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HYDROXYL EMISSION OF THE UPPER ATMOSPHERE

[Following is a translation of an article
by N. I. Fedorova entitled nGidroksil ‘noe
izluchenie verkhnei atmosfery"” (English

veggion above) in Izvestiya Akademii Nauk
858R, Seriya Geofizicheskaya (Reports of

‘thé Academy of Sciences, USSR, Geophysical
Series) No. 6, k&8, Moscow, Pp. 826-846.1

1759

The results are given of measurements of the relative
.and absolute intensities of hydroxyl bands in the near
infrared region from 8200 to 11200 A on the basis of
spectra of the night sky obtained at southern lati-
tudes. There are substantial deviations from the ine
tensities calculated by Roach. The density of the
various vibratory levels has been determined from

the absolute intensities of the OH bands. The density
rises evenly with decrease in V’. The rotational
temperature has been determined on the basis of the
distribution of intensity in the P~branchj it evident~
1y varies from night to night. The mean value is
233%+16° K.

A principal part of the radiation of the night sky in a
broad region of thespectrum extending from the visible to 4.5m
is caused by rotational-oscillatory bands of hydroxyl OH mole-
cules in the basic state of X2 P. The intensity of the hydroxyl
emission considerably surpasses the intensity of emission of
other more widely distributed components of the upper atmosphere.
According to electrophotometric measurements [1] the intensity
of the OHObands in the near infrared region of the spectrum up
to 11000 A exceeds by a hundred times the intensity of the green
line of luminescence of the night sky, and the full emission of
the hydroxyl, according to theoretical estimates [21,(3], must
be more than a thousand times as intense as the green line., The
nature of such powerful emission on the part of a small compon-
ent of the upper atmosphere presents great physical interest.
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Study of the OH spectra in the luminescence of the night sky
can give important information about the processes occurring
in the upper atmosphere.

&

Meinel [4-7] was the first to point ocut the hydroxyl nature
c¢f the infrared radiation of the night skyi he studied the
region of the spectrum from 7000 to PQOO E in detail, Spectra
in the longer wave region to 12000 4 were first obtained by V.
1. Krasovskii [8-12] and identified by I. S. Shklovsky [21,{13]
and Dufay [14], The OH bands in the visible region were iden-
tified by J. Cabannes, J. Dufay and M, Dufay {153. At the
prasent time spectra of the night sky have been obtained to 2p
[{16-187., 1In recent years spectra of the night sky have bteen
obtained in the visible and near infrared regions of the spec-
trum with large dispersion and better resolution [19-21], and
large scale laboratory investigations have been made in the
study of the rotational-oscillatory bands of OH molecules [e2-
247}, As a result of this work rather accurate values have been
calculated for the wave-lengths of various bands and the best
values of the oscillation and rotation constants of the OH
molecule have been fourd, There still is not, however, suffic-
jently reliable information about the azw*rlbut*on of intensity
in the hydroxyl spectrum and the full power of its emission,
and there is inadequate data on the rotational temperature of
the OH bands, This information is very important for an under-
standirng of the processes which lead to the formation and excit-
ation of the hydroxyl molecule.

& -
1. Measurement of the intensity of the rotational-oscillatory
tands of (OH molecules

Spectra of the night sky in the regions XX = 8200-11200 &
were cbtained during the winter of 1956-1957 at the Byurakan
Cbservatory ( ?= Loopit, X = 44°9157') with a SP-50 spectrograph
equipped with an ipgage translator. The dispersion of the instru-
ment was about léOA/mm, the resolution 7 A. This was sufficient
to obtain OH spectra with the P-branch dispersed on the rotat-
ional structure. Since fine focusing took up a region of the
spectrum less than 800 A the entire investigated region was
covered by five series of spectra., This was done in such a
way that there was a common band in two adjacent spectra in
which there was an overlapping of the spectra, Figure 1 shows
photographs of spectra belonging to different series. The

spectra were photographed on Dn film illuminated with short
exposure (0,01 sec,) to increase its sensitivity to small in-
tensities. A standard lamp with a color temperature of 2854% K
wae photographed for measurement of the intensity on each film
with a spectrum of the night sky. A multistage reducer was
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simultaneously photographed with the spectrum of the night sky
on another film, illuminated along with the prinecipal one,
through a -green filter selected on the basis of the color of
the fluorescent screen of the image translator.

