bands can furnish
the tempersture of the GH molecules. When the excitsed OH molecules cazcade
to lower vibrational levels, higher and highor rotational states are
reached and the rotationsl temperature is thus increased. If the excited
Y molseules undergo sufficient collisions with the axbient particles the
rotational statez will be redistributed and become in eguilibrium with
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the axblent temparature. The lowasr vibrationally excited states have
longer liZetimss (10°2 gec for v = 1) than the more highly oxclited states

3 sac for v = @) and hence are more likely to have motational

{2 % 10"
temperatures in equilibrius with the ambient temperaturs (28). Soveral
investigators have calculated that below 90 km the excited GH molecules
wiil undergo sufficlent collisionsz before excitation such that collisionel
redistribution of the rotational states will ocour #o that the rotational
toupsrature will be je;q\aa‘.l. to the _ambiamt temporature (28,20,30). The
further above 0 km that the emissicn takes plaoce, the more likely it is
that the higher vibrational levels will not have rotational temperaturas
in equilibrium with the ambient temperstura. Alec the r'otational texpera~
tures determined f£rom the varicus CH bands will exhibit groatsr differences
gsince the lower vibrational levels will be more nearly in equdlibriua than
the higher levels. A pozaible example of this eflect can be seen in
observations at Zvenigorod roported by Krassovsky and his co~workers {3i).
They encountered cases where the rotational temperature was gre#tor than
270°K for vibrational levels six to nine while simultanecusly observing
lower retationel temperatures for the fourth and fifth wibrational lewels.
This regult might also be due {0 different oxcitation mechanisms dominating
at different altitudes with different temperatures {3,28). |
A ¢i228culty in the interpfetatﬁon of the rotational temperaturss
iz duo to the fact that the CH emisesion occurs over a sgignificant range
of altitude in the atmosphere. The intensity of the smiselon varies wiih
altizude and the ambient tewperature varies with altitiude also. The measured
rotational temperatures will then be en avorage weighted according to the
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dutenolity and tempsraturc variation with altitude in the emitting laysr.
McPherson and Jones (20) feel that OH rotaticnal temporatures canmot be
gompared with other temperature meagurements until the relation betwsen
intensity and temperature with height are knowa. Bunten (32) brings
out the point that rotational temperature observations are saffeoted by
atmospheric absorption.

Recan? cbeervations in Russia of OH rotational temperatures, in-
tonsities, and reilative population of the vibrational levels of the CH
bands have shown somo interesting festures. Some obaservations during
the winter 1037-58 at three locations ghowed that the intonsity of
exisgions with different rotational temperature was the same (33). Obssr-
vations by Fedorova {16) at 43°N showed no relatiocn betwesn rotational
tamperature and initdal vibrational level. Obssrvations at Yakutsk
{82°N) during the winter 1980-60 show that for rotational temperatures
greator than 250°K and high iatensity there is an intensity inorease
sccompenying rosationel temperature incresses (31). For rotationsl
temperatures less than 250°K there was no rvslation between temporature
and intemeity. Another feature of the Yekutsk ohservations was the
tendency for an increess in the population ¢f the higher vibrational
levels with increasing rotaticnal tempoeraturs. Obgervations at
Zvenigorod (58°N) during the same period disclosed no relation batezen
thie rotaticonsgl temperature and intgnsity of the CH bands t;ar any tempora~
turs range (31). From later cbssrvaticns at Zvenigored, Berg and £hefov

{34) report that the CH intensity depends directly upon the rotational

tewporature but that they ware not at all well correlated.
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C. Altitude of the CH Emigsion

Sevaral methods are avallable for estimating the height of the
iayver from which the CH nightglow originates. The cariiestis the Van
Bhijn Mathod which assumes that the cmission laysr 4s a thin spherical
shell arcund the earth and of uniform intensity. The height of the layer
i3 daduced by observing the veriation of the intensity of emission with
zenith angle. HMany 0f the earlier height determinations were made by
tHis mathode From observations taken in southerm California during the
gunmer of 1948, Roach, Pettit and Willieme (7) obtained an sltitude of
70420 km for the altitude of the infrared emission of the nightglow which
they later identified as being due to OH. Similar observations by Buruhata
(33) during 1849 in Jepan yislded heights of approximately 300 km. In
1652 Barbier (38) critically oxamined all hsight determinations made up
to thet ¢time and concluded that the altitude ¢f the emitting layer of CH
was approxinmately 70 km. From cbservations during the winter of 1852-53,
in France, Berthier (S7) obtained heights of 140 to 150 km. More recent
improved observations by the Van Rhijn Method from aircraft and the ground
heve yielded heights ranging from 63 to 69 km (20,38)s All observations
by this technique are subject to the val.idity of the assumptions involved,
in particular to tho uriformity of the intensity in the emitting layer.
This assumption has been shown by many observers to be invalid since sur—
vays of intensity over the sntire sky reduced to the zenith show a very
uneven pattern of intensity which fluctuates and woves with time.

Another method of determining the height of the GH nightglow makes

upe of the variation of the zeonith intensity over the sky mentloned sbove.
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This requires simultanecuz oboervations by two staticns located soue
distance apart. Each station makes surveys of the intemsity variation
over the sky and & comparison iz made of the intensity patterns obtained
in order to correlete feoatures in the pattera in the portions of the sky
chserved by both stations. The height of the emitiing leysr can thsn
bs detorminsd by triangulatior on a2 featurs sesn by both stations. Nakanure
(38) hes made just such triengulation obsservations during Pec. 1856 and
Jan. 1980 from stations in Jepan located 35 km apert. KHis results showed
ths height o0f the OH layer to range botwecn 71 and 76 kn, ' |

A thixrd mathod of hsight doteminayion ie by use of the observed
rotational temperatures. I1f the temperature distridbution ©of the atmosphere
vith helght is known and 4f the emitting OH moloculgs have their rotational
structure in equilibrium with the subient tewmperature, then the rotational
temperatures can indicate the aititude of the smitting layer. As hag
busn pointed out bsfore, there are limitations on the altitude where
rotational equilidbrium is estsblished before emission. Aleo the observed
tezpeorature is not for 2 singie height but averaged over a finite layer
ever which the intensity of emission and tsaperature varies. From obser—
vaticns of rotational temperaturs in Norway, kwifte (18) deduced an
altitude of 70 km. Uslng obssrvations over a year period, Wallace (24,30)
found rotsticnal tempsratures which indicated that the altitude of emission
vas elthsz 70 km or 100 ke. 6ince the rotational temperatures wers approxi=
mately the same for sll vibrational levsle observed, Wallace .concluded that
the emitting lsyer wee below 30 km and hence at 70 kw. From obscrvations

&f the rotational texperaturs varfiation over the year and the variation
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ol stascpberie tauwperasture at 75 km over the year as deduced from rocket
Ghaorvations, Wallace concluded that the altitude variation of the emitting
layer over the yoar was swall. Krassgoveky (38), ia a series of obaserva~
tiong, cbtalined a dispersion of rotationsl temporatures whick he believes
ehow a vardiation in the altitude cf emficsicn. Hs chserved high rotaticnal
tonperaturss on some cocacions which indieated to him that the exmiszsion
takes place well away from the msaopause (which ig2 losated approximately
85 km)e AL Zvenigorod Berg and Shefov (24) codbtaimed rotational tempera-
tures vhich correspomi to the temperature at 80 kn as deterainsd by
rockets.

The kest method for determining the height of the OH nightglow layer
i3 by meonz of rocket cbzsrvatioms. In this method photometers are
oricnted at vardous angles with respect to the rocket axis and equipped
with f£iditers =0 as ¢0 izolate the spoectral regioa conteining the émssion
% bo obasrved. The readings of ths photometers are taker as the recket?
goz23 vp through the atmocphere. The emitting layer is found at the altitude
wisrs the photometer readings drop off monst rapidly (depending upon the
photoneter oriontation). HMost of the rocket observations have beon made
2t White Sepds, New Mexico. One observation has been reportad by Russian
WOrkerSs

The first obgervation at white Sandzs wes roported by Heppner and
Meredith (40) for a filight in July 1856. Their photometer was centered
at 6300A and they observed emigsion of the $~3 OH bend at 6252h. The
photometer gave readings from 5% km to 163 lm {(peak rocket altitude)
end from thess they deduced that almost sll the OH emission originated
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balow 100 ke and thet the lowsr boundary of the cuitting layer was
bolew 56 km. The 63004 line of & did wot interfere with their measure~
sonts sinss it eriginates above 180 km. Tousey (41) later swmarizsd
the rezults of all rocket obesrvetions through 28 March 1857 taken at

¥hite 8ands. The resulis are ghown in Table I. In interpreting these

TABLE 1

Swmary of Rocket Obaservations of the Helght of the
Ol Layer at VYhite Saids, New Mexico

Max
Roekot
Data JAld . Flter 3uideb lNesrvest GH  _Al% Remulsa
17 ¥ov 556 105  5200A  150A  5203A(F-2) 85-97km  Max at
2 AM 95 Xn
12 Dee 55 141  S320R  30A  S27TA(6=0)  80-110ka  Max neer
10 M 100 kn
5Jul 86 163 53382  50A  E277A(6-0)  80-110Km  Max at
1 AM 104 kun
8300 724  ©258A(0-8)  Below Lower edge
100 kn below 58km
28 Mar 57 146 5230  23A  5203A(6=3)  85-110km  Max near
10 PM 100 kn
54104 222  Nome 90-110km  Max near
‘ 100 ka

8300A  25A  6258A(8~3)  80~110km

altitudes, 4t must be remembeved that in the 5200~5400A region the OH
bandse are wsak. From the 5@103. results it appears that a continuum

enizsion oxistes in the regicn from 85 to 110 km and this was seen in the
octher observations instesd of the OM smisaion. Krassoveky {(42) later
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ugod the 10) kw helghts deduecsd from these rockset chuervations to support
& particular mode of excitation of the OH molecule but Bates and
Notseiwitsch (43), Packer (44) and also Delgarno (45) dissgreed with this
interpretation claiming that a weak continuum was observed rather than
tho OH bands &n that region. The latter interpratation appears to bs
the correoct one,

A moro rgcent rocket obssrvation hes been rpparted by Packer (44).
This was also taken at White Sands on € Nov. 1959: One rocket photometer
s oquipped with a £41%ar centered at 7280A end o half width of 180A and
gnother photomater had e broad £ilter which was centersd et asooﬁ and
cheorved the emissfon betwsen 7400A and 10,200A. The first photometer
cbservad the 8-3 UH band at 7275A and the second included the entire
Av = 4 geguence plus €~4 and 3-0 bands. The 8-3 bandhud 10% of the
totel cuission betwsen 52 end 72 km, 70% between 72 and ©5 km, and 20%
sbove 90 km. The peak wzs found to be at 83 kme The rgdiation above
85 im wag apparently due to a continuum. The photometer with the broad
filter gave no deta above 91 km but it sppeared that no more than 20%
of the emicsion was above 95 km and most of this could be due to a con~
timuum and the (0-1) atmospheric O, band at §845A. The maximm emission
eppearsd €O be near 60 im. No attenpt was made to subtract cut the con=
timum from these cbservations and doiny so would only lower the OH
eltitudes slightly. Packer’s finsl conglusicn was that the UH leyer was
nainly botwean 70 and 83 km with o maxinrm botween 83 and QO km (44).

The wost rocently reported rockét chasrvation was mede by Tarasova

458) in Russia on 23 Sept. 1960, Thore were two photomaters, one equipped
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#ith a fiiter centered at 86407 end & 2807 half width, and the other had
2 221ter admitting radietion in the S100A to 10,700A vange. The 840A
photometer dotected no eviszion below 74 km or sbove 130 kme. The emitting
layor had a sharp lower boundary at 74 km, and a very rapid rise of in-
. tensity to a maximun at 80 km, and an upper boundery betwsen 100 and 120
kme The centsr of gravity of the layer was at 81 %2 kme It was esti-
mated that 50% of the emission wus due to the (0-1) atmospheric band
of 02 and the rest dus to the 7-3 UH band. The other photometer observed
almost exclusively OH emission and showed a localized layer with a center
of gravity at 78 +2 km.

in gumaary, it seems thet the rocket observations of Packer (44) and
Terssova (46) have most nearly isolated that which is being investigated,
the intensity distribution with altitude of the OH nightglow. Packer's
results for 7280A of the B~3 UH band seem to be particularly valid since
the filter half-width i3 small and thers are no other strong emissions
nsar tlet wavelengthe Packer’s conclusion that the main OH emission
originates between 85 and 0 ka seems gomewhat unjustified. The location
of the rocket shot reported by Tarasova sas net given. Also it i1 not
known exactly if or how the altitude of emisgion varies with location,
%ime of year, or timo of day. Krassoveky's interpretation of rotational
temperature variation from night to night as being due to variations in
the altitude of emission (39) must also be taken into consideration. This
tompsrature variation could 2180 be due to changes of temperature at fixed
sltitudes in the emitting layer, unless the varistions are 80 large and

g0 rapid that heating or cooling of the layer by normal meteorclogicazl
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processen 18 excludod. Based upon the above date and considerations
it is concluded that the pesk of the O emission originates betwesn
20 end 85 km. Additional rockst ohsorvations with simvitsncous readings
fmé\ soverzl narroy spectral intervals would be walcoms. Rocket obser—
vations from further in thé infrarod of the Av = 2 or 1 bands might
be vseful due tc the high intonsity of these bands but this must awalt

instrunent lmprovements.

D. Variations of the GH Emiesion
1. Intonaity

The varistion of the OF nightgiow intenaity ovar the sky and
the attempts at triangulation on various distinetive features in order
t0 determine the altitude of the emitting layer have already besn
menticned. Nakemura (27) has desoribed cases whare the UH intensity
pattern chenged, grew, and spresd throughout the night. Hizs simultansous
ohservations at two atations show pattorns vhich are not similer bu which
have a good correlation of diurnel variations of the mean intensity found
by averaging over the entire sky. Generally all sky surveys show a patchy,
irpepular emission pattern.

The intensity varietions heve been reported by ssveral suthors. There
sppears to be a variation of intensity throughout the night, from night
to night, and a variation of the diurnal pattern over the year. Obperve-
tione on the varigtion during the night have been prineipelly reported
for stations located in Rusels end France. Early observations of the

intensity variation during tho night have besn wade by Berthier (47) for



iBe
chasrvations at Heute Provencs ia Franes. Srom observations made in
Jan. 1953 Borthier found o genaral dsoreass after surset which lasted
for three to four hours. Thils was foliowad by a stsady rise to sub-
otentially higher intonsities just before dawne. A more complele report
vae wads by Berthier (48) &n 1053 based upon aimost tvwo yeavs of chser
vationz. Ho chserved e gonorsl decreege from three to four end & half
hours after suneet, then oonstant inteonsity t4111 midnight, followad by
en increese till just hefore dawn, and then & eiight drop of iutensity.
ihe amolitude of the variation rangsd £xom 1.6 to 2.8 averaging 2.05.
The dewn intensiiies were higher than early ovening intengitics. in
gunrar the minimna ot midnight was much sharper with no peried ef coan~
atent intenszity. Strangely enough Berthisr (49) later reported that
she veriation during the night was random. Armstrong (50) also observed
differing types of varistion during the night which appeared o him to
%avoe no physical signiflcance {(however, his chssrvationz were contaminated
with 0, radiation). HMore recsnt results at Haute Provence by M. Dufay
£51) disclose olmost 2he same type of variation originally reported by
Barthier {(48,52).

Iin Russia, Fishkove and Morkova (53) report a nightly intensity
pivimus neer locel midnight and a maximum $wo %o four hours efter mid-
night based upen ohservations over & year at Abastumani {£43°H). For
choprvations token during the winter of 1936~37 at Baurekan (40°H) Fedovova
(16) f£inds the OH intensity remaing fairly constant throughout the night
varying by less than a factor of l.5. Ia Jaepsan Nehamura €{37) found whal

secTot o bo o monthly varisiion in the diurnel intemaity variation.
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The dally curves showed & botter similarity in winter then in suwmer.
The gensyral winter pattern wes an intensity decreese to midnight and
then am increass o greater intensity at dasn. In summer an overall
decrease or nearly constant intsnsily were most Lfrequently observed.
Nakemurs thought that there meemed to be both @ diurnsl and a sewml~
diurnal component in the intensity variation. Ngkemura's rosults wers
dorived from observations taken over a pericd excesding two years.

There 18 & 2airly good sgrecment by mcati obssrvers on the pattern
af the annusl variation of OH intensgity. Berthier (52) 2inds an
intonsity minimm in nidouwmeer (July and August), followsd by aun abrupt
inersage to a maximum nesr the begimning of November. From the maximum
there is & slow decrsase during the winter which becomes mors rapid in
March and 2inelly reachos the summer minimum. Derthier reported that
the ninimun intensities vere 20% less than the maimum. Berthier’s
ohssrvetions wore taken over a tws—ysar pericd at Baute Provence in
Franges Later reports of the annual OH intensity variation at Haute
Provence by M. Dufay (31) and Berthier (49) have confirmed Berthier's-
originel ohservations. A scmevhet discerdant report ves made by Barbier
{34) basad on cbservations made on 118 nights over a two~year period at
Haute Provencs. Barbler interproted his data &3 showing & maxisam at
the autusnel ecuincx: aad & sinimum at the gpring equinox. A goed portien
of thio seams to be & dspire on Barbier'e part for a symmetrical veriation,
Barbior {55) later reportsd chservaticns at Heute Provence for the period

of Jume thrcugh Sept. in 1957 vhich show a definite minimum intensity

in late August. Obssrvations over Yhis same period at Tamanrasset (23°N)
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showed almost constant intsnsity (55), Cbservations in Russia
at 41°N, 656°N and 82°N by Fiashkova and Markova, Berg and Shefov,
and Yarin respectively all agree on an early winter or late fall
maximun and a minimum in late summer (August).

Most observers have remsrked on a large varisbility of the
OH intenaity, not only the diurnal and annual patterns but also
from night to night and month to month. Fishkova and Markove (53)
found that their absolute intensities varied by a factor of four.
Herrison and Jones (14) found a large variation of intengity at
1.684{ throughcut the year. Yarin (56) reported that the nightly
and n&ght-to-liight variations far exceeded his instrumentel errors.
Barg and Shefov (34) reported that the UH intensity varied wost
during the winter. From observations at Saskatoon, Shemansky
end Jones (20) found much lower absolute intensities of certain
infrared bands than reported by Harrison and Jones (14) from
earlier observations at the same locations.

Latitudinel variations of OH intensity are difficult to deter-
mine due to the inaccuracies in absolute brightness calibrations
cf the instrunents used. Novertheless, there a.ro some definite
indications of a latitudinal variation. A comparison of

observations made during the summer of 1957 at Tamanrasset (23°N)
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and Houte Provense (44°N) wns made by Barbler (55) who found the inten~
#4tise 2t Haute Provancs much highor on the average. The intensity
showed iitile varistion at Temsnresset. Shofov (22) found the mesn
intensity at Zvenigorsd (65°N) wes nearly the same as the‘manamum in~
tensities obsarved at Yekutsk (82°N). Thers seems t0 be an cverall in-
crecss of intensity with latitude. It also eppears thst the intenmity
variation 48 greater in midletitudes then at low latitude. Nothing
e yet be definitely said concerning the ﬁigh latitude varistica. There
ig aise =cme gvidence for longitudingl variations. Fedorova (16) found
11¢tle variation during the night at 44°E (lsss than a factor of 1.5)
wile Borthier (582) reported an average nightly amplitude factor of
2,05 with gome cases ranging up to 2.9 for obssrvetions at 0°E. Caro
st be used here since the two cories of cbesrvaticons ware made more
thon two years apard.

in summary, it cen be said that the (O nightglow intensity exhibits
grent vardebllity, not only in time but spparently in epece es well,.
Cver & gingle station the intermity is not uniform over the wky and
elao varies with time. The diutnai variation generally decresses aftor
dugk to midaight and then rises to & maximum several hours past mid-
nighte This warigtion ig weak or non—exiztant in summer but well defined
in winter. The anaual intensity wvariation has s maxinum in late fzil or
eariy winter, relatively higﬁ values throvghout the wintsr and e minimm
in the late sunmer. The intensitly exhibits great night to night veria-
Bility, particulerly in middle end high latitudes. The intensity also

cecma to be generally stronger at higher lgtitudes.
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3. Teooperature
Rapid changes in the CH rotational femperature have been observed

at most locations. Krassovoky (31) and Yarin (§6) have noted large
night to night variations and variations during a single nigh2. It is
almost impomsible o obgerve a dirunal temperature variation with pregent~
day instruments. The CH emissions in the wavslength region wuxa photo~
graphic piates are sensitivs is guite weak end hence 1long ¢xposures sre
nscegaary in ordsr to determine the band structure with the necessary
regolution and accuracy. Kvifte (57) feels that the minimmm instru-
ment rasoivzng pover foz: rotationa)l temparature work should be at most
wi/m. Uhaervations of temperature from mmrcﬁents in the ﬁtrmd
ars not useful due o the poor reszolving pows: of the insiruments.
During lopg winter nights Krassovsky (26) ewxposed two plates for half
e night ezch and found temperature differonces graeater than 10°K.
Sines swch ué thess expopures gives the average temperétm for half
tho night, 1t 1o fairly certein thet the true diurnsl waristion is much
pore than that observed by Krassoveky. Funten (32) attributes the wide
temparature variation to either e tomperature change at fixsd altitudes
or veristion in the altitude of the emitting layer in a region with a
gtrong temperature gredient. Krasaovaky (28) Zavors the lattor mechanizm.

Iinstrument limitaticns do aot prevent the detection of an annual
rotations) temperature varistion. In some cases,; particularly during
ghort summer nights, it is nscessary to expose a plate over several
nights in order 'te achieve a readable OH gpectrum. Studies of rotaticnal

temperature over an entirs year have been made by Wallace (30) at Yerkes
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Comervatery, 42.8°N, and by Nguyen-Huu-Doan (5€) at the Ubssrvatory
&t Heute Provence, 43.0°N, Their results ere shown along with others
in Table il. From those two cories of observations it iz asen thet the
maxinum tomperature occurs in tho uinter (about February) and the minimun
in the summer (July). The amplitude of the varistion for these two
etations is appreximately 30°K. This general pattern of m;qtaoa is
supported by many other rsports covering only part of the year. Berg
asxi Shefov (34) found a maximum in Dscember and Jamary snd a minimum
in summer from observations at Zvenigorod (83.7°N) taken during a paricd
of & yeur tut lacking data for Sept. and Cct. Projudina's observations
{61) at Zenigorod show high winter values with 2 gudden dropof£? in
April. At YVakutsk, 82.1°N, Yarin (31,58) found s midwinter maximum with
5 tendency for a rapid rise in Nov. and a raepid fall at the end of March
(there vere no summer obsorvations since there is 1ittle or no true
night at high letitudes). At Zuenigorod, 55.7°N there seomed to be no
clear reletion in the temperature variation (31,81). Cbservations at
Baskatoon (12,20,28), 52.1°N, taken during several different years also
show & dofinite tendency toward a winter meximum and a summér minimm.

It should be noted hers that many of the sarlier rotational tempera~
tures were incorrsct due to an error in the energy relation used. This
vweg discoversd in 1989 and a correction has bsen computed and applied
¢ all incorrect temperatures (57.62,838). This correction has been
appiied 10 all rotaticnal temperatures used in this paper.

