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Sodium Dayglow: Observation and Interpretation 
of a Large Diurnal Variation 
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Verri•res, Seine-et-Oise, France 

T. M. DONAHUE 

University o• Pittsburgh, Pittsburgh, Pennsylvania 

Abstract. Analysis of the dayglow of the sodium D lines since September 1960 and the 
twilight glow since 1954 at Haute Provence Observatory shows a large seasonal maximum of 
30 kR for the dayglow in June. The ratio of daytime to twilight abundance then is about 
7 to 1. The ratio becomes 2 to I in December. Evidence presented for the reality of this 
effect includes actual line profiles showing an emission peak above Rayleigh-scattered back- 
ground, observation of the dayglow from a high-altitude airplane, and observation of the 
dayglow with a rocket-borne photometer. The seasonal maximum is accompanied by a sea- 
sonal decrease of 5 km in twilight layer altitude in midsummer. The effect is interpreted as 
being caused by a diurnal variation in atomic oxygen and ozone enhanced by turbulent dif- 
fusion of the sodium and its compounds. Other possible interpretations such as photochemical 
excitation are rejected. A seasonal variation is also found in the ratio of morning to evening 
sodium abundance in twilight. The maximum ratio is 1.4 at the equinoxes. At Troms•, Nor- 
way, the dayglow intensity is about 15 kR and shows no seasonal variation. 

INTRODUCTION 

In this paper the results obtained from ob- 
servations of the sodium twilight airglow be- 
tween 1954 and 1964 at the Observatoire de 

Haute Provence and the sodium dayglow be- 
tween 1960 and 1964 will be presented. The 
instrument used in all the work was a magnetic 
scanning resonance cell photometer. The valid- 
ity of the method used to measure the dayglow 
intensity has been tested in many ways. It has 
been demonstrated that the photometer observes 
intense and distinct emission lines at the bottom 

of the Rayleigh-scattered Fraunhofer lines and 
that the presumed sodium emission is not at- 
tributable to a continuum or some other distor- 
tion of the Fraunhofer lines or to the effect of 

water vapor absorption. Furthermore, results 
obtained at 13-km altitude when the photom- 
eter was used for dayglow observations in a jet 
aircraft were the same as those obtained for the 

dayglow intensity on the ground. Finally, a 
resonance cell photometer mounted in a rocket 
saw an overhead sky intensity which descended 
to a plateau at 23 km. The plateau intensity was 
identical with the component of the sky light 

which was attributed to the sodium dayglow on 
the ground. 

The dayglow is much stronger, particularly in 
the summer, than would be expected from the 
twilight glow if the dayglow is to be attributed 
entirely to resonance scattering and if the 
abundance of free sodium does not undergo a 
systematic diurnal variation. On the assumption 
that the dayglow is entirely resonance scatter- 
ing, it has been determined that the ratio of free 
sodium in daytime to that in twilight varies 
from 7 to 1 in June to 2 to 1 in December. The 

dayglow zenithal intensity reaches a maximum 
of about 28 kR in June and a minimum of about 

12 kR in December. The morning twilight glow 
has a sharp maximum of 3.9 kR in early Novem- 
ber; the evening twilight glow maximum of 3.2 
kR occurs in late December. The minimum is 

reached in April and June at 1.2 kR. There are 
secondary maximums in March and August- 
September. The daytime abundance seasonal 
variation is from 13 X 109 atoms/cm' to 32 
atoms/cm •. In part the twilight summer mini- 
mum is a result of absorption of sunlight in the 
day layer. The abundance variation is only 
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from 4 X 109 atoms/cm 2 in June to 10 X 109 
atoms/cm • (morning in November) and 7.25 X 
109 atoms/cm 2 in the evening. The abundance in 
the morning is about 1.4 times as high as the 
abundance in the evening during February and 
November. The ratio of morning to evening 
abundance has a seasonal variation somewhat 

like that predicted by Hunten [1954] on the 
basis of photoionization and nocturnal recombi- 
nation. 

The altitude of the twilight layer varies from 
87 km in June to 92 km in March. There is a 

distinct indication of a strong relationship be- 
tween the low altitude of the summer twilight, 
the high daytime abundance, and the large day 
to twilight ratios. 

In Troms•, Norway, the average dayglow 
emission rate is about 15 kR with no seasonal 

variation. The twilight glow varies between 
about I kR in summer and 3 kR in December. 

An attempt has been made to show that a 
diurnal variation in sodium abundance could be 

a consequence of a diurnal variation in 0 and 
03. The ratio of sodium to its oxides is deter- 
mined in part by the ratio of the reducing rates 
controlled by 0 and the oxidizing rates control- 
led by 02 (three-body) and 08 (two-body). 
However, turbulent diffusion is also important 
in altering chemical distributions that vary too 
rapidly with altitude. Recent measurements 
which have given higher values for the rate of 
ozone formation from 0 and O2 bring the region 
of significant diurnal variation in atomic oxygen 
up to almost 90 km. Turbulent diffusion is also 
important in determining the vertical distribu- 
tion of 0 and O3 as a function of time and should 
cause the ozone density to be rather higher at 
night in the 90-km region than has been sup- 
posed. Thus the large summertime abundance of 
atomic oxygen below 90 km in the day will per- 
mit a large daytime build-up of sodium which 
will rapidly become oxidized when, as the sun 
sets, the O disappears and the 08 builds up. 
Turbulent transport of sodium downward and 
its oxides upward will enhance this effect. The 
dayglow layer should extend below the twilight 
layer, and both in summer are some 5 km lower 
than they are in winter when the atomic oxygen 
abundance is smaller. 

This analysis depends on a reevaluation of 
sodium three-body oxidation rates which indi- 
cates that the heretofore measured values are 

based on a faulty technique and are orders of 
magnitude too high. This restores the Chapman 
reaction involving ozone to important status 
once more in this problem. 

Other mechanisms for exciting the dayglow 
involving photodissociation or chemical reduc- 
tion followed by rapid oxidation have been ex- 
amined and found unattractive. All impose as 
a condition that the oxides be orders of magni- 
tude more abundant than the free sodium even 

at 90 km. It then becomes apparently impossible 
to explain the twilight layer with a peak at 90 
km and a rapidly decreasing density above. 

TI-IE OBSERVATIONS 

Since 1954 the twilight sodium airglow has 
been observed in a routine program at the Ob- 
servatoire de Haute Provence [Blamont, 1956; 
Donahue and Blamont, 1961]. The instrument 
used has been a magnetic scanning resonance cell- 
photometer; the apparatus has been described 
in several papers [Blamont, 1956; Donahue and 
Blamont, 1961]. The principal element of the 
photometer is a cell of hot sodium vapor on 
which sky light is focused. The sodium atoms in 
the cell scatter light within their bandwidth 
(about 0.045 A) to a photomultiplier. Since this 
light contains a white-light component arising 
from Rayleigh scattering it is necessary to sub- 
tract this contribution to obtain the portion of 
the detected radiation attributable to sodium 

emission. The basis for this subtraction is laid 

by periodically shifting the Zeeman components 
of the resonantly scattered light from the cell 
some 0.08 A with a magnetic field of 4000 
oersteds. Under these conditions a very small 
part of the narrow emission lines (0.03 A wide) 
from the upper atmosphere contributes to the 
light received by the photomultiplier tube. 

The method. Since September 1960 this ap- 
paratus has also been used to observe the sodium 
dayglow emission. A report of the results ob- 
tained during the first two months of operation 
has already been published [Blamont and Don- 
ahue, 1961], in which a complete discussion of 
the method of Separating the Rayleigh-scattered 
white light from the sodium dayglow emission 
was presented. The technique involves observing 
sky light, varying the magnetic field to a spectral 
region about 0.16 A wide at the bottom of the 
Fraunhofer lines, and comparing this spectrum 
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Fig. 1. Sodium day and twilight glow, May 10, 
1962, Troms½, Norway. Theoretical curves are for 
40 X 109 atoms/cm • and for 16 X 109 atoms/cm • 
in the day followed by 5.5 X 109 atoms/cm • in 
twilight. 

with that obtained by similar scanning of direct 
sunlight. The spectrum of the sky light is fitted 
to the Fraunhofer line shape in the region far 
away from the center of the lines. If the 
Fraunhofer spectrum is rep.roduced in the Ray- 
leigh-scattered light, and if there is no other 
source contributing to the observed radiation 
near the center of the line, the emission from 
the upper atmosphere can be extracted from 
this radiation by subtraction of the white-light 
component. 

On many occasions and over a period of about 
a year the spectrum at the bottom of the Fraun- 
hofer lines was scanned completely in this 
fashion as a check on the validity of the method. 
Readings for some 5 to 10 settings of the field 
from 0 to 5000 oersteds were generally taken 
during such observations. Since the beginning of 
1962, however, the procedure has been simply to 
compare readings at 0 and 4000 oersteds in the 
sky light with those made for the same field 
settings on direct sunlight. If the ratio 18(0)/ 
L(4000) for direct sunlight is called R•, then 

Iw = Rr I(4000) 

is the white-light or Rayleigh-scattered con- 
tribution at the center of the line where •(4000) 
is the photometer reading at 4000 oersteds for 
sky light. The simple subtraction 

gives the presumed contribution of the dayglow 
emission lines: 

An instrumental difficulty is associated with 
the presence of stray light within the bandwidth 
of the interference filter in front of the photom- 
eter. The contribution of this light is measured 
by periodically cooling the cell and condensing 
the sodium. Unfortunately, the stray light is not 
exactly the same from the cold cell as from the 
hot cell. For this reason it is very important to 
minimize the amount of stray light as well as to 
measure the percentage change in stray light 
that occurs when the cell is heated. The meas- 

urement is made by means of a helium lamp 
(free of sodium) which emits yellow lines within 
the bandwidth of the interference filter. The 

presence of a large stray-light component from 
December 1960 to early August 1961 led to the 
rejection of data obtained during this period. It 
was also responsible, apparently, for an erro- 
neous evaluation of Rr during the early work. 
The value of 0.42 used at first [Blamont and 
Donahue, 1961] has been replaced by a care- 
fully and repeatedly observed value of 0.54. 

Several typical runs showing I•a as a function 
of the angle of solar elevation have been pub- 
lished. In Figures 1-3 are shown a few more 
such runs, obtained at Troms½, Norway, during 
a time when the sun went only to about 7 ø be- 
low the horizon. The change of solar angle with 
time was so slow that the standard dayglow 
technique could be employed even in twilight. 
Almost 48 hours of continuous observation are 

represented in Figure 2. The data show unmis- 
takably the presence of a minimum at about 
2 ø solar dip angle. This was predicted several 
years ago [Donahue and Resnick, 1955; Dona- 
hue and Stull, 1959]. It is the consequence 
of resonance absorption in the long path 
through the sodium layer which the sunlight 
must traverse during early twilight. A notable 
feature of all observations except those made in 
midwinter is the very large dayglow signal. It is 
much greater than that expected if the dayglow 
is produced entirely by resonance scattering and 
the sodium abundance in daytime is the same as 
that in twilight. To fit the data in Figure 1, for 
example, an abundance of 40 X 109 atomsfcm • 
would be necessary. Alternatively, a model with 
16 X 10 ø atoms/cm • in the daytime and 5.5 x 
!0 9 atoms/cm • in twilight would suffice. This 
point will be discussed fully in a later section. 
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Fig. 2. Sodium day and twilight glow from noon August 21 to noon August 23, 1962, Troms•, 
Norway. Units are arbitrary. 

A number of tests have been made to check 

the validity of the method of extracting the 
contribution of the dayglow emission. Funda- 
mentally the problem is whether the spectrum 
of the light in the wavelength region scanned by 
the Zeeman photometer can be uniquely de- 
composed into a portion having the spectrum of 
the Fraunhofer lines and a residual component 
consisting entirely of D-line emission from the 
upper atmosphere. There are two effects that 
might vitiate this procedure. One would be a 
consequence of scanning over atmospheric ab- 
sorption lines. In particular, if there were such 
a line in the spectral region observed with 4000 
oersteds on the cell it would cause an under- 

estimate of the white-light component at zero 
field. The other effect is a possible systematic 
distortion of the line shape of the background 
scattered sky light. It could occur because of 
some unsuspected mechanism for frequency 
shifts in scattering by the lower atmosphere or 
because of the presence of a continuum in sky 
light other than sunlight. Such effects would 
certainly be unexpected, but they need to be 
considered particularly as a consequence of the 
observations by Grainget and Ring [1962] of a 
distortion of the H line of calcium in scattered 

light. Actually a program to establish the pres- 
ence or absence of such phenomena was under- 

taken from the beginning of the observational 
program in 1960. 

