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ABSTRACT 

Supervisor: Professor Harry M. Sullivan 

Twilight sodium emission from the upper 

atmosphere has been studied at Victoria, B.C. for a 

ii. 

period of more than one year from February 4, 1967 to 

February 29, 1968 using a birefringent photometer directed 

towards the zenith sky. 

The observations have shown that the emission 

intensity increased to a maximum in March 1967,decreased 

rapidly during this month to a summer time low in June and 

then increased to a broad maximum in October, November and 

December. After December, the intensity appeared to 

decrease to a minimum during the early part of February 

and then to rise to a secondary maximum in early March. 

Thus the pattern of the seasonal intensity variation obtained 

during the first part of 1 967 was repeated in 1 968:. 

In addition to the winter-summer seasonal intensity 

variation, more rapid fluctuations were observed over 

periods of several weeks during the autumn and winter 

months. These fluctuations may be due to local conditions, 

the global effect being simply a high intensity during 

the winter and a low intensity during the summer. Since 

the secondary intensity maximum observed in March could be 

due to similar local conditions which occurred at the 

same time of year, before it can be concluded that the 

typical seasonal variation exhibits two maxima and two 



minima , more observations should be made , especially during 

the autumn and winter months . 

Seasonal variations of both the morning and 

evening heights of maximum density were also studied . 

The morning heights appeared to exhibit maxima in April 

and November and minima in September and January whereas 

the evening heightsappeared to exhibit maxima in March 

and October and minima in June and December . The apparent 

phase difference of approximately six to eight weeks between 

the two height variations is unexplained . 

Although the mean monthly evening-morning 

intensity ratios did not differ from unity by more than 

! 20%, and no seasonal trend could be detected , an interesting 

evening-morning variation of the height of maximum density 

was observed, the evening heights being generally greater 

than the morning ones . This evening-morning height 

difference variation appears to show a symmetry about the 

solstices, the difference being least at these times, but 

greatest near the 90 km. equinoxes. 

Although the evening-morning height effect 

indicates apparent vertical motions it is difficult to 

explain the effect on the basis of subsidence due to 

overnight cooling, in view of the seasonal height 

variation. An alternative explanation might be found in 

a change in the value of the screening height between evening 

and morning. This would be reflected by a change in the 

abundance or distribution of atmospheric ozone during the 
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night. If the latter explanation is correct the height of 

the sodium layer may not vary appreciably from evening 

to morning. 

In this thesis comparisons with temperature 

variations at the 90 km. level were made and a weak correlation 

was found with the seasonal evening height variations; 

however, the sparseness of the temperature data at high 

levels, makes the correlation somewhat uncertain. 

Comparisons have been made in the past, by other 

workers, between stratospheric temperature variations and 

the seasonal variations of the intensity of the sodium 

twilight emissions, but again, the correlation has been 

very uncertain. 

If the intensity and the height variations of the 

sodium layer are reflected by temperature changes or 

vertical motions of the upper atmosphere, or by changes in 

the vertical distribution of atmospheric ozone, such 

variations would be of considerable interest to meteorologists 

who may be led to a better understanding of atmospheric 

dynamics in the 90 km. region and thence to a more complete 

comprehension of the general circulation of the earth's 

atmosphere. 
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CHAPTER I 

THE TWILIGHT PHENOMENON 

1.1 Introduction and historical summary of twilight 

sodium emission 

1. 

While many properties of the upper atmosphere can 

be determined by sampling atmospheric constituents directly 

usip.g balloons or rockets, such methods are usually costly 

and therefore observations are often made at irregular 

intervals. With the discovery of the enhancement of 

sodium emission in the twilight sky by Bernard (1938) 

great impetus was given to studies of the atmospheric air­

glow since it then became possible to observe constituents 

of the atmosphere from the ground on a regular basis. Since 

· Bernard 1s discovery thirty years ago, many observations 

of the twilight enhancement of atmospheric sodium have 

been made at many stations; consequently much has been 

learned about the role that this element plays in atmospheric 

chemical and photochemical reactions. 

It is now generally accepted that atmospheric 

sodium occupies a relatively thin layer at an altitude of 

about 90 km. If it is assumed that the intensity of the 

sodium twilight emission is proportional to the abundance 

of illuminated sodium atoms occupying the layer, then the 

vertical density distribution can be deduced from observations 

of the rate of change of the intensity with respect to the 
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height of the earth's shadow in the line of sight. Using 

this assumption, Bernard concluded from his spectrogr~ph~c 

observations of the suddenness of the disappearance of the 

emission that atomic sodium occupies a thin layer at an · 

altitude of about 60 km. Later, however, Elvey and Farns­

worth (1942) showed from spectrophotometric observations 

that the sodium occupies a layer having an exponential 

distribution paralleling that of the atmosphere as a 

whole in the region from 70 to 115 km. 

Vegard and Kvifte (1945) extended the observations 

of Bernard by aiming their spectrograph towards the zenith 

for one observation, and towards the horizon for another. 

· Assuming that the 11 disappearance 11 occurred at the same 

height, they concluded that the shadow was cast by a 

"screening layer" with a height of 44 km. It was natural 

to make the further conclusion that the "screening layer11 

was the top of the ozone layer and that the observed 

sodium emission was produced by the dissociation of sodium 

compounds under the action of ultraviolet light. 