A »lot of rotational tempsratures versus latitudss shows a definite

Latitudingl effect. . summary of all known averags = tempsraturs



TABLE XX

Sumnary of OH Rotatiomal Tm@ratureﬁ Megsursmgnts Listed by
‘ Month and Station :

Author. Latitude  Jon Feb Xar Anr May Jun Jul Aug Ssp Uct NNow Dec Average
Blackwsll ot sl (18) 16.3°8 - 24 = = = = = o~ e - = = 284
Fedorova (16) 40.4°N 212 238 - = e = & « ~ « = 215 206
¥allece (30) 42.8°N 328 239 220 191 225 212 196 213 213 A6 - 223 218
Dosa (58) 43.9°N 229 230 226 226 201 205 197 -~ - 235 228 222 220

EcPherson and Jonss (29) X :
Gush and Jones (12) 52.1°0 246 239 239 200 158 =~ = = = 200 243 =~ 226

Shemansky sad Joaes (20)

Prokudina {61) 55.7°N 2327 230 226 219 228 228
McPhereon and Jones (29) 58,8°N w = 227 = w® @ = - = e - - 227
Evigte (57) . D.T7°N @ A8 27 225 = = = = = = - = = 218
MoPherson and Jones (29) 74.7°8 - 242 3284 = » = = & w ® e = 263
Chanberlain and Cliver (59) 76.8°N - - - ® ®- @ @ o o e 43) = 00

# All texperatures are givea in %K

*5T
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determinations is ahoun 4n Table IIl. They are listed in order of
increasing latitude without rofersnce te longitude or pericd of obser-
vation. In Table IV the temparatures are broken down into ths zeason
of the cbeervations and averages ere given for all determinations at
that cesson and latitude regardioss of the ysar of observation. Several
obgsrvers did not give the date or season of thedr o?servatim and
hence thedr temperatures could not be included inm this table. From
the vinter data in Table IV it iz resdily epparent that in mdddle lati~
tudes (409~ 80°) there is little. 1f any, varistion in the rotaticnal
temparature. During the winter at about 80°, the rotationsl tempera~
turas begin to incroase rapidly with manimun Muea.fomd at the pole~
ward 1imit of cbeervationz (75.8°N). McPherson and Jomes €29) atiributs
thiz latitude effect to a decrease in the height of emission with in~
«zmming}at&t&da- This temperature correlation ig much higher with
geographic latitude than with gecmagnetic latitude. Less complete
tables similas to Tsble III have baen published by Wellace (63) and
ivifte (87) but some of the Rucaian obaerva.u@ iisted by them are in
error as to latitude. Kvifte and Wallare have mistakenly used the
geomnagnotic letitude given in the original Russian srticles for gso~
graphic latitude.

There also secms to be a latitudinsl offsat inm the nmplttm cf the
anmuzl variation. VUWallsce (30) believes that the amplitude ©f tha
sunual variation ;m&mm with letitude. A comparisen of the chser~

vations at 42.6°N and 82.1°N geem %o bear this cut. It is unfortunate
that the long days and twviilght cduring the summer menths at higher
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Blackwell ot el 1960 (16)
Fecorova 1989 (18)

Moinel 1830 (B)

Vallecs 1981 (30)
Cabermes et a1 1850 (64)
Dufay + Dufey 1951 (85)
¥, Dufay 1059 (81)
Connes + Gush 1959 (68)
Conngs + Gust 1960 (37)
Nguyen~iuu~Doan 1063 (58)

TABLE IIX

Lagitude A

16.3°8 =
40.4°N N45°
42.8°N N
42.8°N ~

43.9°N NE78°

43.9°N NB

43,9°N NE76°
43.9°N NE70°
43.9°N NET70°

43.0°N -

¥, Dufay + Bilcouay 1983 (68) 43.9°N =

Gaynullina €(82)
Gugh + Jones 1035 (12)

McPhergonitiones 1960(29)
Shemanakyidones 1981{20)
Prokudina 1852 (€1)
Shefov 1882 (60)
HePhersoridones 1960(29)
Hyifte 1958 (18)

Kviito 19261 {57,69)

Shuyskaya 1952 (16)

¥arin (82)

. Dufay+Bilquey 1063(68)
Prokudine 19080 (61)

¥oPhersontiones 1960(29)

B,7°N N60°
82.1°N N78°

821N -
821N =
58.,7°N N6o°

53« T°H el
58,80 =

§0.,7°N SW30°

89.,7°N 8W30°

S20°
80.2°N H70°

S60°
62.1°N N8o°
€6.7°8 -

68.3°N {Zenith

N78¢
T74.7° -

ChenbarlainiOliver 1853(89) 76.8 -

# bafeutive photometor

2

Avg 1938

DeoB88~FebS7
Dgod9=Janbo
DecS8~Janéd
AugdS~Jens0

SepS7~Novs7
Mar 1959
Mar 1950
1881

188}
Dec37-Janss
Mgy~Jun 84

geb-nay 58,

Ost~Nov 59
Jan=hpr 57
Jan 58
DecS@~Ap
¥ar 58

" Jen38-Nar58
emﬁﬁ"ﬁar58}

b3o-KarfQ:

Winter
Nov=Dec 59
Get30=AprG0

Dec 88
Feb 57
Feb-dar O7
Nov §2

1. Dirsctiocn and Zenith Angle of Observation

3. Date of Observations
3« Roported Temperature °K
4. Corrected Temperaturs °K

Averete OH Rotational Temperature Determinations

2

204
233416

a3

240
246
213+2

232
85114
275
250
285
370425

330420
85438
325425

230410
200420

216427
28

2234198

222
as?

225+2

222
244414

265

270425
258120
204419
273435
200£33
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TABLE IV
Avorage OH Rotational Tomperatures

latitude Yintex Soxdng Summer. Eall
28,7°N 237 - - -
4‘0040:’“ mﬂs - -y -
42,5°N 228 24 208 25
43.8°N 226 28 201 231
52¢1°N 247 21 - 213
§5.7°N 222 228 o -
5848 - aa7 - -
5%.7°N 222 - - -
€0.2°N (Obs to south) 244 - - -
80.2°N (Obe to north) 254 - - -
62.1°N (Obs to south) 250 - - -
682.1°N (Cbas to north) 265 - - -
88, 3°N 300 - . - -
74.,7°N 273435 - - -
76.6°N - - - 300

latitudes prevent the accurate observations which are needed to con~
firm this variation.

In sunmary the OB rotational temperature exhibits great variability
from night to night and also some, as yet, undeterminsd varistion during
the night. An ammal maximum is foind in midwinter and a minimm in mid-
gunmer. The amplitude of this annuel variation seems to increass with
latitude. In general, the rotational temperature in the winter is
esgentially constant in middle latitude, Lut poleward of sbout §5° it
increases repidly with latitude. The reason for this variation 1s not
cloar. A8 rocket observations have ehowm, the temperature at 75 km in-
craases by abhout 40°K betwoen 33°N and 58°N and also varies with time
{70). But, vhether it iz the temperature variation at fixed altitudes,
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or altitude veriations in a regicn of strong vertical temperaturs gradient
wich causes the chayrved temperaturs variations canmot be determined.
Both are probebly responsible in part for the ebserved behavior. It is
alzo poseible that lovgitudinel variations exist but verification of
this would reguire obsorvations gver the sams time pericd by several
stations with widely difforing longituds end spproximately the sanme

latitude. Such obszervations have not yet bsen made.

E. Corrslations - |

The gorrelaticns of G mightglow with other night sky esissions or
geophysical phencmana are very fow, Probably the bdest correlation is
vwith the sodium emission. Berthier (71) made observations of OB and Na
rightglow intensity durirg six nighta in Sgpt. and Nov. of 1952, He
2ound thet thers was & very definite corrslation between the two emisp~
aisns. The var&atiom'of the twn emigsions wers nearly parailel through-
out the night on all six nights. Barbier (54) and Berthier (52) later
noted that the scasonal variation of the two emissions were very eimilar
and that they also sesmed to be corralated. Scveral other workers at
various locations have remarked on the strong diurmal and scasonsl co-
véraam of thess two omissicng (1,24,20,72). Packer (44) reported a
good correlation between ﬂ;e ‘u.m Na variaticns of intenuty over &
five~yoar period.

Ballif and VMt“@m {73) have examinsd ths correlation of OH
end Na smissions from the viswpoint of the reaction mechanisms. They

show that the Na intensity variation has a temporal component o2 variation
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deperdent upon czcne concentration iu the exitiing layers They bellsve
thot the resction mechanism for the O emiseion 2ls2 dspendd upon the
ozone coacentration. B8ince the twe omisaioms originate from noarly
the seme altitude region, they should them be correlatid since they
boih depend upon the ozone concEntration at their common smigsion
altitudes.

Krasscvsky and scuse of his coworkers (31) find a strong correlation
o2 OF intensity with that of tho stwosphoric Hu line at 6883A. This
ig to 'ba expected since thoy both depend upon the i:ydragon concentration,
AS yet no one elge hes observed this correlstion.

Apperently thers i3 no covrelation of OH intensity with the atcalc
oxygen green line at 5577A. Fedorova (18) found no diurnal correlation
from hin study of data tsken over & yoar. Howevsr, Fishkova .and Harkova
(53) 2ind that the near midnight minizum of intensity for OH coincides
with the S577A maximum.

There sesss to be no correlation betwsen the OH intensity and geo-
phyzical phenomsns. Kvifis (18) roported that the OH doos not ssem to be
enhanced during auroral displays. Berg and Shefov (34) could find no
depsndence of intsnsity or rotational tesperature upon megnotic activity
for a year's observations at Zvenigorod. Finally, Krassovaky (17) found

the OH gmission {0 be indspendent of soler sctivity.

Fe Reaction Mechaniem
Since the idsutification of the CGH nightglow a great amount of work
has besn done im trying to establieh the oxcitation mechanigm for the OH
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zolecuio. This work has beon gocompanied by the publication of an
equivalent amcunt of literature avguing the ralative merits of the
roustion mschaniems propossd. To date, there are tTwo mndes of excitaticn
which appesr to bo feasible. Ons mechanism, suggested by Bates aund
Nicolet (28), invalves & resction betwosn ozone eud atomic hydrogen
in crder to produce vibrationally excited OH molocules. The other
mechanisn depends upon a reaction between vibrationally excited oxygen
polecules and atomic hydrogen. Krassovasky is the proponent of thie
latter mechanism and has published mwmercus articles expounding his
viewpoints The Bain features of each excitation mecheniem will first
bs presented separately and thea both will be discussed as to their
ability to gxplain the chserved emission fsatures.

1. Oszons unchmm

The ozone~hydrogen mechanism wag first proposed by Bater and
Nicolet (3%,28) in 1980 shortly after Meinel amncunced the identification
o7 the OH bands in the nightglow. The source of atomic hydrogen is mainly
Zrom water vapor which dazfusea. upward through the tzopopause into the
mozosphere where it is broken down by reaciions 14 and 29 (all numbers
rafer to the reactions liofed in Table V). Upward diffusion of methane
and molecular hydrogen also contrilute to the atomic hydrogen concentra—
tion since they are ot affected by the low -tewmpesratures in the stra-
tosphere which greatly lowers the dew point of the water vepor. The
moleoular hydrogen i3 broken down diresctly by the asction of sunlight and

alzo by rezction 20 while the methane undergoes & ssries of dlssociation
reactions which begins with 15. Resctice 20 iz almoet complete woll
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TABLE V

Principel Roactions Associated with the OH Nighiglow

Og + BVgay = 20"
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cH 4 + hy =% cus + B (followed by other breakdown resctions)
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{TABLE V continued)

21o &
2 mz O*-—'?-C'R-O'Oz

23, HO, + hY —> CH + 0

23. 0+n-->on“+hv

240 O =3 OH + RV

25, O+ X ~—%OH + X"

25, (v = 10) ¢ 0, ~e>0, + B

27. OR*F + 0, —% 0 + HO,

J
28, OB + 0, —>uf + 0}

99, OH + O --»u-e»o:

30, aa+n-¢0+n§'

3k, H‘?‘Os --aemz-c-o

326 H+02+x-—-plr02+x

5
23, n+ma --»nzo +0

3. Op (Ar>Z)4N, —o nzo*' +0

3 » *
35. Nzg +0-—>N2 4'02

98, CH+ N, —2 N0 +H
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talow 100 km and 18 procesds very slowly 86 that all hydrogen exists
sithsr in the atomic state or in compounds with oxygen {(but not as water).
The compound sz procucad by 27, 3 and 32 may have sppreciable concen—
tration in the lower part of the dissociation region. The atomic
hydrogen concentration at 100 ka is estimated to be about 10% to 10°
atone/cm>s

Bates and Nicolet ruled out OHX production by 10 end 23 as beiig much
%00 sloy to be effective in producing even part of the obssrvsd excita~
tion rate. They finally settled upen 17 & being the most probable
excitation mh@w folloved by 24 and theon 20 vhich serves 1o recycle
the hydrogen. Reaction 17 is most ¢ffoctive st lower altitudes (about
85 kxm) and is fast enough to produce the obzerved excitation rate.
Further suppert for this mechanism comss from tho tacf that 17 produces
evergy which can only excite (R vibrationsl levels of nine or lessz and
is emergetically incapable 02 exciting the tgnt!s vibrational level which
is not observed in the nightilow. Chasherlain (1) pointsz cut that this
mechenisam can be valid only ££ the OH emission layer is at about 85 kam
gince the maximum emigsion rate, which occurs at 85 km, is required in
erder to produce the observed high exoitation rate.

2. ZIExoited Molecular Onygen Kechanigm.
in 1061 Krassoveky suggested that reactioms 18, 24, 25, 20
end 30 wore responsible for producing the OH nightglow. The first step
in the production of 0ff used in 18 1s through tho dissocistion of 0, by

1 and 3 into O° which decays by 8. The resulting atomic oxygen then
forms og by Reans of 4, 5 and 6. Krassovsky believez 4 and 6 to be more

\j



3.

cffective than 8 in regionz where the concentration of 02 is high. Roeaction
$ ia very fast and the 0§' produced by 4 is shortlived and in low concsniration
at 100 lﬁn. Below 100 ki the small concentration of 03. 0 and H causes 03*
to desctivate by 8 (23). A liuit 1s pleced on tho excitation level of 07 by
7, 2¢ and 35 which removes og‘ (v> 27). This explainms, in part, why OF(v>8)
is not observed. Deactivation of Uy by B 1s not bsliaved to be highly
probable by Krassoveky. Xrassovsky (33) also includes 10 and 11 as effec~
tive means of keeping the oalconcentmtion low at 100 km.

To further explain the absence of ON®v 2 10) Krassovsky (23) proposes
thalt 26 and 38 are very effective in the de~excitation of oB¥ (v = 10).
These tvo reactions coupled with 7, 34 and 35 then serve tn completely
querich and eliminate eny radiation from Ol vibratiomal levels higher than
the ninth. At 100 km the concentration of 0 is sufficient to maintain

constant concentration of o";"

and hsnce OH intensity throughout the night.

3. Discussion.

An argunent as to which of the two above wmschanisus is correct has
boen going vn in the literature since 1968, Krassovaeky (23) argued that
17 could .excite the tenth vibrational level but this was completely dis-
proved by Bates end kolgeiwitsch (74).

Krassoveky (23) further believed that 17 did not have a sufficient
rate of romt;on to explain the OH intensity. He attributed the low rate
of reaction to the rapid disappearence of 0 through 4, 6 and 6. According
tc his calculations, 4 could cause a decreasa to one~half the origiansl
concentration in 0.5 sec, S sec, and 10 nin after sunset at 60, 70 and
80 km resspectively'. Rsactions § and & serve to decreass the 0 conoentra~

tion even more rapidly.
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There would then be no msans of vecycling H eincs 29 and 30 would then
b2 too glowe. At 100 km ¢the 0 concentration will remain sufficiently high
throughout the night but 17 would be entiraly too slow due to low 03
concsntration at this altitude. Bates and Moigeiwitsch {74) countorsd
¢hisz argunent by pointing out thpt Kramsowsky had used too high & rate
coafticient (10'33T"fm%ec> for 4. Their rate ccefficient
{5 x 10"36"'*“6/ m)’ nekee the atomic oxygen dscay very slowly at 79 km
(shore the concentration of x 2210 "/ce’ and concentration of
0, = 2x 10*%/ox®. At 75 kn vith the rate cosfficient of Bates and
Hoiseiwitzch the time for the atomic oxygsn concentration to decrease
%o cue half of the initial concentration 43 many houra. They further
stated that the photodissociation rate of 03 at 78 kn was sufficient to
produce the necesssry atomic oxygen needed in 29. The argument as to
éha correct rate cocofficient continmued (42,43)¢ The zlowor rate eo.ezﬁ.-
clent proposed by Batses and Moigeiwitsch appears to be more ressonablu
end its use would completely nullify Kragsovsky's argument. |

The rocket measurements of the altitude of the OH layer made by Tousey
(41) wore used by Krassovaky (43) in support of his OF mechaniss since
they showed that the CH emitting layer was epparently near 100 km. This
i3 the sltitude vhere Krassoveky's mechanisa is axpected to de most

efficiont and at this altitude the 0, mechenism is unable to support the

3
oM emigsicn. Dulgarno (45) end Bates and Molseivitech (43) srgued against
this claim on the grounds that slthough the 8~0 and 2-2 baxndis of UH were
prezent in the speatral rsgion observed by the rocket msasurements, they

ars extramely weak and their smisgsion waz oversame by that of e nighiglow
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contimun at 100 kn vhich is acituslly vhat was measured by the xocket
ohservations. The later, more accurate rocket cbservaticns of Packer
{44) =nd Taragova (¢€8) sean to support, if anything, the 0y mechenism dua
to the lowsr altitudes found for the OH nighiglow layer.

Further points in the argument were made by Krassovsky (42) who stated
that GH™ ves repidly desctivated by collisions at 75 km and hence couldn’t
emit at guch a low altitude. Rocket observations sesm to prove thies state~
ment as being incorrect. Bates and Moiseiwitsch (74) felt that O3 was
ropidiy removed by collizion and hence wouldn't he available in suf- ’
ficient concentrations {0 support the OH emission through 18. Very
recently Dalgarno (75) has pointed cut that the high efficliency of atom=
atom interchenge of 0F with 0 drastically reduces any effect that of
might have upon the chemistry of the nocturnal stmospherse.

kvifte (21) argues that if the U} hypothesis s correct them U
(v = 26,27) has two possibiiities of exciting OB to the ninth vibre-
ticnsl level vhereas thres possibilities exist for 0'; (v = 23,24,28)
to excite the eighth vibrational level of OH. It followe that more
Oi¥(v = 8) akould be obsesved than OH (v =2). But, if anything, the ro-
verse seems to be true, thus favoring the 03 mschanism (21). Along this
sane line, it has been pointed ocut before that there is no resson for
gither 17 or 18 to prefereatially excite Of (v=190). It secas that if
0) (v £ 27) 18 the excitation mechsnism then there would be a much
greater tendency to exaito the lowsr vibretional lovels of CH since almost
overy levalof 0¥ cen excite OH™(v = 1) tut only tw levels of 07 (v = 28,27)

¢an excite OB*(V = @) and these two levels of 0; do not necessarily exclte
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juat that level. Opservations mesm to indicate thet all levels of on™®

ero excited approxinately eguelly and this would support the U, mechenism.

Additional arguments in faver of the o”;’

Krassovaky (17) in 1888. le f£elt that lower altitudes (70 to 80 km)

3
mecheniss ware pressntsd by

would favor the 04 procens and highsr altitudes (80 to 100 ka) would favor the
0f process. The CH intemsity producad by tho O, process should vary

with H concentration which Kraszoveky felt would vary with solar activity

at 75 km. 8ince there is nc ochserved corrslation of CH intensity with

soler activity, the higher altitude 0)¢ process wuld be favored becauso

at 100 km there should be no variation in the atomic hydrogen concsn-

tration with solar cctivity as 320 and ﬂa are ccmpletely dissooclated at

that altitude.

Observations by Krassovsky (17) showsd the fourth and 2ifth vibra-
tional levels of OH vm;o somsvhat profeorentislly excited. Krassovaky
believed this supported the 0¥ reaction. He reasoned that 4 and 6
hed encugh ensrgy to produce two oqually excited 0) molecules each of
which could excite UEY (v = 4) thus giving the obssrved preferential
excitation. As pointed out before, the o’; molecules do not necessarily
transfor 211 their energy into the resulting 0!!* of 18 and hencse
Oﬂ*(v = 4) is not necessarily preferontially excited by the 0’2" resulting
Zronm § as Krassovaky predicta. Also 9, 10 and 11 must be considered in
that they can remove or aiter the og entering into 5 and thus change the
resulting excitaticn level of the og’preduced by that reaction.

In & later work, xrumsi:y (76) discussesd the 05 and 0:' proceszs

for low H concentrations (5 x 10°/em>) at 100 km and below. He £inds
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that 17 and 18 would thern roquirs unaccepiabiy high concentraticns of
93 and C?E and propossz msveral ngw processes for the formation of oHf®
which do not involve atomic bydrogen. They are 1listed ir Table V as
regotions 37, 38 and 38. Resction 37 would be favered at lower altitudes
vhere the U concentration is low go that 20 is ineffective and O can
remein £raz. Krassoveky predicts that 32 is 103 wore cffective than 4
and hence 38 and 3P may meke significant contributions to the GH night~-
glow. Each reaction would excite 4is own relative population of DHK:
proceed at different rates, and have differsnt sititudes of maxirmm
exeltation.

Gbaervations of the OH nightglow made by Krassovsky and his co~
workers during the IGY have shown some pecullar features (232, 31,58).
Cne was that, at Yakutsk, for high intsnsity and rotational temperaturss
greater than 200°K thore wes an inorease of intensity with rotational
temperature. Such was not the case at Zvenigorod or at Yakutsk when the
rotatioral temperatur$ wes below 250°K. Krassoveky (31,809) and Yarin
{58) atiribute this effect o 17 vhich is temperature dependent end
wiich will cause an increase of intensity at higher ambient temperatures.
A% temperatures above 230°K at Yakutgk, 17 was dominant while, at
Zvsnigored and at low rotational temperatures at Yakutak, 18 (vhich
iz mot temperature dependent) was dominant. Shefov (22) at Zvenigorod
and aioo Yarin (58) at Yekutsk report a tondency for the increase of
the relative population of the highsr vibrationsl levels of Oﬁ* with
increasing rotationsl tomperature. Kressoveky (39) says this shows that
both 17 and 18 are taking plece simmtmmsly‘and that thie effsct is



baing produced by 17, bscoming move rapid at higher temporatures.
Shefor (22) agrees and further states that this indicates that 18 is
predominant at Zvenigorod.

Krassoveky's latest argument against the 04 process (26) is rather
complicsted. He invokes reactions 25, 28, 27 and 36 which he believes
will allow only non-equilibrivm emission (giving high rotational tempera-

tures) end only omission above 80 km, thusg elininating the 0, process.

3
Krassovsky states that tho rotational temperature does not reflect the
smbient tempserature and that this can only be possible if oa*u de-
activated by collisions or dissppears through chemical reactiinsc after

e small number of collisions in which equilibrium is not established
between the rotational and ambient temporatures. Thus, the only emitters
won't be in equilibrium and the others will react chemically before
equilibriun emigsion can be attained. Above 80 km, Krassovsky says that
the particle concentration is too small to aitain sufficlent colligions
for equilibrius to occur, especially for OH(v = 6). Reaction 26 will
only operate with GE'(v = 10), but 27 will proceed for GN'(v = &) and
36 will proceed for oé’“ (v 2 8) and thus cause considerable extinction

for Ol?‘- (v = 6). Reaction 25 will proceed for all on¥®

and thus give non-
squilibrium rotational temperatures, increase the relative population of
lower vibrational levels, and quench &ll Olfé radiation at lower altitu-
des. ‘'Therefore, the UH emission will arise from altitudes above 80 km.
At still higher altitudes, thg chemiocsl de-excitation effect of 26 and 27
will become less, thus giving ircreased rotational temperatures idue to
non~sguilibrium) and increased intensity of emission (dus to less de-

excitation). Reactions 25, 26 and 27 expiain the temperature intensity
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dependence ohserved at Yekutsk end elso quench 211 OH ealssicn from lomser
attitudes vhere the 03 nechaniem would be sxpected to operate. Thexe
are asversl criticizms to this entire argument. It does not explain the
chgervations of many other w;arkerﬂ of nearly equsl rotational temperatures
cbtalned from several OB’ bands wAth both high and low initisl vibrational
lgvels. It canmot explain the GH emission found below 80 km by rocket
observations. Finally, if ths rates of reactions 23, 28 and 27 are
as large &8 Kraasoveky belisves them %o be, then, the amount of GH' de-
excited by these resctions will be 80 large that the 0N mechantsm wiil
not be able to produce enough excited OB* 80 tpat. after de—excitation
sufficient OBY will bo left over to give the observed emiasion rate.