“he spectra were obtained with L to 10 second exposures
and the multistage reducer was photographed each time with an
sxposure of three hours. The Shvartsshild constant was ne-
glected, since it was assumed that the difference in times of
exposure was small,

hydroxyl groups in absolute units. To this end the spectrozraph

An atitempt has been macde to express the intensity of the

was divided in two with two filters: a K8-13% which cut off all
the visible region up to 6000 4, and a 5Z5-16 which cut off the
red region from 6000 to 13000 A, Thus the green line (vadly
focused, of course) was obtained secondarily along with the
spectrum of the night sky. A standard lamp was also photographed
to register the spectral sensitivity of the instrument, The
spectra were processed with a registering microphotometer model
UF-4 with a magnification of 1:25, The intensities of the 8):1
bands were obtained by measurement of the areas of contours of
the lines: and of the band branches., The error of measurement
amounted to 7-10%.

The relative intensities of the OH bands in each series of
spectra were expressed in units of the Q=branch of the band over-
lapped with the adjacent series, The mean distribution of inten~
sities of the bands during several nights was obtained for each
series of spectra. The relative intensities of the bands vary
from night to night by 10-30% and therefore the mean values were
obtained with an accuracy of 10-15%, although the error of indi-
vidual measurements did not exceed 10%., On the basis that the
density of the levels does not change with such precision fronm
night to night, an overlapping was made of spectra obtained at
an earlier time. Table 1 gives the mean relative iutensities of
the OH bands in each series of spectra. In the first three
columns the intensitics are stated in @ b1 units, and in the
lagt two in @ units; the overlappiég‘o% these two groups
was made on béKEB)(8-4). o

Tnasmuch as the distribution of intensity in the cverlapped
vands belonging to two different series of spectra (band #51 in
the first and second series, 9-5 in the second and third, 7-3 in
the fourth and fifth series of Table 1) practically coincide (in
every case with an accuracy not less and sometimes greater than
the accuracy of measurement of the individual series), it can be
assumed that the procedure of overlapping spectra does not have
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Taple 1. Relative intensity of the hydroxyl bands :
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F P is the intensity of the Pobranch (the sum of the
intensities of the strong and weak components of the
Pebiranch, Table 1 gives the inteneity of the lines
of only the strong component of the P-branch, largs
P, since the small p's, which are also obtained in
cur spectra, are on the average 'a fourth as strong
sz the large, measured with little accuracy; I is
the full intensity of the band. . .




a deletericus effect on the results of measurement, and the
error in determination of the relative intensities of the hy-
droxyl bands in the entire studied region of the spectrum hardly
increases in its result by more than 10%, Thus the fipal result:
in the determination of the relative intensities of the OF bands
are given in the first column of Table 2 with an error of up to
20%.