Atmospheric absorption lines in the neighbor- 
hood of the D lines have been catalogued by 
McNutt and Mack [1963]. Contrary to their 
statement, the only intense line that is a menace, 
a water vapor line about 400 mK (0.18 A) to 
the red of the D2 line, is far beyond the region 
swept by the magnetic field (about 0.08 A). In 
fact, only one weak absorption line lies in this 
region, 0.09 A to the blue of the D2 line. The 
observations of McNutt and Mack, indeed, con- 
stitute evidence that absorption lines pose no 
serious threat to the Zeeman photometer. 

An extensive survey has been made to deter- 
mine whether there is any anticorrelation be- 
tween the presumed sodium intensity INa and 
I(4000) or the subtracted white-light compo- 
nent RFI(4000), as there would be if the sup- 
posed emission resulted from an underestimate 
of I, caused by systematic reduction of I(4000) 
by an atmospheric absorption line. No correla- 
tion of any sort was found. The data plotted in 
Figure 4 for the period July through November 
1961 are representative. The correlation coeffi- 
cient of INa with I(4000) is zero. 

On the other hand, there is always a strong 
correlation between INa and I(0). It is shown in 
Figure 5, again for the July-November 1961 
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Sodium twilight glow, November 22, 1962, Troms•, Norway. 

period. The correlation coefficient in this case is 
0.7. Of course, some scatter is sure to occur be- 
cause Iw also contributes to I(0), is highly vari- 
able, and, as was just pointed out, is uncor- 
related with INa. These results, which hold 
equally well for all data from 1960 through 
1963, show that a change in INa occurs because 
of a change at the center of the line, not because 
of a variation in the wings. 

Extensive data were also obtained for a mag- 
netic field value of 2000 oersteds, about 0.025 A 
from the line center. At this field setting the (r 
Zeeman components will still overlap part of the 
upper atmosphere emission line but certainly do 
not suffer from interference by any atmospheric 

absorption lines. The white-light contribution at 
2000 oersteds is subtracted from I(2000), using 
I(4000) and the ratio of intensities at 2000 and 
4000 oersteds in the solar line to derive Iw (2000) 
and thence the sodium emission contribution 

I• (2000). It is always found that I•(2000) 
is about 0.5 I•a(0) and strongly correlated 
(Figure 6). 

Alternatively, if the sky light intensities at 
2000 oersteds are used instead of those at 4000 

oersteds to derive the white-light component at 
the center of the line the resulting sodium in- 
tensities I•*(0) are directly proportional to 
those obtained when I(4000) is used to yield 
the white-light correction (Figure 7). Of course, 
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Fig. 4. Sodium dayglow signal plotted against 
total photometer response at 4000 oersteds July- 
November 1961, Haute Provence. 

INa •(0) turns out to be smaller than INa(0) 
because I(2000) contains an appreciable con- 
tribution from sodium emission. These tests 

show that what is being observed is a narrow 
emission feature at the center of the D lines and 

that I• cannot be an artifact of an absorption 
line affecting the high field intensity. 

This is also graphically demonstrated when- 
ever the spectral region studied is scanned in 
several steps. Three examples are presented in 
Figures 8, 9, and 10 for August 16 and Septem- 
ber 22, 1961, and December 1, 1960. The mag- 

netic field was increased and decreased in steps 
for a large number of solar elevation angles. In 
these figures it is apparent that the phenomenon 
observed is a narrow emission feature. A pro- 
nounced increase in intensity is present near the 
line center, not a mere flattening of the Fraun- 
hofer-line profile except at the very highest sun 
angles in autumn and winter. In midsummer 
when the dayglow is strongest the maximum 
persists even when the Rayleigh-scattered light 
has become very intense. Even if the white-light 
signal at zero field is presumed to be given by 
the minimum intensity observed in each scan, 
which usually occurs near 2000 oersteds, there 
remains a very strong dayglow residue compared 
with the twilight intensity. It will be shown that 
even this minimum dayglow intensity is con- 
siderably larger than expected. 

Experiments designed to determine more pre- 
cisely the shape and width of the emission line 
are still in progress. It cannot yet be said with 
complete confidence that there is not an under- 
lying continuum which would reduce somewhat 
the contribution of the narrow emission line, nor 
is it possible to assert that the sodium line is 
narrow enough to exclude the possibility of a 
contribution to the emission from excitation 

processes other than resonance scattering. 
On July 20 and 21, 1963, a new version of the 

Zeeman photometer was carried in an aircraft 
to 13 km during experiments relating to the 

Fig. 5. 
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total solar eclipse. These experiments will be 
discussed in detail in a subsequent paper. It is 
relevant to this discussion, however, to remark 
that I• observed at a level above 90% of the 
atmospheric water vapor was as large as it was 
on the ground even though I• was very appreci- 
ably reduced. (Of course, this was not true dur- 
ing the eclipse itself.) 

Furthermore, on the same occasion simplified 
versions of the photometer were prepared to be 
flown in Aerobee 110 sounding rockets launched 
from Fort Churchill. The flight photometers 
consisted of two parallel optical systems which 
looked through holes in the rocket skin just be- 
low the ogival section of the nose cone. One 
system contained a heated sodium cell on which 
sky light was focused. The light scattered from 
the cell was gathered by a photomultiplier. The 
other system contained a similar cell without 
sodium. This system was designed to monitor 
the stray light and was calibrated against the 
(cold) cell in the other channel on the ground. 
No magnetic scanning was incorporated. How- 
ever, the photometer was used on the ground to 
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Fig. 7. Sodium dayglow signal at zero field ob- 
tained by using sky light signal at 4000 oersteds to 
determine the white-light signal st zero field com- 
pared with sodium dayglow signal at zero field ob- 
tained by using sky light signal at 2000 ocrsteals 
to determine the white-light component. Sky light 
at 2000 ocrsteals certainly has no water vapor con- 
tamination, but the evidence here is that it does 
contain a sodium emission component. 
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Fig. 6. Sodium dayglow signal at zero field plotted 
against sodium dayglow signal at 2000 oersteds. 

observe the sky signal and compared with the 
Zeeman system. Thus it was known what frac- 
tion of the output of the sodium channel (less 
stray light) should be INa and what should be I•. 

Unfortunately, rocket failure prevented the 
photometer from reaching peak altitude, and 
telemetry was lost at about 34 km. The photom- 
eter did obtain data up to that altitude (Figure 
11). Once each roll cycle it looked into the sky 
toward the west at a zenith angle of 70 ø. At low 
altitude the telemetered signal of 1.35 volts 
above stray light should have consisted of 0.27 
volt sodium emission and 1.08 volts white light 
according to the Zeeman photometer decompo- 
sition. The photometer reading decreased with 
altitude to'a plateau of 0.28 volt, which set in 
at about 23 km a. nd persisted until the last 
reading was telemetered at 33.5 km. The white- 
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Fig. $. Magnetic scans of Zeeman photometer 
from 0 to 4000 oersteds for various angles of solar 
elevation, August 16, 1961. Fraunhofer-!ine com- 
ponents in sky light fitted at 4000 oersteds are 
dashed lines. 

units on the left of the figures are arbitrary. 
Conversion of these to absolute intensities will 

be discussed farther on. Although there does 
appear to be structure superimposed on the gen- 
eral annual variation, the scatter of points is too 
large to permit a very confident evaluation of it. 
All the twilight data from 1954 through 1963 
obtained at Haute Provence have been averaged 
for semimonthly intervals. The results for morn- 
ing and evening data averaged separately are 
plotted in Figure 13. Each average represents 
some fifty data points. There is a sharp rise in 
late October, with a maximum about November 
10 in morning twilight, followed by a slow de- 
cline through February, with a weak secondary 
maximum in March. This maximum is obviously 
not a consistent one from year to year, as the 
1960-1963 data will readily show. In 1962 it was 
certainly not present, and the intensity more or 
less smoothly decayed after mid-January to a 
minimum in April. In 1962 there was a maxi- 
mum in early February rather than in March. 

Sept. 22, 1961 

.6' 

light signal above 0.28 volt decreased exponen- 
tially with a decrement corresponding to the 
scale height of the troposphere. Between 23 and 
33.5 km the photometer saw a steady signal from 
above which corresponded exactly to the pre- 
sumed sodium emission as deduced at ground 
level from an application of the standard day- 
glow observational technique. The conclusion is 
reached that a high degree of reliability has 
been demonstrated for the validity of this tech- 
nique. 

Other indications that I•a is indeed closely 
related to the sodium in the upper atmosphere 
will be discussed more fully in their proper 
place. They include the correlations between 
in the day and the twilight intensity for the 
same day and the anticorrelation between the 
seasonal variation of the dayglow intensity and 
the altitude of the twilight layer. 

Results. The twilight 'plateau' intensities ob- 
served 15 ø above the horizon from 1960 through 
1963 are plotted in Figures 12a, b, and c. The 

.• 15" 7.6' 

ik•- -' 

5 

0 ' - •-'-•6' 
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0 I 2 3 4 5 6 
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Fig. 9. Magnetic scans of Zeeman photometer 
from 0 to 4000 oersteds for various angles of solar 
elevation, September 22, 1961. Fraunhofer-line 
components in sky light fitted at 4000 oersteds are 
dashed lines. 
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On the other hand, a secondary maximum in 
late August and early September seems to be 
quite real and recurs every year. In 1963 it was 
particularly spectacular. The evening twilight 
intensities are consistently weaker than those in 
the morning. The late summer maximum is 
weaker in the evening; it occurs earlier, and 
the November peak is definitely absent. 

Dayglow intensities observed in the direction 
of the pole, 43 ø above the horizon for solar 
elevation angles of 30 ø , are plotted also in Fig- 
ures 12. The units to the left are the same as 

twilight units without any correction for the 
different zenith angles of observation. The data 
for November, December, and January are for 
20 ø solar elevation angle. Semimonthly averages 
are plotted in Figure 14. There is a seasonal 
variation with a maximum near the summer 

solstice. The dayglow then is about twice as in- 
tense as it is at the winter solstice. Two other 

features may be statistically significant: second- 
ary maximums near November 20 and in late 
February or early March. Except for the de- 
tailed structural features the annual pattern of 
the dayglow is just inverse to that of the twi- 
light glow. The slow recovery of twilight inten- 
sity after the late June minimum is reflected in 
slow decline in the dayglow. Similarly the day- 
glow begins to recover just after the beginning 
of January at the time the twilight intensity 
begins to slide down from its maximum. The 
sharp increase in dayglow begins in early April, 
when the twilight glow on the average is experi- 
encing its period of steepest decline. 

If the major part of the dayglow intensity is 
produced by resonance scattering, the radically 
different seasonal variations must mean that 

there is considerably more free sodium in the 
upper atmosphere during daytime in midsum- 
mer than there is in twilight. It also must mean 
that at least twice as much free sodium is pres- 
ent during the daytime in midsummer than in 
midwinter. In this case it is not possible, with- 
out resort to the results of a calculation based 

on radiative transport in the telluric sodium 
layer, to say even qualitatively from the twilight 
intensity variation what is the annual vari- 
ation of twilight abundance. The twilight inten- 
sity is strongly controlled by the daytime abun- 
dance, since the sunlight has to pass through 
the daytime layer to reach the twilight layer. 
The theory of these effects was discussed in the 
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Magnetic scans of Zeeman photometer 
from 0 to 4000 oersteds for various angles of solar 
elevation, December 1, 1960. Fraunhofer-line com- 
ponents in sky light fitted at 4000 oersteds are 
dashed lines. 

first dayglow paper [Blamont and Donahue, 
1961] and has been more carefully developed 
by Sherby [1961]. 