Tuls would be trus even if the emimsion altitude is at 100 km, which is
cantrary to rocket observatiocns.

Propadbly the most complete investigation into tho problem of which
mechanism produces the OH nightglow vas made by Wallace (24) in 1062,
He exmminad a model o2 the hydrogon-oxygen stwosphere in local photochemical
equilibrium using the most recent vslues for the reaction rates of the
many procesess involved. He then testsd the ozone~hydrogen reaction, 17,
and found that bstwoen 68 and 95 km the 03 conoentration is dotermined
by atomic .hydregen. He calculated CH emizaion profiles besed on 17 and
found that it could produce the observed emission rate. Furthermore, since
the 04 concentration is detsrmined by 17, then the emission rate of OH™
produced by 17 would be independent of tempsrature. Eowever, the emission
peak would be at 70 to 75 km (based upon @ 12 hour day and & 12 hour night)
which is below the 2ltitude deduced from rocket obmervations. 1I1f
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d&&aﬁimﬁcﬁ of (‘zﬁ* by 25 or 28 is sssumod to supress the smiasion balow
75 km 20 a8 to bring the smission peak into line vith ths rocket obsor—
vations, then 17 ig entirely incspable of producing the observed emission
rate. Aleo, the seasonal end latitudinal varistions of the CE emission
ers not explaines by thio reacticn. uring the artic wintor, there
would be an ingsufficient amount of etomic oxygen below 85 km to recycle
H by 20. Vallace (24) concluded that 17, when considered within the frome-
work of local photochemical equilibrium, fails to represent msny of the
ehgorved featuras of the nighiglow.

Recantly Ballif and Venkateswaran (77) investigated the diurnal varia~
tion of the OH nightglow to be expscted from reactions 17 and 18 separately.
They included tho prineipal chemical reacticons and abundancs variations
in thelr calculationa. They concluded that if the OH nightglow was pro=
duced by 17 three possible varlations could exist: en increagse of
intensity thyoughout the night, a poast-twilight incraase followed by 2
decreass, aid a desrease throughcut the periocd of darkness. They argued
that the post~twilight incresse followed by a decrease for the rest of
the night ssemed most likely. If i8 controllod the GH eamigsion, then the
OH intensity variation through the night would be small and the intensity
would be nearly stesdy. Nelther of these processes gives the type of
diuvrnal intensity miation rost fregusntly obgerved and it must be con~
cluded- that some other process is operative or that local photochsmical
equilibrium is inadequate for the description of the diurnal UH intengity

variation.

In the final analysis, neither process completely explaing the
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obgerved features of Ol nightglow. It is difficult to moke completely
scourate calculations due te the large uncertainties in rats coefficients
for many ¢f the reaciions involved and in the actual concaentrations of
nany of the components of the upper atimosphere between 60 and 10 km.
Many of the argumonts used by Krassowvzky in support of 18 ave either
woak or proven to be srrcneous. But 17, althoush it sesms te be much
wore adequate, has several dravbacks whan conaidersed within the freme—
wrk of local photochemical equilibrium. It sesms wery likely that dynami~
cal processses must be considered in the production of the CH nightglow,
particularly during the wintsr at high latitudes. 7These will be dis~

cugsed in & lator ssction.
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SODIUM

fAo  Discovery

bPrior to its identification in the nightglow, scdium was not expected
0 be found in any significant guantity in the upper atmosphere. The
sseuing improbability of sodium being a major component of the night eky
radiations probably prevented the complete identiZication of the scdium
nightglow for gome time. In 1820 Slipher (78) reported a strong emission
in the night sky at 58924 that appeared to be & permsnent pert of the
nfightglow. He remarked that this emisasion wes closely in the position
of the sodium D doublet but apparently he did not consider that it might
cotuslly be due to modium.

Final, conciusive identification of sodium in the nightglow was made
in 1938 by Bornard (79,80) and by Cabamnes, Dufay and Genzit (81,82,83)
independently. It had boen shown eariier that the 5803A radiation was
of terreatriel origin due to the intenaity increase from zenith to horizon.
Bornard also identified the twilight glow at 5893A ap being due to sodiua
(78,79). These identifications provided conclusive proof for the existence

of free sodium in the upper atmosphere (84)

B. Neture of the Sodium Emiszsion

The mocivm nightglow and twilightglow consists of two principal
lines ressuiting from electronic transitions cf the sodium atom into the
ground state. One line, Dl’ i3 lacated at 58963 and resultz from &
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3&;‘% ~+ %,  trensttion. The othsr line, B, is at 5890R ond results
tron & %g,— %3, trensition. These ¢wo 1ines make up what is known
as the sodium D doublet. Tho statiatical ratio of these two lires
(az/nl) from treneition probabilities is two to ons. The mean 1ife in

the upper state (QP%, % ) i1g approximately 10-8

sec (86). The sodium
B lines appsar to be the only ones ooccuring in the atmospheric emissions.
The 33033 emigsion due to atemic sodium has been ocbssrved in sodium trails
ejected from rockets in the twilight (86) but not in the natural night
and twilight exissions.

The procssses which produce the nightglow and the twilightglow are
different. It is fairly well established that the nightglow is caused
by chemical excitetion through some sort of two-body exchange resation
{1,87,88), While the nightglow requires sodium atoms in the excited
state, the twilightglow requires atoms in the ground state, Koomen and
his co~workers (87) belisve that the reaction which produces sodium
atems in the sexcited state iz probably the same one that meintaing fres
neutral atoms in the ground state. The twilighiglow is produced by
rescnance scattering of sunlight (1,84,88,89,00,81)« Resonance scattaring
was £irst proposed by Bernard along with his identification of sodium
in the tvilightzlow (80). Vegard and his co-workers originally dig-
agresd with this hypothesiz and proposed that the twilightglow wss excited
through photodisscciation by ultraviolet light which was screened by the
ozone layer (92,08). In 1350 Bricard and Kastler found that the twilight

entission was slightly polarized (90)., Thig is predicted by scattering
theory, honoe this result favors resonance scattering. From studies of
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zodiwe vapor tralla sjected from rockets in the twilight, Cooper and
his co-workers have firzly established that the twilight emission is
due to vasonance scattering(sa). .

The sodium nightglow cxhibits a wide veriation of intensity renging
from the order of a few Rayleighs® to 400R (94). The aversge in mid-
lstitudes eppears to be about 18CR (83,95) based on over five years of
data. The ¢uwdliyphtglow is much brighter and has meximum values exoceeding
6000R at the zenith (15,08). Nightglow intensity measursments are com=
pitcated by the emission of the 8-2 band of GH which overiies the entire
region around 5893A. Fortunately, the intensity of the 8-2 GH band 1a
only about ong~sixth of that of the sodium doublet (88).

The nsutral, atowic sodium abundance deduced from nightglow and
twilight observations alaoc varies widely. Many measurements and esti-
mates of the sodium abundance have been made. The values rangs from

16? to0 2.5 x 101 atoms/cn® column (58,91,96,07).

C. Reaction Mechanis=m

In 18309, shortly after the identification of sodium in the night-
glow, Chapman proposed a mechanism for the production of slectronically
excited godium atoms which would emit the yellow doublet radiation obszerved
in the nightglow (88). Chapman ressoned that the energy for the sodium
D lines cams from an stmogpheric store of snergy that was alvays present

and that that energy could only be dissocizted energy. He propossd that

* IR = Reyleoigh = an apperent emission rate of 108 photons/caztcolumn) geco
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the zodlusm was oxidized through 13 at lower levels and through 14 at
upper levels (numbers refor to reactions listed in Table UI). Chapman

geve 4 as the resction which produced sodium in the excited state

%

In 1030 Bates and Nicolet (99) propused some additional reactioas

to excite the sodium nightzlow. Their reactions involved atomie hydrogsn
and are listed as resctions 2,3 and € in Table VI, Bates, in 1934,
propogad a further reaction involving atomic hydrogen (100). His
reaction is 1dasted as 7 in Teble VI.

The poesibility of producing the sodium aightglow by sodium ion
reaéttons nas beon discusszed by Bates and Dalgarno (101). They con~
gidored the ococurrence of roactions 8 and ® in the ioncsphere whers
the concentraticn of sodium fons is mich higher than that of nsutral
sodium atoms. They found that during the day 19 could possibly recycle
the sodium. At night only charge transfer rsactions such as 18 sre
evailable to recycle the neutrsl socdium. Bates and Dalgarno found that
the rezctions of icnized sodium were able to give only & minute fraction
o2 the observed sodium nightglow intensity due to the low sodium concen-
trationg in the ionoshers and the low rate coefficient of 18. It was
concluded that ionized sodium reactions were not responsible for the
gcdiun Qaightglow. Obsaervationz of sodium vapor trails ejected from
rockets at twilight between 75 and 200 km showed no evidence of ionic
rscombination (85) thus supporiing tho above conclusion. Husiten (102)
states that the ionization resction rates are tco slow for equilibrium

to be reached, even during the day. Chamberiain also finds that
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TABLE VX
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Principal Chaumical Reactions Associeted with
the 3ocdium Alrglow

N&Gz * 0 =P Nap + 02

ﬂﬁﬂz-&ﬂ"—-&“m + CH

Na.@z +H-""->Naﬁ+02

NaD + 0 —3= Na(%) + 0,
Na0 + ¢ —>Na(®®) + 0,
NeH + @ ——> Ma(?P) + (H
Nel + H ...;,Na(%) + H,

Na+ + O ~=3Na(2p) + 0

Ha' + e —3» Na(3p) + kY

Na + B ——> Na(2p) + M

Na + o;“ (¢ >12) ——> Na(®P) + 0

2l.
22.
a3.
2.
254
28.

2

Na (2p) ——3 Na(28) + hY {5898A)

Ne + 04 —3 NeO + 0,
Ne + 0 + X —> Na0 + X
Na + 0, + X ~—3 Nad, + X
Na+o§“«-—>nw+o

Na + OB —> Neo + H

3%

2
mzo + Na ~3 Nazo + Na({*p)
Na, + NaD —>-HNa 0 + Na(2p)
0+0+X%X —»0)(v=150) +X

. ¥

0+0,+R—>0, +X
o+o';---> 0:(v=i?.toﬁ6)+0

% KKCAL
M - i 48.5 MOLE

Ne + M —> Na' + ¥  QM=00r M)

Ng + hYy —> Na++e

N&z

+ ND —> Nazo""+ Na

2



recombination of godiua foms at night iz wot important (1),

Cgava m reportad laboratory studies of reaciions between sodium
and ozoge (103). The ozone~sodium xfeaction w8 accompanied by the
exission of thanumsonlyandmmmdtobemchzwtuwanm;
tﬁ.qne of sodium with molecular oxygen or a mixture of gtomic amd moleculex
oxygen. To explain hie results, Ogawa, on the basis o the heat of
reaction, proposed 12,13,20,21 and 32 to be the exciting uchm;m. in
the atmogphere the concentration of llaz used in 20 and 22 19 much too
smell to mmm the obssrved sodius nightglow intenelity. Hsnoe Ugawa's
lakoratory mhanisé cannot be responsible for the sodium nightglow.

- In 1956 Hunten (104) postulated that 13 and 4 was the probable mechaniam.
He e;aleulatad that the ozome concentration increased by a factor of a
hundred at sunset in the nightglow layer thus gupporting 13 and 4. Koomen
(108) believed that both 4 and 8 were responsible for producing the excited
godium hut found that both wers ingufficient above 70 km (87). Ombolt
(33) asoribed the sodium nightglow to 4 with 6 bacoming significant above
78 xm. Ogawa (103) and Dalgarno (48) argue against 4 on the basis that
1% sppears to be endothermic. Renctions 6 and 7 are exothermic but the
roaction rates are largely unknown (43). Laboratory studies have showmn
that 7 doss not occur (106). Chambarlain (1) mgzostod that 3, 6 and 18
might cxplain the nightglow. balgarno (45) states that the rate coeffi-
cient of 15 is high. This would tend to support the cycle of 3, 6 and 15.

Krazeovsky (17) kme proposed that btelow 100 kn atomic ooﬁium could
be excited by oollisions of Nal with oxygen atomé in the netastable

1 1

excited atates So and Dz ss showvn in S. This process is exothermic
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eng ‘&ht;;a ovorgengs the princlpel chjections o 4. Krasgovsky uess 16
ond 17 to recycle the neutral godivm. In this mecheniam (5, 16 and 17)
godium would exfest in the fres state only vhere the 6* concentration is
hirh:. The socdium concentration would vary with the concentrations of
og e 05*' , and 0*. Unfortunately the rate coafficients of thess reactions
are unknown. Krapgovsky did not state the excitation levels neoded by
ca¥or 0¥ 1n ordor to meke 16 and 17 oxothernic end tharefore prastical.
The oxeitation levals required of 0 and CH' in 16 and 17 may be o
high that the congentrations of the o;“ and 08* possessing the nscaessary
snergy ers too low to produce the recycle rate naeded to give the
chzerved intensity.

Potter and DelDuca (108) and later Okuda (107) have postulated an

excitation mechanism of the type 10 where the ll*

wust meet the require-
nsnt given by 26. Potter and DalDuca eomdoud o*. 02(32 3). l\l:' ’

and OF (v >12) as possible excited reactants for 10. All but 0 (v>12)
existed in ingsufficient concentrations at the emission altitudes to
explain the sodium nightglow. Vibrationally excited oxygen molecules
sstisfying 26 ars formed by 23 and by 24 and 26+ Vibrationally excited
oxygen i otable to collisional deactivation except with atomic oxygen.
Sven 80, mot all collisions with O deactivate 03 and those that do reect
de-axcite only one vibrationsl level at a time. Thus 0) formed by 23
could remain sufficiently excited for gome time. Using an estimated rate
cosfficient for 11 and an estimated de~excitation rate of 0:’ , Potter
and DelDuce f£ind that 11 cen maintain the sodiunm nightglow intengity andg
slso give the approximste layor distribution and altitude of meximuam

emission that have been obssrved by rockets. After sunset 02"' production
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wil) ocour principally through 23 above 856 km and through 24 and 25 below
90 km. Both processsa will contribute since the free sodium is distributed
over the range of hoth the O: procuction procezsas.

Ballif and Verkstoswaran (108) have considered sodium excitation by 4,6
and 11. They find that these processes can producs intensities and altitude die-
tributions simtlar to those observed but that none is sufficiently close to
thogze observed. They feel that the corrolation of sodium nightglow with that of
the hydrexyl molecule favors 8. Potter and DelDuca (106) claim that the Na®
and on® correlation favors the 11,24 and 25 process since both exissions
would then depend upon the czons concentration. If 11 and 33 were the excita~
¢ion précacs. it would be expected that the sodium D lines and the atomic
oxygen green line in the nightglow would have simllar variations €106). This
i35 not true and thus the process of 11 and 23 iz not favored.

Obgorvations of sodium trails injected between 60 and 140 km by rockets at
night have been reporfod by Bedinger and his co=workers (108). They visually ob~
gerved a dim glow at 60 km vhich decreased to 90 km. Above 80 km the glow in-
crossed to & very bright maximm at 100 ka end then decreased again 411 at 120 kn
no glow was observed. Above 135 km a glow was sgain detected which became bright
end persistent at 140 km. Bedinger ot al (109) attribute the glow up to 80 km to
1,3,4,6,13,14 and 15. The maximum at 100 kn and the glow above 135 ku are
atiributed to o: and N,° respectively (106).

The final choice of reaction mechsnism s difficult to make. The pro-
cens imrolving‘ 11 involves ssveral approximations and estimations. To

explain tho obgerved intansities Potter and UelDuca invoke a most favor—

shla reaction rate and & somewhat low de~excitation rate of excited oxygem

molecules (o give higher oz"l concentrations). At the altitudes of
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intorest the observetions of mindumum intonsity reported by Badinger et
al {(i09) seem to suport the chemical reacticn of sodium compounds rather
than the energy exchange proceas ©f 10. The procszs involvimg 1,2,3,6,
13,14 and 15 ia on firm ground as far ag the production of the observad
intensity is concerned but falls to prodict the observsed altituds of
emisplon. Ionic recombination and charge exchangs processes can definitely
be eliminateds Krassoveky's mechaniem using reactions 5, 16 and
i7 can be eliminated since it definitely predicts a covariance between
the sodium D lines and the atomic oxygen green line in tho nightglow.
This covariance 13 not observed. The uncertainty as to the ability of
11 to furnish the necessary ':lntmity in comparison with the chemical
processes (1,2,3,6,13,14 and 16) seems to be tho decidirng factor in
the choice of the excitation procass. The chemieal procosses are favored

but 11 cannot be defianitely eliminated from consideration.

D. Altitude

The sodium airglow at night and at twilight has attracted the atten-
tion of meny workers. Many attempts have been made to dstermine the
altitude of thas emitting layers (the nighiglow and twilight glow do not
‘nacassarily eragimtje st the same altitude). The methods used vary widely
and involve complicated cozrections in order to determine the true alti-
tude of the emittirg layer. The altitudes of the sodium twilightglow

and nightglow ¥ill be discusced ssparately below.
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1. Twilightglow

The high intensity of the sodium twilighiglow makes it perti-
cularly suiiable for height determinations by several methods. Thers
is 2 largs variation of intensity from genith to horizon and slso with
time during sunrise and sunsst. interpretation of twilight measuremente
is made quite complex Ly several factors. The twnightgxow. altitudes
predictsd by chemical procegses will be discussed first. This will be
followid by a discussion of the varicus optical and photoslectric
msagurenonts.

The altitude of the twilightzlew iz the altitude of meximum atomic
gsodium concentration. The frez sodium atom concentration is controlled
by the various chemicel processes alrcady discussed. 'Thau chenﬁal
proces2os will now bo examined to find the altitude predicted for the
mesdlicum neutral sodium atom concentration. .

Hunten (102) considered 4, 13 and 14 to be the important reactions
but felt that in the twilightglow layer 14 could be neglected as being
too slow, On the basis of 4 and 13 Hunten found that the free sodium
consentration depended upon the ratio of the atomic oxygen and ozone
concentrations, [ n(o)/n(os)] « In the mezosphere and lowsr ionosphers
the ozone concentration decrsases with altitude. This will cause the
godium to exist as free atoms at high altitudes and in the combined form
{Na0) at low sltitudes. At 80 km the Na and NaO concentrations will be
nerly equal. The maximum sodium concentration altitude will depend

upon and be controlled by the ozone to atomic oxygen trmg;.tion. The
variation of O and 03 concentretions with altitude predict & maximum
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godium concentration at about 85 km with a repid decresgs to smail con-
contrations about ¢ km below the mmdm sltituda. Above the maximum
wncenfmtién altitude Hunten's scheme predicts that the free sgedium
etom decreass will approximately follow the barometric law. This will
not be true if ionization is taken into sccount.

Potter and Delluca (108) have made similar calvulaticns but have
included tﬁa offects of reactions 1, 3, ¢ and 15, Their results give
‘equal Na and Na0 concentrations at 86 km and egqual Na and N&Oa con~
ceﬁtmtiana yat 81 km. Free sodium beocomes predominant ahove theze
altitudes while combined sodium bscomos rapidly predominant below these
altitudes. The free sodium concentration will be a maximum at 88 km.

The £raz sodium atom distribution hes also besn computed by
Delgarnc (45) using reaciions 1,2,3,4,6,7,18 and 15. Dalgarno poinis
cut the importance of 15 which is knowm t0 have a very fast rate
coefficient vhich decreases with increasing temperature. He fimds that
due o .thas roaction, i&. the free sodium will disappear rapidly below
the mm@o and will probably have a raxisum eoneentrauoﬁ at about
853 knm.

Chamberlain (01) predicte a meximum frec sodium comcentration at
85 kme Osxidation into Ned and Naoz will cocur below this altitude and
the free sodium density above the maximum will be decreesed principally
by ionization. Chemberisin also predicts that the ratio of Na to Nad
will depend upon hoth temperature and density whilo the ratio of Na0 to
Hal, will vary only with temperature (1) Above 80 km the ratio of Na to

NaD will increase repidly duse to atomic oxygen.
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The photogiectric and other optical meagurenents of szodium are
difficuit to interprot. The geometry of the weasursmsnta is relatively
simple. In computing the solar fiux incident upon the emltting layer
the transmiseion of fhe aimozphere must be teken into account. It
pust b> remembered that the solar radiation has alrsady passed through
the atomic sodium layeéer cnce before reaching the twilightglow layer.
Resonance abzorption and multiple scattering must be considered. in
order t0 obtain accurate rssuits the full uss of radiative transzfer
theory is required. 8incs 1936 several papers have appeared in the
literature in which resorance scattering by neutral atomic sodium in
the upper atmosphere is discussed and developed for sodium airglow
meagurenents, Refersnces 30, 33, 34, 56 and 84 are among the papers
dealing with this probiem. A condensation and overall review of this
piroblen 18 given by Chamberiain (1), Twilightglow msasurements made
pricr to 1956 have not incorporated all tho corractions necessary for
accurate sltitude determinations and should be regarded with suspicion.

The earliazst meagurcments of the altitude of the godium twilight-
glow ware made by Bermard in late 1937. From his measurements at Tromsg
Norway, and at two locations in France he determined an altitude of
appreximately 60 km (70,84). From observations et Raute Provence, France,
in sarly 1848 Barbier found the base of thoe emitting layer to be between
€0 and 70 km and a concentration decrease above 70 km following the
barometric law (110). In 1950 Barbier and Roach reported twilight

observations which give a scale height for the sodium density of 260 km
batween 250 and 600 km (111). This is in strong contrast to the earlier
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repults of Barbier (110). Blemont and Kastler »fmmd twilightglow alti~
tudes ranging betwgen 120 and 200 km Zrom measurements made in the fall
of 1850 at Haute Provence (1123.

Vegard and his .co~workers have assumed that the twilightglow is a
result of photedigscciation of a sodium compound caused by ultraviclet
radistion. Thsy beliove ozons to be the acreening layer for the
exciting radiaticn. (m this basls Vogard and his co~workers have re-
ported a mcreening haight of 43 km, an upper 1imit of the sodium layer
of 109 km, and 2 layer thicknsas of 28 km for 35 observaticns mado at
Oslo batwesn 1943 and 1049 (92,93,113). Thelir results for 27 obser—
vations st Tromsd chow en everage screening height of 34 km end an
upper 1imit of the sodium layer of 104 km (93,114).

Hunten and Shepherd f£ind the altitude of the maxizmum intensity of
the sodium twilightglow layer to be 85+3 ku. Thelr obaervations show
a sharp concentration decrease helow the manimum altitude and a sodiunm
conceniration scale haight of 7 km sbove the maximum. Hunten and
Shepperd’s resulis are based upon 17 cbserveations mede at Saskatoon
during July 1652, and the spring and gummer of 1858 (113). Cronin and
Noglcke report an average height of 84.2 km for observations made at
VYeshington Grove, Maryland between Aug. 1953 and Jan. 1985 (118). The
regults for twilight observations mads over a two year period at
Saskatoon by Hunten show an average height ef spproximately 84.5 km with-
all heights falling within & 6 km range above and below the average

aliitude (117). Blamont reports an averaza height of 90.5 km for
91 obgervetionz at Hgute Provence made botwsen Nov. 1963 and July 1965 (118).
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Choorvations made since 1956 ¢o which sll or moot of ¢the necsssary
sorracticns 2or resonsnce scatitering have been spplied are listed in
Tebie VIE. From Table VII it i8 remdily seen that at all stations
with cbservations extending over an sntire year the aititude of the
m godiunt conceniration is appronimately €0 ka. Blamdnt et &)
{121) 2ind the thickness of the eniiting layer to be 14 km thick on the
average. They algso found a difference betwaan the sltitude in the
morning and evening twilight with the evening layer being 3.5 ka.
higher on the averages Contrary to this report, Bees and Deshr (126)
find no diffsrence betwoen morning and evening altitudes, hut their
findings are based upon only ll observations while those of Blamcnt
et al (121) are based upon 201 observations. The observations of Rundle
ot al (123) were tests 0f a new instrument and a new method for deter—
mining the sodium distribution in the twilightglow layer. Thoy feel
that their cbeervations are 9! poor quality since not all of the errors
of their instrument are known or understood. Bullook and Bunten found
the sodiun distribution to be symmatrical about the pesk concentration.
The thickness of the layer, doZined as the height @ifference bstween the
two altitudes whera the intensity (comcentration) is 20% of the psak
intensity, sveraged 29 km (124). The observations at Christchurch ave
evenly distributed throughout the year with two cbservations reported
for each month. 0Of the 24 Christchurch observations, 18 show & maximum
between 87 and 94 km end all 24 observations reveal a smoothly distributed
layor which iz symastrical about the maximum (122).