Table 2, Absolute and relative intensity of the OH bands

For Table 2, please see next page.
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Tran:si A A intené"‘; \ir\tens_, . ) Abs‘ !h_’t‘_ I.ht. to SCCo‘rd,‘)\g. ;
tion ' infey. y  SmA |- inwe Roach inR :?nﬁ:ﬁ?;i |
: __junits | ) night sKy
1 2 K 4 5 6 7
R(6-2)| 8300 0,22 0,97 360
{ 8349 0,18 0,83 310
Py 8404 0,13 0,60 220
Py 8431 0,14 0,65 240
Py 8468 0,10 0,47 180
I 8503 0,05 0,26 £00
Py 8550 0,02 0,12 45
P ' 0,62 2,90 1090
j 1,00 4,66 1700 820
R(7-3)| 8778 0,33 1,56 6610
% #R20 0,32 1,5 600
Py £889 0,17 0,79 310
Py 8020 | 0,19 0,88 350
Ps 8460 0,14 0,64 260
P, 0,09 0,14 160
Py 0,05 0,24 100
P 0,84 3,02 1500
I 1,5 6,95 2800 1940
R(8--%)1 @320 0,51 2,38 1000
Q 9351 0,42 1,94 820
zp ‘ 0,73 3,40 1450
I 1,65 7,70 3300 2570
R (3--0) 0,47 1,08 860
Q 9796 0,16 0,74 320
Py a874 0,14 0,67 300
Py 9971 0,14 0,64 280
zp 0,38 1,78 8060
I 0,97 4,55 1400 440 0,35
R (9-05) 99855 0,60 2,78 1200
Q 10014 0,42 1,97 900
By 10076 G,19 0,88 400
Py 10122 0,22 i,0 460
Py 10163 0,11 0,50 220
Py 10234 0,08 0,35 166
P 0,72 3,34 1500
! 1,74 8,10 3700 5770 0,50
R {(4—1) 0,67 3,79 1700
Q 0280 1,00 4,76 2500
Py 10360 0,40 1,85 860
Py 10410 0,44 2,21 1000
Py 10470 0,44 2,21 700
Py 10520 0,47 0,85 400
P 0,08 0,40 200
P 1,91 9,30 4400
I 3,63 17,30 8000 1690 1,00
R (5—2) 1,16 5,13 2500
Q 10830 1,63 7,10 3400
Py 10920 0,54 2,42 1200
Py 10968 | 0,66 2,93 1400
Py 11028 0,48 2,12 1000
Py 11084 0,23 1,16 600
P, 11140 0,12 0,63 300
P 2,75 12,40 6100
I 5,950 24,2 12000 4000 1,5




Hote accompanying Table 2: In our memorandum published in Ann.
te Geophys. 1k, 365, 1958, reduced absolute intensities of the
 bands weres given, which had been determined om one spectrum
Pthn a very intenss green line,

L5 hag been said previously, in one series of our spectra,
containing OH bands (4~1) and (5-2}, the green line was oblained
gecondarily; the intensity of the bande in thege spectra can

therefore be stated in emission units of 5577 0 The results

of the measurements are given in Table 3, The error of msasure-
ment ef the green line 1s indicated zt the end of the table;

t was rather large, about 10% for intense lines and up to 30%
Tor very weak lines (as bhas already been pointed out, the green
ine obtained was very diffuse and wezkened on account of poor
ocusing and double the amount of dispersion). In this fable ne
oouﬂt is taken of different weakening as a reauxt of the depen~
aeuces of the transparence coefficient on the length of the wave,
which will test the 5577 A ard OH emission in pab“ﬂng through one
and the same atmospheric mass. The trausparehne of the atmo-
souhere was not measured by us. But, as. approximate estimates
show, this correction will be negligible in comparison with the
rrorg introduced during the measurement of the inﬁenu*tv of the
5577 A& and the very great variation of its intensity during the
night from sight to night. According to the datz of E,V, Pyas-
koveskaye~Fesenkova [25] the transparence coefficient for the

wavelength corresponding to the green line PAWSRV? A= 0,88, an.
=557

the maximally different transpareance coefficient for the hydro-
xyl Py <7500 4 (the transparence does not depend further on the
.wlun&ﬁh}, then for the angle of chservatiocon z = 459 the cor-
recticn factor will equal

L2
¥

B

\ A
P sec 2 o (9;??:“‘ = (3 04

‘ o ot il e R aS ¥
\E ma)

which is considerably less than 10%, especially if
into considerastion thalt the nmeasurements were made at a helght
of 1500 meters above sea level, This correction will be of ths
sama ordex for mean transparence ‘




The relationships between the intensity of the hydroxyl and
the 5577 % lines indicated in Table % are also comparable for
zenith directiocn, since the transvarence coefficient, as pointe
out previously, cannoit be taken into consideration and the in-
crease on cos % of 5577 % and OH emission does not change their

rélative intensities.