The theory of radiative transfer for resonance 
radiation in the earth's sodium layer and the 
excitation of the dayglow and twilight glow 
have been discussed thoroughly in the literature 
[Donahue, 1956; Chamberlain et al., 1958; 
Donahue and Stull, 1959; Brandi and Cham- 
berlain, 1958]. Sherby has evaluated the effect 
of an asymmetry between the daytime and 
nighttime sodium layer for ratios ranging from 
1/1 to 6/1 between the day (-96 ø ) and night 
(--6 ø) abundance. (Note in Figure 1 that the 
abundance change occurs within 5 ø of sunset.) 
Multiple scattering, absorption by ozone, scat- 
tering and refraction in the lower atmosphere, 
and reflection are all taken into account. In Fig- 
ure 15 are presented his results for the twilight 
intensity as a function of twilight abundance for 
various day to night ratios. In Figure 16 are 
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Fig. 11. Data from rocket sodium photometer flight, Fort Churchill, July 1963. Units are 
telemetered electrometer output signals. The ground-level decomposition into sodium emis- 
sion I•a, and white light Iw, is indicated along the ordinate scale. 

the predicted I)•/I), ratios in twilight. For the 
dayglow intensities the results of previous calcu- 
lations may be used [Donahue, 1956; Brandt 
and Chamberlain, 1958; Blamont and Donahue, 
1961]. When the dayglow intensity observed in 
the direction of the pole for a solar elevation 
angle of 30 ø is plotted against the twilight in- 
tensity observed at 15 ø above the horizon for a 
solar elevation angle of --6 ø the result is 
uniquely a function of the day to twilight abun- 
dance ratio. 

A family of curves for the various ratios 
ranging up to 6 to 1 is plotted in Figure 17. 

If the photometer had an absolute calibra- 
tion the abundance in the day could immedi- 
ately be determined from theory [Blamont and 
Donahue, 1961, Figure 9] and the day to twi- 
light ratio from Figure 17. Since it does not, it 
is necessary to use Figure 17 to obtain the cali- 
bration. If the ratio remains fixed over a sufi% 

ciently long interval, the photometer readings in 
day and twilight can be plotted against each 
other and then one of the curves of Figure 17 
can be fitted to the data. In fact, there is a 
great deal of scatter. However, as can be seen 
from Figure 16, it is possible to fit the observa- 
tions fairly well with theoretical curves, which 
indicate an average ratio ranging from about 

2/1 in midwinter to about 7/1 in summer. There 
is a systematic tendency for the data belonging 
to low intensities in twilight during any limited 
period to associate themselves with dayglow in- 
tensities indicating higher ratios than those 
given by the high-intensity twilights. This may 
indicate that abnormally low twilight intensities 
are generally a consequence of a physical situa- 
tion leading to high day-night ratios. In any 
event the fit to theory is not so spectacular as 
to be compelling. It is strongly suggestive, how- 
ever, and perhaps as good as can be expected 
for such a highly erratic phenomenon as the 
airglow. 

The photometer sensitivity resulting from this 
calibration is 4 X 108 photons/cm 2 sec ster, or 
5 kR in the direction of observations per milli- 
meter recorder deflection. On this basis the run 

of the twilight intensities observed at Haute 
Provence becomes almost the same as that ob- 

tained at Saskatoon by Hunten and his cowork- 
ers [Chamberlain etal., 1955; Scrimget and 
Hunten, 1955; Bullock a•d Htmten, 1962]. 

In Figure 13 the twilight abundances at 
Christchurch, New Zealand (latitude 43øS), re- 
cently reported by Hunten etal. [1964], have 
also been plotted. The time axis has been shifted 
by 6 months. There is a clear correlation be- 
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Fig. 12a. Sodium twilight-glow and dayglow intensities 1960, 1961, Haute Provence. Emis- 
sion rate scale in kilorayleighs applies to zenith. Dayglow data are for a solar elevation angle 
of 30 ø except for November, December, and January, when they are for 20 ø. 

tween the structure in both annual variations 
even in very fine details. The high intensities re- 
ported from New Zealand are probably the re- 
suit of ditticulties with the calibration, accord- 
ing to the authors. At Haute Provence the 
winter intensities are close to those reported 
from Saskatoon. The intensities previously re- 
ported from Tamanrasset [Donahue and Bla- 

mont, 1961] are also about the same in summer 
as at other northern hemisphere stations (1.2 
kR) but in winter rise only to at most 1.8 kR 
compared with 3 kR farther north. 

The dayglow gets up to some 28 kR (reduced 
to the zenith) on the average in midsummer, 
with a variation between 17.5 and 42 kR; in 
midwinter it decreases to about 13 kR with a 
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variation from about 3.5 to 17.5 kR. From the 

dayglow average intensity (Figure 14) the aver- 
age abundance of sodium has been computed 
throughout the year (Figure 14). It ranges from 
about 12 X 10 ø atoms/cm' in midwinter to 
32 X 10 ø atoms/cm' in midsummer. The aver- 
age day to twilight ratio is also computed from 
the daytime and twilight average intensities 
(Figures 13 a•d 14) and the theoretical curves 
in Figure 17. Then from the daytime abundance 
and the ratio the twilight abundance is obtained 
and plotted through the year (Figure 18). The 
variatiori is from 4.5 X ].0" atoms/cm ' near the 

summer solstice to about 7 X 10 ø atoms/cm' in 
December and January with a sharp peak to 
about 8.5 X 10 ø atoms/cm ' in November. Much 
of the seasonal variation in twilight brightness 
is an effect of absorption in the daytime layer 
and is not reflected in the abundance. Through 
most of the year, from late February through 
October, it remains close to 5 X 10 • atoms/cm •. 

It is interesting that even if it is assumed 
that the Fraunhofer lines are not reproduced in 
the white light and the profile observed between 
4000 and 2000 oersteds is extrapolated smoothly 
to zero field the resulting minimum emission 
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feature is far too large in summer to be com- 
patible with a 1 to 1 ratio of day to twilight 
abundance. For example, in the data for August 
16, 1961 (Figure 8), the minimum value of the 
emission feature observed in the direction of the 

pole is 4.5 in arbitrary units while the twilight 
signal was 1.8 at ?5 ø zenith angle in the same 
units. The theoretical curves of Figure 17 show 
that this ratio of intensities would be possible 
for a 1 to 1 abundance ratio only if the twilight 
intensity were to be 17.2 X 108 photons/cm 2 
see ster and the dayglow intensity 35 X l0 p 
photons/cm •' sec ster. This would mean 35 X 109 
atoms/cm •' in August. Actually the data for the 
minimum signal versus solar elevation would be 

fitted by the theoretical dayglow curve for 20 X 
109 atoms/cm •, which would call for 22 X 108 
photons/cm • sec ster at 26 ø solar elevation. The 
photometer sensitivity would then be 5 X 108 
photons/cm • sec ster per mm. This would mean 
that the twilight intensity was 9 X 108 pho- 
tons/cm •' sec ster, or 3.5 kR reduced to the 
zenith. A 2.2 to i day to twilight abundance 
ratio would then result, but the twilight inten- 
sity would be somewhat too high to be con- 
sistent with the results of other observers in 

general. (See, however, the results from New 
Zealand of Hunten et al. [1964].) In fact, the 
intensity was rather large in twilight on this 
particular day. In other midsummer data, using 
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minimum emission intensities the day to twi- 
light abundance ratio is found to run to about 
3.5 to 1. 

Troms•. During 1962 and 1963 observations 
were carried out at TromsO, Norway (latitude 
70øN). The results are plotted in Figure 19. The 
dayglow that can be observed only from April 
to October shows no discernible seasonal varia- 

tion. The general level is well below that found 
at Haute Provence. The average intensity re- 
duced to the zenith is 16 kR compared with the 
30-kR average in June at Haute Provence and 
20 kR there in April and September. About 
half the observations fall below the lowest val- 

ues observed at Haute Provence at correspond- 
ing times. 

The twilight data from Norway are too sparse 
to warrant very detailed analysis. There ap- 
pears to be a seasonal variation with the sum- 
mer minimum a little below that in France 

(1 kR reduced to the zenith compared with 
about 1.2 kR). The winter maximum is about 
the same, but the suggestion is that it occurs in 

December rather than early November. The 
average ratio of daytime to twilight sodium 
abundance through the period of April to Sep- 
tember is about 6 to 1. 

Vertical distribution. By standard techniques 
[Donahue and Blamont, 1961; Bullock and 
Hunten, 1961; Hunten, .1962] the altitude of 
the twilight layer can be determined. Previously 
the altitudes determined at Haute Provence 

have been given for three directions of observa- 
tion, in azimuth 0 ø, 90 ø, and 180 ø with the di- 
rection of the sun. Altitudes deduced from ob- 

servations in the last two directions, particularly 
those away from the sun, showed extremely er- 
ratic behavior, frequently indicating a very high 
layer in August. It seems most probable that 
these large values are a consequence of scatter- 
ing in the lower atmosphere. This is accentuated 
in horizon observations. In early twilight much 
of the sodium overhead is still strongly illumi- 
nated. Under conditions of excessive scattering 
at low altitudes light from this glowing layer 
can get into the photometer long after the light 
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coming from the sodium layer itself in the direc- 
tion of observation has died out. Therefore, it 
has been decided to abandon altitude measure- 
ments for directions of observation other than 
those toward the sun. Only a thin region up to 
20 ø above the horizon is then illuminated. The 
altitude data in this direction have been aver- 

aged for semimonthly intervals for the entire 
period 1954-1963. Morning and evening alti- 
tudes have been averaged separately (Figure 
20), and the average of mornings and evenings 
lumped together has also been computed (Fig- 
ure 21). The standard deviations are indicated 
by error bars. In general there is a seasonal 
variation with an amplitude of about 5 km. A 
rapid decrease in average altitude takes place 
between the middle of April and the end of 
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dances are plotted at the top of the figure. 
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Fig. 15. Twilight glow intensity at 6 ø solar de- 
pression as a function of the twilight abundance 
for various ratios of day to twilight abundance. 

June. After that there is a fairly rapid recovery 
followed by a slow increase from August to the 
end of March. Bullock and Hunten [1961] have 
presented altitude data averaged over 3-month 
intervals. Their values when corrected [Hunten, 
1962] coincide very closely with these except 
during the autumn months where they find 
their minimum of 85.5 km. Their layer is almost 
4 km below the twilight layer at Haute Provence 
during this period. Although their range of alti- 
tudes was much larger, the general shape of the 
annual variation found by Cronin and Noelclce 
[1955] in 1954-1955 in Maryland was identical 
with that reported here. The latitude was also 
the same. 

A very strong anticorrelation between the 
altitude of the twilight layer and the daytime 
abundance is apparent (Figures 14 and 21); it 
is shown in Figure 22. Conversely, the twilight 
abundance and the twilight altitude appear to 
show a direct correlation. As the altitude of the 

layer in twilight comes down in late spring the 
ratio of daytime to twilight sodium increases. 
Most of this increase occurs because of an in- 

crease in the total amount of free daytime 
sodium. During the period of minimum altitude 
the ratio is a maximum, and then as the layer 
slowly goes to greater heights in late summer 
and autumn the ratio and the daytime abun- 
dance decrease. This effect appears to be so 
definite that it can scarcely be accidental. The 
changes in altitude, abundance, and diurnal 
variation appear to have a strong interrelation- 
ship, which should be accounted for in any ex- 
planation of the seasonal variation of the so- 
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dium layers and may be an important clue to 
the explanation. 

The half-width of the layer in twilight is ob- 
tained from the shape of the intensity curve in 
late twilight by methods that have previously 
been outlined [Blamont, Donahue, and Weber, 
1958; Donahue and Blamont, 1961]. The aver- 
age widths by months, for morning and evening, 

TWILIGHT INTENSITY IN I0" PHOTONS/cmasec sr •, •- < 

oE 

are given in Table 1. These again are for the 
entire period 1954-1963. There appears to be a 
slight seasonal variation, the layer being about 
1.5 km less wide in winter at its maximum alti- 

tude. There may also be a morning to evening 
variation with an increase by about 1 km in 
the evening. These are full widths at half maxi- 
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sities at Troms0 for 1962 and 1963 compared with 
the averages (solid lines) and minimum dayglow 
intensities at Haute Provence (dashed line). 

mum and are narrower than those found at 

Saskatoon [Bullock and Hunten, 1961; Sullivan 
and Hunten, 1964]. 