The results of Donshus and Blamont (119) for Tamanrasgst and Heute
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Donghue snd Blamont (119)
Obrien (120)

Blamont, Donghue and
Weber (121)

Donghue and Blawont (119)
Hunton et al (122)

Rundle, Hunten and
Chenbsrliain {(123)
Bulicck and MHunten {124)

Suliiwvan and Huntern (125)
Cbrien (120)

Recs and Deehr (128)

Delannoy (956)

TABLE Vil

Altitude of the Sodivm Twilightglow

logcagion

Tamsnrasset
22.8°N

Melbocurne, Aug-
tralia 37.798

Baute Provence,
France 43.9°N

Christohurch,
N.Z2., 44v8

Saskatoon,Canada
52.1%N

X

Antarstic
80° to €6'S

. College,Alaska

64.9°N

Terre Adolie
88.7°8

Dates ot No.
Lhaaxvations Cha.

Jul 1958 = -~
Dec 1959

Jun = Jul 10
1959

Nov 54 = 201
Jul 56

Sep~Nov 87
1055-1959 -
Jan=Dec 6} 24

NMay 1958 4

Cet 1038 -~ 120

Dec 1059
8 Apr 62 1
Feb 1959 3

Nov 1959 - 11
Mar 1880

Aug + Sep -
1957+1068

® Corvention of +3.5 k» added to ovigipal values (127)

Ht. of

6.8

8045

87.640.9

84.9
2113

90.1

5410

91.8

Lovey

... Hix Chm)

83

57

65

28

846

Upper

170

85

100
101

110

95

115

105

28

°48
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?m&reie@ sgan 0 be of zomewhat doubtful value. The large range ef
altitudes (83 %o 170 km) found for the height of the sodium layer at
Tananrassst seens to be particularly opsn to questicn. The heighte found
ezhibit graat variability frem day to day and from morning to evening.
Much of this may bo dus to the height of the scresning layer used.
Donashue and Bloamont applied screening heights ranging from 18 to 44 km.
This range sesems to be mueh too large. An examination of the data re-
vaale thet almost all of the quostionable height valuaes at both stations
{extremoly low or high heights) were obtained from obssrvations at 180°
with respect to the azimuth 02 the sun. OUbservations teken at both
stations at 0° and 20° with respect to the sun's azimuth show a much
amaller varidshility in the height wvalues cbtained and are closely groﬁped
arcund the msan altitude. It seems probable that for observations at
180° azimuth either resonence absorption and scattering were not taken
into account properly or it at thit azimuth the mothod is much more
songitive to errors. All obqemtions wr; xnéglo at a fixed 75° zenith
anglee

Anocther intorostin; feature of fhe cbaervations of Donahue and

Bilamont (119) is the difference betwesn mornin- and evenin: heiphts. At
Hsute Provence the morning heights‘ averaged 2.7 km higher than those for
the evening., This is contrary to the earlier findings of Blament et al
(121) in which the evenin: heights wers 3.5 kn higher than the morning
heights for 201 cobservations made at Baute Provence. At Tananrasset
the averazaed results show the ovening heights to be higher than the
worning heights by 4.5 km. At Haute Provence the layer thicknees averaged
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8.1 km oud at Texanrasset 23 kme At both lccations the morning layer
wag thicker thoan the evening layer. This was particularly true at
Enute Provence where moriing layer was almafe tvice 88 thick as the
evening layer (11i9).
Prom the resultis presonted here it is concluded that the sodium
twilightglow layer is centered at 9145 km. Due to the contradiction
in the results of Blamont et al (121) and Donahue and Blawont (118) re=-
garding the relative heights of the morning and evening twilight layers,
it appears that there is 1ittle or 1o real difference bstwsen the averege
morning and evening heights. The laver thickness appears to be greater
in the morning than in the evening. The sverage thickness secms to vary
from one location to another. Observations at several locations using
the sane techniques in the reduction of the g!ata are ngceseary before
gny cenclugions c¢san bs made regerding the spatial variability of the
thicknezs. There soems to be little variation of the layer height with
igtitude.
2. Nightglow

The first altitudes of the sodium nightzlow were determined by
the Van Rhijn Method. Cabannes et al (83,83) reported an altitude of
130 km from their measurements using this method in 1938, Dufey and
Tcheng (128) obtained an altitude of 80420 to 30 km for 189 cbservations
taken hetwsen Oct 1940 and Jan 1944 at Haute Provence. Observations at
College, Alaska, in Feb. 1849 using the Van Rhijn technique gave the
eltitude of the sodium nightglow ae gpproximately 220 km (120)e In a
series of 'bblervatiom taken betwasn 1948 and 1051 at Cartus Pesgk,



6Q.
California, Roach and Barbier {120,131) and Roach and Pedttit (132) found
heights of 375%50 km., In these ocbgorvations at Cectus Pesk a ten color
Ven Rhljin method wes used im vhich a sscond photometer 1s used to de~
termine the bsckground intsasity at a epectral interval near the godium
doublet so that the background can ba subtracted from the readipgs of the
gholometer csntersd on tho godium D lines. In 1052 Barbiler critically
exanined all the sodiun nightzlow altitude detevminations made up o
that tims. Ee¢ ooacluded that the acdium nightglow layer was at spproxi~
matsly 3C0km (38). From measurexonts by the two color method taken
during the winter of 1952~3 Roach end Meinel (133) darived altitudes
ranging betvsen 117 and 145 km.

Estimations of the altitude of the sodium nightglow lsyer have been
made uzing the chenical resctions involved and wstimated concentrations
of the reactants. In his article propesing the excitation meshanism
consisting of reactions 4, 13 and 14, Chgpman eatimatad that the lsvel
of omissicn was Detween GO and 80 km ($8). Bates and Nicolet proposed
that reaction 6 must also be considersed. Using 6 in combination with 4
as the excitaticn rescotions they conoluded that the smitting leyar was
at approximately 70 km or lower (98). In 1953 Batos and Delgarno (101)
investigated reecticns of ionized sodium as possible excitation mechanisms.
Thoy concluded that such reactions could not produce the sodium emission
at the altitude of 300 kn vhere it was concluded to originate by Barbier
(36). They stated that the emipsion was probably due to excitation through

chsmical processes and hence could not originate much higher then 70 kam (101).
Bedinger et al {109) state that reactions 1,2,4,5,13,14 and 15 can
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support the sedium omission cnly up to €0 km. Potter and Dellucs {106)
estinute that with ¢ and 8 as cxcitation mschanismg the nightglow maxi~-
man will be baipv 70 km. They proposs two mschendsmse, 23 and i1 and 24,
25 and 11, These two processes will producs a meximum nightglow layer
a% 838 and 83 km, rzepactively, sccording to their ocnloulations (106).

The theoreiical prodictions of the sodium nightiglow altitude and thoso
datermined by observations using the two ¢olor Vam Rhijn technique sesn
irreconcilable., This diffioculty was cled uwp by Donahuo and Fodoraro
{134) who found that zelf abgorption within the sodium nightglow layer
st be considered. This fzotor will csuse a 1ayfér at 70 km o sppoar
to be &t 300 km when neasured by the Van Rhijn Meothod. They concluded
that sodiuvx nightglow sltitude determinstiones must be made through the
uzs of rediative transfer theory o that the offects of ssli-absorption
end of gecond and higher order scatierdng are teken into account.

Another method of estimsting the altitude of the sodium nightglow
layer vas used by Bricard and Xastlier. In 1644 they made meoasurements
of ths Doppler tmmperatura of the sodium nightgiow. They found a tempera~
turs of 240+50°K which thay believed implied an altitude of spproximately
74 km from their knovisdge of the atmospheric temporature structure (82).
¥unten, using a more recsnt model of the standard etmosphere, stetes that
this tewperaturs corresponds ¢0 a height of about 835 km (33).

The most complete and accurate observations of the altitude and digs-
tritution of the sodium nightglow layer have been mads through the uss
of reeksties, ALl sodium nightglow rocket obzervationa reported to date

have boosn mads &t White Sands, New Mexico. Dalgarno (45) has pointed
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ot the neceseity of subtracting out the ccBasion cue %0 the overiviug
8-2 OH vand, the continmwum, and starlight, eto. frcam the intensity by
pho@:om‘aaré centerad vwpon the sodium D lines. For all the rocket chser~
vations reported an effort hao been made to do just this 60 as to iszolate
the cmission due caly to the yellow godium D doublet.

The first rocket cbservation was msde on Dec. 13, 1035 and the re-
sults have bean reported by Kocwen, Scolnik snd Tousey (31.103) and by
Tousey (41)s They £ind the maximum sodium intensity at 85 km with the
ontire nightglow layesr ranging from 70 %o 100 km. Koomen et al (108)
mtac@ a scatieving of points which they attribute to laysr patchingss
end variation of the ater background. In a reanalysis of the date Ixom
this rocket £1ight Packer finds the maximm intensity at 84 km and the
layer bcundar:lea #t 70 end 107 km (44).

VA geoond rocket flight was made on 8 July 1986. The results of this
f12ght have besnpubiished by Eeppner and Meredith (40) end by Toussy (€l).
The peek of the layor was found at 0&3 kn. The upper and lower boundsries
wore rather indsfinits. The lower boundary wes reported to be betwoen
78 andssﬁ. Hoppnor and Meredith reported a slow decrease above 100 to
34C i whare the emission intensity dropped to sero (40). Toussy dise~
grees with this somewhat and places the upper boundary at 110 ke (41).
The messuroments for this £1ight appear to be significantly affected by
0¥ guission (44). 7 ‘

Tousey has raported the rezults of a third rocket flight made on
33 March 1957 (41). He finds the maximum intensity at 95 km and the
houndaries of the layer at 80 md 115 km. Packer's resnslysis cf the

fats from this rockest ohservation looates the naximm at 89 km with the
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brundaries of the leyer at 66 and 118 km {44). In this case Pasker's
vosulls goem more reilable.

The rosuits of all three rocks? flights are sumeariged in Table Vill.
The pea of the nightglow layer iz conciluded t0 1is at about 8845 km and
the layer appears to be 30 to 40 ka thick., The lack of observationse wmakes
it imposaible to tell whether the variation in the results is random, duec
to zeascnal or diurnal effects, or dus to errors in the measurenents and
data raduction. Many further rocket flights are nesded in any case so

ap to confirm and olsborate the resuits already found.

TABLE VIIX

Rocket Moasurements of the Sodium Nightglow Altitude

Maximum Rocket Filter Intensity Lower Upper

Dot ~Altitude  1/2 width _Maximvs  Boundary Boundery
12 Dec 55,10 PM 14} 20A 85 70 160

5 Jul 56, 1 AM 163 434 93 78-85 110-140
28 Mar 57,10 PM 146 258 89 66 118

E. Varistions

Large, short~term and seasonal variations exist in the haight and
intensity of the eodium airglow. Also, differences in sodium airglow
foaturss have been reported for differant chbserving stations. This
general varisbility is one of the most interesting features of the
sodium alvglow. The variations of the zodium nightglow and twilighiglow

will be discussed separately.



L. Twilightgiow
Varistions in the twilightglow were first noted by Bricard and

Kestler in 1944 (88). Ssvorsl workers have noted irregular dusk and
dawn variations in altituds and intengity fLrom one day ¢o the next and
svsn durling tho same day (93,118,119,123,124,135,136). Observations
in different dirasctions during the same twilight period have sliso re-
vsaled that the free sodivm distribution is irregular and patchy (1,
137,138)« The variations of twilight intensity are caused by abundance
variations of sodium 1;3 the twilight layers

Several workers have commented upon casges of abundances doubling
over a very short period. Rundlo et al (123) have a well observed casze
shera the sodium gbundance doubled in three days. Similar occagions
have been observed by Pullock end Hunten (12¢) during June and July.
in these cases both groups of workera have moted that the increased
atundance is dus entiraly to a sodiun density increase at altltudes below
the provicusly observed density peak and result in a lowering of the
density pesk (123,124). The sodium density above the pesk ssemz to be
unchanged. Donahus and Blamoat have found that the twilight sodium layer
beconss higher and thicker with incroaces of intensity at Hamte Frovence
€119). At Tamenrasset they f£find that cases of higher altitude layers are
azzociated with slightly less intensity (118). The results for cbserva~
tions at Hauts Provence geem to be in confllict with the resulte of
HBundie ot al (123) and Bullock and Hunten (124) at Sagkatoon. The mea-
surenents of the latter two groups (123,124) sppear to ba far more

rolisble due to better inatruments, a more refined theory, and s more



(c AN
thorough atudy of the events.

In 1054 Hunten (102) predicted that if ionization were important,
then the morning intensity (abundance) would be higher than thst found
for the evening due t0 recomdination of the sodium ions during the
night. He also predicted that this morning-svening effeot would ba
largest at the equinoxes and symmetrical about them. Since the averags
height of the twilight sodium layer is near 80 km, it appears that any
offocts of ionic racombination will ocour principslly above this elti-
tude and thua cause an apparent increase in the height of the layer in
the morning as compared to the evening height. GHeveral obsexvers have
lcoked f£or these morning—evening height and intensity changes.

Cronin and Noelcke (118) reported a gererally greater abundance of
sodium at sunrise for obgervations teken over en 18 month period in
Maryland. Observations by Donshue and Blamont (119) over a two year
period revealed no constant ﬁorn:l.ng-evaning abundance variation. Nguyen=
Huu-Doan (139) wes unable to detect any difference batwsen morning end
evening abundances f£or his observations betwoen Oct. 1950 and Dec. 1061.
Blazont et al (135) state that a morning=evening sbundance differencs
would vesult from a Doppler offect which would shift the intensity of
the zudiation which cauges the sodiwm atoms to resonate.

A morning~evening height difference was found by Donahue and Blamont
{311¢). For cages with the game godium sbundance, they found the evening
altitudes to be lower than the wrzﬁ.ng altitudes at both Haute Provence
and Tamanrasset. Blamont et &l have found soms indications that the
sodiun layer expands at night and contracts during the day (121),
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Dayplow neasursuente by Blamont and Donshve ravesl large sodium cone
cantrations during the day wvhich decroagss within twenty minutes of
cenzat (140 Frem gll these rosulis 3t eppoars that 12 there 45 any
ionization offect, it 18 either very rapid so as to be undetectable
by the moasurement techniques used, or it is sc slow that it has very
1ittle effect over the poriod from dugsk to damn. Such effecis as are
chgervad nay well be due to changes in the photochomicel eoquilibrium
from day to night.

Ssagonal varletions in the sodium twilipghtglow layer are very marked.
A genaral pattern of strong twilight intensity in winter and weak in-
tausity in summer was reported by Bricard and Kastler (€6) in 1944.
Sevaral Man have reported the ssasonal twilight abundance variation
at Haute Provance for ohservations begimning in Nov. 1653 and continuing
¢to Feb. 1962 (58,112,118,119,136,1F1514) The results show a primary
maxisum twilight abundence in Nove and Dece (about 2.6 x 100 atoms/cm®).
High abundonces are found throughout the winter. After Dec. the abuniance
decreases slightly to a woak minimum in Feb. vhich is followed by o
dofinite secondary meximm in March (about 2.5 x 10°° atome/an®)e The .
abundance deocreases during the spring to a minimm in June and July
(sbout 2 to 3 x 20° atoms/on®) and then increases again to the Nove-Dec.
paxisume. The months of maximum and rinimum values have varied a little
from year to year (58,119).

Nguyen-Huu-Doan has deternined abundances from the ratio of the
intensities of the two D lines (58,139,241) rather than from the absolute
intsnsity. This nmethod will give good results iZ the sbundanco is graater
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then 8 x 10° amms/cmz, rut may give spuvious vesules due to the patchy
dlatribution of the sodium leyer (138).

Obsgrvations of the twilight sodium abundance at Saskatoon have been
reported by severazl groups of workerse (1,45,81,117,124,136,138,142 and 143).
Hunten (117) found a maximum in March and a minimum in June with a nearly
linear intensity riss from June to the end of Fghe. and & stoop daclinae
fromm tho end of Mar. t0 the end of May. [Hunten's ohasrvations were
made over a paviod of two yesrs and had excellent sgreement from year ¢o
yeer. The monthly average abundence varisd by a factor of f£ive. Other
observatims at Saskaioon have essentislly confirmsd the results of
Hunten (45,124,186,142). The total sodium obundance ranges from an avarage
wdnimun value of & x 10° atoma/c:a? %o about 6 x 10° atoms/om® at the
naximum. Bullock and Hunten (124) obssrved minimum abundance values in
Sept. »ather than June and described the seasonal variation as being simu~
soidal with approximately & threeo week phase lag behind the solstices for
1230 ¢twilight observations taken over a 15 month perlcd. |

The soasonal variation found by Cronin and Noelcke (1168) at Washington
Grove; Md., oxhibits s meximum in Nove. and Dec. and a wminimum in May with
& sscomdery meximum in Mar. and a secondary minimm in Jane At Oslo a
definite maximum was detetted at the winter moletice for observations
token between Sapt. and May cduring several different yemrs (03). A swmall
arnugl variation wes found at Tamanresset which showed a weak masdmum in
Nove ang Pace and 2 wezk minimum in July. The aversge mce at

Tspanvassat was found to Do sbout €.5 % 10° atoms/om® (118). Ubservations
gt Churchill ahcwed an ahundancs variation similer to that at Saskatoon
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hut with 2 smeller gmplitude (3124)s, Twenty obaervations of puor guelity
were made in Epglend over & two year pericd send showsd a principal
nexinus in Dec., & secondary maximm in July, snd minismms in spring aand
autumn {144). Becauee of their gparsity and iimitations these later
obgervations will be omitted from consideration.

To eonfira the seasonal variaetion of the sodium twilight abundance,
several sets of chezervations have been made in the southerm hemisphere.
Cbservations ef Terre Adelie (G6.8°5) taken between April and Sept.
reveal a maxinvm in July and hAugust (145). Tinsley and Jonsa (145) made
obgervetions at Christehurch, New Zasland for a twelve month pericd. Thsy
found a meximm in the middle of winter, a ehexrp drep to a minimm in
8apte., seccndary maxima in Oct. and Mar., and a princiyal minimm in
the early summer. Lore recent obssrvationg at Christchurch exhibit a
maxirum in the foll, a small gacondary maximum in late ' winter, and e
minimum in the latter part of springe. Abundances at Christchurch ranged
grom 3 x 10° atons/ex?® to 15 x 10° atoms/on® (122).

The abundance variation of sodium in the twilight glow ig definitely
szazonal as showm by the observations made in the scuthern hemisphare.
With the exception of the varistion at Sagkatoon and Churchill the gsneral
saesonel abundsnce variaticn exhibits a maximm in late fell and sarly
winter, generally high values during the winter with a dafinite week
minimm in the middie or late winter and a secondary maximum nesr the
spring equinox, and a primary minimum in the late spring and garly summer.

A curiocus factor 1o ths difference of the month of the maximum and

minizem at various stotions. At Heote I'rovence two maxima ere ohaerved
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in Nove end March vhiis at Saskatoon a single maximun is found in March.
The strong seasonal variation may be dus to changes in the photochemical
oquilibrium 1f sodium is combined in mocligcular foran. Tho abundance
variation may elso 'deend upon the height of the mesopause temperature
pinimum which would change the valus of some of the temperature sensi-
tive rate coefficlente contrciling the ecdium abundance in the eniesion
layer.

Soasonal variations in the altitude of the twilight layer have besn
noted by some workerse. At Wmhihgton Grove, iid., and altitude minimmumm
(72 Jm) was detected in June and a maximum in Cote (93 km). The height
of the hsci m generally lower duxing ths summer and higher in the fail
and winter (116). Blamont et al (121) report: minimum gltitudes in May
and Juns for 201 observations st Haute Provencs. They also find the
emitting layer to be thicker during the amtumn., Maxdmum heightes in March
(38 km) and minimum heights in Sept. (85 km) wore found at Saskatoon (124).
At Chnarchill at 10 ka hd.ght variation has been reported with maximum values
ocouring in May and Dece and minimm values in Feb. and Nov. (124). Donahue
and Blawont (119) found the altitude of the twilight layer to average 88 km
in Nov. and Dec. end 72 kn in June with gensrally higher altitudes in the
autumn and lowler 'alti_‘md@s in the summer at Haute Provercs. The altituds
of the twilight layer varies more in the spring end summer at Haute
Provence (119). At Tamanrasset the twilight layer was found at an
averege height of 105 km during May and Aug. and at 85 to PO km for the

vest of tho year (118)» The altitude varied most in the spring and lsast
curing the winter (118). OCbservations over a {we year period at Saskatoon

{117) and during a one year period at Christchurch (132) exhibited very

1ittle saasonal variation in the altitude of the twilight layer (£ 3 km).
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4 variation of sodiwn abundance in the twilighiglow with latitude
is evident from an exsmination of the obgervations roported zfvaricus
staticags. Observations taken at 16.4°8 between June and Aug. (southern
hemisphere scagenal aburdance maximum) exhibit comparatively weak
twilight intansities (15)e¢ At 22.8° N the average abundance was found
t0 be only slightly larger than the gummer minimm abundance at 43.8°N
(119). The ampiitude of the scasonal variatfion was also smaller at
22.8°N than at 43.6°N (118). At 52.1°X (Baskatoon) the sbundance
averaged one-helf of that at 43.8°N (Haute Provence) end the amplitude
of the psasonsl variation was also smaller at 82.1°N (91.134,137).

Tho ampiitude of the messonal variation at 58.8°N has been reported to
bo logo then at 52.1°N (124)« Observations in March at 55.2°N reveal
a0 abundance of 8 x 10° atoms/on® (147) which s less than ono-helf of
the aversge March abundance found at 43.9°Ne At 44°8 the senascnal
abundance was found to range from 3 x 10° atous/en® to 16 x 10° atoms/
cu® (122). This is more than 2-)/2 times the sbundances reported for
82.1°Ne At 66.8°8 the abundance during the winters of 1957 snd 1958
everaged about 15 x 10° atoma/cw® (96).