In our spectra the intensity of the 5577 ﬁ line varied from
>night to night by more than three times, and these changes did
not correlate with the intensity of the hydroxyl band, which was
rather constant during the period in which these spectra were

obtained (its intensity varied by not mere than 1,5 times}).

Figure 2 shows twe microrhotographs with about the same
ensity of the hydroxyl band and strongly differing intensities
of the green line., The crepuscular effect did nct occcur in this
case, a¢ the photographing of the spectra began two hours aiter
sunset and ended more than an hour before sunrise. DMoreover,
these spectra were obtained with the same exposure and at the

same hour.

The intensity of the green line according to electrophoto-
metric observations also varies very strongly; on the average
from 125 to 400 relays [26,27] (the luminosity in relays is
egqual to 41 B, where B is the angular surface luminosity of an

6

enitting layer in units of 10 quanta/cma‘sec'stere {283,
although Roach [26] points out the very broad limits of change in

ite intensity =~ from 50 to 900K, where Roach found noc correla-



Table 3,

Intensity of the

OH bands in green line units

. Ty ds Feh e fy Fad, lMean
Date 5 ¥Fe 5o 6 wun | 7 8§ in g
5577 &
B {4-—1) 2,88 6,5 6,26 1,34 1,497 3,79
G 3,85 ? G5 7,72 2,12 2,47 4,78
i Py 1,57 25%8 2,8 £,03 |- 6,855 1,85
| Py 1,83 '% 48 3,36 1,20 £,07 2,2
j Py 1,44 ,“ﬂ 234 085 0,65 1,50
’ P 0,79 1,41 1.4 0,26 {42 0,83
! Py 3 0 73 ﬂ T4 {118 (4,53
' rp 7,6 i-,,ﬂ 13, 9 4,36 4,1 9.3
i 13,0 30,0 27,6 7.83 8,7 17,3
£ (5-2) 4,37 7,85 7.45 3,12 3,16 5,13
¢ 7,08 4,62 10,3 4,08 4,5 7,1
£y 83 4,05 3,34 1,56 1,33 2,42
Fy 2,38 4,79 4Aﬂ7 “,04 i,41 2 Q&
Py 4,67 3,44 3,08 1,48 1,03 2,14
P, 6,96 1,84 1 R? G,ﬁé 4,53 1,46
2y 0,9 0,86 87 0,85
sP 11,0 13,0 i% 0 7,38 6.15 12,4
H 22,5 36,4 35, 2 14,1 13,2 24,2
Bel, grror id
determination 15¢ 3098, 2084 L06, )9 30,
of green linel i '

tions of the intensity of the green line with the intensity of
luminosity of other components of the upper atmasnharoe
found no dependence of the intensity of 5577 A on

by Roach,

green line it was not known which ¢
what to compare the intensity of the green line
in the final estimate of the intensity of the OH bands in 5577 i
These results are

units we took the mean of
given in the last column of 7T
of )GA was obtained,

“GJ.

five measurements,
In it an serroy
Assumxnp the mean value of the

with.,

5579 K to be 250 R, the intensity of the OH bandas

Th

in the
intensity
in relays

e also
solar activity.
4 small negative correlation with magnetic disturbances was found
Since we did not measure the absolute lotensity of the
days to give preference to an
erefore

NS
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égtimated, These values are given in the fifth column of Table 2,

Band (B~4} was located in region p@T of the band of absorp-
tien of water vapor, ITts intensity is given in Table 2 in com-
parisen with atmospheric abosorption, which wos deternined by wmoans
of & lunayr spectrum taken the same night, The absorpiion wos
about 350 for the Q-branch and 25% for the P-branch., In band
(3«0} only twe P-branch lines are observed, P. and P.3 the others
are ovpr?appea by band (9=5), As a result of thie fﬁu intensity
of band {9«5) is raised somewhat, but since the intensities of

the P-branch lines fall rapidly thn increase in J° (due to low
rotational hwmueratuvﬂ cbserved in the upper atmosyhere), the
superimposing of the P, and P, lines on band (9-5} does not sub-
stantially chenge its Intensity. Band (3-0) has an anomalous
appesrance: the intensity of 1ts Q-~branch, as seen in Figure 3,

is extremely swall, almest comparable with the intensity of the
P-lines, but the P-lines of band (3-0) are only & little weaker
than the P-lines of the adjacernt band (9-5), This was alsc noted
in the spectra of Jones {20]. The intensity of the R-branch, on
the other hand, is extremely high, Usually the intensity of the
Bebranch is comparable with or even less than the intensity of
the Q-branch We even have doubts of the correctneass of its