Morning-evening effects. In the average twi- 
light intensity data of Figure 13 there is present 
an obvious tendency for greater values to ap- 
pear during morning twilight. These data need 
to be corrected for variation of the wavelength 
of the portion of the solar Fraunhofer lines 
which provide the excitation because of the ro- 
tation and orbital motion of the earth [Donahue 
and Stull, 1959]. When this correction has been 
applied the morning-evening intensity ratio 
varies from a little less than unity to as much 
as 1.4. The values are reproduced in Table 2. 
To obtain the abundance variation it is neces- 

sary to obtain the day-twilight abundance ratio 
separately for morning and evening. This was 
done, and the results are also presented in Table 
2 and, graphically, in Figure 18. The abundance 
ratio appears to have maximums in late winter 
and early autumn, when it rises to values close 
to 1.4. In July and December it falls close to 
unity. The magnitude and seasonal variation for 
this effect is very close to that predicted long 
ago by Hunten for the effect of photoionization 
of Na and neutralization of Na +. 

THEORY 

The chemical reactions presumed to be of pos- 
sible importance in the formation of the day- 
time and nighttime sodium layers are as follows: 

Oxidation 

Na q- O2 q- M-• NaO2 q- M 

Naq- O q- M-• NaO q- M 

Na q- O8 -• NaO q- O2 

Reduction 

NaO2 q- O --> NaO q- O2 

NaO2 q- H • Nail q- O2 

followed by 

NaO q- 0 '--• Na q- 02 

Nail q- O-• Na q- OH 

Photodissociation 

NaO2 q- h•--> Na q- O2 

NaO q- h•-• Na q- O 

Ionization 

Na q- h•-• Na + q- e 

Recombination or neutralization 

Na + q- X- --> Na q- X 

Na q-Xq-M-•NaX +q-M 

Na + q- XY -• NaX + q- Y 

followed by 

NaX + q- e-• Na q- X 

k, (1) 

k• (2) 

k, (3) 

(4) 

(5) 

(6) 

(7) 

(s) 

(9) 

J,o (10) 

(11) 

(12) 

(13) 

(14) 

The classical treatment of the sodium layer 
formation by Chapman [1939] made use of re- 
actions 2, 3, and 6. This was developed further 
by Hunten [1954]. Since the discussion of the 
sodium problem by Omholt [1957], however, 
the three-body reactions, (1) and (2), have been 
taken to be the predominant oxidation reac- 
tions. The accepted mode of formation of the 
sodium 'layer' has invoked a higher rate for the 
two-body reduction reactions, (4) and (6), in- 
volving atomic oxygen, than the oxidizing three- 
body reactions, (1) and (2), at high altitudes 
down to about 90 km. Here the increasing ratio 
of O.• to O finally cabses the recombination to 
NaO. by (1) to prevail, and the sodium goes 
over predominantly to the oxidized form. Of 
course, only the ratio of reaction rates and re- 
actants is critical in such an analysis. However, 
the choice of (1) over (3), the ozone reaction, 
as the important oxidizing reaction at the base 
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Average altitude of twilight layer at Haute Provence 1954-1963, morning and eve- 
ning. Standard deviations are indicated. 

of the layer has been made as a consequence of 
a measurement of the rate of (1) by Bawn and 
Evans [1937] which gave for this reaction the 
extraordinarily high rate coefficient 

kl -- 5 X 10 -30 cm6/sec at 250 øK 
according to Bates [1954]. This very large re- 
action rate forces acceptance of correspondingly 
high rate coefficients for the reduction reactions, 
(4) and (6), so as to permit the sodium to be- 
come free above 90 km [Potter and Del Ducca, 
1961; Vallance Jones, 1961; Balli[ and Venka- 
teswaran, 1962]. It is notable that all these rate 
coefficients involving sodium need to be orders 
of magnitude higher than their counterparts in- 
volving hydrogen. Many of the hydrogen rates 
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Big. 21. Average altitude of twilight layer at 
YIaute Provence 1954-1963, morning and evening 
data lumped. Results of Bullock and YIunten at 
Saskatoon are shown for comparison. 

have actually been measured. For example, 

H q- 0•. q- M--+ HO•. q- M (15) 

has a rate coefficient of only 2 X 10 -= cm6/sec 
at room temperature, according to Clyne and 
Thrush [1963]. Since these high rates for reac- 
tions 1, 4, and 6 tend to overwhelm all other 
processes that might be considered in the sodium 
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Fig. 22. Anticorrelation of dayglow intensity 
with altitude of twilight layer. Points are taken 
from semimonthly averages. 
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TABLE 1. Average Width of the Sodium 
Twilight Layer, 1954-1963 

Morning Evening 
Month km km 

January 
February 
March 

April 
May 
June 

July 
August 
September 
October 
November 
December 

7.5 
9.0 
9.0 

8.5 
8.8 
8.9 

102 
93 

101 

97 
72 
73 

8 

10.5 
9.8 

11 

9 

10 
12 
11 

10.2 
10.1 

8.4 

8.8 

problem, and indeed appear to be unreasonably 
great, it is important to examine carefully the 
procedure by which k• was deduced. 

Measurement of k•. The technique employed, 

41ii 

called the diffusion flame method, has been used 
extensively in measurements of alkali atom re- 
action rates [Polanyg, 1962]. In the experiment 
under consideration, N•, after passing over so- 
dium metal at 300øC, emerged along with the 
sodium vapor through an orifice into a tube in 
which 0• was flowing. The partial pressures of 
N2 and 02 were known from flow rates, and the 
pressure of Na was taken to be that of the satu- 
rated vapor in N.• at the mouth of the orifice. 
Beyond this nozzle as it diffused through the 
N•-0• mixture the sodium was oxidized by (1). 
Knowledge of the diffusion coefficient of the 
sodium and the value to which the density of 
sodium had fallen somewhere else in the flow 

tube would permit an evaluation of the reaction 
rate. This density was measured by illuminating 
the reaction region with the light from a sodium 
vapor electrodeless discharge. The visible radius 
of the D-line glow was measured. In a previous 
experiment the smallest density of sodium vapor 
that could be seen in reasonantly scattered light 

TABLE 2. Ratio of Abundances between Morning and Evening Twilights 
Ratio of brightness, corrected for Fraunhofer-Doppler effect, is in the second column. Brightness is in 

units of 10 s photons/cm 2 sec ster at 75 ø zenith angle. Abundance is in 109 atoms/cm 2. 

Month Im/I, I• I• 

Day/Twilight Abundance 
Abundance Twilight 

Ratios Day Twilight Abundance 
Ratio 

e m e m m/e 

Jan. 1 
1 

Feb. 1 
1 

Mar. 1 
1 

April 1 
1 

May 0 
1 

June 1 
1 

July 1 
0 

Aug. 0 
1 

Sept. 1 
1 

Oct. 1 
1 

Nov. 1 
1 

Dec. 1 
1 

09 
O5 
15 
24 

25 
18 
12 
68 

77 
10 

23 
3O 
26 

90 
85 

35 
27 
31 
27 
25 
39 
12 

01 

O3 

8 
6 

6 

4 

4 

6 

5 

4 

47 
39 
35 
26 

28 
38 

54 
43 
4.8 
44 

41 

56 
74 
78 
78 
79 

I 8.8 
2 6.6 
3 7.3 
8 6.0 
8 6.0 
8 7.9 
I 5.7 

6.8 
3.6 
4.3 
4.3 
3.4 
36 
34 
46 

58 
6O 

57 
53 
7O 

10 3 
88 

78 
81 

2.1 
2.7 
3 
4.1 
3.9 

2.7 
4 

5.4 

4.7 
5.3 
6.8 
8 
7.5 
5.9 
4 

5 
45 
46 

47 
33 
25 
24 

21 
2 

1.8 
2.5 
2.6 
2.8 
30 
23 
35 
31 
60 
59 
5.2 
6.7 
6.5 
6.6 

4.8 
3.7 
3.5 
3.6 
3.6 
2.5 
1.7 
2.1 
2.1 
1.9 

14.2 
14 

18 

18.6 
16 

16.8 
20 
26 

26.8 
30 
32 
32 
31 
29 

27 
24.5 
22 

2O 
17 
14.4 

16.8 
18 
13.2 
12.8 

6.75 
5.2 
6 

4.5 
4.1 
6.2 

5 
4.8 

5.7 
5.1 

4.7 
4 

4.1 

49 

6 75 
49 

4.9 

4 35 
36 
44 

67 

75 
63 
64 

79 
56 
69 

67 
54 
73 
57 
84 

45 
56 
6 15 

48 
48 
44 

56 
61 

63 
5 55 
47 
5.8 
9.9 
8.6 

6.3 
6.75 

1.17 
1.07 
1.15 
1.49 
1.29 
I 18 
I 14 

I 75 
0 79 
I 10 

I 30 
1.31 
1.08 
0.90 

0.83 
1.25 
1.29 
1.28 
I 31 
I 32 
I 48 
I 15 

I 00 
I 06 
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originating from the same source had been meas- 
ured. This was taken to be the density of sodium 
at the edge of the glow in the experiment. Ac- 
tually the two-body reaction rate Na + O• was 
found not to vary linearly with N• pressure be- 
tween 2 and 25 torr, and this was taken to mean 
that the reaction went over to a two-body-like 
process at high pressure. From the low-pressure 
data the dependence of the reaction rate on N• 
pressure can be determined, although Bawn and 
Evans do not publish a value. The rate thus 
obtained from the data published appears to be 
closer to 2 X 10 -8ø cmø/sec at 200øK than the 
value normally accepted. The temperature in 
the reaction zone was 260øC rather than 250øK. 

Much more serious, however, is the assumption 
that the density of sodium was known at the 
edge of the visible glow. Over the entire range 
of N• and O• pressures used, quenching of the 
resonance radiation and pressure broadening are 
very serious. It is certain that the actual Na 
density at the edge of the visible glow was seri- 
ously underestimated. Probably the data ob- 
tained have as much to do with the pressure 
dependence of quenching and line strength and 
width of the D lines as they do with the ozida- 
tion reaction rate. The most recent measure- 

ments of the cross section for the quenching of 
the •P state of sodium by N, [DemtrSder, 1962] 
give a value of 4.3 X 10 -• cm •, or 

<•oV> = 2.6 X 10 -•ø cma/sec 

at 250øC. At a nitrogen pressure of I torr the 
lifetime against quenching is 1.27 X 10 -• second 
compared with the natural lifetime against radi- 
ation of 1.59 X 10 -• second also measured by 
DemtrSder. At I tort, therefore, the density of 
sodium was underestimated by a factor of 1.25. 
At 10 torts it was underestimated by a factor of 
3.5; at 25 torts, by 4.1. An upper limit to the 
reaction rate measured by Bawn and Evans, 
using these correction factors, is 1.3 • 10 • 
cmø/sec at 250øC. The value could be as low as 
8 X 10 -• at 250øC, or 5 X 10 -•1 at 200øK, if, as 
suggested by the authors, physiological factors 
associated with the presence of the bright cen- 
tral glow made the location of the edge so diffi- 
cult as to introduce another factor-of-2 uncer- 

tainty in the sodium density. This method of 
measuring reaction rates appears to be of ques- 
tionable reliability. Measurements based on some 
other method of determining the sodium-den- 
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sity variation are needed. Optical absorption 
measurements along a flow tube, for example, 
would escape the objections raised here. In view 
of these difficulties it seems that the hydrogen 
reaction rates corrected for collision frequency 
provide the best guide to choosing analogous 
sodium rates, or else the entire question should 
be considered open until some valid measure- 
ments become available. 