The genoral latitude pattern eppears to be one of large abundance
and large amplituds of the seasonal abundance varfiation in middle lati-
tudes (near 40°). At low and high latitudss there is sirong evidencs
for & decresse ¢ sodium shundance and a decreass in the amplitude of
the seascnel abundance veriation. The only excsptions to this are the

winter obgervations at 66.8°8 (Terre Adelie) which reveal greater
abundences then observed at 52.1°N and 65.2°N. It may be that above 60°
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the abundance increases egain. Chsmbarlain points out that Lonization
effects predlct the pgreatsat seasonal abundance variation at the polea.
Unfortunatsly series ¢of high latitude observations have not bsen reported
0 that thie effect ocould be canfirmed,

Sirultanecus twilight observations in different directions at Haute
Provence have bsen reported by Blamont gnd various co~vorkers (135,137).
These observations have shown a higher twilight intensity to the north
of the station during the winter and to the south of the station in the
gurmor. For the entire year of 1985 and the first half of 1956 a per—
sistent, definite east-wost difference was observed. There were 46 simul~
tenwous east and vest observations made during theo first half of 1856
alone. 0Of these obssrvations 33 showed a higher intensity to the west,
two revealed & higher intenasity to the east, and 11l were spproximately
equsl. The ratio of the intensity to the west to that in the osast
averaged 1l.43 and often reached values exceeding 2.0 (on one occasion
the ratio was 3.5) This cast~west effect exhibited great variability.
There was no average difference in this effect between dawn and dust ob-
servations which helpg to confirm the validity of the sast-west difference.
Obgervations taken during the fall of 1857 revealed no east-west differance.
Theze cbservations strongly iuply a standing eddy in the sodium concen-
tration. No other observations have been reported which either confirm
or deny the sxistence of an cast-west effect. Additional thorough studies
at other locations such ag this one mads by Blamont, Donahue and Btull (135)
are needed to confirm the cast-weet affect. Such standing eddy effects
might explain the differsnce between Saskatoon and Haute Provence in the
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tine o the seasonal sedium sbundance maxirum.
2+ Nightglow
It has boen rsocgnized for some time that variations exist in
tha godiuz nightglow. In 1928 while amnouncing his digcovery of the
yellow lines in the night sky, Siipher remarked that the yellow emigsion
was & pormansnt feature of the night sky but was not of constant inten-
pity (78). Obmervations taken in France, Alagks, and Australis have
sll ghown large night to night fluctustions spproaching 50% of the
mesn intensgity value (120,120,148). The night to night varlations ars
largest in the winter (85). At Poona, Indla, (18.5°N) the night to
night variation was found to be rather small (146).
%e&mmnﬁo hzve besn mede ©2 the ratio of the twilight intonsity
o the night intensity after the end of twilight (120). Thias ratio
vas found to vary comaiderably (by a factor of three during a one wesk
period). This variation in the intonsity ratio indicates that o varia-
tion occurs in the nightzlow excitation mechanism which would explain in
part ths night to night fluctuations of the nightglow intensity.
Observations have boen taken of the nightglow intensity over the
entire sky. Upon correcting the intensity to the zenith intensity, it
wags Jcund that the nightglow intensity was highly non-uniform and that
the distribution tended to be patchy (128,130). This non-uniformity
eppoars to bs the usupl state of the sodiua nightglow layer rather than
the exception.
A diernal variation of the sodium nightglow intensity has besn found,
but it seems to be affscted by seasonal and letitudinal chgnges. Dufay
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an? Tcheng, (150) on the tesls of observations taken during 180 nights,
reported the varistion during the might tol» cuall snd irregular with no
definite pattern, They did feel that thers was a genoral post~twilight
decresee for one hour and then a small increase during the remainder
of the night. Barbisr and Reach found the sodiuam intensity to be en~
hanced with the sun wap 18 to 40° Lalow the horizon (111). Roach and
Pettit Zound thet a diurnal maximun tended to occur during the emd of
the night (132). Rosch later reported that there was little diwrnal
variation at Cactus Peak in the summer, but thet in the winter there was
a marked increase of intensity from midnight till dawn (85). Obszervations
at Haute Provence (72) hzve ylelded almost exactly ths seme vesultis as
these obtained by Reach al Cactus Peak. ObssrvatOns by Pettit end hig
co=workers have shown minimm valuss during the first part of the night
and maximun values &t dewn (85,94). The amplitude of this diurnal
veriation rangee from 20 to 30% of the nean nightzlow intensity (64,120).

At Tamanrassst and Abastumani a tendsnce for a maximum during the
second half of the night has been found (63,118). At Poona the inten~
2ity was found to be high at the beginning of ths night, but it decressad
rapidly till 2300 local time and then decreased more siowly during the
remainder of the night (149).

No obgervations oconcerning the variation in the altitude of the night-
glow layer during the night have boen reportsds Eallif and Venkatosweran
have exemined the excitation mechanisms to see if changes in photochamicsl

equilibrium would pradict any changes in the height of the emitting layer.
They fZound that 1f the sodium nightglow excitation $3 produced by reactions
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4 or 6 {(mse Tab}.e Vi) then the pesk of the emitting layer will rise
during ths night. If the excitation im produced by reamction 11, the
pesk will remain steady during the night (i08).

The soasonal variation of the sodium nightglow intensity is very
definite. fabemnes et al were ths first to comment on the seesonal
varlation. In 18938 they reportsd that the maximur intenasity occurred
dering the winter and the minisum intensity occurred in the summer (83).
Since 1938 many msasurements of the zeasonal variation of the intensity
have baon made by a mmber of workers at several locations.

The scditm nightglow intensity at Haute Provence exhibits a
seasonal veriation with a maximum in Nov., a weak minimum in Feb., &
sacondery maximum in Mar., a woll dofined minimum betwesn June and Aug.,
and a gharp increase of intensity to the maximum in Nov. (72,137,148).
This geagonnl variation is tho same as that obzarved for the twilightglow
at Hauteb Provence.

At Cactus Pesk, California, the intensity maximum occurrad in Nov.
and Dec. and the intensity minimm was found in June and July (85,95,
132,151). The winter intensity was found ¢to be thres to five times the
suswor inteoasity (78,82).

A sessonal variation similar to that observed at Heute Provence was
found at Sacremento Peak, N. M. (94,152), The maximm intensity ocourred
in Now, and the minimum intensity occured in Juns. The Nov. intensity
wvss ten times the June inteneity. Thore was a definite secondary minimum

in late winter snd a wagk secondary maximm in April.
Cheervations of the nightglow at other leocaticns in the northern
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homigphsre and at Malbourme, Austireils, all show a gensral eavly winteor
mexiwm gnd sn early surmer minimum (45,53,119,120,126). The nightgliow
intensity snd twilight abundance vary in the gsme manner.

Sevoral obsorvetions heve baen nade of the ratio of the D line inten-
sities (D/D,). Borthier found a ratio of 1.98:0.08 for five zeuith
obgorvations at Hewte Provence (183). Nguyen~Huur-Doan reporis an average
ratio of 1.8410% for 14 zenith observations during the winter (14l).

Dus to & self-sbsorption offect the ratio should vary with the season
being low for high sodium abundance and high (near 2.0) for low godium
aburdance (154). The D line ratio at & 75° zenith engle was found to
vary with scason as predicted end yielded sodium night concantrations
ranging grom 5 x 10° atoms/cn? in the summer to 2.5 x 10°° atous/cu?
in the vinter (58).

Obgarvations of the nightglow at Cactua Pesk (83,95,151) Sacremento
Peak (94), and Haute Frovence (187) have all shown a difference beiween
tho intensity to the north and south of the station. At ell three loca-
tions there is a higher average ecdium nightglow intensity to the north
of the station during the winter months and a higher swerage intensity
to the eouth of the station during the suzmer months.

Almost 1o work has been done regarding the seasonal variation of the
altitude of the nightglow layer. Observations at College, Alaska, be~
tween Nov. 1859 and March 1960 reveal an increase in height toward gpring
accomparied by an intensity decreasze (126), but this result is baged upon
a emell number of observations and hence cannot be given much weight.

Az in the twilightglow, there is a definite latitude variation in
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the nightglow intensity. At 16.4°S the average nmightglow intensity in
fugy wap reporited to be 24 R (15), & valus well below thet chmerved in
riddle latitudes. The oversge intensity at Temanrasget (22.8°N) was found
to be only hal? that observed at Haute Provence (43,8°X) {(119). At
Secrensnto Peak (32.8°N) the average intengity was found to be about
160 R (64). At Abasmana (41.8°N) an everage intsenaity of 88 R wes
reported for the godium nightglow (53). Observationa at Haute Provence
during the summer of 1956 yielded an aversge intensity of 212 R (53).
There is an inherent difficulty in comparing thess reszults due to the
inaccuracy of the absolute calidbration of the photometers used. None
the lezas, there seams t0 be & definite increase in the awiirage inten~
gity betwesn the tropics and middle latitudea.

The amplitude of the snnusi intengity variation ssems to exiiibit o
latitudinal effect. The annmual variation at Tamanrasset was reported
tc be smaller than that st Haute Provence (119). At Sacrementc Pesk
the intensity varied over the year by a factor of 10 (94). A factor
betweon thres and five was noted for the anmual intensity veriation at
Cectus Peak (95,151). It ia concluded that thers is an imrease in the
zoaeonal varistion of the sodium nightzlow inteonsity between low and
middie latitudes.

1% io poteible that the diurnal variation of the nightglow intensity
may exhible iaﬁtudiml effects, The night intensity variation at Poona
{18,5°N) was obssrved to be a rapid intensity decrezse from sunset to

near midnizht followsed by a wore gradual decreass of intansity till dawn.
Tho obssrvations from which thisz varietion was derived were made bstwesn
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dgne erd April {148). In middle latitudes during the winter monthe
there i a general terdency %o have g slight intensity decrease sfter
mmzet t411 Socal midnpight, fellewed by & definite inteneity increzse
&eﬁmmimi.dnight and dawns hicrg obssrvations &t both high and low
latitude stetions are nocdod to ccnfirm this latitude effect.

Both the sodium nightgliow and twilightglow have very similar
gessonal and latitudinal variaticns. There is aleo definite evidencs
of lengitudinal variations in some of the sodiwm aixglow features. Cf£
particular intorest in thias laier category are the east~weat abundance
difference found at Haute Provence end the differonce bstween the tims

o9f ¢the ceasonal abundence maximum at Saskatoon and Haute Provencs.

¥s Correlations

There appear to be no correlatiocns of the sodium eirglow with molar
or geophysical phenczmens. Bardier hag roportad that the sodium airglovw
io not affected by cunspots {72). Pettit et al (85) have commented ¢thal
thers wore epparently no correlations of the oodium alrglow with cunepsta.
rufay and Tchueng found the averege zodium nightglow intensity to be cou-
ztant over the three year period between the end of 1940 and the bo-
zinning of 1044 (i48). During this pericd the sunspot mumber wes in o
doplineg Zrom a woximum in 1937 to & minimum in 1944. Thiz tends ©o show
a isok of & correlation betwesn the scdium nightglow intengity and suvsroto.
Dufey and Tcheng also reported that ths sodium anight intensity wae not cor=
related with megnetic ectivity or magnetic perturbations (148). Hunten

han confirned this yosult 2rom en enamination of about 100 observations
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| taken at Saskatoon over e two year periocd (117).

Tae godium nightzlow intonsity is definltely correlated with the OR
nightglow intonsity. A comparison of the diurnsl and sessonsl varisticns
of thege two airglow componants thows them to be vory similar. The
diurnal variation of both sodium and hydroxyl exhibit a tendency Zor a
ainimum arcund locel midpight and a maximun in the gscond half of the
night. .Jighkova and Markova have found the diurnal variutiqn of the
sodiun intensity to be parallel to that of OH (40). The seascnal inten-
gity veriation for OH ashows a meaximum in late fall or early winter, reia-
tively high values throughout the winter, and a winimm in late summer
while the variation for Na has a mexiuus in late fall, high values through
the winter, and a minimm in early oummer. The sodium nightglow inten-
ity exhibits a secondary maximum in the late winter or early spring
while at the same time the OH nightglow intensity is decreasing slightly.

Several workers have noted a definite, positive correlation of inten—-
sity between these two foatures (72,108). In a theoretical study of the
varicus reactions wntMim thase tw0 swissions Ballif and Venkateswaran
have found that the intensity of both emissions depends direetly upon the
ozCne concentration and hence both will wvary in the same way as the czone
concantration (73).

in a very thorough study Dufay and Tcheng have found a very high correla~
tion betwesn the sodium pightglow and the nightglow at 6300A (148). They
attributed this latter emission to the D, = b, | transttions of stomto
oxygen at 6300.34 and 6363,8A, Although scme of the .emiesion at 63007
wrns undoubtedly dus to the atomic oxygen red ldneb it is more likely that
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the enission of eome of the CH bends in that region of the spectiun wes
tae reason for the high correlation. Dufey and Tcheng cannot be blamed
for this orror since at the tims of thoir report in 1947 the OH bands had
not yst been discovared. The filtors used to isolate the 6300A region
ware undoubtedly of such band width to pass nost of the emission of the
8-3 bend of OH which ranges from 6334A to 6417A end elso some of the 5-0
band of OH which emits batween 6130A snd 6326A. The intemsity found
for the red oxygen lines ranges between 50 and 100 R, The 0-3 GH band
has an intensity of about 100 R and the 5-0 band an intensity of spproxi-
eately 60 Rs 1t is readily seen that the CH emission will probably
deminate the atomic oxyge: red linas. At a 75° zenith angle the sodium
6300A correlation coefficisnt vas found to be 0.83210.027 for 127 obmer—
vations and 0.73710:048 for 81 gzenith cbaervations (148). Sincs the
godfvm emission oocours beslow 100 kn end sincs the atomic oxygen red lines
originateo near 250 km 4t is rather unliikely that they will be correlated.

Sawrél ingtances of simultaneous intensity variations of fha sodiun

1ssa - 1:)3> in the nightglow have been

znd atomic oxygen gresn line (55’?73,
reported (207). Contrary to this Vegard et al could find no simple correle~
tion betwesn these two amisaions (114). For 75° zenith angle Dufey and
Tcheng found a correlation cosfficlient of 0.38110.080 for 209 observations
and a correlation coefficient of 0.10340.104 for 81 zenith obgservations
(148). Even heve the 7-1 band of OH lying betwsen 55424 and G69GA may
be responsible for a large part of this corrdlation since it is s0 small
(the intensity of the 7-1 OH band is about 3 GR).

Several workers have attempted to f£ind a correlation hotween metsor
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aotivity and sodium abundance or intemsity. Krassovsky found intensity
variationg of the sodium elrgiow difficuit to associste with metsorites
(17). Chamberlain reported no correlaticn of sodium abundance with
metoor activity (1). Vallence Jones atudied the meteor influx rate
for 24 hour poricds at Christchurch, New Zealand. He found the sodiun
twilight brightness to be out of phase with the mefeor influx rate and
concluded that the zodium abundance in the twilight and night airglow was
independent of the meteor influx rate (155). This lack of sodium elr-
glow depandence upon mBeteor activity will be @een to be an important
foctor in detormining the origin of the sodium in the upper atmosphers

a3 woll &3 the cause for the sodium eirglow variations.



8lo

ATOMIC CXYGEN GREEN LINE

As» General Featurss

In the lattsy part of the 18i¢h centwry evidance began 0 sccumulate
shich suggestsd that the 56773. green suroral lina wasg present a"t all
times in the night sky sven in the abasnca of o visible auroral structurs.
Measurements of this “permanent aurors” or “non-polaxr auwrora' by Rayleigh
(156) in 1020 showsd that this rsdietion was not polarized and hence could
not be due to sunlight scattered by interplanstary gas. This fact has
besn confirmet by Bricard and Kastler in 1850 {00).

In 1921 Rayleigh reported that for a series of 145 observations at
Terling, Englend, he waz able t0 detect the green auroral line on photo-
graphic platss exposed over an entire night on about two out of every
three nights (157). A continuing series of cobssrvations was conducted
by Raylesigh. In 1922 he reported that he could regularly find the green
auroral line in the night aky without any sccompanying Nz auroral bsnds
(158). Simuiteneous all night observstions made to the north and aocuth
at Teriing revealed no detectabls difforence in the intensity of the 5577A
line (158)., From this Rayleigh concluded that this radiation which seemed
1o be present over the entire sky on moet nights was not of suroral origin
and termed it the non—polar aurcra.

The besic differences betwsen the G577A suroral and airglow (non=polar
aurors) were defined by Rayleigh dn 1924 (160). The bssic charscteriztics
of the 55773 alrglow are: it is not accompanied by the band spectrum of Hz’
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it ip present over the entirse sky, 1t is essontially uniforn over the
entire gky (relative tc the aurora), and it remainsg esesentislly constant
for wosks at a time (in comparison to auroral. .

Later attempis have boen made to differontiste betwsen auroral and
airglov emigsion of the S577A line on the basis of intensity alons. St.
Amand and Ashburn (161) state that the average S577A aurorsl intensity is
ahout one and a half orders of megnitude groster than the 5877A airglow
intensity. Some workers foel that if the radiation is intense enough to
be detacted visually, then it is of auroral origin, but thers 1s a ques-
tion of vhether or not aurorae exist balow the visual threshold. Indeed,
geveral workers report that the diatribution of the intensity of the 55773
radiation is smooth, unimodal, and positively skewed, indicating that the
zirglow intensities merge with those of the surora (162,163). Roach,
NcCoulley end Marovich (162) have found this type of 8577A intensity
dietibution to be comon to &ll of the stations making observations during
the IGY aud prepose that the 5577A airglow and aurora emiagions have a
common origin. Barbier is in direct disagreement with this proposal. He
belisgvaes the 557?;& aurora and airglow to be two distinct phenomena of
entirely different character (164). In the light of the information
accumulated over the past forty years since Rayleigh first differentiated
botwaen the 55774 surora and airglow, the major distinguishing featuve
batween the two is that the surora is accompaniod by the first poesitive
band system of the nitrogen molecule.

The substance responsible for the emission of the 5577K radiation
was not known for scme time. At one time it was attriduted to solid
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niirogen, Some belleved the emigsion to ke due to krypton in thoe upyer
ntuospheres In 1925 Molennen end Shrum were able to reproduce the auroral
green lins in laboratorys They found the wavelength to be 5577.35Q:0.005A
and idontified the emitter as atomic oxygen (165). Subdeguent investi-
gations have confiraed this identification and have shown that the emis~
sion srisen from & b l’) transition of ths oxygen atoms Tha S

state of atomic oxygen ic a metastable state having a mean 1ifs of 0.74

sec and en energy of 4.176V (1665. The 1D2 state is algo a nmetastable

gtate vith o 110 sec mesn life and produces & red doublet &t 6300A and

€364A through the 1:;2 - 3p2 , transitions (1). The ratio of the inten-

sity of the GGOOK enission to that at 63643 is throe to one from the
theoretical transition probabilities. The 18 o State may also decay to

state producing & line at 39723. The "S - 1D hag a transiticn

the 3P1
probability of 1.38/sec and the s ’p has a transition probability
of 0.078/80e. Hence the 65777 line is much more intense. Dus to the

1l

relatively long mean lifetime of the 'S and lnz states coliigional de-

activation will play an important part in controling the emiasion of atomic
oxvaen in these Btates, particularly for the emissions heving 1D ag the
upper states The energy levels and transition probabilities of the oxygen
gtom which msppear in the airglow and aurora are shown in Figure 1I. Only
the 5677A eirglow emigsion will be considered in this study.

Roach hes estimsted the mean intensity of the 5577A airglow emission
to be 250R (95). The medien intomsity of 21,088 obsevvations of the 5677A
airglow taken at anumber of widely separated stations during the IGY wos

found o be 254 R (147) in good rgrsoment with Roach's estimate. The 7=1
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bend of OH lies between 55427 and 56927 and hence contaminates obger—
vations of the 5577A intensity. The 7-1 OH band 1s estimated to be
responsible for sbout 6% of the intensity observed at 5577A with the
filters used at present (168). Chamberlain gives the total intensity of
the 7-1 CH band as about 25 R (1),

Some observers have attributed a cellular structure to the 55773
airglows Roach et al estimate thase airglow cells to be about 2500 km
in'dimter (168). Haug finds the cells to have a mean diamoter of
sbout 1000 km from hig obsgorvations (170). The cells fcund by Roach et
al appear to move at a speed of 22m/sec and have an energy emission rate
of 1 to 15 x 10" erga/sec based upon a 2500 km cell diamster (171). The
coneept of large cells of 55773 elrglow emission drifting about in the
upper atwogphere escems to have been generglly accepted by the other workers

gtudying the 5577A nightglow.

B, Excitation Mechanisnm

UYntil recently it was thought that the problem of establishing the
excitation mechanigm for the 5577A nightzlow had been adequately solved.
Until the identification of atomic oxygen as being responsible for the S577A
enigsion the early workers were at a loss to explain the origin of this
component of the nightglow. Rayleigh tentatively suggested that it might
be due to a2 phosphorescence phexmmém (160)« In 1932 Chapman postulated
a thres body reaction mechanism between atcms of atomic oxygen which
produces an oxygen molecule and an oxygen atom in the 1So state (172).

This mechanism is referred to as the Chepman process in the literature ond
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iz limted as reactisa 1 in Table Id. The enorgy availasble from 1 is
5,20V which ig more than sufficlont sinos the energy needed to excite
the ls o gtate of atomic oxygen is only 4£.17eV.

The Chspman process was gensrally accepted by those studying the
56773 airglow. Thove are several reasons for Lavoring this mochanism.
Rocl:et measuremsnts have shown that the S577A nightglow layer occurs at
ahout the sams altitude az the maximum atomic oxygen concentration (41,87),
thus favoring reaction 1. Several workers at various locations have
studied the intensity distribution of the 5577A nightglow (107,164,173,174).
They have found that the cube roct of the inteonsity has a nomal distri~
bution. This would be expgoted if the Chapman procesz wers operative,
since the rate would depend upon the cube 6f the atomic oxygen cencentra=
tion. Another reagzon for favoring the Chapman process is the high co~
variance of the intensities of the 5577A emission and the molecular
axygen Herzberg bands (173). The three body atomlc oxygen reaction can
also procesd as showa by reaction 11 (see Table IX) and hence if the
Chapran procesa were opsrative a high correlation between the 5577A
aifgsicn and the Herzberg bawds would be expecteds Roach et gl state
that any departures from exact covariance of these two emissionz would be
due to surorel enhancement of the 5577A linme (173). Tandberg-Hansgen and
Roech have made estimates of the rate coefficient for the Chspman process.
They found that based upon tho atomic oxygen concentrations near 100 km
the Chspuan procese could produce an emission intensity of the 5577A line
equivalent to that of a faint auwrora which is far higher than the inten=-
gities normally observed in the nightplow (1738). Other workers have also



1.
2e
3
4.
S
8.
Te
8.
e
iC.

il.

87«

TABLE IX

Roactions Aspociated with the 5577A Nighiglow
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found the rate of 1 te be sufficient to give the & served emission inten-
egities (45,176),

Other excitation mechanisms have been proposed but have been found
t0 be inadequate. Nicolet proposed a two step process involving reactions
13 and 8 (177). This procassz would be operative in the F region of the
ionosphere, well above the presently accepted altitudes for the 55777
aightglow, and will not produce the observad emisgsion intensity.

Krasscvaky suggested some reactions with vibrationally excited
molecunlar oxygen vhich could produce atomic oxygen in the lso state (17).
These are listed as reactions 2,3 and 4. Krascoveky himgelf boelieved 3
to be inadequate due to the low cmpcantration of N in the mttigé region

but found that with concentrations of about 106 to 107

03 /on®, 10* to 20°
oi/en®, 10° to 107 co/on®, and 10%H/cu’, reactions 2 and 4 could produce
the chserved omission rate. Dalgarno avgued thgt the concentrations of Og'
and OF® proposed by Krassovaky wers much too high and that collisional de~
activation was not sufficiently taken into account (46). In additiom it

| geonms that Krassovsky's proposed concentrations of CO and OH are too high

1f tho caisgion takes place near the altitudes of maximum atomic oxygen
concentration.

Reactions of the type shown by 10 were investigated by Gush and Sharma
(178). For such a reaction to proceed the dissoclation energy of XY must
etqual or exooad the dissociation energy of YO plus the excitation energy
ef O (130). They were not able to find any substances meeting this require~

ment in the upper atmosphere around 100 km.
Various processes involving ions were suggested but discarded for one
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vesgen or another (101,178,178). HMariyn belisves that chavged particles
ere an esssntial cansiitusnt in the reaetion mechenism and that they ant
o8 a catglyst (178). Batss snd Dalgarns ruled cut fast electrons and
other excitation transfer procssses as ingufficlent (101). Ion concen~
vrgtions are t0o low to yield the observed emlission intensities throughout
¢the entire night (101,178).