4 ok
i JHlLf}CW%?ﬂh? since the appearsnce of the R-branch variss much
Drom photograph to photograph, something not obmerved in other
bands, It is possible that an emission of non~hydroxyl origin
io superimposed on the R-branch of band (3«0}, and therefore in

eztimating the intensity of band (3-0) the infen“jﬁy of the
A-brench was mede equal to that of the Qebranch, The sixth col-
urpn of Table 2 shows the absolute intens Ltnps of the hydroxyl
bands according to Reach [6], obtained by him by recaleulating
the data of Roach, Pettit and Willdiams [29] for the visible

of the spectrum according to the proba blo transitions cale
by T.S. Shklovsky [30]. As seen in Table 2 and Figure L,
; wre substantial deviations not only in th“ dbmﬁlutb values
«i the intensities (explainable by ap error in estimating the in-
tepmity of the green line), but alsc in estimating the relative
juntensities, which we made with an error of up te 20%. The devie
stiony in determination of the intensity of band {(9-5) are espec~
ially slpaificant, Jts intensity according to Roack is grestly

2 and band (9-3) is almost three times ss’intense as band
Gur measurements of the relative intensities of the OH

s in the spectrum of the northern night sky [317, qi¢*m in
the seventh column of Table 2, are nmot very accurate, it is true.
But thsre too the band (9~5) is half as iﬂt“ﬁmé a5 band {(4=1).
The intensgity of other OH bands is greatly reduced in comparison
with cur measurements, as can be seen at a glance in Figure b:

1) measured intensities; 2) intensities calsulated by Roach, Tk

joad lj. oy
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(623 and (7-2%) bands even have one third to one half the inten-
sty in these me casurements , although according to those of N.W,
Shefov [%27] made at the Zvenigorod station, at a middle latitude
these bands are jusl as week as ocurs and the (3-0), {%wl} and
(5«2) bands are measured to be a third as strong. Jone a [1ol, on
the basis of measurements of the sbsolute intensities Gf the OH
‘bands by the sequences AV = % and 2, also found that the inten-
gities indicated by Roash »reatrongly reduced, Our estimates of
the relative intensities do not diverge greatly from the quali-
tative estimates of V,T, Lukashenya and V,I, Drasovskii [12] and

Jones [e1], and also from the measurements made earlier in the
region of Murmansk [31].

Y

The absolute intensities of the OH beands was used to deter-
mine the aanJ%J of the various oscillatory levels, and in doling
this the pru%iullxileo of transition were utilized as calculated
by I.8., Shklovsky [23,[301. As is seen in Table L and Figure 5,
the density rises evenly with decroase in ¥ ard no predominant
density of the ninth oscillatory level is observed as follows
from the caleulations of Heaps and Herzberg [33] and Roach £23.
Tn the calculations of I.8. Shkolsky [21,[30], the density of the
pinth cscillatory level likewise does not drop cut of the general
course of the curve of dependence of density on V*{of the upper
8 ll? ory level).

Table 4, Density of the oscillatory levels of OH molecnles
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2. Determination of the rotational temperature of
the OH bands

iie have four bands, (6-2), (7-3), (4-1) and (5-2), for the

determination of rotational temperature in our spectra, These
bands are not overlapped by other bands and are situated inm
specty al regions where there is no absorption. The meﬁhad of
determining the temperature is based on the temperature “dependw
ence of the distribution of intensity among the individual lipes

in the delicate rotational structure of the molecular bands
emit+ed by the night sky. In the case of the OH mole :ule, the

ntensities of the rotational lines of the powcxfux “¥ component
f the resolved P-branches are used,