Bricard and Kastler (1944, 1950, 1952) showed 1 

however, from a study of the polarization of the sodium 

emission itself that the radiation must arise from the 

resonance scattering of sunlight by neutral sodium atoms 
0 

at a wavelength of 5893 A. They explained the observations 

of Vegard and others by noting that the sodium layer 

appeared brighter near the horizon than at the zenith1 and 

that the emission would consequently last longer before 
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disappearing. Dufay (1947) eliminated this error by 

analyzing the data for two evenings and noting the times 

taken for the intensity to drop to one-half of its initial 

value. His measurements showed that the screening height 

was 25 km. and the height of the sodium layer was between 

80 and 90 km. Dufay also demonstrated that the screening 

height determined experimentallywas reasonable after 

calculating the transmission of the atmosphere for a 

horizontal beam of yellow light, allowing for both ozone 

absorption and extinction by Rayleigh scattering. 

Barbier (1948) repeated the measurements of 

Dufay, and from a plot of the intensity versus the dip 

angle of the sun concluded that the sodium layer was not 

only distributed exponentially with a scale height of 8 

km., but also cut off sharply at the bottom at 

an altitude of 70 km. 

The chemical equilibrium between sodium and the 

other constituents of the atmosphere has been examined by 

Hunten (1954) using the chemical reactions suggested by 

Chapman (1939). Hunten•s analysis showed that the sodium 

distribution would be similar to that observed by Barbier; 

the bottom of the layer coinciding with the transition from 

molecular to atomic oxygen. Hunten also suggested that 

sodium is ionized by sunlight and that the recombination 

of ions is probably never in equilibrium. While this 

suggestion appeared to explain the annual intensity 

variation observed earlier by Bricard and Kastler (1944), 

it failed to explain the absence of an observed morning-
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evening effect. 

Later, Chamberlain, Hunten and Mack (1958) 

suggested that the great amplitude variation in the seasonal 

intensity could not be explained in terms of the trans­

formation of sodium into ions or molecular compounds in a 

static atmosphere. They suggested that considerations 

should be given to dynamic effects, consisting either of 

vertical transport or exchange of air between different 

latitudes. Hunten and Wallace (1967) considered these 

dynamic effects in the atmosphere and proposed that sodium 

might be supplied to the upper atmosphere from dust 

particles by either ultraviolet light or by thermal 

evaporation, the observed intensity variations being due 

to the rate of supply. While the dust particle hypothesis 

has not been confirmed, Hunten and Godson (1967) have 

shown a correlation between increases in sodium intensity 

and stratospheric warming events in the northern polar 

and sub-polar regions . This suggests that dust particles 

might be injected into the 90 km. region by vertical motions 

associated with the warming of these regions. Furthermore, 

Gault (1967) has shown a correlation between the temperature 

of the stratosphere and the sodium intensity at Sa.s·katoon. 

Seasonal sodium intensity variations have also 

been observed in the southe:rnhemisphere. Hunten, Jones, 

Ellyett and McLauclhn (1964) using two almost identical 

photometers, one in Saskatoon and the other in Christchurch, 

New Zealand, observed that the seasonal variation in 



intensity was similar at the two stations, but displaced 

by six months. From these observations they concludeq that 

the variation in intensity was actually a seasonal effect 

rather than an annual one. 

In addition to the hemisphere effect, a 

latitude effect has been observed by Donahue and Blamont 

(1961). From observations made at three different stations 

(25°, 41° and 52°N latitude), they have suggested that 

sodium clouds exist in a belt several thousand km. wide. 

A few observers have also investigated the 

seasonal variations of the height of maximum density. 

Bullock and Hunten (1961) observed a seasonal variation 

in the height of the sodium layer at Saskatoon of 3 to 5 

km. These observers reported that observations made by 

Montalbe~ti and McEwen at Chu~chill (1°N of Saskatoon) 

showed a larger seasonal height variation than those of 

Saskatoon, the magnitude being about 10 km. Whereas the 

observations made at Saskatoon showed a single maximum 

in March, those made at Churchill showed maxima in May and 

December, and minima in February and November. 

At Haute-provence, Donahue and Blamont (1961) 

observed a variation in the height of the layer of 

about the same magnitude as that at Churchill but with a 

deep minimum in June. They also reported a large seasonal 

variation in height at Tamanrasset with maxima in the 

spring and summer. In addition, they observed sodium 

at the 150 .km. level in May and August at this station. 



From these observations they suggested that sodium clouds 

at the 85 km. level may have rifts and that a second 

permanent layer at approximately 150 km. may be illuminated 

through the gaps. 

In addition to the observed seasonal variation in 

height reported by various observers, Blamont and Donahue 

(1964) reported a variation in the morning and evening 

heights of the sodium layer at Haute-Provence. From their 

published observations, it appears that generally the ·evening 

height is greater than that of the morning in the winter and 

early spring months, lower in the autumn months, and almost 

equal in the summer months. Because of the large uncertainty 

in their observations, however, it is difficult to determine 

any seasonal trends and none were suggested by these 

authors. 