The analogous (uncorrected) reaction rates 
for oxygen and hydrogen at 300øK [Kau/mann, 
1964] are 

k• = 2 X 10 -au cm'/see 

ku = 2 X 10 -au cm'/see (estimate) 

ka = 2.6 •- 0.5 X 10 -• cma/sec 

k4 •__ 10 -• eroS/see 

k5 • 3 X 10 -•z cmS/sec 

k6 -- 5-4- 2X 10 -• cmS/sec 

k7 -- 2 X 10 -• exp [--9.2/RT] cmS/sec 
Formation o• the sodium layer. The assump- 

tion will be made for the time being that photo- 
dissociation rates are slow at all altitudes of 

interest in comparison with the chemical rates 
so as to determine whether it is possible to ac- 
count for the diurnal and annual variations in 

sodium without invoking photodissociation. Fur- 
thermore, sodium and its compounds will be as- 
sumed to be present in amounts small compared 
with the principal atmospheric constituents. 
Thus sodium will behave only as a tracer. Ioni- 
zation and recombination will be ignored. To 
avoid cumbersome notation the chemical sym- 
bol X is used to denote the density n(X), and 
the density product n(X)n(¾) is written X'¾ 
to distinguish it from the molecule XY. With 
these assumptions the steady-state abundances 
of the various forms of sodium become 

k• Na. 02' M (16) Na02 ---- ]64 0 -•- ]65 H 

Na0 -- 
ks Na.0s 

k6 0 

•_ k2 Na. M k4 Na0e (17) k• + k• 

Nail = k5 Na02' H (18) 
k7 0 
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Writing 

N = Na -•- Na02 -•- Nail 

we obtain 

(19) 

Since the annual variation of Z•, the altitude 
of the peak of the twilight layer, is known, this 
permits the evaluation of the annual variation 
of 0•/0 at Z•. The model atmosphere chosen to 

Na -- 

ks 02'M 1 •- k• 0 •- 'k-• I-I 

N 
(2o) 

The probable importance of the terms in the 
denominator may be assessed as follows: 

(k•. M)/k6 • 1 even at 75 km unless k2/k• • 
10 -•, which is highly unlikely. (ks 08)?(k• O) 
• I for ks/k• -- 30 unless 08 densities get 
within 10 -• times those of O. This is likely to 
happen only toward the bottom of the layer at 
night. For the present this term will be neg- 
lected, but its possible role will be discussed 
later. In general, the problem is to choose be- 
tween the rates k8 08 and k• O•-M. If k•/k8 is 
really as small as 10 -• the Oa/O• ratio need only 
get above 10 -5 to make the ozone oxidation im- 
portant. 

(k• H)/(k• O) ( I for H/O ( 0.1 unless k• 
is considerably larger than k•. In view of the 
fact that around 90 km H is almost surely more 
than two orders of magnitude less dense than 
0 this term also will be neglected. (k• H) / (k, O) 
( I will also be assumed for the same reason. 

Thus the usual equilibrium relationship is ob- 
tained 

N 

1-[-ks 02-M( k4) 
which may also be written 

(21) 

N 

Na = 2k• 02' M (22) 
k• 0 

since there is no a priori reason to assume that 
k, and ko are different. 

Assuming that N follows the atmospheric alti- 
tude variation means that (22) will give an Na 
distribution in which Na = N at large altitudes 
where k, 0 )• k• 0• ß M. The free sodium den- 
sity finally drops below N as the altitude de- 
creases, and reaches a maximum (Na = N/2) 
very close to the altitude at which 

2k• 02- M 
(23) 

k4 0 

give N• and 02 as functions of altitude (Figures 
23) agrees with the most recent mass spectro- 
metric and ultraviolet determinations [Shaefer 
and Nichols, 1964; Nier et al., 1964]. In Table 
3, Z• along with (k• O)/(k• 0•) -- 2M are 
listed. From these ratios provisional values for 
the atomic oxygen density, O•(Z•), required at 
the altitude of the twilight sodium layer may be 
computed using the chosen ratio k•/k• (4 X 10 -• 
cm•). Of course, the ratio that seems to give the 
most reasonable oxygen densities has been se- 
lected. The values of O•(Z•) are also given in 
Table 3. 

To explain the diurnal variation in the quan- 
tity of free sodium on the basis of this chemical 
model it is necessary now for a first try to 
postulate a diurnal variation in atomic oxygen 
between 75 and 90 km. The magnitude of this 
variation may be estimated month by month 
from the observed values of the day to twilight 
sodium ratios R. To achieve an increase in Na 

by a factor R on the basis of (22) it is necessary 
that (k• O)/(k• 0•) change so that (23) will be 
satisfied at a point where M has increased to 
RM (or N has increased to RN). The observed 
R values are given in Table 3 and the altitude 
Z• at which M has increased by a factor R com- 
pared with its value at Z•. Then the daytime 
ratio 

k• O/k• 02- 2RM(Z•) = 2M(Z. 
is computed, and finally O(Z,. The diurnal 
variation in Na would entail a shift downward 

in the layer during daytime by 8 km from 87 
to 79 km in summer, and by only 3 km from 
91 to 88 km in the winter, on the basis of such 
a model. 

Qualitatively what is needed to bring about 
the required changes in free sodium is for the 
atomic oxygen peak in daytime to move down- 
ward in altitude from about 95 km in Decem- 

ber to perhaps 90 km in June with an attendant 
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Fig. 23a. Distribution of total atmospheric con- 
stituents and 02 with altitude. 

increase in density at the peak from about 
5 X 10 • atoms/cm 8 to perhaps 1.5 X 10 TM 
atoms/cm 8. Below the peak the oxygen must be 
assumed to decrease rather slowly with decreas- 
ing altitude in summer during the daytime and 
rapidly in winter, so that in June the density is 
6 X 10 • per cm 8 at 79 km whereas in December 
it is 10 •ø per cm 8 at 88 km. This requirement is 
illustrated in Figure 24. The values of k•/k• were 
chosen so that the summertime oxygen densities 
would ioin smoothly at 100 km to the recent 
mass spectrometric determinations. To cause 
the larger diurnal variations in summer, what is 

needed is a much more rapid variation of oxy- 
gen within an hour or so of sunset and sunrise 
in the low-altitude part of the oxygen distribu- 
tion than occurs below the peak in winter. The 
time constant must, in fact, decrease with alti- 
tude so as to bring about the increasing ampli- 
tude of go -- g• with decreasing ga. Qualita- 
tively, this, of course, is expected, since the 
oxygen disappears at sunset, presumably be- 
cause of ozone formation by recombination with 

O q- Oa q- M --• Os q- M ka• (24) 

and reappears at sunrise because of photodis- 
sociation of the ozone. This requires also that 
ozone not be seriously depleted in the 80- to 
88-kin region during the night by the H, O8 re- 
action. It is also necessary that the twilight 
layer occur with its peak in a region where the 
oxygen density does not change much after 1 
hour; otherwise, a morning-evening effect in 
twilight opposite to that observed would occur. 
Of course, compensatory effects of recombining 
Na + and decreasing production of Na by (6) 
are possible. 

Diurnal variation o• 0 a•d 0•. The problem 
is to decide whether such a diurnal and seasonal 

atomic oxygen variation is possible and reason- 
able. The photochemical problem of oxygen in 
this region has been attacked most recently by 
Wallace [1962] and by Ballif and Venkateswaran 
[1962, 1963]. However, since their work there 

TABLE 3. Atomic Oxygen Density Required at Altitude of Twilight Layer and at Deduced Altitude 
of Daytime Layer to Produce Diurnal Variation in Sodium from Chemistry Alone 

Z•, is the altitude of the twilight layer; O•-(ZT), the density of 0 needed at that altitude in twilight; 
R, the day to twilight abundance ratio; ZD, the deduced altitude of the daytime layer; and OD(Z•), the 
atomic oxygen density needed there. k,/k4 is taken to be 4 X 10 -•s cm 3. 

Month ZT, km k40/k•O,. = 2M Oy(Zr) R Zm km k40/k•02 = 2RMT O•(Z•) 

Jan. 91.2 7 X 10 •3 
Feb. 91.2 7 
Mar. 92.0 6.2 

Al•r. 91.5 6.7 
90.5 9.4 

May 88.1 15.4 
June 87.1 19 

July 89 12.4 
Aug. 88.6 14 
Sept. 89.7 10.8 
Oct. 90.4 9.4 
Nov. 90.7 8.6 
Dec. 91.0 8 

1.75 X 109 
1.75 X 109 

1 4 

1 7 

34 
92 

16 
6.2 
8.4 

4.7 

3.1 
2.8 

2.5 

2.3 88 16 X 10 '3 10 X 109 
3.2 86.5 22 22 
2.8 87.5 17.5 14 
3.7 86 25 28 
6 ' 83 55 120 
5.4 80.2 83 340 
7 79 130 620 
6.5 80.2 80 340 
4.3 82 60 160 
3.8 83.7 40 80 
3.3 85 30 45 
2.2 87 20 20 
1.9 88 15 10 
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has been a new and careful determination of 

the rate of (24) by Kaufmann and Kelso [1964]. 
The three-body coefficient measured at 300øK is 
7.5 X 10 • cm6fsec. The temperature depend- 
ence of the reaction is in considerable doubt. 

Benson and Axworthy [1957] give --0.6 kcal 
as the activation energy. This rises to --1 kcal 
if the correct dissociation energy is used. Thus, 
the rate might be as high as 2.3 X 10 -• cm6/sec 
at 180øK. A somewhat lower value would be 

obtained if a T • dependence is assumed. The 
rate is probable between 1.5 and 2 x 10 -• at 
180øK (Kaufmann, private communication, 
1964). It will be taken here conservatively as 
1.5 X 10 -• cm6/sec. This is about 4 times higher 
than the value employed by Balli• and Ven- 
kateswaran [1962] and 17 times larger than the 
one used by Wallace. Thus the region in which 
rapid variation of 0 densities occurs at sunrise 
and sunset is shifted considerably higher than 
it was found to be in those treatments. The 

shift amounts to some 8 km for the calculations 

of Wallace, as a comparison of the curves of 
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Fig. 23b. Distribution of O and Os with alti- 
tude. Solid curves for Os and O are calculated 

from photochemistry alone. Dashed curves show 
the effect of turbulent diffusion. 
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Fig. 25. Distribution of all sodium compounds 
in altitude (N) and distribution of atomic sodium. 
(a) Summer daytime, photochemistry alone; (b) 
summer daytime with turbulent diffusion ac- 
counted for; (c) summer twilight, photochemistry 
alone; (d) summer twilight, oxygen diffusion in- 
cluded; (e) summer twilight, oxygen and sodium 
diffusion included; (D summer twilight, diffusion 
plus the ozone reaction included. 

order of 1 km. This gives an effective coefficient 
for eddy diffusion of 2 X 107 cm'/sec. Recently 
Kellogg (private communication, 1963) has 
given a somewhat different treatment to estimate 
the rate of large-scale vertical mixing in this 
region. His analysis will be summarized here 
for the sake of completeness. He applies the 
Taylor theory of diffusion by continuous move- 
ment [Taylor, 1920, 1935; Brunt, 1941] to com- 
pute the mean square distance traveled by a 
parcel of gas owing to its eddy motion. 

r = 

where R • is the Lagrangian autocorrelation coeffi- 
cient of the eddy velocity v'. Assuming that R • 
remains unity for a while and then drops abruptly 
to zero when the eddy velocities are no longer 
correlated with their initial velocities, Kellogg 
obtains 

f' - ? -- 2• "• t• dt -- v'•t" (27) 

at short times and 

r • = 2v • I t (28) 
at long times where 

R•j d• • R•j d•j = I (29) 

From observations in sodium trails [Cote, 1963; 
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Blamont and de Jager, 1961; Blamont, 1963] it 
can be verified that these trails obey the short- 
time law and that (v•') TM is between 2 and 3 m/ 
sec. The growth follows the short time law up 
to about 2000 seconds, when the sodium trails 
have dimensions of I or 2 km. After this, rapid 
mixing may continue by virtue of entrainment 
of the distribution in the Martyn-I-Iines internal 
gravity waves [Martyn, 1950; Hines, 1960, 
1963]. As a conservative estimate after 1000 
seconds Kellogg assumes the long time law 

r 2- 2(200)21000 t-- 2X 4X 107t cm •' (30) 
This gives a vertical eddy diffusion coefficient of 
4 X 107 cm2/sec at 100 km in harmony with the 
earlier estimates [Blamont, 1963]. Because the 
minimum allowable wavelength of a Martyn- 
Hines wave is reduced from I km to 0.1 km at 
80 km the diffusion coefficient is reduced to 
about 2 X 107 cm•/sec at that altitude. 