Since 1059 ssveral workers have supported an g¢xcitation process of
a discharze nature (163,1783,175,178). This process is shown as reastion 8.
Tha electron would gain the necsssary energy through acceleration by the
clectric fieid in the lower ioncaphere. Roach haz noted an incrsase ©f
5577A Antonsmity with current density in the lower ionosphere which, he
selisven, supports the discharge mechanism (163). Roach et al have found
the intensity distribution curves to te unimodal end very similar for
ctotions ohserving 557?R airglow at low and high geomsgnetic latitudos
{173,174). The airglow observations at high geomagnetic latitudes are
strengly conteminated with auroral 5677A emission end this has led Koach
9% @l to bolieve thet a& single procaess of a discharge nature is responaible
for both the 5577A auroral and sirglow emissions.

Okuda has obsorved & simultaneous intensity incresse over the entire
zky vhich ho believed implied & secondary excitation mechenism in addition
%¢ the Chapman process (107). Ho postulated that the additionsl excitation
snsrgy cawe from meteor ghowers and that thce meteoric excitation {(reaction 6)
wvos two orders of magnitude leazs than that due to the Chepman process. In
support vf his proposal Ukude pointed ocut that if a factor of 2 to 3 R

vere gubliracted from the 8577A edrgiow inlensities before the cube rootl was
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taken, the cube 100t of the remainder would axhibit a more nearly perfect
norcal distribution. Uluda found this to be true for the intensity dis-
tribution of all the atations he examined.

In 1961 Barth and Hildebrandt (181) reported the results of their
lahoratory studies of the Chapman process. In thelr work they investigated
the vate coefficient of 1 and found 1t to be 8 X 10" 0 an*/sec. Using this
rate coefficient and the upper atmospheric densities of Q3 snd O, they
computed the rate of production of 0C’8) by 1 and the amount of collisionsl
dosctivation of 0(*5) by 18, The resulting emission rate of 5577A by 14
vas 0.2 R or roughly three orders of magnituds less than the observad
emisgion rate {18l). They concluded that the long favored Chapman proceas
could not be responsible for the 5677A nightglows

Barehpropoudatmétopucitatunmchmiut«oroplmmcmpm
procese (182). Tho first atep in Barth's mechanism involves the production
of slectronically end vibrationally excitsed oxygen molecules by reaction 12.
Tho excited oxygen molecules thon tranafer thé energy to oxygen atoms by O
In 1662 laboratory studies were reported by Barth and Patapoff which con—
firmed the abllity of 12 and O to produce the observed 55773 omizsion
rate (183)s The use of 0F in the excitation of the OB and Na nightglow
has alveady besn discussed and rejected in both cases. Ons of the nain
reasons for doing £0 was that O is rapidly deactivated by collisions with 0.
it 48 this deactivation by collisicns with O that produce the atomic oxygen
nightows

Many of the roasons given in support of the Chapmen process apply
squally well to the mechanism proposed by Barth. The emission of the oxygen
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praen line in Barth's process depends upon the production of 02(1\3233 Yo
but this is respensible for the emission of the Herzberg bands as showmn
by 18. Hanee 12 and 9 predict the observed covariance between cuisgion of
the 8577A atomic oxygen green line and the Noraberg bands of molecular
oxygen in the nightglows

Tokmatsu and Negata have pointed out that both the Barth and Chapman
processes will predict the same intensity distributiom if collisional
deactivation of 0('8) 1s sufficlently large (184). Gust and Sharma made
a thorough study of the de-sxcitatlon of 0(}8) by a mmber of possible reactions
(176). - They concluded that de~axcitation reactions involving three body
collisions or reactants with low concentrations such as N, Na, NO, H and OH
wore negligible in comparison with 18, 16, 17 and 18. These four reactions
were found to be able to de-axcite about ome helf the 0('8) produced before -
anlsaion could take placs (176)s Thus, the condition for similar intenzity
distribution of the Chapmsn end Barth processes is sstisfied and the emis-
sion produced by 12 and 9 will 2180 be proportional to the cube of the
aotomic oxygen concentration. The Barth process is expected to operate best
in the regicn of maximum atomic oxygen concentration vhich is about where
the 85777 alrglow originates.

In sumary, only the Chapman and Barth processes seem to fit the observed
features of the atomic oxygen nightzlow at 557710\. Tha leboratory studies
by Barth and Hildebrandt (181) and hy Barth and Patapoff (183) scens to
confirm that the process proposed by Barth (reactions 12 and 9) is reapon~
eible for the 55774 nightglow emission. The proposal of = single excitation
nechanism for both the suroral and airglow S577A emission involves some
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d1f22iculity in that 4t failie to explain the absence of the surcral nitro-
gen bandz in the nightgiow. The ability of the Barth procass to predict
the observed omigsion intensity altitude, and covariance with the 03 Berzberg
bands 18 strong evidence in support of the Barth proceas. The process of
roactfons 12 and @ is concluded to be the 55774 nightylow exeitation mechsnism.

Ce Altitude

Several procecures have bean employed to dotermins the altitude of
the atomic oxygen 65‘77?& nightglow. The principal methods used to determine
the sltituds of 5877A nightglow are the Van Rhijn tochnique, triangulation
roasurenents, Leppler temperature measurements, and rocket obsarvations.
These methods will be diascussed ssparately in the order mentioned above.

1. Van Rhijn Technique

AlL the earlier measurements of the altitude of the S577TA airglow
wore made by the Van Rhiijn technique. In order to obtain accurate mea-
surements by this methed corrections must be applied for absorpticn and
soatiering of the emitied radiation by the atmosphere. An allowance must
#3120 be made for the background eidasion in the same spectral interval.

A thorough atudy of tho emission altitude was reported by Dufay and
Tcheng 4in 1647 (128). For obssrvaticns on 180 nighte teken ovar a three
year periocd they found the height ¢o be 100420 to 30 km. They later dis-
covered sn instrumental error that they had not taken inte account (185).
They eppliod a correction factor to their obgervations which increased the

altitude to an average value of 215 kn,
Absdie ot a1 (186) dedured Zfrom thelr chservations that there were
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o emigsion layers of 5577A nightglow, one at 400 kn end the other at
1000 km. They hed difficulty in accounting for the background emisasion.
it was later shown by Roach and Moinel (187) that the obgervations of Abadle
ot 21 could just as easily be interpreted as showing & laysr at 130 km,
the airglow layer, and a sscond, weaker layer at infinity, due to the
gtariight end zediscal iight backgrounds

In the winter of 1948-49 Roach and Barbier (180,131) made measure~
ments by & two color Van Rhijn method £n which va second photomster is
uged to otserve the emigsion near 52103. In the region near 5210‘?& there
is no strong atmospheric emiseion, and it was assumsd that the intensity
observed in this region wes the sames as the background in the 5577K region
and hence would serve as & background correction. This is not entirely
true since the 7-10H band near 55773 must still be takem into account,
tut the second photomater observations do serve as a 3ood correction for
the continuum emiszsion and the stellar background. Roach and Barbier made
whole sky surveys and calculated the 5577A emission altitude from the
igophote meps which they had obtained from thelr surveys. They concludad
thet the altitude was 100150 km from four observations by their two-color
mothod (130,131).

The two-color Van Rhijn method was spplised by several other workers
o the determination of the 5577A mightglow altitude. Altitudes were ro~
ported for measuremenis mede at Haute Frovence (188,189,190); Cactus Pezk,
Colif. (36,182,101,192,193,184); and Poona, India (168)s All these dizZ-
. forent ébserutions by different observers gave very consistent altitudes

ranging between 200 and 250 km. Barbier critically examined all the
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observations reported up to 1852 and concluded the 5577A nightglow
eltitude wap 250430 km (36).

‘In 1053 Bates and Dalgarm raised some objsctions to the odserved
250 km emission altitudes (101). They argued that at 250 km no mechaniam
cculd be found to give the observed emission intensities and that 1f the
Chapman prccess was responsible for the emigsion, then the altitude for
the emitting region should be near 100 km (101). Barbier studied the cor—
rections and assumptions used in determining the altitude by the two~color
method (165). Ho concludsd that the uncertainties in the extinction,
the extraterrestricl light intensity, and the assurptions implied by the
Van Rhijn method were not sufficient to change to 200 km to 230 km heights
obtained if the results are based upon an extended series of obwervations
(195), Manring and Fettit pointed out that the Van Rhijn method would
give wide dafly and diurnal variations in the height dus to the patchincas
of the emission (196).

Ashburn (197) found the error in the two~color observations in 1985.
All the obaservations reported bhat used s correction for atinct:lon by
abgorption in the ozone layer and by Rayleigh scattering in the lower
atmosphera. Ashburn nade measurements of ths actual extincotion coeffi-
clent at several locations. He found the measured coefficient to be muely
higher than those used in determining the 5577A airglow heizhts. iie found
the difference to be due t0 scattering and absorption by hage and dust par-
ticles and water droplsts in the atmosphere (167). Huruhatas and Tohmatsu
{128) concurred with Ashburn's conclusions.

Heisht measurements using the additicnal extinction correction proposad
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by Aghburn are much mora in line with the aititudes predicted by the
axecliation mechanism. Two-color oh@mtions made at Jungfraujoch in
ths Swisp Alps by Elsasser and Siedentopf (169,200) have yielded a maasn
altitude of 90 km for the 5577A nightglow. Observations at Cactus Feak
on three nights gave sltitudes for the 5577A layer betwoen 83 and 117 km
(133). Foz chservations mede during 1238 nights over a two year period at
Sacremento Peak, N. My, MHanring and Pettit found a height of 85468 Im
(201,202)s Othexr series of observetions made £n Japan (108), France
{203), and the United States (at Frits Peak, Colo.) (204) have all found
the sltitude of the oxygen green line nightglow to be at about 100 km in
exect agresment with the azltitude predicted by the chamical excitation
mochanisue

2. Triangulation

The patchiness and irregularity of the S577A nightglow makes
height nmeasurements by triangulation quits feesible. Huruhata ot al
attempted Sriangulation height measurements from two stations in Japan
located 1110 km apart (205,208). They were able to gst only ons simul-
tsnesus weesursment on a small bright patch in the region of the sky ssen
by both stations. A height of 270 kn was deduced from this asingle obsor—
vation.

At Cactus Feak St. Amand ot al (104) made triangulation measurvements
during two nights in conjunction with another station 317 ka distant. They
obtained a2ltitudes of 100+10 km and 80410 km for the two nights of obssr-
vation. During the sams nights observatlons by the two~color Van Rhijn
mathed with the undevestimated extinction cosfficient resulted in an
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altitude of 200420 km (194)., Obaservations by Manring and Fottit (201,
202) from stations 220 km apart ylelded altitudes between 80 to 100 km.
Recont triangulation observations have been reported for stations 92 km
apart (Churchill and Bslcher, Manitoba (207). A statistical procedure was
used to correslate the intensitios found in the portions of the sky cbserved
in common. The resulting altitude was foumd to be 8535 km.
3. Doppler Temparatures
Several different meagsurements bave bean made of the Doppler
widths of the G577A line. An interferometer was used in all the measure~
ments. Measurements at the Lick Observatory yielded temperatures between
1685 and 231°K (208,209)« GCbservations in ireland were made by Armstrong
tween Fobe and April 1956 (210,211). Measurements of the low order dig-
persion yielded temperatures between 150 and 235°K and higher order dis-
parsion moasuraments gave temperatures ranging betwsen 180 and 220°K.
Taking the possible errors into sccount, Armstrong concluded that the moan
temperature wes about 160°K (210,211). Msasurementa by Wark at the Lick
Obacrvatory during May and June gave temperatures between 174 and 200°K
with a mean value of 184#15°K (212). Winter mcasurements at Loparskaya,
USSR (60°N) gave temperatures of 250433°K and 26Q136°K (213).
A model of the atmosphere above S50 km has been given by Nicolet. In
his model the temperature is given as 150°K at BJ km and 200°K at 100 km (214).
Obzervations of the temperature at 80 to 85 km in rocket grenade experiments
at White Samds and Churchill show the actual temperature to be somavwhat
higher (20 to 30°K) than given in Nicolat's model (70). The measured Doppler
temperatures are in general sgreement and imply altitudes slightly under 100 ku.
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The moasuremants at 89°N ure in dissgreement with the others, but this
is likely t© be dus to ehanges in the upper atzospheric structurs with
latitude and seazon. MHoasuremenis of the OH rotational temperature
dguring .the winter have shown the temperature to increass sharply with
latitude above 60°N, This tempersture increase undcubtedly ocours in
the layer producing the 5577 A emission also. Hemce, it appoars that
the sltitude indlicated by the Doppler temperatures is about 100 kz.

4. Rocket Observations

Five obeervations of the 8577A nightglow lager have been made
by uge of phcticaetere carried threugh the emititing layer on rockets. All
of the rocket msaourgmsnts rgported in tho literature have besn mads at
¥hite Sands, New Mexios.

The first successful rocket obeervation wes made in Nov. 1085 (213).
The 5577A nightglow layer was found to range from 70 to 105 ke Tho
peek emicsion was found to lie betwesn 80 and 85 km. Scme doubt exists
in the height of the upper boundary since the maximum gltitude attained
by the rocket m only 108 knm.

A second roocket shot was conducted in Dsce. 1985. Koomen ot al re~
ported the results of this messurezent (103). Date was obtained from the
resket for altitudes between 8% and 141 km. In a prelininary anslysis the
layer was found to lio Detwoon 80 and 115 I with a peak ezission at 96 km.
Thsro was considerabls scatteor in the data due to baokground variation and
layer patchiness. The f£imal analysis showed the peak emission to be at
88 km, the lower boundary betwaen €5 and 80 km, and the upper boundary
betusen 110 and 126 kn (87). The irndefinitensss of the boundaries was

attributed o layer patochiness.
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4 thizrd rocket measurement wes made in July 1858, From a preliminary
enelyeis Heppner and Mersdith found a sharp bage at 80 km, a maximum
smigsion at 84 km, a rapid intensity decrexse hetwesn 100 and 104 km, and
zoro emission at 118 Lkw (40). A full analysis of the data from thig obaser~
vation by Tousey (€41) changed only the altitude of peak emission frcm 94
km o 87 km.

Touzey (41) and Packet (44) have reported the results of two sddi~
tional rocke?t observations vhich give zbout the aame valuss for the layer
distribution as those reported sbove. The results of all five rocket
chasrvations are susmmarized in Tadle X.

Accurate measursnents by four different metheds have all yielded
saission altitudes of the S577A nightglow layer of about 100 km. Once
the early difficulties were ovorcome, the two—color Van Rhijn technique
sengistsntly gave emission altitudes near or below 100 km. With the
exception of a single meseurement of doubtiul accuracy reported by Huruhata
st al, the triangulation measursments all resulted in altitudss ranging
from 80 to 100 km. Tho Doppler temperature moasurements appear to give
rosults censietent with eltitudes siightly below 100 km. The peak emission
ritituds an deduced from five rocket flights through the emission layer
is sbout 97 kme The heaviest weight is given to the rocket measursmsnts
cus to the greatest accuracy of thiz method. It is concluded that the
5577A atomic oxygen nightglow emission layer is between 20 and 40 km thick,
has a peak cmigsion between 63 and 100 km, and ig distributed about ithe

maxismum with a sasgiler scale height below the psak then above the peak.
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TABLE X

Summary of Rocket Cbs¢rvetions of the S5S77A Nightglow

4 2 E-] 4 &

17 Nov 18668 3 AM 108 km = $0-88 km 70 km 108 &m
i3 Dec 1983 10 FM 142 20A 89 80 118
8 Jul 1886 1 aM 183 a9 87 20 130
28 Mar 1057 10 PM 140 18 88 2% 107
¢ Nov 1689 -~ ' - 18 7 76 133

: Mandsaum Rocket Altitude
Fliter Helfuwldth

Altitude of Maximum Emission
Lower Boundary

Upper Boundary

R0
nin

D. VYariations

The etomic oxygen nightglow emission at 5577A exhibits considerable
irregulavity in both space amd time. o large mumber of ohservational
studies have been conducted at ssveral locations in order to determine if
there is any pattern to the intensity variations. The final portion of
this ssction will deal with gsneral latitudinal and longitudingl varia~
tions of intensity.

1. General Variebility

In ono of his sariy studies of the atomic oxygen green lins

Rayleigh stated thet o found no sensible changes in the emission for
wooks at a time (160). Rayleigh's instrvments were rather orude and in~
sonsitive and Rayleigh was using the surorasl emission a3 a basis for comr
pasison. Observaetions with fester, morve sensitive instruments have ghow

consniderable variation of the intsnaity.
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Lerge variations of intensity Srom night to night have been noted Ly
obzorvers in the United States (85,318), Russie (83), Australia (217,218)
and India (219)., Several studics have shown large changes in the diurnai
pattern from night to night (83,217,218,330). Observations in Switzerland
have shown that most intonsity variations are less than 23% of the msan
value but that &in 5% of the cases the variation excesds 50% of the mean
intensity (170). Large intensity fluctuations during a single night
heve also besn noted (3221).

Obasorvations by Dufay and Tcheng made at different points in the sky
during the same night have revealed the £377A layer to be definitely mot
uniform (138). All sky surveys chow the layer to be vary patchy (130,232).
Rocke’ obssrvations have also dofectud considerable patohiness (87). Patchi~
ness of the emisaion layer causes large apperent variations in the altituds
of the layer during the night if the measurements are made by the Van Rhijn
tecinique (131). The pettern of the intonsity over the gky also sseas to
changs with time (186,258,224).

Obsarvations by Manring and Pettit revealed an intensity pattern which
did not change sheps from night to night but varied in intensity with time
(196). Observations at Tamanrasset over a throe year period generally
revialed an arc of waximum intensity oriented E~-W almost directly ovsrhead.
in general the intensity of the arc was relatively low at the beginning of
the night but the relative intsnsity inocreased through the night until
dewn such that it wes the domingting feature of the intensity pattern (224).

There are rars ccossions when the 55773 nightglow intensity becomes
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bright enough to be detected visually. Several cases of this have been
observede Rayleigh noted one such occasion on & Nov. 1051l. He made a
thorough study of the emission end found the aureral nitrogen bandz to be
aksent, indicating that the brightnses wes due to the nightgiow (228).

2, Diwrnal Variation

Early cbzervations of the 6577A nightglow by Reylsigh showed no de-
finite diurnel variation (157,228). In 1928 Mclennan {227) and Rayleigh
{228) wreported = distinot diurnal varietion with a maximum neer misinight
for obssrvaticons at Flagstaff, Arizona and Terling, England respectiively.
Foyr obasrvations over a period of one year Rayleigh found the ratic of
the intensity at the beginning of the night to that at midnight to be
0.7 to 0.2 (228), In 1830 H. 5. Jones reperted a similer variation for
cbheervations at Canberra, Australia (320). OCbservations im France
curing the winter of 1935--36 revealeod a wide variation in the time of
the diurnal maximum with maxima ocouring four to four and one half hours
either zide of midnight (230). Extended series of cbservations made in
the eariy 1040's in France (120) and the United States (231) confirmed
the existence of 2 generel nidright maximum.

At Cactus Peak, California an extensive serles of observaiions was
made of the 58774 nightglow varistions (85,95,132,101,102,198,320,232).
The éiurnal varistion generally exhibited a meximum within two and one hall
houre of local midnight. The meximm intensity was ususlly ebout twice
the minimum intensity end the predswn intensities were highor than those

Just afier twilight. In the su=mer the maximum tended to ocour before
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amddunights aid in the wipter after midaight. The intensity pattern
sppeared ¢2 be fived relative to the antisolar peint. To sn earth-bound
cbaarver the pattern appeared to move from cast to west. Thare were
local variations in tho pattern and alsd changes in the pattern with
time.

Cbservations at Sacremsnto Pesk, N. M. exhibited a small average
diurnal varietion with a maxiwum at about one third of the way through
the night (94). Thres types of diurnal variation were nmoted: & mid-
pight maximm (most common), a midnight minimum, and no variation at
all (least common) (84).

pweral studies heve besn reported for other locations. At Fritz
Penk, Colo. a diurnal meximum was gonerally found to0 be near midaight
{163). Observations at Haute Frovence revealed & skall diwrnal intensity
variation (leas than 10% of the avorage intenaity) and a diurnal meximn
within two houra of midnight (1838,180). Fiashkova and Markova generally
found a weximum near midnigh? for observations at Abastumani (53). The
waximum occurred within three hours of midnight at Naimi Tel, India (233).
Ovservations on 178 nights at Maruyama, Japan (35°N) revealed a nightly
masdmun nser midnight (234). At Camden, Australia, the maximum gonerslly
occurred three hours after locel midnight (207,318). Barbier et al ro~
ported the results for chservations made over a One year period at 49.3°8
in the Kerguslen Islends (235). They found the aversge diurnal intensity
veriation toc be only 8% of the average intensity, a diurnal madimum two
hours past lceal midnighty and greater intensities durdng the mecond half
of the night.
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in contrast to the ebove reports Sandford found no diurnel varlation
at Ecott Base, antarctica during the winter (238). At Poona, India,
ohservations made in 1934 ghowed a minimum beginniug at midnight vhich
lasted for two hours and a masdirum at dusk and dewn (237). Recant ro-
sultas for observations made during the IGY at Poona a:!wud & maxizum three
hours before midnight followed by & decroese of intensity till dawn (142).

Somo observers have found a soasonal variation in the diurnal pattern.
At Haute Provence Barbler rsporied that the diurnal intensity variation
exhibited & midnight maximm between Nov. and Mare., a slight increase
through the night batwsen May and Auge., a slight decrease during the
night during Apr. and Sopt., and almost no vaviation in Oct. (72). These
results were based upon 5-1/2 years of observation. Observations at Mt.
Abu, India, dotected a diurnal maximum one to two hours before midnight
in Feb., and shortly after midnight in May (218). In Jan. and Feb. the
intensity was gensrally greater before midnight and in Apr. and May the
intensities befors end after midnight were ahout equal. These cbserva—
tions were mede between Jan. end June only dus to the monsoon (219). The
resulta of three years of observations at Sendsl, Japan (38.1°N) show a ses~
gocnal variation in the diurnal pattern. The diurnal intensity variation
zhowed & midnight meximm betwesn Nov. and Fabe., & gansral increase curing
the night between May and Aug., & general decrease through the night in
Septe. and Oct., 1o variation in Mar., and a weak midnight minimum in April
(223). The seasonal changes of the diurnal variation at Heute Provence :

and Sendal are sesn to be very similar.
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Rgcently thgre have bhoan some reporis of a twilight enhancament of
the 55772 emisaion. The early studies of Dufay and Tcheng showed no
trace ©f & post-twilight deMe (150). In 1858 Dalgarno wag unable to
find any cefinite observational support for a tvilight cnhancement (45).
Obsorvations at Fritz Peek and Repid City wers reported by Megill in
1860 which showsd a definite tuvilight enhancement (1668). In a later study
Hegill et al reported that the tvilight enhancement exhibited a scasonal
dependence (238)., For chservaticns over a year at Rapid City they found
that the twilight enhancement occwrred most frequently 4n the fall and winter
and almost nover in the spring and swxmer.

3. Seasonal Veriation

The earliest studies of the seseonal intensity variation were
made by Rayleigh (160,226). For cobservations at Terling Rayleigh found
an annual meximum in November and low values in the winter with a maximum
%o minimm ratio of 3.8.