CHAPTER II 

THEORETICAL DISCUSSION OF TWILIGHT SODIUX EMISSION 

2.1 Resonance scattering and the excited states of the 

sodium atom 

Bricard and Kastler (1944, 1950) have shown from 

a study of the characteristics of twilight sodium emission 

that the twilight sodium effect is produced by resonance 
0 

scattering of solar radiation at a wavelength of 5893 A 

by free sodium atoms. Their observations showed the 

emission lines to be narrow and to have a polarization 

of approximately 9% as would be expected for resonance 

excitation. 

The ground state of a sodium atom is a 2s 

state and the first excited states are 2P states (cf. 

Herzberg, 1944, p.54 ff.). Combination of the latter 

with the ground state produce the characteristic yellow 

lines of sodium as shown in Figure II- 1. 

J 

-------~---3/2 
2P 1/2 

0 

1896 A 
0 

5890 A 

Figure II-1 
Energy level diagram for sodium showing the resonance lines. 
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2.2 Chemical reactions of sodium in the upper atmosphere 

The chemical reactions of sodium in the upper 

atmosphere have been discussed by many authors, including 

Chapman (1939), Hunten (1954), Omholt (1957), Blamont and 

Donahue (1964), Sullivan and Hunten (1964)i and Gault 

(1967). Much of the following section is taken from the last 

three authors. 

It is generally accepted that sodium reaches the 

upper atmosphere in the form of compounds and that these 

compounds are dissociated by ultraviolet light or through 

chemical reactions with other atmospheric constituents. 

Since sodium is a m~nor constituent of the atmosphere 

collisions between sodium atoms are probably rare. In 

addition, other constituents of the atmosphere, such as 

N2 , H, and N are either relatively inactive or 

exist in such small concentrations as to be ineffective in 

any chemical reactions. Once free, sodium atoms probably 

react mainly with oxygen, the most important reactions being: 

Na+ 02 + M-> Na02 + M oxidation 2.1 

Nao2 + 0 -> Nao+ o2 j 2.2 
reduction 

NaO + 0 -> Na+ o2 2.3 

where M represents an unspecified third body. 

The rates of oxidation and reduction are thought 

to be nearly equal at approximately 90 km., consequently~ 

the maximum concentration of sodium atoms would be expected 



to occur at this height. Below th;i_s levei,oxidation is 

the fastest reaction and sodium thus tends to exist 

predominantly in the form of oxides; reduction is the 

fastest reaction at higher altitudes. If complete 

mixing occurs above the height of maximum density and if there 

is no mechanism for removing free sodium at the higher 

altitudes, the sodium concentration should decrease at the 

same rate as the atmosphere as a whole, however, ionization 

might play an important role. 

Hunten (1954) considered the ionization of sodium 

by sunlight and its neutralization with a negative ion: 

2.l+ 

On this basis he predicted not only a seasonal intensity 

variation but also a morning-evening effect with the intensity 

greater in the morning and the difference largest at the 

equinoxes. More recently, Sullivan and Hunten (1961+) 

have suggested that Na+ might form ionized oxides 

+ + Na + o2 + M - > Nao2 + M 

which would be consumed by dissociative recombination to 

give 

or 

2.6 

2.7 



10. 

+ -Na02 + e -> NaO + 0 2.8 

the latter reaction being rapidly followed by that given in 

equation (2.3). 

The above reactions, if valid, would imply that 

atomic sodium at higher levels may not be removed rapidly 

by ionization. If this is so then the scale height above 

the peak density should be roughly equal to that of the 

atmosphere as a whole. 

2.3 Theory of twilight sodium emission. 

The theory of twilight sodium emission has 

been discussed in detail by Sullivan (1962) and much of 

this section has been taken from this author. 

In section 2.2 it was shown that sodium atoms 

are removed through oxidation by molecular oxygen and 

restored through reduction by atomic oxygen. Hence at 

lower levels in the atmosphere, free sodium would not 

be expected to exist; at higher levels, the density would 

be expected to decrease exponentially with a scale height 

corresponding to that of the atmosphere as a whole. The 

net result is that a diffuse layer of atomic sodium will 

exist with a region of maximum density at some height Z
0 

During the evening twilight, for example, the 

diffuse layer of sodium will be illuminated by · the s~, . 

and the observed intensity of emission will remain essentially 

constant for some time, whereas the white light . intensity 

will decrease rapidly. As the angular solar depressiont ~ , 
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becomes larger, the earth's shadow pegins to cut through 

the lower part of the layer in the observer's line of sight 

and the observed emission intensity will decrease. The 

rate of decrease in intensity will continue to increase 

until the earth's shadow passes through the densest part 

of the layer. As . the angular depression of the sun continues 

to increase, only the upper reaches of the sodium layer 

will remain illuminated; thus the rate of decrease of 

intensity will continue to fall until the night sky level 

is reached. In the morning twilight the reverse phenomenon 

willtof course,be observed. 

From the above discussion, it is readily apparent 

that the derivative of the intensity curve with respect 

to the height of the earth's shadow should at least 

approximate the vertical density distribution. Assuming 

that the scattered intensity, when the height of the 

earth's shadow in the line of sight z1 , is proportional 

to the total number of sodium atoms in a cm~ column above 

z1 we may write 

Kr n(Z) dZ 
z1 

= 

where B is the angular surface brightness of the layer 

in photons/sec.-cm? ster., z1 is the shadow heightt 

n(Z) is the density of sodium atoms in atoms/cm] at the 

height Z, and K is a constant of proportionality. 