Using these results it can be shown readily 
that an oxygen distribution such as that obtained 
(Figure 23) 1 hour after sunset from photo- 
chemical processes cannot be maintained. With 
such a distribution the diffusion loss at 91 km 

would be about 1.5 X 108 oxygen atoms/cm 8 sec 
compared with the chemical three-body recom- 
bination rate of only 3 X 10'/cm 8 sec. At 86 km 
the oxygen density would be increasing because 
of flow down from the peak at a rate of 3 X 
107/cm • sec compared with a photochemical 
rate of decay of 1.3 X 10•/cm • sec. 

Thus it would appear that, as rapid recombi- 
nation of oxygen atoms commences below 88 
km, eddy diffusion will quickly transport atoms 
down from higher altitudes into this chemical 
sink and that the distribution will be diffusion 

controlled in the region above 80 km. By the 
same token ozone molecules will be carried 

rapidly up to higher altitudes, where some of 
them will eventually be lost in collision with 
atoms of hydrogen and oxygen. This may remove 
the discrepancy regarding the altitude of the OH 
nightglow layer. Photochemical considerations 
[Wallace, 1962; BallO • and Venkateswaran, 
1963], using too small a value of the recombina- 
tion coefficient for reaction 24 and neglecting 
eddy diffusion, placed this layer between 70 and 
75 km instead of between 83 and 90 km where 
observations [Packer, 1961] have placed it. 
Tohmatsu and Nagata [1963] have developed 
a model for the oxygen green line excitation 
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which is based on eddy diffusion transport of 
atomic oxygen. The 'diffusion coefficient required 
is about the same as the one used in this paper. 

A very crude solution of the rate equations 
for 0 and 03 including diffusion has been ob- 
tained which predicts the 0 and 03 distributions 
after 1 hour (Figure 23). The diffusion was 
treated as though it were molecular. This is 
certainly not strictly justified but should give a 
rough approximation to what can be expected. 
Even so, the reduction in atomic oxygen above 
85 km is still not great enough to move the peak 
in the sodium distribution to an altitude high 
enough or a density low enough to produce the 
desired diurnal variation (Figure 25, curve d). 

Eddy diffusion effect on sodium distribution. 
However, this sodium distribution is also too 
sharply varying to be supported against eddy 
diffusion downward. The loss of sodium atoms 

by diffusion at 85 km occurs at a rate of about 
1.1 X 10-•/sodium atom/sec. The rate of chem- 
ical loss by process (1) is 5 X 10 • k•/sodium 
atom/sec. So here the question of the value of 
k• rather than the ratio k•/k• becomes crucial. 
If k• were as large as 5 X 10 -• cm6/sec the rate 
of oxidation would be 25 X 10-3/sodium atom/ 
sec. Since NaO• and NaO will be transported 
into the 85-km region as rapidly as turbulence 
takes Na away the reconversion of these mole- 
cules to sodium will be faster than the sodium 

diffusion loss rate unless k• is 2 X 10 -• cm 6 or 
less. If the value of k• is as small as 2 X 10 

cm•/sec the diffusion loss will ,be overwhelming. 
The sodium distribution will decay very rapidly 
from the daytime equilibrium. Sodium atoms 
will be carried down into the region around 80 
km, where they are rapidly oxidized. They will 
be replaced by NaO• and NaO molecules from 
below. The peak of the sodium distribution will 
be established where the loss of sodium by eddy 
diffusion and oxidation is balanced by the reduc- 
tion of the Na02 flowing in. Although in a steady 
state the transport of sodium atoms downward is 
balanced by the reverse flow of the oxides the 
consequence must be a decrease in the number 
of free sodium atoms compared with the photo- 
chemical equilibrium at any given level near the 
photochemical maximum. At lower altitudes the 
reverse will be true, but the sodium cannot build 
up to high densities there because the transport 
carries the sodium atoms into a region in which 
the oxidation rate is much more rapid than that 
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near the level of the maximum. This rate is the 

same as that at which the Na0.. is reduced to Na. 

To get a rough estimate of the scale of these 
effects a very crude analysis has been under- 
taken. A model has been considered in which 

the total density of sodium and its oxides is 
assumed constant with altitude. Diffusion has 

been treated as though it were molecular, so 
that the fractional densities of the various reac- 

tants become, in the steady state, 

D 02[• _]_ k4 --- - o Oz (31) 

D 02f2 _{_ kl 02' M I--NaO- Oz 0 ! 

+ -7-6 
!-- = 

2kl 02' M 
1-]- 

k4 0 

if k• -- k•, with 

Oz - o (a4) 

Use of the definitions 

(35) 

kl 02-M 
a -- 

k• O 

b = 1 + 2a (37) 

d = o) (as) 
gives the coupled set of differential equations 

1 oo • O•f oo • O•f• 
I = + g' Oz - t, Oz (30) 

(40) 

f2 --co•' 02f2 -Jr- af (41) Oz •' 

The term 1/b in (39) is the photochemical dis- 
tribution. The second term on the right of (39) 
represents the effect of sodium atom flow, and 
the third term represents the effect of flow of 
NaO•.. The magnitude of the flow correction de- 
pends on d', the ratio of the diffusion coefficient 
to the reduction rate of NaO• and NaO and b, 
essentially the ratio of the reduction and oxida- 
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TABLE 4. Values of Parameters in Equations 39-41 Governing Distribution of Sodium and Its Oxides 
under Combined Influence of Chemistry and Diffusion 

k• = 2 X 10 -a2 cm6/sec; k4 - 5 X 10 -•5 cma/sec. 

Altitude, kl O2-M, k4 O, •2 -- D/k4 O, 
km b -• sec -• sec -• km -2 km 

Daytime 

75 0.03 50 X 10 -4 2.75 X 10 -4 18 0.5 
80 0.27 8.4 3.75 8 2.2 
85 0.76 1.14 8 5 3.8 
90 0.99 0.1 25 1.1 1.1 

Night 

75 5 X 10 -4 50 X 10 -4 0.05 600 0.3 
80 3 X 10 -2 8.4 0.5 60 2.0 
85 0.67 1.14 5.0 8 5.0 
90 0.98 0.1 11 2.5 2.5 

tion rates. The magnitudes of these coefficients 
are indicated in Table 4 for the oxygen distribu- 
tion prevailing during the day and I hour after 
sunset during May. kl is taken as 2 X l0 w cm•/ 
sec and k, as 5 X 10 -• cm3/sec. 

The striking feature in this table is the size of 
•', which governs the Na0• to Na0 ratio, and 
o?/b, which determines the effect of flow in al- 
tering the photochemical distribution. The fact 
that they are of the order of I to 10/km 2 means 
that an important redistribution will certainly 
occur since this is also the scale on which the 

important variation in 1/b takes place. 
The solution of the differential equations, ob- 

tained numerically, is represented in Figures 26 
and 27, where 1/b is also shown for comparison. 
The effect of diffusion on the daytime distribu- 
tion of sodium is not great, because the slowly 
varying atomic oxygen distribution already 
causes 1/b to vary slowly and the large values 
of k,0 cause • and ,•2/b to be relatively small. 
In the twilight case the effects are much larger. 
There is, however, a significant increase in free 
sodium below the photochemical threshold alti- 
tude. The consequence is that the diurnal varia- 
tion predicted is only of the order of 2 to 1, 
assuming that in twilight the steady state is 
practically attained. The sodium distribution 
that would result if these fractional values 
and [2 are also assumed to hold when N varies 
with altitude is shown in Figure 25, curves b and 
e. The peak of the twilight layer would occur 
at 82 km, which is far below the observed alti- 
tude of 90 km. 

The Na0 and Na02 distributions are affected 

very much by the large values of • at low alti- 
tude. The diffusion is so fast in comparison with 
conversion of Na0 to Na that • is very large, 
and the slightest gradient in Na0 causes a large 
relative excess of Na0• at low altitudes accord- 
ing to (40). This situation depends on the 
equality of k, and k•. If k, were large compared 
with k•, the rapid conversion of Na0• to NaO 
compared with the relatively slow reduction of 
Na0 would diminish the size of this effect. 

If rather large concentrations of 03 in the 
80- to 85-km region can build up within I hour 
because of turbulent mixing and the new values 
for the 0, 0• three-body rate coefficient there is 
a possibility that the oxidation of sodium by 
ozone may become important in this region. 
This would lead to further decrease in the free 

sodium abundance at sunset sufficiently large 
perhaps to produce the desired diurnal variation. 
For example, if k3 were as large as 1.5 X 10 -" 
and the 03 distribution were that shown in 

Figure 23, the rate of formation of Na0 from 
Na and 03 would compete favorably with the 
reduction of Na0 throughout the region of the 
sodium maximum. The consequence would be 
that the term (k3 03)/(k• 0) would need to be 
considered in the denominator of (20). The new 
set of steady-state conditions analogous to (39), 
(40), and (41) would become 

I w 2 /_O• 02[•} (42) = + \Oz 
= + c! + 

and 
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(44) Lo 
where 

b = I -[- 2k• 0•.-M _[_ ks03 (45) 
k4 0 k4 0 

and 

a ---- (ks Os)/(k4 O) (46) 

In this case the relevant parameters in the 
sodium twilight problem would be those given 
in Table 5 

ß 
The distribution of f, f•, and f• that results 

from a solution of (42), (43), and (44) is shown 
in Figure 28. The photochemical distribution of 
f is pushed to higher altitude. Diffusion has 
little effect on the distribution below the peak 
because of the small values of ,o•'/b as a result of 
the enhanced oxidation rate provided there by 
the ozone reaction. The increased direct NaO 

production from the Na, 03 reaction is reflected 
also in the reduction in the excess of f2 over f• at 
low altitudes. 
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Fig. 26. Relative distribution of sodium with 
altitude in the absence of a gravitational field 
with total concentration of all forms of sodium 
independent of altitude. Curve a, chemicM equi- 
librium; b, diffusion included. 
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Fig. 27. Relative distribution of sodium with 
altitude in the absence of a gravitational field 
with total concentration of M1 forms of sodium 

independent of altitude. Curve a, chemical equi- 
librium; b, diffusion included. 

The sodium twilight layer resulting is illus- 
trated in Figure 25. The peak of the layer has 
moved close to 85 kin, and the diurnal variation 
becomes 3.5/1. Further increase in k3 would re- 
sult in larger ratios and push the altitude of the 
twilight layer even higher. 

On the basis of this mechanism the large 
diurnal variation and low altitude of the sodium 

layer in summer would be a result of the crea- 
tion of much more atomic oxygen at low alti- 
tude in summer. This would have as its conse- 

quence the production of large amounts of free 
sodium at low altitude in the daytime followed 
by a large-scale oxidation, particularly of the 
lower portions of the layer at sunset. Both the 
decrease in the abundance of atomic oxygen and 
the attendant large increase of ozone would op- 
erate to oxidize the sodium. The scale of both 

effects would be increased because of the high 
density of the region in which they occur in 
summerß In winter, on the other hand, the 
amount of atomic oxygen at low altitudes would 
be diminished, the entire locale of the sodium 
oxidation and reduction would be moved to 
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TABLE 5. Values of Parameters in 

Equations 42-44 
k3 is taken to be 1.5 X 10 -•8 cmS/sec. Twilight 

with ozone reaction included. 

Altitude, C 
km k3Os ksO•/k40 

BLAMONT AND DONAHUE 

followed by dissociative recombination 

NaO•* -[- e--• Na -[- O• (49) 

may be a very fast process for sodium-ion loss, 
as Sullivan and Hunten [1964] have suggested. 

b -• •/b I-Iunten's treatment may, therefore, be valid 
with k,• n(O•) n(M) replacing his •'n(--) as 
the effective recombination coefficient K. 

If the rate of photoionization for a sodium 
atom in sunlight is i -- 2 X 10 -• per atom per 
second as Hunten assumed, the morning-evening 
ratio of 1.4 would call for an association coeffici- 

ent of about 3 X 10 • per ion per second, and 
no large seasonal variation in the degree of ion- 
ization would result. However, for i of the order 
of 1.5 X 10 -• per atom per second the observed 
maximum value of the morning to evening ratio 
would imply K _• 10 -• per ion per second, and a 
sizable seasonal variation in unionized sodium 

would easily be attained. The fraction of union- 
ized sodium could readily be twice as high in 
December as it is in June. This would provide a 
ready explanation for the seasonal variation in 
N that is necessary to account for the failure of 

75 4.5 X 10 -4 90 5 X 10 -4 0.3 
80 3 6 2.3 X 10 -2 1.4 
85 2.5 0.5 0.5 4 
90 1.35 0.12 0.875 2.2 

higher altitudes, and the range of the diurnal 
variation would be smaller. 