Since 1930 a large number of studies have been nade of the seasonal
inteneity variation. Thess are summerized in Table XI. A study of the
data in Table XI reveals a general tendency at every station for an
intensity maximum in the fall. There iz also a general tendency for a
ninismum of intensity in the winter or springe. There seems %0 de a latitude
effect in the seasonel variation. Stations located bslow 35° exhibit maxine
in the early spring snd early fz2ll and mirima in the winter and sumner.
Poloward of 35° thers is 8 general tendensy for a strong fall maximum and
a prolonged minimum during late winter snd spring. Many of the stations
l1isted in Teble XI reported smaller intensity varlations which are not

listed in the table.



location

Tananrasset
Algeria

M. Abu
India

Sacremento

Pe&k 'Y MNew
¥exico

Mt. Palomar
Calif,

Cape of
Good Hope
Canberra
Australia
Maruyena
Japan

Cactus Peak
Calif

22.8°N

24.6°N

32.7°N

33.3°N

34°8

35°8

35°N

38.1°N

219

o4

152

231

232

Tazhl X3

Sunmary of Seasonal Varietion Studies

Ohservation J F M
—Beeord . ..
J A 8
- Min
- Min
Jax-May 57 Min
Jan~Jun 58
1~1/2 yrs Min
{125R)
1~1/3 yrs Mo
(680R)
- Max
{470R)
1lyr
4 yre Min
2yrs Min
4 yra Min
(160R)
4 yrs

8 G N D
M A B J
Max
Max
Max No Cbzervations
Max Min Max
{400R) {125R) {400R)
Min Max Hin
(230R) {470R) {370R)
Min Max Min
(250R) {330R) ¢ 250R)
Min Max
Max Weak Mox
Min
Weakilax Weak Max
Nin
Max Min Max
(310R) (220R) (3B0R)
Min Max
(240R) {420R)

*g0t



Teble XI {(contioted)

Location P 7
Cactuns 38.1°N
( conte )

Sendsl 38,1°N
Japan

Abastunani 41.7°N
USSR

Haute £3.,9%N
Provence

France

Kerguslon 49.3°8
Iglands

Teriing 52°N
England

Scott Baso T7.9°8
Ante

25
85

223

53

425

72

Observation
~Becord .

5 yrs
5-1/2 yrs

3 yrs

1-1/2 yrs

1-1/3 yrs
5 yrs

14 mos

11 yrs

May-Sep 59

iin
{260R)
Min

u J J A S Q ] D
N D J F M A M N
Min Max
Max Min
Min Max
Min Kax
Woak Weak Max
Masx Min
Max Min Masg
(45CR) C300R) (450R)

Weak Weak Max

Max Min :
Yeak Woak Max
Max Min
Eex
No Obesrvations High
Intonsity

“2g0Y¥
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A ssasonal vaeriation in the everage direcction of maximum intensity
hap boen found et several mid-latitude stations. At Szeramento Peask
{32.7°N3 the aversge dirsctien of the maxinum intensity is utrongly north
during winter, slightly to the sonth in the spring and fall, end alightly
norih or almset overhead in the summer (£4.202). At Cagtus Peek (36.1°N)
batezen Dgo. and Apr. and betuser Jund snd Sept. the maximum intensity m‘
alrost alwaye to the morth of the statfon and generally to the south in
April, Mey and Sept. thrcugh Nov. (85,98,232).

Tho rgtio of the intensity at a 75° zenith angle toward the north to
that tovard the pouth was moesured at Niigata, Jepan (37.7°N)s This
ratio was highest in Jan. and greater than one in June and July indicating
higher intensily to the morth. In Apr. and Sept. the stronger intensity
wes found to the south (261). |

A rgvergal tekes place in the seazonsl variation of the directiocn of
neximm intensisy at Bsute Provense (43.9°N). Obgervations reported in
1953 gave the rimimm to the south in Febe. and July (216). A later study
reported in 1650 showed the maximua to be to the south between June and
Aug. and in Bove (230), Whersas the higheor intensity was north in winter
and summer and south in spring and fall for the ﬁrw ptations below 38°N,
st Haute Provence the varietion 45 rather irregular with a tendency toward
atronger intensity ¢o the south in the summer end winter.

4. Latitude and Longitude Variaticns

Rayleigh (242) wes the first to conduct an extsnsive study of the
varistion of average intemsity with latitude. With tha ecoperafticn of

several other obgervers he obtained the svorsge inteansity mazasuvensnts b
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14 :mgs,%m over the glebe iz hoth the morthern and scutherh hemigphere.
ho date gathered by Rayleigh revesled g very irregular variation of
intensity (262). Abcut the only conslusion that covid be made ves that
the intensity sesmed tO be lower at low latitudes.

Buruhata and NeXesmura hove reported the results of observations made
ehoard 2 ship traveling from Japen to the Antarctic (S5°N ~ 68°8) and
back. The £irst round trip woe made betwsen Nov. 1988 and Apr. 1857. The
choprvational values sxhibited considerable scatter but a generdl varia=-
tion whth geogrephic latitude was detected which showsd a minlmum inten=
5%y at the equator 243,2¢4,245). A sacond voyage vas mada bstwsen
Go%e 1057 ond Aprs 1938, The intensity exlidbited a minizum at the
couator, a maximum at sbout 30°, a secondary niuiwm between 35° and 40°,
and a rapid increase abovs 40° (246). The results obtained from the
obporvetions made during & thivd voyage were tho peme as the first two
7267). In 21l three cages the variation wie with gevgrsphic apd not geo-
Tagnetic latitude.

Sarbier made a cosparison of the intensities at 43.8°N and 23.7°N,

He found the intensity to bs bigher at higher latitude (85). Cbservations
4t 16.1% (15) have yielded rolatively low intensities (120 B compared to
the acospted meen value 62 250 R)e At College, Alaeka, the dntenpity
betusen Jen. end April averagsd 2400 R (248). This very large valus was
undoubiedly dus to aurcral contemination.

Some of the chservaiiouns made during the IGY are summavived in Table
#I13. Only those stations reporting more than 300 obssrvations chich cover

the cntire calender yesr ere includeds As seen fryom Teble X1l the latitude



TABLE XXX

Results of IGY Observations (167) of tho 5577A Nightglow

Siatign
Ondrejov
Sirferopol
Repid City
flsute Provence
Mepambetasu
Fritz Peak
Sendal

Migats
Kakloka

Gifu

Hesruyana
Sucremonto Peak
Temonrasset

Canden

Intemity& at Sslscted Stations

&
£D.9°N

44,8°N
44.0°N
43.9°N
43,9°N
32,9°N
38,1°N
87.7°8
30,35
35,8°N
35,0°N
33.7°N
22,8°N

34.1°8

2
15.0°E

34.1°E
103.1°%
5.8°E
144.2°8
105.5°W
140.6°E
138.8°E
140.2°E
137.0°E
140.0°E
105.8°%W
5.8°E

120.6°E

Intensity in Rayleighs (R)

i, Latitude
2. Longitude

3., Magnetic Latituds

4, Number of Obmervations
5. Lower Quartile

G HMedian

7s Upper Quartile

+25.0
+24.8
4146
+35.4

=f£2.,8

€98
44
867
2280
717
13g9
1170
620
16056
613
819
1332
2780
1884

239

i85
260
75
252
183
2138
1es
13
198

i28
124

335

2056

282

245

ais

asz

279

170

173

168,

370
376

485
320
385

280

328

220

281
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variation of intensity is guite drrsgulex. A good part of this irvegu-
larity i prohably dus to the difficulty in the aboolute cslibratien of
the photometerss HNo noticenble isprovameat iw mide 1€ the intensity is
token an 2 function of geoonagnotic latitude. In gensral tho intsrsity is
lewgst in the tropics gnd inoreases with latitude. Thors is some indica~
ticn of & aeccondary minimum betwesn 35° and 40°, Somg support for a
sescondary ninicun is also given by ohservations made at four leeationg in
Japon Over a ond yoar period of the direction of highest intensity. Thres
stations with latitudes ranging from 34.8°N to 36,2°R found & highor in-
2engity to the south while the fourth station at 43.9°N obmerved a
higher inteasity to the north (24%).

The amplitudo of the aanval intensity variation is affecied by changos
in location. Rayledgh sad Joncs found that tho annuel variaztion at
Teriing vas muck larger then that cbserved at either Capse or Canberra (240),
The veriations shouwn in Table XI are quite irrsgular and show veriations
at o singles station from one obsarving perlod to anothers It can only be
concluded that tho amplitude of the ssasonal variation varies from one
station to another and gles from year to yoars

Beversl definite longitude effecta have been ohasrved. The 55772
nightglow appears to be enhanced near the regiosn of the South Atlaatie
goomagnotic snomaly (350,251). It can be questionsd whether this is
airglow or auroral enhancement. OCbzervations over a two year period at
Sacreventc Peak revealed a consiztently highser inteasity to tho east of
the atation vhich beSeme more f)mimucsd duving the gpring (202).

Soms studies have basn made of the diurnal variation to see if any
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lcngltudingl effects ecould be detected. Simultanscus . observations
heve beesh made on several nights at Cactus Pezk and Sacremento Paeak. A
differsnce was found in the local time of the diurnal masimum (94). It
was concluded that tho diurnal pattern exhibitsd swell local variations and
that there was soms longitudinel variation (252,233). Simultaneous obser-
vations at Haute Provence and Cactus Peak confirmed the conciusion astatsd
above (316).

Sunmarizing the differvent variations of the S577A nightglow the
following general conciugions can be made. The emission s very patehy
and cxhibits congiderable variability from night to nighte The diurnal
pattern charges with asasen in midtne’ latitudes but on the aversge the
intensity reaches a maximum vslue during the middle of the might. The
ssasonal variation pattern is a function of latitude. Below 35° a maxi-
s intensity oceurs near the squincxes and a minimum imtensity nsar the
solgtices. Above 35° there is a %tandency for a fall maximm and a minimun
during the winter and spring. The intensity is lowest near the equater
and increases with latitude. There are dofinite indications that sscon~
dery intensity minimum exists between 35° and 40°. Definite intenaity

variations with longitude have 2iso besn found.

E. Correlations

The atomic oxygen green line in the nightglow is probably correlated
#ith more phanomena than any of the cother airglov emissions discussed in
this study. There are several strong correlations vith other nightglow
onigsions and algo gome reletions with vavicus geophysical phenomena.
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A high correlation bas been found between the §577A line and the 0,
Herzberg bands in the aightglow. Observations at Fritz Peak, Rapid City,
College, and Thule shoved departures from this correlation only during
suroral ephancement (N, + bands cbgerved) (173). For observations over
a 2-1/2 yoar pericd at Frite Pesk, Roach found a correlation coefficient
betwesn the intensities of 55774 and the 36702 Hersberg band of 0.03 (163).

Ssveral workars have reportsd s astrong corrslation with intensities
in the contimmum region. A seriez of obsorvations st Haute Provencs have
revonled that the 5577A mightglow lime end the 5180A region of the contimmm
vary similarly on both e diurnal and anmupl basis (183,100). Tchmatsu
dotected & good correlsticn of the atomic oxygen nightglow and the 52004
goatinuun emigsion (254). Obsservations at Brisbans, Australia alse ve=
vealsd & high correlation with ihe intensity a% 5300A (174). Roach found
o corvelation coefficlent of 0.66 betwosn the 5677A and 5260A contiruus
smigzions in the nighiglow for data collected over a 2-1/2 year period at
Fritz Peak (183)., Feor the ggme observaticne Roach found a corralation
of 0.84 betwesn the 55774 and 4400A contimma ewissions (163).

Beveral studies have revaealed only a weak intenaity correlation with
the 6300A atomic oxygen nightglow (101,148,236). Dufay and Tcheng made
obssrveticns at tho zenith and at 70° from the zenith and reported correla~
t4on coafficients of 0.15840.100 (85 obmervations) and 0.35610.077 {127
oheervations) respectively (148). It is not surprising that the correle~
tion 1g 80 10w eince in the region of the 5577A emission the long lifetime

-]
lD state which is the upper state for the 63004 enmispion

1

€110 gec) of the

allows encugh time for ths "D oxygzen atoms 0 be collimionally deactivatad.
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The indenzity correlation wilk ths sudiun nighiglow was found %0 be
0.,10810.104 for &1l zenith chaervations and 0.38140.080 for 208 70° zanith
shgervations at Haute Provence (148). NO correlations have been found he~
tween the intensitice of the stomic oxygen gresn line and the OB bands.

Some correlations with ionospheric phencmena have boen feund. St
Amend reported that the 55‘2"?3 intonelisy varistion was similer to varig~
tions 4n the height of the F region (355). An increase of G577A night=
glow fntensity with current dengity inm the lower lonosphere has been Jound
ny Rossh (183). Obssrvations at Fritz Peak of the 5577A intensities
ahich exceed 430 R ghow a good correlation with several ionospheric pars~
meters (179).

Thers is some digagreement on the sorreletion betwsen 55?710\ nightglow
intsnsilty and megnetic phenomene. The early observations of Rayleigh
showed no relation with the degres of magnetic disturbance (157,226). Later
Rayleigh and Jones found indicaticons of higher intensity on magnotieally
diaturbed days (240). Ubservatione over & 3-1/2 yesr period at Haute Prevense
“gvenled some correlaticn with strong magnetic activity end a strong cor
relation with megnetic perturbations {148). Obsasrvations during 66 nights
a% Cactup Pesk revealed an spparent negative correlation of 55772 intenasity
wih a&p“%”\“(zsz).

Since 1850 a number 0f studies have been reportsd on the correlation
of 8577% Antensity with megnetic phenousna. Obgarvatioms st Camden, Ausbralic
{~42° Magnetic) reveal little depentdence vupon K except for XK greater than 7
{217,218)s After removal of autocorrelation no reiation with Kp could be

found ip tho data tsken at Maruyama (234) and only a very wesk imverse

® Xy is the average planetary magrotic index, X i the local magnstic indox.
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relation with X o (6% mignificent) could be detected in the chservations
a% Sacrementd Pesk whan Kp was seven or less (256). At Sacremsnto Pesk
there seen? t0 be & direct raelation between the intensity and kp for Kp
sraater than eeven, but this is based upon only ten cszses (2568). Ckuda
shaerved enhancensnts of intensity ut no relation with gescusgnetic
activity (107). At Brichans, Australia a posaible corrslation with high
K wvas found (174)s At Fritez beak and Repid City a strong correlation
wes found by Roach when K exceeded four (2357). The range ©f cbsorved
intensity also increasaed with K. It was concluded by Roaoh that these
relations were dua to contamination by surcral emiggion (257). At College,
&laska Loth the intensity and the range of intensity variation imcw
with msgnotic activity (248). Observations o the north and acuth at
invercargill, New Zezland (=§1° Magnetic) showsd a strong depeidionce of
smigsion intensity an K in both directions whether aurora could or could
not b deteoted wisvplly (368). A strong intensity dependencs upon K was
found for observations at Scott Base (77.9°8) vhen K exceaded three {(238).
The »slation vwas hetter with the local K than with X ° |

The 85774 nightglow intensity was coxpared with the local compononts
of the magnetic fisld. At Fritz Poak a geod correlation was found v!.ih
negative changes in H, pmicuiarly vien the intensity exceeded S00 R (259).
Ho psricds of geomsgnotic activity wore included in this study. Obasrve~
¢ions at Brisbans have confirmed this result (174).

At Rakicka a semiduwrnal suhencement of intengity with lunar time was

ohserved (280). Davidscn examined the IGY cbssrvations at Camdsn, Haute
Provence, and Rapid City for variations with lunar ¢time. A varietiocn was
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Zoued at esoh station hut the phase ot each stetion was different and there
was & large stetistical unecertainty in the results (261). Davidason pointsd
sut that most chegrvations were =zade during perdcds without mcoonlight and
+hion this was token into considerxation glong with the uncertzinties found
above it muet be eoncluded that little or no varietion of intensity with
lunar time exiaets (261).

Seversl sttempts have been mede to correlsty the 55774 nightglow
activity with solsr activity. The earlier studies by Rayleigh showed no
relation with the transit of suagpots (1567) or short term sunspot varis~
tion (180). A later report by Rayleigh and Jones for observations at
Terling (11 years), Canberra (8 years) and Cepe (8 years) gave corrsliation
ccefficlonts with the 11 year sunspot oycle Of 0.60, 0.79 and 0.68 rsspec~
tively (240). Dufay and 'l‘eheng found a 0.5 correlation coefficent with the
rolative sunspot mumber for 3-1/2 years of observations (148)s There was
& definito correlation with sunspots for nine yeaira of shssrvaticng at
Sscrsuwento Peak (282). At Cactus Peak 1o apparent relation with sunspois
could be detected for chservations between Nov, 1948 and Mar. 1284 (85,232).
Ghoesvations over periods less than s yesr showed no indicaﬁ.on of corro—
intions with sunspots (233,246). Cbeervations over & five year period at
Sendad also failed to ghow eny rslation with sunspots (283). There ars
obcervations of & 27 day recurrence of high 5577A intensity which indicate
the possibility of a direet soler influence (148,248).

Tho 8577A nightglow emission is seen to be definitely correlated with
the continuum and O, Horzberg emission. There are definite indicaticns
of a relation with magnetic activity and ilonospheric variations. Vhother
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these lest two relatiomns are due to exvoral enhancemsnt of the 55?73 line
iz open to queaticn. Stations with a lemg record of obssrvation show a
definite correlation with the sungpot oycle while no relation iz cdvious

at stations with a shorter obssrvatlosn period.



108,
RELATIONS DETWEEN THEE AIRGLOW AND DYNAMICAL PROCESSES

Photochenmical equilibrium procgsses ere entirsly unzbhle io explein
certain festures of the airglow exissions. At high latitudes the OH
nightziow emission not only continues during the entire winter but aleo
rsaches maximum intensity during the middie of the winter when photo-
chemical squilibrium predicts that the intensity should decreasse.

Sevsral investigators have shown that neither ionization nor chemical
combination cen yield the large seasonal variation of sodiwm abundance
that 4g cbserved in the middle and high latitudes (117,142,185). Tohmatsu
has shown that the intensity of the stomic exygen 5577A nightglow depends
ugon the total smount of atomic oxygen in the oolumn, the verticel dis~
tribution of the oxygon stoms, the reaction rate, and the transition pro-
bebilitiens The reacticn ré.te and transition probabilities are esgen~
¢tially constant 80 that the enly variation would be the amount and dis~
tribution of atomic omygen (atcmic oxygen concentration). Tohmatsu found
thet the time constants for the change of stomfc oxygen comventration by
photodissociation or chemicsl reoombination wers guite large (greator than
10% moc) at 100 km such that photochemical equilibrium in & static atmos—
phere is totally unable to explain any of the diurmel or short term 55774
intensity varistioms (264). The seasonal intensity varlations of the
atemic oxygon and sodium nightgiow also appear to defy explanation on 2
basis of static photcchemicel equilibrium.
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Under photochsmical equilibrium oonditions the ozome-hydrogen exci-
tation process of the CH pightglow takes place at about 70 km. The
resulte of rocket ohmarvations ghow that the maximum COH emission layer
45 10 to 16 kn higher than 70 kms If the OH excitation is dus to 0 es
proposed by Krassovsky, then the emiassion should originate at 95 to
100 km (about 10 to 18 km higher than the altitude deduced from rocket
obzervations)e. The altitude of the sodium nightglow enission as pre-
dicted by' the controlling chemical reactions is 15 to 20 km lower than
that observed by the use o2 roskets (45,88).

Studies of the deformation of sodium vapor trails ejectoed from
rockets, the deformation of ionization trails left by mateors, ths
spread of radioactive tracers injectad by high altitude atomic tests,
and atudies by rocket grenade, chaff, and falling sphere experiments
have all shown that the upper atmosphere is far from static. Strong winds
have bsen found in the rsgion of the alrglow emissions. Several of these
safme experiments have also revealed the existence of strong turbulence
and signifticant tidal effects at the altitudes 0f the airglow emissions.
The observed turbulence, tides, diffusion and vertical and horizontal
motions undoubtedly play a significant part in controlling the cmission
intensity of the airglow by changing the concentrations of the various
reactants in the cheumical processss producing the emission. Ubservations
of the atomic oxygen nightglow have revealed movements of the nightglow
pattern at speeds of 90 to 150 meters/mecond (171,174). Evidence has
been found for a definite rotational motion of sowe of the features in
the atomic oxygen nightglow pattern (171). The differcnce between the
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obsorved features of the alrglow and those predicted by photochamical
equilibriua in g static atmosphere must be due to dynamical processess
As The Effect of Turbulence

All three airglow emissions investigated in this study exhibit an
irregular, patchy distribution of intensity., Tohmatsu (264) attributes
the 55773; nightglow patchiness to veriations in the atomic oxygen concen=
tration of the emitting layer. The patchy distribution of the CH and Na
nightglow are also dus ¢o variations in the concentration of the reaectants
which produce the emission. The concentration variations are probably
due to turbulence.

S8everal workers have investigated the wind structure of the layer
between 80 and 110 km by observation of meteor trails (285,266,267) and
the injection of sodium clouds (208,280,270,271,272). All these inves-
tigaticna have shown the airglow emission laysr to be quite turbulent
with a wide range in eddy size., The larger scale oddies could quite
possibly be responaible for the patohy appearance of the nightglow.
8ilverman has observed an occosion of largs short term intensity fiuc-
tuationa throughout a single night. During this night there were no
indications of auroral activity but strong radio ster scintillations were
chosrved indicating density veriations in the uppser atmogphere due to
turbulence (221).

iIn order to sxplain the patchiness of the CH emission Nakamura (27)
investigated the effects of localized turbulence upon the change of the
reactant concentrations in the emitting laysr. He based his calculations
upon the crzone~hydrogen resction and used the results of Bates and Nicolet
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(28) who have detormined the ozone and hydrogen concentrations basgsd upon
photochemical equilibrium. Nakamura found that if the CH layer is at
70 km the intensity will increase due to ascending currents into the L
omitting layer, vhich will locally increase the ozone concentration.
Descending currents into the 70 km region will bring down excess atomio
hydrogen from the region neor 75 km whare Bates and Nicodet (28) pre=—
dicted the maximm atomic hydrogen to be located upon the basis of photo-
chenical equilibrivm and thus algo inorease the OH emission intensity.
Nakamura alzo found that if the OH emission layer lies above 75 km and
balow 90 km, the intensity will be incrsesed by ascending currents which
will bring up higher ozone and hydrogen concentrations but will be de~
creased by descending ocurrents which will bring down lower ozone and
hydrogen concentrations. The vertical currents which occur as & result
of turbulence in the mssosphere are easily cspable of varying the CH
cuisesion intensity by an order of magnitude according to Nakamura's
calculatio:;s (27). Ths rapid temperaturs decrease normally found in the
upper mesospheye (70 to 85 km) will allow strong vertical currents due to
turkulence to exist in this reglon.

The difference betwesn the observed CH emiasion altitude and that
predicted by photochemical equilibrium can also be explained by vertical
wixings Krassoveky, in one of his argumsnts against the ozone~hydrogen
procoss, remavked that, at 70 km, there was insufficient atomic oxygen
to gupport the CH emissicn by the ozone~hydrogen process. He argued that
the ozons~hydrogen process could only be sufficient if strong vertical
convection wers occurring which would bring the nesded atomic oxygen down
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to the emitting altitude (23). Tho atomic onygen is formed above 100
kn by cdimsociation of 02. Kragsovsky later found that, even for his 0’5
procoss, atemic oxygen must reccmbine below ’100 km i£ the rate 13 to be
sufficiently rapid and hence musgt be brought down into the 80 to 100 kn
region by turbulence (17). lore recent ocalculations by Krassovsky have
shown that, regardloss of which process produges the CH nightglow, the
hydrogen recycle procasa vhich involves atomic oxygen requires a large
omount of atomic oxygen to enter the emitting region (26),

Turbulence could poseibly alter the vertical distribution given by
photechenical equilibrium of tho concentration of the various chemical
constituente in the airglow region. It could possibly increase and
even maintain higher atomic oxygen concentrations below $0 km than those
predicted by photochemical equilibriums. Vertical turbulent mixing could
aleo increase the H, 03, Na, Nal0 and mz concentraﬁonu above 75 km so
as to give the observaed altitude distribution of the GH mnd Na nightglow
emigsions. Even the atomic oxygen 5577A emission seems to originate
gomovhat below (4 to 6 km) the altitude of maximum atomic oxygen concen-
tration predicted by equilibrium considerations. Downward mixing of atomic
cxygen by turbulence could very well be regponsible for this maximum emission
altitude difference. Threa rocket measurements have been mede of the O
and 6)2 concentrations between 62 and 175 kme Below 85 km and above 120 km
the concentrations of 0 and 0, agreed with theoretical predictions (273).
Between 00 and 120 km, no meaningful snslyeis of the rocket data wes pos-
sibls. This result could be dus to turbulent mixing in the 90 to 120 kn
layer. HNicolet has reported that rockot¢ ocbservations of the 02 distribution
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above 100 km show that atmospheric mixing processss are operative at and

above this level (274).