The above discussion assumes that the sun is 

a point source and that the sun's rays pass through the 
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earth's atmosphere unaffected by refraction or scattering. 

In practice, however, the sun's rays are modified by the 

lower atmosphere and hence the shape of the twilight 

intensity curve will be correspondingly affected. 

Figure II-2 illustrates the observational 

conditions during twilight for an observer situated at the 

point O looking at the zenith. A solar ray R1 is shown 

grazing the earth. This ray would normally intersect 

the observer's line of sight at a height z1 ; but due to 

refraction, it is actually bent downwards by some 20 km. 

A ray R2 at a height X' above the surface of the 

earth cuts the line of sight at a height Z = z1 + X. 

Because of self-absorption by the sodium layer 

at the point A, both rays are attenuated. Ray ~ is not 

only attenuated at A but also suffers self-absorption 

at the point C in the sodium layer. Rundle, Hunten and 

Chamberlain (1960) have described this effect by a factor 

S(Z1) which gives the attenuation of the absorbed 

radiation as a result of self-absorption. It should also 

be noted that ray R2 also suffers attenuation at point 

B as a result of Rayleigh scattering, haze, and ozone 

absorption. These latter effects may be described by a 

transmission function T(X.f). Note that since 

X = X' cos~ and ~ is small for twilight observations, 

then T(X') = T(X). Hunten (1954) has shown that the 

transmission function depends upon the following effects: 
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1) Extinction by molecular or Rayl~igh scattering. 

2) Ozone absorption. 

3) Extinction by haze in the lower atmosphere. 

4) Refraction . 

5) Finite size of the sun. 

If B'(z1) represents the surface brightness 

of the sodium layer when the earth's shadow cuts the 

observer's line of sight at a height z1 t then the 

observer will detect B~(z1) photons/cm. 2-se~-steradian 
r 

at a point O. The contribution to B· (z1) from a 

density n(z) sodium atoms/cm.3 over a range dz cm. at 

a height z will be 

dB'' (z) 
J 0 

= ~4; T(x) n(z) dz 

photons/cm. 2 sec-steradian, where J
0 

i.s. -the solar flux 

incident on the atmosphere measured in photons/sec,-cm. 2 

and o is the scattering cross section of sodium atoms 
2 in cm. /atom. 

2.10 

Replacing x by z - z1 and integrating equation 

(2.10) over z from (Z1 - 25) km.to infinity gives 

4rr B 1 '(z
1

) 
00 

= Jz1-25 
J 0 T(z-z1) n(z) dz 

0 

where the lower limit of the integral allows for the 

sun's finite size (5 km.) and for refraction (20 km.). 

Including the self-absorption factor, S(Z1) in equation 

(2.11) gives 

2. 11 
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CX) 

= Jo S(Z1)J T(z-z1) n(z) dz 
0 Zt-25 

2.12 

photons/sec.-cm. 2 (column). Setting J
0

o = g, where g 

is called the g-factor or yield and has units of photons/ 

sec.illuminated atom, gives 

From equation (2.13) it aan be seen that if 

the observed intensity, 4rr B(Z1), is measured, and 

S(Z1) and T(z-z1) are calculated, then in principle 

the integral equation could be solved to give the 

density n(z). Rundle, Hunten and Chamberlain (1960) 

have shown, however, that more information about the 

2.13 

complete distribution can be obtained by using the derivative 

of the intensity rather than the intensity itself. Thus 

it is preferable to carry out the differentiation rather 

than to attempt a solution of the above integral equation 

directly. 

Setting 

CX) 

= J T(z-z1) n(z) dz 
z1-25 

equation ( 2 .13)can be written as 

where Neq (Z1) is the effective number of fully 

2.14 

2.15 
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illuminated atoms when the earth's shadow is at a height 

are illuminated atoms/cm.2 

(column). 

Differentiating both sides of equations (2.14) 

and (2.15) with respect to z1 gives 

= J'X) T(z.-z1) n(z) dz + n(oo) T(oo) - n(Z1-25) T(-25) 
z1-25 

00 

= J T(z-z1) n(z) dz 
z1-25 

since n(OO) = T(-25) = 0, and 

. . . 4;[ SB - BS J 4rr [B _ BSJ Neq (Z1) = 
s2 

= gS S 

where Neq (Z1) is a rough approximation to the density 

distribution n(z) and is the derivative of the observed 

intensity corrected for self absorption. 

2.16 

2.17 

Rundle, Hunten and Chamberlain (1960) have shown 

that the corrected derivative is not important in so far 

as the shape of the vertical distribution curve is concerned 

for abundances less than 5 x 109 a t oms/cm. 2 (column); 

however, if total abundances are to be determined from 

brightness measurements the effect of self-absorption is 

significant even for brightnesses as low as 2kR. Sullivan 

(1962) has published a curve using a g value or yield of 

0.797 photons/sec. per illuminated atom (cf. Aller 1953). 

This curve is reproduced in figure II-3 and abundances as 
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a function of absolute intensity may be determined 

directly from it. It should. be remarked that abundances 

determined from this curve assume a daytime to twilight 

abundance ratio of unitysince if the sodium abundance on the 

day side of the terminator is much greater than the twilight 

value the extent of resonance absorption of incident sunlight 

could be much greater than has been assumed. 