The distribution of intensity in the rotational structurs
is determined by the exvpression:

T == (constyi (J) e T I RT,

where I _ is the intensity of the rotational lines, T is the ro-
tational  temperature, k is Holtzmann's coustant, 1{(J) is the
intensity factor, which Meinel determined for the Pebranch with

‘55},5“3’ {formuiaz :! o o 8 a) (J Q} -
) (J == {g “‘.‘“vi 14

the rouatlowaj guantum number of the upper state,
ion of the complete orbital moment ou the intrannclear
the rotationsl energy of the initial leve

FJ)=B (" 1)
Bvﬂ ig the rota»zona] constant for the upper oscillat

Bo= B, «-er"z: -4 %}, B, =188 cx™, a = 0,?{% cat,

£

shere J° is
the project
axis, FI(J7)

r_.‘

HE
§..J
L33

Py ex . . N . .
Flobting In ~TTEET a8 a function of j"(j* + 1}, we get a

ahrai@hﬁ Line frow whose slope the temperature can be determined.

R

o detsrmine %he temperaturs the intensities of rotational
ljn3a were taken as deternined by two methods: by the space of
the contours and by their height. The temperature values were
desigunated T and T, respectively. As is seen in Teble 5 the
temperature Syaries  little when determined by the two methods.
Their mean was finally taken as the temperature,

5 a rule there were two bands in each specirum for the fem-~
perature determination., The determinations made on the basis of
these bands were the same, within the limits of error in measur-
ing temperature, Unfortunately, within these spectra are bands

- 1@ -




Table 5,

emission of the night sky

Rotational temperature of the OH bands in the
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Y

termlnm& an dafferent nights was moch greater t
ment errori the temperature for the studied pericd varies from
200 to 2607 K eccording to our measurements; this does not agree
i (%57
o LAl

n the measure-~

17,. ;__" :)—'
!—“m [ !

with the constant temperature indicated by Meinel [ {sic)
(?60¢¢9 K). Bvidently there is & small dependence of temuersturse
on mnﬁanhmfv of the OH banda, As a rule a higher tempersture
corresponds to brighter opeﬁtf&. But since no absolute calibra-
tion of the spectirograms was made, it is diffizult to compare the
spectra guantitatively with one another, Judging by blackeninegs,
we can say that the spectra vary in intensity by not more than
twice, snd the maximal temperature change was in the order of
60° X,

The mean temperature value of 235+1 16° X obtained by us at
the Byuraken Cbmervatory, situated at a latitude § = 40°921%, @if-
f@?b hardiy at all from the temperature value of 240+20° K ac-
cerding toe the measurements of V.85, Prokudins (367 at fhe Bveni-
gorod station (f= 439561), But these values differ ongly
from the temperature determined at higher latitudes, r. K.
Shuiskaya {323, at the Poshchino station (= 60°12"), cbteined
a temperature of *05+1#0 K in the direction of the northern hori-
on.  Yu, I, Galtperin [36] at the station at Loparskaya (4§ =
= 68°281) obtained a tenperature of /9%+20 K in the direction of

he zenith and ;40¢’7¢ K in the direction of the northern horizon,
wharlain and Qliver {191, in Northern &ieen1up&, also obtained
Lgh temperature in the srder of 300-3507 K, According to our
spectrum of the northern night sky [317, obtained in Loparskaya,
the temperaturs appeared to be BT§+300 K (on this spectrum the
rotaticnal tempera ture of the P- branch was incompletely resclved
anc, in addition, an emission of 10400 A (NI) was superimposed on
band (4~1}, and in band {(5«2) the lines F,, P, and P_. were evi-

blended with the 0-QN. bard:; and %o the tampgratura was

mined with a large erroF)., Thus there exists a latitude

which is rather definitely expressed,; as Chamberlain and
ver [19] have already pointed out.

In conclusion I offer my deep appreciation to T.8, Shklovsky
and V,I, Krasovskii for help and guidance in this work, and also
to G.A, Gurzadyan, in whose laboratory this work was done.
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