B, Tidal Effects

The dirunsl variations of the OE and Na nightglow show & tendency for
minisum intensities neer or somowhat befors local midnight.  The atomic
oxygen nightglow exhibits a tendency for an intenaity maximum near mid-
aight. In gll thres cases the diurnal variation seems to be dependent
upon latitude and season. Tidal effects causing deneity (concentraticn)
changes in ths emitting region might explain the gbserved diurnal intensity
variations of the nightglow. | |

Observations of meteor trails (266, 287, 275) have shown that above
80 km tidel effeocts are importent. Both dirunal and semidiurnal tidal
cuTponents are observed between 85 and 105 km. At 96 km a diurnal density
voristion with an awplitude of 13% of the mean value hase beon found from
chservations at 53°N durirg the winter (275). The amplitude of the 24
hour density variation dncreased by a factor of three between 86 and 105km
and a 12 hour density veriation with an amplitude of one half the 24 hour
variation was also found. A seasonsl variation in the phaso of the diurnel
t3de) wind between 85 and 100 km was found for observations at Jodrell Bank
(53°N) over a five year period. The phase changed by about 10° per month
£rom Jane to Auge. but betwesn Sept. and Nov. the phase shifted rapidly anmd
irregularly. The time of this sudden phase shift varied from year %0
yoar (267). A semidiurnal tidal wind component of 20 m/sec was algo found
at Jodrell Bank. The ampiitude 0f poth the 12 and 24 hr tidal wind components
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ircrensed with altitude vwith the larger increases tsking place durlny
the winter (276).

The atomic oxygen emission intensity has been shown to vary with
density if the ecmission layer expands or contracts adisbatically. A
10% change in density will cause a 30% change of intensity. Higher
densities yield higher emission intensities. Vertical velocities of
e fow civsec are sufficient to csuse the cbserved diurnal intensity
variations (184,241). If tidal effects are responsible for the in-
tengity vaviation the variation will be a function of local time. The
5577R emission will be a function of location if turbulence is respon-
gible for the intensity variation (178). Pressure oscillations dus to
tidal effects will also cause intensity variations since the atomic oxygen
congcentration in the emission region is essentially constant during the
coures of a siniile night (277). Simultaneous observations have becn mada
of the 5577A nightglow at Cactus Peak and Sacremento Peak (252,253) and
also at Haute Provence and Cactus Peak (210). In both these cases the
dirunal variation was found to be a function of local time with small
ijocal mcdifications thus showing that both tidal and turbulence wffects
are operative with the tidal effect being predominant.

The ssasonal veriation of the diurnal intensity pattern of the 55771"’;
emigsion may be assccisted with the seasonal phase change of the diurnal,
tidal wind component of the type found at Jodral;. Bank (267). The inten-
zity veriation and the diurmel wind components are both strongest and
both exhibit irregularity during the sutumn.

A study by Ballif and Venkateswaran (77) of the diurnal variation of
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the OH nightglow as produced by the 0 and 04 processes hes shown that
neither of these processes can duplicate the obssrved diurnsl varigtion
vhen considored within a framework ¢f local photochemical equilibrium.
Thess two processes are the only ones known to bs cepable of pmducina
the obmerved high comission intensity. Hence some dynsmical process must
be operating to chenge reactant concentrationsg in the emigsion layer.

Vertical motions were postulated by Naksmura in en attempt to ex-
plain the diurnal variations of intensity sz well as the patohiness
o2 the OH nightglow (27). Nakarura detemined the variations of the
absolute intensity by taking an average of the intensities over the
entire sky after they had been reduced to equilivant zenith intensities.
The nightglow layer was assumed to ascend and descend adiabatically.
The changes in the emission intensity were assumed to be dus only to
changes in the reactant concentrations caused by the adiabatic expen—
sion and compression of the emitting layer. Nakamura celoulated the
adisbatic change in the height of the emission layer necessary to repro-
duce the obszerved diurnal absolute intensity changes. He also calculated
¢he vertical velocities necessary to accompligh the altitude change 8o
that tha rate of variaticn of the emission intensity would be equal to the
obasrved rate. Nakamura's results showsd that adiabatic descent would
cauge the intensity to decreage and ascent would cause the intensity to
increases. The vertical velocities found in this manner were betwecn 4
snd 10 em/sec, which could be produced by tidal effects.

Makerura's observations of the UH nightglow revealed a seasonal variation

of tho diurnal intensity variation in which the daily curves showed a greater
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similarity in the winter than in the summer with a definite midnight
minimum in the winter snd constant or slightly decreasing intensity during
the night in the summers This variation might be related to the strong
diurnal tidal wind component found during the winter and the weeker diurnal
wind component cbssrved quring the summer. Nakamura also noted that his
cbgervations o2 the diurnal intensity variations sesmed to show a diurnal
and a semidiurnal component which would lend further support to a tidal
axcitation mechanism.

The divrnal pattern of the sodium nightglow intensity has been found
£0 be vary similar to that observed for CH with the Na diurnal pattern
8180 exhibiting the same seasonal variation as that of OH. It sesems very
ilkely that the diurnal sodium intensity variation is controlled by the
ceme mechanism as the OH diurnal intensity variation. lence it seems to
be very possible that all thres compononts of the nightzlow have diurnal

variations due to tidal effects,

C. Short Term Intensity Variations
Ubservations of the eodium, hydroxyl, and atomic oxygen nightglows
have shown that large, random, day to day variations are a charscteristic
feature of these cmissions. Thess random intensity fluctuations ocould be
aggociated with the large irregular, day to day variations about the sca-
gonal meen wind that have been showmn to exist betwoen 85 and 100 km by
meteor trall observations (266,267,278). Unfortunately there 18 no series
of simultanecus observations of both the airglow intensity and meteor winds

at the same location to show if these two phenomena are correlated in such a
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manaor that the day to day differences in the wind will cause corresponding

changes in the airglow intonsitye.

D, Origin of the Upper Atmosphsric Sodium

One of the major problems arising from a study of the sodium nightgicw
ias the explanation of the largs annual variation of the atomic sodium
gbundence. Photochamical equilibrium processes and sodium lonization have
been found to be completely unmable to axplain the observed anmual varis~
t4on. Shortly after the icdentification of the sodium nightgiow it was
sugpested that the scurce of the sodium was extraterrestrial and that it
vus released into the upper atmogphere by the burnup of meteorites (82,83).
Early twilight observations of the sodium abundance showed a sodium s22le
hedight of 250 km between 250 and 600 km, thus svggesting an extraterrestrial
source of sodium (11l1). Soms investigators have proposed that the sodium
ebundance i8 due t0 a Na solar wind similar to the solar proten nux-(ez.ss)g

Obsarvations of the annual sodium abundance variation in the southorn
hemisphere have shown that the variation is seasonal and six months out of
phase with the northern hemisphere abundance variation. This a;'éuea ageinat
an extraterrestrinl source for sodium., Simultaneous observations of the
meteor f£lux/24 hours and of the twilightglow sodiunm sbundance have been
mnade at Chrigtchurch for a one year period. The results of these cbser—
vations have shown that tha sedium abundance does not depend upon the rate
of meteor influx (156)., Calculations of the sodium influx of the sodium
zolar wind have shown this source to be incepabdle o2 explaining the godium
sbundance and variation (105,278).
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Several invaestigaiorg have suggested that the sodium is of marine orxigin.
Gbsorvations of the lithium and potessium twilightglow have been made and
the lithium and potassium abundances deducsd from these observations havs
been compared with the observed sodium abundances. Donahue has found that
the obgsarved Li/Na ratio is between the Li/Na ratio found in meteorites
and in the ccaan (278). The observations of the Li abundance are guite
poesibly contanminated by lithium injected during nuclear tests which took
place shortly before the Li twilight observations. The Na/K abundance
redio has been found to be almost the same as the ratic of thess two
compounds in seawater thus supporting a marine origin for the sodium
€125,280).

Junge has presented an argument asainst a marine origin for sodium
{278). Heo has found that if gea sa2lt particles are the sodium source, then
the very sizs of the particles prevents them from being carried in suf~
ficient quantity to altitudes above 70 km where the sodium atoms become
dstached from the particle and thus produce changes in the sodium abundance.
Junge's calculations show that not even the smallest salt particles
(0.1 radius) will bs carried above 50 km. Ho further found that if the
Na “evaporation"” from the salt particles isator below 30 km then tlic salt
particles can supply sufficient sodium by molecular disparsed Na0 end Naog,
but he considered "evaporation" of sodius from the esalt particles to be
extremzly unlikely below 70 km.

Junge calculated the sodium flux due to extraterrestriasl sources and
found that only metsors could supply the observed sodium sbundance. In
fact he found that the anmual sodium fiux from meteora was 30 times higher
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than the observed winter sodium abundances (278). A factor favoring
neteoric origin of the godiuam is that the meteors burn up principally
between 80 and 100 km, at just the altitudes vhere tbe nmaximum free
sodiun concentration is found.

Kalkstein (281) hag found that the residence time above 20 km :éo:‘
radicactive dehris injected inte the atmosphere at 43 km with the major
portion of the debris rising to about 100 ki a8 & ram;lt of tha nuclear
blapst is about 10 years. It would be expscoted that sodium entering the
atmosphere from meteor burmip betwsen 80 and 100 km would have & similar
iZ not longer rosidence time since the meteor burnup would create f£iner,
lighter particies than produced by atomic testinge This implies that the
greater part cof the sodium in the upper atmosphere exists in a‘ cembined
form and that the total amount of free and combingd sodium far exceede the
amount of free sodium found in the night or ¢twilight alrglow. Using the
sodium infiux rate due to metsors and a residence time 0f 10 years above
20 km it is neen that the total awount of scdium 1s more than two ordors
of magnitude groater than the amounts of free sodium observed in the air-
glowe This undoubtedly accounts for the observed independence of froe
sodium ghundance vpon meteoyr flux rate. In conclusion it sppears that
the sodium is probably of meteoric origin and that only a small fraction
02 the sodiun exists in the free neutral state. The potaseium abundance
observed in the airglow strongly detracts from the conclusgion &z m the

sodiva erigin.
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e Osneral Circulation and Seasonal Alrglow Varistions

The last remaining topic to be covered i the relations between the
seazonal airglow variations end the upper atmospheric circulation. The
eeasonal variations of observed upper atmospheric parameters will be pre-
gented /xirst followed by a discusgion of poasible relations of these
circulation foatures with cach of the airglow components investigated in
this study.

The temperature structure and variations in the upper atmosphere have
besn invéstigatad by means of rocket soundings. The principal temperature

measurements have been made at Guam (13.5°N)(282), VWhite Sgugs, N. M.

(32°N)(283,202), and Churchill (69°N)(70,285,288). At Guemgitne firings
wore conducted curing Nove. 1958 The temperature was fo'ulg # decrease
gteadily betwesn 50 and 80 km with a mipimm temperature at the upper limit
of the observations (80 km) of 180°K. At White Sauds 12 rocket measure~
monts wore conducted which showed no seasonal changes and only a small
diurnal variation in the temperature between 50 end 80 km. The lepae rate
wes fairiy steady at about 2.57K/km, and a minimm temperature of 200°k
was found at 80 im (the upper limit of the measurements)e. At Churchill

10 rocket firings were made shich showed a strong seasonal variation in

the temperasture above 50 km. In the swmmer the temperature decrease above
the mesopesk (50 to 56 km) was quite steady and minimum temperatures of

180 to 170k were found at the mesopause (80 to 85 kRr), The winter neasure-
ments at Churchill all showed strong secondary peaks in the temperature

{250 to 290°K) betwsen 70 and 80 km. The temperatures at the mesopauée

£35 km) wore 220 to 225°K vhich 18 40 to 60°K warmer than the summer tempera-

turss at 85 kme In an ceses where data were avallable a rapid increase of
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temperature with height was found above the mescpause.

The principal wind meesurements above §0 km heve been made through
ohservations of mateor trails (260,267), Below 80 km a varisty of tech-
nigues have been employed. Summaries of all tho known wind observations
have been mede by Murgmstroyd (276) snd by MacDonald (287). Between 30
and 80 km the wind is from the east during the summer with average maximum
velocities of 75 m/sec at 60 km in middle latitudes. During the winter
in this same region the wind iz from the wast with maximum average speods
of 85n/asc in the core at 56 km between 40 and 45° latitude. A secondary
naximm of somewhat doubtful existence of 64 m/sec is found at 50 km and
65° latitude (287). The winde between 80 and 100 km undergo large seasonsl
variaticens. In middle latitudes the wind is from the west during the summer
and winter but iighter winds from the east prevail at times near the
squinoxes. Above 80 km the meridional component of the circulation be-
comes falrly strong.

The COH 1nt9ne:lty roaches maximum valugs in the late fall end early
winter, maintains relatively high values during the winter, and has a
minizum in the late sumer. The average OH intensity seems to increase
with latitude during the winter and stations in middle latitudes appear
%o have a larger anmual intensity variation than locations at lower latitudes.

Vallace (24) has suggested that the high wintertime CH emigsion inten~
sity could be mainteined by downward mixing of atomic oxygen from the high
atomic oxygen concentrations found above 100 km. Vertical atomic oxygen
transport could result in atomic oxygen concentrations five times greater
than that given by photochemical equilibrium used in previcus celculations
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at 85 to 20 km (2¢). This increased O concentration will give higher
emission rates at 85 to 80 km. Continuing downward O transport will main-
taln an emiesion peak at these altitudes and thus be more in lino with
the emission altitudes determined by rocket observations. The downward
mixing of atomic oxygen would give an CH emission which would have inten~
gitios independent of temperature as is normally observed at middle asad
low latitudes (24).

The cokgerved winter OB omission rate has been found to require

7 x 10*® atons of 0/cn® column for 100 days of emission during the arctic
wvinter (24). The amount of photochemically dissociated atomic oxygea above
80 kn 1s between 10°° and 10° atoms/cn? column. This 1s inadequate to
maintain the high emission rate throughout the entire winter. The deple~
tion of atomlc oxygen would graduglly slow down the emission rate until
it would be far below the observed rate and thus not duplicate the winter
mectinume  In Order o have continued high OH nightzlow intensity throughout
the winter, atomic oxygen must be mixed poleward and downward from thse

tropleal regions where solar radiation is still acting to dissociste 0. into 0.

2
The poleward and downward transport ¢f O has been used by Kellogg to
explain the winter heating of the arctic atmosphere (289). The recombina-
tion of atomic oxygen below 80 km would supply the energy to maintain the
high winter temperatures. It has been found that' the energy released by O
recombination will primarily go into heating of the atmosphere (200). It
ﬁoll;xm that the ambient temporature will depend upon the atomic oxygen
concentration. If the (H emission rate is dapendgnt upon the atomic oxygen

concentration also, then the observed high latiiude intensity-tomperature
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correlation is explained by ths fact that hoth the intensity and the
tecperature depend upon the same factor (atumic cxygen concentration) in=-
gtead of the intensity variation btoing a direct result of the temperature
variation through the resction rate coefficient. The winter temperature
obgervations at Churchill show possible evidence of subaidence which
gupports the Kellorg propossl.

Radiocactive tracer experiments using Rh=103 injected at high altitudes
dering atomic tests have been interpreted as showing that increased
vertical mixing occura at higher latitudes betweon 100 km and the lower
stratogphere during the winter (28l1). The tracer experimeats can also be
intorpreotod as showing that in the region near 100 km fairly rapid pole—
ward horizontal diffuaion takes place by both molecular and eddy processes.
At 100 km the cheracteristic time for the recoubination of utomie Oxygen
48 on the order of about two wesks end longer above 100 kme Thus polse-
ward mixing of atomic oxygen is pogsible abowe 100 km.

The vertical mixing betwoan the lower stratosphere and 100 km observed
at higher 1at:itude§ during the winter could also transport 03 and H up inte
the emisaion: layer as well as bringing 0 down into the emigsion layer and
thus furnish an additional mode of increasing the OH emission intensity.
During the sumner there are no observations of the CH nightilow at high
letitudes. Tho sodium airglow seems to have a double intensity maximum
in both the fall and apring with hich intensity during the winter and a
mintmm of intonsity in the early mumer. Several investigators have sug-
gested that the seazonal sodium airglow variations are due to horizontal
and vertical transport of sodium (117,118,142,155). Transport of neutral
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Na from over the winter pole into middle latitudes has been guggesied s
the cause for the high winter shundsnces, but thon in this case the winter
sodium would be highest over tho poles. Ubservations have shown that the
winter scdium sbundence is higher in middle latitudes, thus opposing the
argument for equatorward transport of sodium.

It has been pointed out above that most of the atmospheric sodium pro~
bably oxigts in a combined form such as NaO and Haoz. Sodium wilil be
almost entirely in the combined form helow 80 km. Tho changeover of the
nesospheric circulation from summer to winter and back again will un=-
doubtedly result in a great deal of vertical mixing. The winds observed
betwosn 80 and 100 km show a direction revirsal during the fall and the
spring while the changeover at lower gltitudes is taking place. Cbger—
vations of meteor winds heve shown that the maximmm turbulencs at 90 km
(the altitude of the sodium airglow) occurs at the time of the equinoxes
and minimua turbulence 1s observed during the summer and winter (2681).

The inerecased vertical mixing that occurs during the spring and fall could
bring excess Na0 and Naoa from lower altitudes and also bring down incresssed
snounte of 0 from higher altitudes into the emission region thus producing
the obzorved enhancements of intensity during these periods. During the
winter continued downward mixing of 0 £rom above 100 km will help maintein
increased emission intensities.

The atomic oxygen 5577?& nightzlow exhibits a definite autumn maximum "
and a winter minimun of intsnsity at all stations. The scasonal variations
guring the remainder of the year ssem to be dependent upon latitude., Below
20° letitude thore are maxims in the spring and fall and minima during the
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cummer and wintor. Above 35° the maximum intensity ocours in the £s1i
anéd a prolongsd minimum 1s found in the winter and spring. The 557’?3
cuission also seens to vary with lastitude, exhibitinz an intensity minimum
ngar the equator, & maximum at ebout 30° latitude, a secondary minisam
batwsen 35° and 40°, and increasing intensity polewsrd of 40°.

The seasonal and latitudinnl variations of the 5577:5: airglow are dif-
fievlt to interpret on the basis of any simple circulation model. The
fect that the emitting layer is principally above 95 km may in some w»ay
effoct the intensity variations. The SS77A intensity variation equatorward
¢Z 35° can be interpreted as due to incressad vertical mixing in the f£all
ard spring accompanying the changeover of the zonal circulation below 80 km.
This gitg the intensity varietion found for the sodium nightglow in middle
iztltudss.

Above $5° the G577A nightglow exhibits a different anmual variation
patierns The anmupl varistion of the sodium airglow at Saskatoon (52°N)
alay difiers from the sodium variation at lower latitudes. Hers the maxi-
uan Ng intenzities are found in the spring and the wminimum in the fall in
eppozite phagse to tho 5577A variation above 35° letitude. This 180° phage
differonce in the intensity variation is not contradictory. The fact that
two emlssions show a different variation patterm et higher and lower latitudes
further supports the poseibility ¢if a change in ciroculation pattern with
iatitudes Difforences in the sititude of emisgion may be responsibvle for
the difisrence in the latitude of the change of the emiasion pattern since the

changeovaer occurs at sbout 389N for the 557‘?3 airglow and between 43° and &0°
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for "r.he Na airglow. Thus the same differences in a circulation psiiern
can account for the variations of both the zodium and atomic oxygen air—

glowa
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CONCLUSIGNS

Ths emission of the hyﬁroxyl bands, the sodium D doublet, and the
atomic oxygen green line in the airglow is affected by dynamic processss
in the upper atmosphere. The patchiness of thess emissions appears to be
due to turbulence in the upper atmosphere. Upper atmospheric tides seem
te be directly related to the diurnal variations of intensity of the
three airglow enigsions studies.

The sodium in the upper atmosphere is wost likely of meteoric
origin. The meteor influx rate and the upper atmospheric storage times
lead to the conclusion that the total emount of sodium in the upper
atmosphere 1s much greater than the amount of frea neutrel sodium deducad
from twilightglow and nightglow observations. A large percentage of the
godium probably exists in the form of sodiun axide (Na0) and sodium
dioxide (Naoz).

The tewperature of the CH emission layer (80 to 85 km) as deduced
from measurements of the OH vibration-rotation band structure is in cqui-
librium with and equivalent to the ambient temperature. The seasonal and
latitudinal variations of the OH rotational temperature fit in remarkably
well with the rocket temperature measurements at the altitude of the UH
layer. Simultanecus rocket measurements of the upper atmospheric tempera~
ture and ground measurements of the CH rotational temperaturs and height
should be nade 20 as to determine if the OH night:low obgervations can
be used directly as a means of determining the upper atmospheric tempera=

ture.
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it zppears that the seasconal intenﬁity' variations of ths sodium and
ntomic oxygsen nightglow can ba f£fitted imto a singie circulation scheme.

th enissions exhibit intensity maxima in the spring and fail and inten—
84ty minima in the suwmmor and winter at lowsr latitudes. This is in good
agreement with the obasrved variation of the turbulence intensity et the
altitudes of these emissicns. At higher latitudes the annual variation
of the intensity of these two emigsione is different, indicating e change
in the circulation at middie latitudes. At 100 im this changeover appears
to take place at about S5* latitude based upon the atomic omygen 5577A
nightplow variations and at 90 km the changsover sosms to occur betwsen
43¢ and 30° latitude based upon the sodium airglow variations. Increased
gocdiun emission intensity 4e probably due to upward mixing of part of the
lerge stwmospheric store of scdium oxides. The enhancement of the 5577.7\
cmigsion sesults from 1ncr§uad downward mixing of atomic oxygen to alti-
tudes where the recompination of the oxygen atoms is more rapid.

The iutensity variation of the OH emission with latitude and season
doan not appear t0 readily f£it into the same circulatiocn pattern indicated
by the 5577A and 5803A emigsions, Enhencement of the OH emission by down=
ward pdxing of atomic oxygen 60 a8 to increase the rate of emiszion would
roquire a similtanecus increase of 5577A emission intensity. It has been
shown that there is almost no correlation betwesn the U and 55777 enis~
sione which argues strongly against the enhancement of CH emiss!.gn by
jncreased downward mixing of atomic oxygen. The only reccurse seems to
be that the CH emission must bs onhanced by upward mhd:m of szome atmos-
pharic constituent(s) from lower altitudes. Included in the list of those

subgtances which could poasibly increase the OH intensity by inereased
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upvard mixing are Oy, H and HO,. The production of OH” by reactions
with !Dz zhould be mors thoroughly investigated.

The fact that the UH emission ocours prinocipally below the mesopazuse
may be the reason for the difference between the variations of intensity
of OH and Na and 0 (5577A). The observations of the OH intensity are
relative;y few in number as comparad to the other two emissions. It may
well be that the OH intensity does exhibit both fall and spring maxima
but that the mmber, timing and quality of the observations have failed
to ghow the actual variation. In any case frequent observations of the
UH nightglow intensity and temperature for a period of not less than
threo years in length should be made within each 3¢ latitude belt betwesn
25° and 60“ latitude in order to firmly establiah the true variations of
tas OH nightglow. A similar set of observations of the sodium and green
atomic oxygen nightglow wuld also be useful.

Simultaneous observation of meteor winds and the intensities of the
various airglow components would also be useful in the stwiy of the upper
atmogpheric motions. These obgervations could be made &t 25°, 35°, 45v
end §8° latitude. The short and long term correlations betwesen the varia-
tions in the winds and the airglow intensities may give considerable in-
sight into the dynamical processes in the upper atmosphere in addition to

furnishing a proporticnatsly large amount of observational evidence.
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