Equation (2.16) is a singular, linear Volterra 

equation of the first kind. A formal solution to this 

kind of equation has been derived, but higher order 
. . 

derivatives of both Neq (Z1 ) and T (z-z
1

) are required 

and these are not known with sufficient accuracy. 

Bracewell (1955) has developed a simple graphical 

solution for the above type of equation, and Hunten (1960) 

has applied the technique to the problem of determining 

the vertical distribution of sodium from the derivative 

of the measured intensity corrected for self-absorption. 

Denoting the operation of the Bracewell sharpening 

technique by p , operating on equation (2.16) gives 

(2.18) 

or . 
n (z) = ~ [ ~; (B - Bf)] (2.19) 

atoms/cm.3. 

Since it is usual to express the derivative of the 

intensity in units of Rayleighs/km. eq~atton (2.19) becomes 
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n (Z) = 

atoms/cm.3 • (For a discussion of the Rayleigh see 

Hunten, Roach and Chamberlain (1956)). 

The factor S(Z1) is usually between 0.5 and 

1.0 for the sodium abundances encountered (see Hunten 

(1960)) and hence its inclusion as a multiplying factor 

will not change the shape of the distribution by a large 

amount. Thus to a good approximation S(Z1) can be 

replaced by an average value S(Z1). In this thesis the 

value of S(Z1) has been set equal to unity and hence 

equation (2.20) can be written as 

n (Z) = 

In chapter IV of this thesis the graphical . 
t echniques used to determine Neq (Z1) and n (Z) from 

the observed intensity are dis·cussed in detail. 

2.20 

2.21 



CHAPTER III 

INSTRUMENTATION AND EXPERIMENTAL TECHNIQUE 

3 .1 Birefringent photometer. 

20. 

The birefringent photometer used throughout 

this _investigation, which is shown in figure III-1, was 

built at the University of Victoria for the purpose of 

measuring the twilight sodium intensity and is in many 

respects similar to the instrument used by Sullivan in 

Saskatoon. Much of this section is taken from Sullivan 

(1962). 

The theory explaining the filtering effect of 

birefringent quart z units has been discussed in detail by 

Blamont and Kastler (1 951) and more recently by Sullivan 

(1962) and will not be discussed here . 

Figure III-2 represents, schematically, the 

birefringent photometer used at Victoria . The instrument 

which is mounted vertically receives light from the zenith 

sky within a 5 degree (half-angle)cone by a l+-inch 

diameter telescope objective lens after passing through 

a 3 1/4-inch square in erference filter. The interference 
0 

filter which has a half band width of 17A and its 
0 

intensity peak at 5893A limits the spectral region of the 

light entering the photometer . A birefringent unit, which 

includes a polarizer and an analyzer, the latter 

rotating at 50 Hz,,modulates the intensity of the two 
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Figure III-1 

Birefringent photometer and associated equipment 
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sodium D lines simultaneously but allows the background 

continuum to be transmitted without modulation. Because 

of the presence of Fraunhofer abso~ption lines and other 

irregularities in the white light continuum, however, the 

background continuum is in fact modulated. To nullii'y 

this effect a white light compensator was incorporated 

into the optical system which, when properly adjusted, 

produced a signal equal in magnitude but opposite in phase 

to that produced by the Fraunhofer absorption lines and 

the other irregularities in the continuum. (See section 

3.3 for a discussion of the technique of optical compensation). 

When the birefringent photometer is properly 

compensated for the effects of Fraunhofer absorption and 

other irregularities in the background continuum a signal 

with two components is produced at the output of the 

photomultiplier tube. One component is the a.c. signal 

caused by the sodium emission and the other is the d.c. 

signal caused by the solar continuum. These two components 

are then fed into the preamplifier which serves to offer 

a high impedance to the signal appearing at the anode of 

the photomultiplier tube, t ransforming it with roughly 

unity gain to a low impedance output. (See figure III-3 

for a block diagram of the electronics). In order to 

eliminate the d.c. component the resulting signal is fed 

into an a.c. amplifier tuned to 50 Hz.which passes only 

the a.c. component. The output from the tuned amplifier 

is then rectified by a phase sensitive detector which 
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is synchronized by a si.gnal from a reference pick-up 

coupled to the rotating analyzer. The relative phase 

between the reference signal and the emission signal is 

adjusted so that full wave rectification of the output 

is obtained. 

The output from the phase sensitive detector is 

then fed into a cho~per-stabilized d.c. amplifier having a 

critically damped response. Finally the signal is led to 

the black channel input of a Leeds and Northrup Speedomax 

G strip-chart recorder through an attenuating range­

selection switch. 

While displaying the signal produced by the 

sodium emission, the recorder also displays the d:..c. 

signal produced by the continuum. This is achieved by 

supplying the signal from the preamplifier to the second 

channel (red) of the Speedomax through a su.i..table time 

constant and attenuator network. This signal is extremely 

useful in assessing the conditions of the sky and also 

in correcting traces where the optical compensation settings 

were not properly adjusted. 

Provision was also made for electronically 

compensating the sodium emission signal. This is achieved 

by applying a selected fraction of the white light signal 

appearing at the output of the preamplifier to the output 

circuit. This technique of compensation was found to be 

useful as a fine adjustment. 
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3.2 Setting the phase. 