But then it would be difficult to understand 

why there should not be a seasonal variation in 
twilight abundance also with a maximum in 
June when the twilight layer is at its lowest 
altitude. Under any circumstances---even apart 
from considerations bearing on the diurnal var- 
iation-decrease by 5 km in the height at 
which half of the sodium in all forms is in the 

reduced state should roughly double the total 
amount of free sodium. If instead there is no 

appreciable seasonal variation in free sodium 
the conclusion would appear to be that there is 
a seasonal variation such as that presented in 
the conventional picture based on a I to I day 
to twilight ratio. Then the seasonal variation in 
N apparently needs to be about twice as large 
as that in Na. Otherwise the generally accepted 
chemistry of the sodium problem needs to be 
radically revised. This ignores, however, the 
possible changes caused by ionization, which 
may remove the need for a variation in N, as 
will presently be shown. 

Photoionization. The ratio of morning to 
evening intensities observed during twilight has 
the magnitude and seasonal variation predicted 
by Hunten [1954]. The source of the variation 
according to his model was photoionization of 
Na during the day and recombination or mutual 
neutralization of Na* at night. The original 
treatment assumed that the removal process 

Na* + Y---, Na-[- X (47) 

was effective in the day as well as the night. 
Actually IOtaholt, 1954] the concentration of 
X- is undoubtedly very small in the daytime. On 
the other hand a reaction such as 

Na + -k O• -[- M--+ NaO• + -[- M (k4•) (48) 
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Fig. 28. Relative distribution of sodium with 
altitude in the absence of a gravitational field 
with total concentration of all forms of sodium in- 

dependent of altitude. Curve a, chemical equilib- 
rium; b, diffusion included. 
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the twilight abundance to increase in summer 
despite the low altitude of the layer. 

There is a serious difficulty, however. If, dur- 
ing summer d•ytime, the amount of free sodium 
is of the order of 30 X 109 atoms/cm', then the 
abundance of sodium ions must be of this same 

order if ionization is really the mechanism pro- 
ducing the diurnal and seasonal effects. Thus the 
number of sodium electrons in the D region 
would equal the total number of free electrons. 
Since there is no known mechanism by which 
these electrons would be bound in the daytime, 
•nd the recombination coefficient of D-layer 
electrons is of the order of 3 X 10 -8 cmS/sec, it 
appears difficult to support a model in which 
the degree of ionization of sodium is larger than 
about 10'%. 

The value of k, used in this paper causes k, 
02'M to vary between I X 10-•/sec at 90 km 
and 1.14 X 10-•/sec at 85 km. To produce di- 
atomic ions at a rate as fast as the effective 
recombination rate of electrons an association 

rate of at least 3 X 10-•/sec is required. How- 
ever, such a requirement need be met only dur- 
ing summer, when there would be large amounts 
of atomic sodium below 85 km in the daytime. 
Thus it would appear to be sufficient to require 

k4s • k• --•' 2 X 10 -s• cm6/sec 

This would leave the morning-evening effect to 
be accounted for by some other mechanism. 

Of course, if there is no large increase in 
sodium abundance during daylight some of these 
difficulties vanish. The number of sodium ions 

in the D layer would only need to be of the 
order of 5 X l&/cm 2. If the photoionization 
rate is of the order of 1.5 X 10-•/atom/sec and 
the removal rate of the order of 10-•/ion/sec in 
daytime (larger perhaps at night because of 
mutual neutralization), a ratio of morning to 
evening abundance of 1.4 at the equinoxes would 
lead to a large seasonal variation. 

If the morning-evening effect is not due to 
photoionization the cause must apparently be 
sought in photochemistry. One possibility if the 
ozone oxidation reaction is important at night is 
that the ratio of ozone to atomic oxygen might 
decrease toward the end of the night. A deple- 
tion of ozone will occur because of the hydrogen 
reaction 

H + O, + Off 
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However, it is ordinarily assumed that the re- 
action 

OH -]- 0-• H -]- O• (51) 

is fast enough to replenish the supply of hydro- 
gen in order that reaction 49 may continue to 
produce the nightglow hyroxyl radiation. Then 
for each ozone molecule disappearing an oxygen 
atom would also be removed. The morning- 
evening twilight effect, therefore, remains with- 
out satisfactory explanation in the context of a 
large diurnal variation in free sodium. 

One perplexing property of the dayglow is the 
decrease in intensity that sets in at a solar eleva- 
tion of about 17 ø in the morning. A minimum 
occurs at the highest solar angle, and the effect 
appears to be symmetrical about this angle. It 
amounts to about a 5% change per degree of 
solar elevation at Troms• and about 2% per 
degree at Haute Provence. The effect could be 
explained perhaps if the photoionization rate 
were to increase with solar elevation by an order 
of magnitude at the altitude of the dayglow 
layer between 0 ø and 20 ø elevation angle. Since 
both the three-body association rate and the 
ionization rates would then be of the order of 

4 X 104/sec at about 84 km the degree of ion- 
ization would be 50%. The time constant would 
be only of the order of 1 hour, however, and so 
recombination could restore the sodium as the 

solar angle decreased. But the high ionization 
rate would virtually wipe out the top of the 
layer, and eddy diffusion would need to be in- 
voked to restore the sodium in this part of the 
layer. Anyway, the problem of disposing of the 
sodium electrons besets this explanation sorely. 

CONFLICTING EVIDENCE 

Two sets of observational evidence have been 

cited against the occurrence of a diurnal varia- 
tion. One is the measurement of absorption of 
sunlight in the daytime by atmospheric sodium 
performed by McNutt and Mack [1963]. This 
did not show an increase in sodium in the sum- 

mer, and the abundances obtained were con- 
sistent with those given by the i to 1 theoretical 
interpretation in the twilight glow. One crucial 
question that may be raised about these obser- 
vations has to do with the method of obtaining 
the level of zero intensity. A sodium absorption 
cell was placed in the optical path for this 
purpose. There is at least the possibility that the 
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cell changed the scattered light level in the ap- 
paratus so that the zero obtained with the cell 
was lower than it was without it. McNutt and 

Mack do not give the results obtained for D• 
and D• separately. It would be interesting to 
know whether they were consistent. 

The other source of difficulty is the series of 
D.o/D• ratios obtained in twilight by Zwick and 
Shepherd [1963]. These authors compare their 
results with the calculations of Sherby based on 
a solar D•/D1 ratio of 0.835; they find that the 
measured ratios scatter above and below the 

theoretical R -- i curve. It is interesting that 
the results of Zwick and Shepherd and those of 
McNutt and Mack are not consistent. If the 

absorption measurements are valid, they must 
give accurate values for the residual intensities 
at the bottom of the D2 and D• solar lines. The 
ratio of intensities obtained there was 0.9 instead 
of 0.835. The residual intensities were also some- 

what lower individually. If Sherby's calculations 
are corrected for these effects the family of 
curves for I(D2)/I(D1) versus I(D•) •- I(D•) 
is raised considerably. The experimental data of 
Zwick and Shepherd then lie between the R -- 
i and the R -- 3 curves. Thirteen winter meas- 
urements and i summer measurement are be- 

tween R -- i and R -- 2, 5 winter and 8 sum- 
mer measurements between R -- 2 and R • 3. 

Two summer observations lie well above the 

R ---- I curve. Thus these two experiments can- 
not be cited consistently either for or against 
the existence of a sizable diurnal effect. One 

interesting point is that the observations of 
Zwick and Shepherd ran only from January 
through September 4. The twilight layer is low- 
est at Saskatoon in the autumn. If there is an 

anticorrelation between the height of the twi- 
light layer and the daytime abundance the large 
ratios would be expected to occur during the 
period just after the observations stopped. 

On the other hand, the absorption measure- 
ments of Scrimget and Hunten [1955] as re- 
evaluated by Blamont and Donahue [1961] and 
recently repeated by Neo and Shepherd [1964] 
also show a large daytime excess in free sodium 
at Saskatoon. The seasonal variation does not 

seem to be the same as that reported here for 
the dayglow. Only winter and spring observa- 
tions have been reported, and then the diurnal 
variation was 4.5 to i when it is only 2 to I at 
Haute Provence. As the seasonal variation 

BLAMONT AND DONAHUE 

found at Troms• with the Zeeman photometer 
is also altogether different from that at Haute 
Provence, a strong latitude effect appears to be 
present. 

O?•ER ME?AL EMiSSiONS 

The results of Sullivan and Hunten [1964], 
who locate the lithium twilight layer near 80 km, 
about 11 km below the sodium layer, are diffi- 
cult to encompass in a photochemical explana- 
tion. On the basis of Kaufmann's new values for 

the reaction coefficient k.o4 the density of atomic 
oxygen near 80 km at night in winter is about 
107 per cm •. The ratio 0/(0• ß M) is then 2.5 X 
10 -•, and it is necessary that (k•/k•)• be 1.2 X 
10 -• in contrast with 4 X 10 -• for the analogous 
ratio in sodium reactions. If kl is 2 X 10 -• cm•/ 
sec, k• must be 1.5 X 10 -•ø cm'/sec. If k• is 5 X 
10 • cm•/sec, k• must be 4 X 10 -• cm'/sec. Even 
the lower value of k• is uncomfortably large. On 
the basis of the older atomic oxygen models the 
density of 0 would be 10 • per cm • at 80 km in 
winter so that the necessary values of k• for 
lithium would be relaxed to 1.5 X 10 -• cm•/sec 
and 4 X 10 -•ø cm'/sec. Clearly it is necessary to 
assume that k• is quite small for the lithium 
three-body rate to accommodate the lithium re- 
sults. This in turn weakens the arguments used 
by Sullivan and Hunten to obtain a rapid re- 
combination of ionized lithium. If it is assumed 

that the coefficient of 

Li + -]- O• -]- M--• LiO• + -]- M (k•) (52) 

is 2 X 10 -• cm•/sec, then at 80 km 

k•. 0•.-M- 9 X 10-•/sec (53) 
The equilibrium fraction of neutral sodium at 
90 km is 

• = •/(i• + •) (5•) 
where i is the ionization rate. 

Now according to Sullivan and Hunten 

ill--- 14iN, (55) 

Thus if it is assumed that 

= 85(90) (56) 

corresponding to equal association coefficients, 

lLi __ i + k48 (57) 
[• 14i/84 -]- k4s 

If k for sodium is of the order of 10 -• at 90 km, 
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this makes i•., = 2iN•. But if the lower altitude 
of the lithium is caused mainly by the relative 
slowness of the three-body oxidation process it 
might be that 

(58) 

in which case 

[•,i -- 14i -+- k4s 0.13 (59) 
It would appear that the magnitude of the ion- 
ization corrections for lithium and sodium are 

in some doubt but that the lithium abundances 

probably should be multipied by a factor be- 
tween 0.5 and 8 for comparison with sodium if 
the ion recombination proceeds by the mech- 
anism postulated by Sullivan and Hunten. 
Similarly, 

. • i • k•s __• 
•N•. -- 0.4i -]- k4s -- 1.4 (60) 

if k•8 • i. 

On the other hand, if there is a 2 to 1 sodium 
day to twilight abundance ratio in winter, a 
given twilight sodium intensity corresponds to a 
larger sodium abundance. According to the 
analysis in this paper the winter twilight sodium 
abundances are about 8 X 10 • atoms/cm • in- 
stead of about 5 X 109 atoms/cm •, which would 
follow from the average brightness without a 
diurnal variation. It would appear, therefore, 
that the measurements of Sullivan and Hunten 

might imply the following density ratios: sodium, 
10,000; lithium, 0.7 to 10.5; potassium, 80. 

The K/Li ratio is very close to the meteorite 
abundance ratio of 75 for the lower Li value. 