In order to adjust the photometer for maximum 

transmission of the two sodium D lines a sodium lamp was 

placed above the photometer (see figure III-2) so that 

scattered sodium light was directed through the optical 

system. Since the signal produced by modulation of the 

sodium light must be rectified by the phase-sensitive 

detector the signal appearing at the output of the reference 

amplifier must be synchronized with the signal appearing at 

the output of the tuned amplifier. This was achieved by 

positioning the magnetic pick-up probe until a pattern resem­

bling full wave rectification appeared on the face of an 

oscilloscope connected to the output of the phase sensitive 

detector. 

In practice the photometer was found to be 

extremely stable, the phase drifting only slightly over a 

period of several days. The phase stability of the photo­

meter made it possible to equip the instrument with two 

Sauter astronomical time switches so that observations could 

be taken automatically. The first switch controlled the 

electronics, switching them on or off 15 minutes before 

or after each observation. The second switch controlled 

the shutter, (see figure III-2) opening or closing it at 

a solar depression of 4° or 12° depending upon whether the 

observation was an evening or morning one. Both switches 

automatically compensated for the daily difference in the 

starting or ending times of each observation due to the 

seasonal variation of the position of the sun. 
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3.3 Technique of optical compensation. 

The technique of optical compensation has been 

discussed by Sullivan (1962) and much of this section can 

be attributed · to this author. 

A small metal disc having two areas in the 

shape of segments of circles diametrically opposite each 

other as shown in figure III-4, was fastened over the 

rotating analyzer (the last element of the birefringent 

filter) and caused to rotate with it. Above, and in the 

optical image plane of the rotating disc, was placed the 

"white light compensator" (see figure III-2) consisting of 

a pair of metal jaws, the aperture and azimuth setting of 

which could be adjusted from outside the photometer. 

When properly a~jus ted, the net effect of these 

elements was to partially modulate the white light 

entering the photometer, producing an a.c. signal equal 

in magnitude but opposite in phase to that produced by the 

sodium Fraunhofer lines and other Fraunhofer lines and 

irregularities in the solar continuum. 

Figure III-4 

Rotating mask for optical compensation 
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The following experimental procedure was used 

to obtain the correct compensation adjustments: 

1) The phase of the photometer was adjusted using 

a sodium lamp placed above the interference filter. 

2) The extra high tension (EHT) was reduced (to 

prevent overloading of the photomultiplier tube 

by white light) and the photometer orientated for 

minimum white light. (The transmission of white 

light is sensitive to photometer orientation 

because of the polarization due to scattering). 

3) Sheets of tissue paper were then placed over the 

interference filter and the EHT was increased to 

the normal operating voltage. The thickness 

of the paper was determined by placing a 10.3 kR. 

sodium calibrator over the photometer and sheets 

of · paper were added until the response of the 

photometer to the sodium calibrator was zero. With 

thi sthickness of gaper the sensitivity of the 

photometer was reduced to a value below the 

threshold for detecting atmospheric sodium. 

4) The apertur e of t he compensator was opened and the 

phase of the photometer was adjusted until the 

signal on the cathode ray oscilloscope was 

shaped thus: ~. 
J • - • • .. 

5) The ape r ture of the compensator was partially closed 

and t he azimuth of the compensat or was adjusted 

until the signal on the C.R.O. was shaped thus: 

00000 . 
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6) The aperture of the compensator was then adjusted 

until no signal was visible on the C.R.O. or until 

no deflection of the black pen was observed. 

7) The phase setting was then readjusted for the Na D 

lines. 

Usually, the above procedure produced a reasonable 

plateau if the adjustments were made just prior to the 

evening observation. Small adjustments were made to the 

settings determined above on subsequent nights if the 

intensity curves were either slightly over or under 

compensated. 

Once correctly set the compensator settings wouJ.d 

generaliy remain satisfactory for a period of several days 

or several weeks. However, from time to time severe under­

or over-compensation would occur. It is suggested that 

this effect might possibly be produced by variations in 

the water vapour content of the atmosphere since a strong 

water-vapour absorption band occurs quite close to the 

Na D lines in the solar spectrum. 

3.4 Setting the azimuth of the photometer and determining 

the starting time o~ saoh observation. 

Bricard, Kastler and Robley (1949) found that 

twilight radiation arising from resonance scattering of 

sunlight by sodium atoms is only about 9% polarized; hence 

a polarizing filter can be used to great advantage to 

discriminate against Rayleigh ·. scattered white light which 

is strongly polarized at right angles to the sun. 
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Since the first element of the birefringent filter 

is a polaroid, it is only necessary to orient the photometer 

until the white light signal is a minimum. For those 

evening twilight observations obtained manually this was 

achieved by rotating the photometer about its vertical axis 

a few minutes before the run was due to start. To prevent 

the photomultiplier and/or the tuned amplifier from being 

overloaded while the photometer was being rotated the 

extra high tension (EHT) was usually reduced 20 or 30 volts 

below the normal operating voltage. After the photometer 

was orientated for minimum white light response the EHT 

was set to the normal operating voltage and the evening 

azimuth setting, ~e, was noted with respect to a circle 

graduate from o0 to 360° on the bottom of the photometer. 

(See appendix D for a discussion of solar azimuth). For 

morning observations the azimuth setting, am, was 

found using the relation am= 360° - ae. 

Since the photometer was designed to operate 

automatically as well as manually, it was decided for the 

sake of convenience to write a computer program to calculate 

both the morning and evening azimuth settings and also 

the times for solar dep~essions of 4° and 12°. Using the 

computed azimuth setting for a particular date, the photometer 

was set at the correct orientation before the run started 

and the astronomical switch controlling the shutter was 

adjusted so that the shutter opened or closed at a solar 

depression of 4° or 12° depending upon whether the run 
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was an evening or mor ning one. The second astronomical 

switch which controlled t h e electronics, switched them on 

or off 15 minutes before or after each observation. 

3.5 Calibration of t he photometer. 

The sodi um cal ibrator shown in figure III-5 was 

designed by Sullivan t o de termine the absolute calibration 

of the photometer. Before the photometer could be calibrated, 

however, it was f irst necessary to determine the surface 

brightness of the sodium cal i bra to r . This was achieved at 

the University of Saskatchewan using a photoelectric scanning 

spectrometer and a white l ight low-brightness source (LBS) 

of known surface brightness. 

The out put of the photoel ectric scanning spectro­

meter was displayed on a Sanborn strip chart recorder. 

Figure III-6 shows schematically the triangular response 

to a spectral line produced by the scanning spectrometer 

and the steady response due to t he white light LBS. The 

triangular response is produced because the image of the 

entrance slit scans over the exit slit of the s~anning 

spectrometer. 

If A i s the area under t he r esponse curve produced 

by the sodium calibrator (in square strip chart - divisions) 

and h is t he response to the white light LBS (in vertical 

chart divisions), then the intensity of the sodium 

calibrator is given by 

ADC 
4rr B = =i1- kilorayleighs 



Figure III-5 

Sodium Calibrator 
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where D is the dispersion of the scanning spectrometer 

in A0 /horizontal chart division and CA is the differential 

intensity of the white light LBS in kR/A0
• 

The value of D was calculated by scanning 

across the two sodium D lines after the slit of the 

scanning spectrometer had been adjusted to resolve them, 
0 

and c,__, at the wavelength 5893 A, was determined from a 

calibration curve of the white light LBS whose emission 

had been compared with that from a black body. 

Three separate series of scans were made using 

the sodium calibrator and the white light LBS to determine 

the average values of A and h. (Each series usually 

consisted of six or more scans). Using the average values 

of A and h in each of the three series, the intensity 

of the sodium calibrator was calculated to be 11 .1 ! 0.3· kR,., 

11.1 ! 0.3 kR.and 9.4 ! 0.4- kR.respectively, thus giving an 

overall average of 10.5 kR. 

After determining the intensity of the calibrator 

using the method outlined above, it was decided to calculate 

the intensity by comparing the calibrator directly with the 

University of Saskatchewan's standard sodium calibrator. 

Again a series of scans was made using the two sodium 

calibrators and the area under each triangular response 

curve was calculated. Using the known surface brightness 

of the Saskatchewan calibrator and the ratio of the two 

averaged areas, the intensity of the Victoria calibrator 

was calculated to be 10.2 kR. 



Since the calculated intensities using two 

independent techniques were almost identical, it was 

decided to adopt the average of the two values (10.3 kR!) 

as the intensity of the .. s.odium .. calibrator. 

After the intensity of the calibrator had been 

determined, it was possible to calibrate the photometer. 

This was achieved by positioning the calibrator immediately 

above the interference filter of the photometer. The 

sodium calibrator lamp was then switched on and the lamp 

current adjusted until the output from the monitor amplif'ier 

was 50 µa. The intensity of the sodium calibrator was 

then 10.3 kR. After the optical zero and the phase of 

the photometer were adjusted, the instrument was run for 

approximately 1 :5 minutes to determine the average response 

in chart division produced by the calibrator. Throughout 

the calibration procedure the output of the monitor amplif'ier 

was observed, and if necessary, small changes were made in 

the lamp current to ensure that the lamp brightness 

remained constant. 

The photometer was found to be extremely stable; 

the maximum deviation from the average response being less 

than one chart division in 50 for any one calibration run. 

In addition, the long term stability of the photometer 

was also found to be excellent. Calibration runs were made 

at least once a month and no significant deviation from the 

average response was observed. 



3.6 Hinearity test. 

The light source shown in figure III-7 was 

constructed to determine whether the recorder response 
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varied linearly as a function of the light intensity incident 

upon the photometer. The source is similar in many 

respects to the sodium calibrator discussed in section 3.5, 

the chief difference being the addition of a rotating disc 

with different aper tures of known diameter. Since the 

light intensity falling on the large opal screen is 

proportional to the area of each aperture, , a plot of 

recorder response as a function of the square of the 

aperture diameter will produce a curve of constant slope if 

the photometer response is linear. Any deviation from 

a straight line is a measure of the non-linearity of the 

instrument. 

The linearity test was made by first setting the 

intensity of the sodium lamp to a value such that the 

recorder response for the largest aperture was approximately 

equal to that produced by the sodium calibrator (10.3 kE~). 

Next, the ·,various sized apertur ~s were rotated in front of 

the small. opal screen, and the recorder response was 

noted. Throughout this procedure the intensity of the 

sodium lamp was monitored to ensure that the lamp intensity 

remained constant. 