The ratios to Na are very curious. Since the Li/ 
Na ratio falls between that for sea water and 

meteorites, it is possible to assume mixtures to 
obtain the observed ratio. This obviously can- 
not be done with the Na/K ratios, since the K 
concentration is considerably larger in meteor- 
ites and in sea water than Sullivan and Hunten 
observed. Since there is no evidence that meteor- 

ites have compositions at all like those of 
meteoric debris originating from meteors and 
micrometeors it may well be that the observed 
abundances represent the composition of this 
material rather than that of either sea water or 

meteorites. It may also be that the residence 
times of Li, K, and Na and their compounds are 

quite different in the upper atmosphere. Cer- 
tainly it does not seem justifiable to seek a cor- 
relation between matter in the upper atmos- 
phere and meteorites. Meteorites are, after all, 
by their very definition large objects, presumably 
asteroidal, which reach the earth's surface. The 
objects stopping at high altitude are either ma- 
terial of cometary origin or micrometeoric dust 
whose origin may be lunar but in any event is 
still in doubt. 

The very low altitude of the lithium layer 
leads to difficulty in maintaining the layer 
throughout the night. At this altitude the atomic 
oxygen must be depleted seriously throughout 
the night [Ballif and Venkateswaran, 1963], 
especially if the new values of the ozone forma- 
tion rate are considered. The only obvious way 
to avoid a pronounced diurnal variation appears 
to be to invoke an important rate of creation of 
neutral lithium by ionic recombination. Thus a 
relatively large degree of ionization is required 
for the lithium in the upper atmosphere. That 
the two effects would exactly balance throughout 
the year is too much to expect. Careful monitor- 
ing of the variation in lithium abundance be- 
tween evening and morning should provide in- 
teresting information on the physical processes 
that are important in determining its behavior 
in the upper atmosphere. 

METEORIC SOURCE 

Much effort has been expended during this 
study to tie the sodium dayglow annual varia- 
tion to meteoric phenomena. It is true that the 
total radar meteor counting rate has a maximum 
in local summer just as the dayglow has [Mill- 
man and Mcintosh, 1961]. But through the 
autumn the meteor rates decrease much more 

slowly than the sodium intensity, and the mini- 
mum occurs in February rather than November. 
If the daytime rates alone are considered the 
correlation is much better, but no self-consistent 
scheme is available to tie together an influx 
from meteors and the diurnal and seasonal var- 
iations in sodium abundance and altitude. 

0TI-IER MODES OF DAYGLOW EXCITATION 

An attempt has been made-to show that it is 
possible to select a set of not unreasonable reac- 
tion coefficients which could lead to a large 
diurnal variation in free sodium abundance. An 

essential feature in the explanation is the ira- 
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portance attributed to turbulent mixing, par- 
ticulariy in affecting the ozone distribution. The 
seasonal trend of this variation would be in 

accord with the observed dayglow and twilight 
glow observations. We do not pretend to have 
demonstrated definitively that this is the actual 
state of affairs. In fact, it has not yet been 
proved experimentally that the dayglow does 
not have an important contribution from sources 
other than resonant scattering. Therefore, pos- 
sible excitation mechanisms must be examined 
to determine whether some can be found that 
are consistent with the observations. If these are 

not to lead to a build-up of sodium that would 
cause an appreciable increase in daytime as 
compared with twilight sodium, the removal 
rate must be rapid. In general, the condition is 
that 

BLAMONT AND DONAHUE 

at the base of the layer means 

ka •__ 3 X 10 -• cma/sec 

ka_ 7.5 X 10 -7 cma/sec 

E= FL 

where the excitation rate E is a lower limit to 

the rate of formation of sodium, L is the desired 
upper limit to the sodium abundance produced 
by the process, and F is the removal rate. With 
E -- 3 X 10•ø/cm2/sec, and L, say, 109/cm 2, the 
requirement on F is 

F •_ 30/sec 

As quenching of the resonance radiation begins 
to occur at about 50 km, this must be the lowest 
altitude at which the excitation process can 
operate. Two oxidation processes are available, 
(1) and (5). Requiring 

k• Oe' M = F _--> 30/sec 
means that 

k• •_ 3 X 10 -a• cm6/sec at 50km 
or 

k• •_ 3 X 10 -29 cm6/sec at 70km 

Hence, the excitation would surely need to ex- 
tend to 50 km. These are extreme lower limits 

for k•. If as few as 10% of all processes lead to 
excited sodium and the rest produce ground- 
state atoms the coefficients would have to be an 

order of magnitude larger. They are, therefore, 
unattractively large. Similarly, for the ozone 
oxidation process 

ks Os •_ 30/sec 

at 50 km 

at 70 km 

Here too the excitation must be as low in the 

atmosphere as quenching will permit, and even 
so the requirements on the oxidation rates are 
alarmingly severe. Henceforth, excitation ex- 
tending to the 50-km region will be taken as re- 
quired, and k• and k8 will be chosen to be 3 X 
10 -• cm6?sec and 3 X 10 -• cm6?sec. These re- 
quirements are independent of the excitation 
mechanism. 

If the process of excitation is photodissociation 
of Na02 or NaO the requirements on the con- 
centrations of these molecules are such that 
most of the sodium must be combined even at 
90 kin. Thus 

E = JNoH (61) 

where J is the photodissociation rate, No the 
density of the oxide at 50 kin, and H the scale 
height there. The resulting requirements on 
N(90 km) may readily be computed for vari- 
ous values of J (Table 6). To form a twilight 
layer at 90 km with a density of the order of 
10 • in the summer means that the denominator, 
unless J ~ 10-•/sec, 

2k• 02' M/k• 0 

in (22) must be large there. For example, if N 
= 10 • cm -•, k, must be 4 X 10 -• cm'/sec. The 
difficulty then is that k, 0 decreases with alti- 
tude so much more slowly than k• 02'M that 
the density of Na increases above 90 km to' 3000 
cm • at 95 km and 7400 cm -• at 100 km. This 

process is, therefore, unacceptable. 
The situation is not so unfavorable if the ozone 

reaction, (5), is the principal one for oxidation. 
Then 

N 

Na = 1 + (ks Os)/(k• 0) (62) 
with k• = 3 X 10 -" cm'/sec. For the denomi- 
nator of (62) to be as large as 100 at 90 km, k, 
must be 6 X 10 -• cm • sec. Then the crucial re- 

quirement is that the ratio of 08 to 0 not fall off 
too quickly with altitude. Thus, if at 110 km 
the ozone density is 106 per cm • and the oxygen 
density 1.5 X 10", the denominator will be 33 
while N will have decreased by a factor of 10. 



SODIUM DAYGLOW: 4125 

In this case the density of sodium will have de- 
creased by a factor of 0.3, which is only about 
one-third as much as the rest of the atmosphere. 
Above the turbopause the situation will worsen. 
Thus there is the difficulty that the sodium 
scale height will be much larger than that of the 
atmosphere as a whole in conflict with all evi- 
dence. This, in fact, is a general difficulty with 
models that call for a low level of sodium dis- 

sociation at high altitude. To produce a layer 
like the one observed, the reducing agent above 
the level of maximum sodium density must de- 
crease with altitude at least as rapidly as the 
oxidizing agent. Thus excitation by photodis- 
sociation appears to be an unlikely mechanism 
for the production of the dayglow. The oxidizing 
reaction rates must be unrealistically high. Most 
of the sodium must be combined even at 90 km, 
and this leads to difficulties in forming the twi- 
light layer. Finally, the process does not explain 
the seasonal variation. It is necessary to invoke 
an influx of sodium compounds in the summer. 
This along with the reduced ratio of ozone to 
atomic oxygen would cause the twilight abun- 
dance to vary in a sense opposite to the ob- 
served one. 

If a chemical process such as the Chapman 
reaction 

NaO* + 0-• Na* + 02 

is considered, the requirement is that 

E = k4*L• 0 (64) 

where L• = N(50) H is the number of NaO 
molecules per cm' above 50 km, and H is the 
atmospheric scale height at 50 kin. Under the 
most favorable conditions, with all the Na0 
vibrationally excited, the condition on k,* L• is 
that 

k•*L• = 3 X 10•ø/(0) • 0.6 (65) 

v(5o) n = o.6 (66) 

Since N (90) = N (50)/500, this condition on 
k,* and N is 

k4* = 2 X 10-VN (67) 

Now, to obtain 

N 

o) 
103 (68) 

DIURNAL VARIATION 

TABLE 6 

J', NoH No(50 km), N(90 kin), 
sec-1 cm-2 cm-S cm-S 

10 -• 3 X 10 • 5 X 10 6 10 4 
10 -3 3 X 10 •3 5 X 10 7 10 5 
10 -4 3 X 10 •4 5 X l0 s 10 6 

it is necessary that 

2 x = 
at 90 kin. This is possible only for 

k5 = 10 -7 cm3/sec (70) 
This condition is physically impossible. The 
same sort of result is obtained for the three- 

body oxidation process. This mechanism can 
surely be ruled out. 

If excitation processes are to involve direct 
excitation of sodium atoms when there are only 
of the order of 10' atoms/cm • present in summer 
daytime, the excitation rate needs to be about 
30/atom/sec. If the reaction coefficient were as 
large as 10 -= cm3/sec the average density of the 
colliding particle would have to be 3 X 10•/cmh 
This is 30% of the 03 density and 6% of the N2 
density at 90 kin. For electrons the requirements 
are incredible. On the whole the problems of 
postulating a photochemical or collisional excita- 
tion mechanism are much greater than those 
posed by the hypothesis of a diurnal abundance 
variation. 

CONCLUSIONS 

There is a large diurnal variation in the abun- 
dance of free sodium atoms in the mesosphere, 
particularly in summer. As the mechanism of 
producing the increase in summer daytime the 
large diurnal variation in 0 and 03 enhanced by 
eddy diffusion effects on the sodium and its 
oxides would appear to be a possibility. There 
may be an additional contribution from photo- 
dissociation. 

The lamentable lack of measured values for 

any of the alkali reactions needed places the en- 
tire discussion in this paper somewhat in the 
realm of speculation. It would still be premature 
to claim that the phenomenon observed with 
the Zeeman photometer has been conclusively 
demonstrated to be the sodium dayglow, or that 
it is entirely caused by resonant scattering if it 
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should be D-line emission. There is conflicting 
evidence from absorption and fine structure 
ratio measurements. Rocket experiments to de- 
termine the vertical distribution of the glow in 
the daytime would be most helpful. If the alti- 
tude were about 50 km the indication would be 

that the excitation mechanism is photochemical. 
If it were 5 to 10 km lower than the twilight 
layer particularly in summer the mechanism 
proposed in this paper would find strong support. 

An attempt has been made here to set limits 
to the range of reaction rates and atmospheric 
motions which would permit an explanation of 
the phenomenon observed on the supposition 
that it is the sodium dayglow. There appears to 
be nothing unreasonable about the chemistry 
required to account for a large diurnal and sea- 
sonal effect in the sodium layer, nor is any 
feature of the model at variance with the present 
picture of the upper atmosphere. A radical re- 
vision in the hitherto accepted three-body oxi- 
dation rate of sodium is a necessary condition 
but also is indicated from an analysis of the 
experimental determination of this rate. The 
role played by very rapid eddy diffusion is 
great. Diffusion is particularly important, along 
with improved reaction rates, in increasing the 
altitude at which there are important diurnal 
variations in atomic oxygen and ozone. On this 
basis a revision upward of the expected ozone 
concentration in the 85-km region at night has 
been indicated and is probably crucial in bring- 
ing about a sodium diurnal variation of the sort 
suggested by the observations. It will also 
eliminate one of the major difficulties with the 
08, It mechanism for OH • production in placing 
the site of maximum rate in the neighborhood 
of 85 km. 

Obviously more attention needs to be given 
to the problem of vertical motion in the meso- 
sphere. The coefficients for vertical diffusion 
called for in this paper are very large. The 
authors are aware that the demands they make 
on rapid transport are great, and the case should 
not be taken as closed. Nevertheless, if diffusion 
is slow it is difficult to obtain from chemical 

processes alone the kind of diurnal variation in 
the ozone atomic oxygen ratio that would be 
needed to produce the diurnal and seasonal 
sodium fluctuations reported here. 
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