Figure III-8 shows the measured recorder response 

as a function of the square of the aperture diameter for 

the three different EHT settings used during the twilight 



-Figure III-7 

Sodium light source used to test the linearity of the photometer 
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observations. The 'plus' sign on each curve represents 

an intensity of 10.3 kR.determined by measuring the response 

of the instrument using the sodium calibrator. From this 

figure it can be seen that for EHT settings of 400 and 550 

volts the response of the instrument was linear. However, 

at the EHT setting of 750 volts, the photometer response 

was slightly non-linear for deflections greater than 80 

to 90 chart divisions. Since none of the observed twilight 

intensities produced deflections greater than 60 chart 

divisions on this EHT setting, no corrections were made 

to the twilight intensity curves. 

While the non-linearity of the photometer on the 

750 volt setting was not large enough to affect the shape 

of the twilight intensity curves, a small error was 

introduced in the calibration factor used to relate 

deflection in chart divisions to intensity in rayleighs. 

This error in the calibration factor, however, produces an 

error of less than 1% for deflections .as great as 60 chart 

divisions and thus did not significantly affect either 

the plat·eau intensities or the density distribution. 



CHAPTER IV 

COMPUTER PROGRAM 

4-.1 General discussion of data analysis. 

4-o. 

This chapter describes in detail the computer 

program used to determine the sodium density distribution 

from each recorded twilight intensity curve. The program 

was written in Fortran IV and the data were analyzed on 

the University's IBM 360/4-4- computer. Appendices At B, 

and C contain a glossary of the symbols used in the program, 

a listing of the program and a typical analysis of a 

twilight intensity curve. 

Since the calculated sodium density distribution 

is extremely sensitive to the shape of the twilight 

intensity curves, onlyihose runs obtained during clear 

twilights and which were well compensated for the 

effects of Fraunhofer absorption of the solar continuum 

were analyzed. Because many observations made during 

clear twilights were either slightly over or under com­

pensated the following technique was used to obtain a 

flat plateau region before each intensity curve was 

scaled. First a smooth curve was drawn on each record:,. 

following closely the sodium intensity curve. Next a 

fraction of the white light curve was either added to or 

subtracted from each sodium intensity curve, the 

fraction being chosen so that the resulting curve gave a 

flat plateau region (see figure IV-1). After each 
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twilight curve had been corr.ected to give a flat plateau 

region, each corrected intensity curve was scaled at one 

minute time intervals, beginning with the highest (plateau) 

values first, regardless of whether the twilight 

observation was a morning or evening one. Each scaled value 

was the displacement above the optical zero of the photometer 

in chart divisions, the night sky correction being subtracted 

by the computer in each case. 

In addition to the above data, the following 

information was provided for each twilight observation: 

1. Date (IDAY, MONTH, IYEAR) and identification as to 

whether the run was a morning or evening observation 

(A.M. or P.M.). 

2. Calibration factor (CALIB) to convert chart divisionsto 

rayleighs. 

3. Conversion factor (CONST) used to obtain the density 

from the derivative of the intensity curve with 

respect to the geometrical shadow height. The 

conversion factor is 10/g where g is the yield or 

g-factor and has a value of 0. 797 photons/sec.per 

illuminated atom. See following equations (2.12) and 

(2.19). 

4. The two Bracewell parameter X (XBAR) and 2cr(BI1). 

(See section 4.8 for a discussion of these parameters). 

5. The range (IRANGE), the extra high tension (HV) and 

time constant (TC) settings of the photometer. 

6. The Pacific Standard Time expressed in hours (ITIMEH) 



and minutes (ITIMEM) corresponding to the first 

scaled chart division. The time was determined with 

a precission of better than! 5 seconds. 

7. The equation of time expressed in minutes (IAMM) 

and seconds (IAMS) at oh ephemeris time for the 

calendar day of the observation. 

8. The change in the equation of time, expressed in 

seconds, during the subsequent 24 hour period 

(INCAMS). 

9. The declination of the sun at oh ephemeris time for 

the calendar day of the observation expressed in 

degrees (IDECD), minutes (IDECM) and seconds (IDECS). 

10. The change in the declination of the sunr expressed in 

seconds, during the subsequent 24 hour period (INCDEC). 

(These last seven constantsfor any particular obser­

vation were found from the American Ephemeris and 

Nautical Almanac). 

Using the above data the computer executed the 

program and the printer listed or plotted the results 

on thirt·een .pages .'of .out.p:u.t. 

4.2 Determination of the sodium density as a fW1ction of 

height. 

The following operations were executed by the 

computer to determine the sodium density as a function of 

height. 

1. The Pacific Standard Time corresponding to each 

sampled response was calculated. 
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2. The night sky correction was found by taking the 

average of the last five sampled responses read by the 

computer. 

3. The night sky correction was subtracted from each 

sampled response and the result was multiplied by the 

appropriate calibration factor to determine the 

intensity in rayleighs above the night sky intensity. 

These calculations, while not affecting the density 

distribution, enabled the twilight sodium abundance 

to be estimated (see section 4.3). 

4. The change in intensity, ~4rrBi, was found as 

follows: 

where 4rr B. 
J. 

represents the intensity expressed in 

rayleighs and i is a running subscript which 

assumes all values from 3 to N-2, where N is the 

total number of sampled responses read by the 

computer. 

5. The declination of the run, the solar hour angle and 

the solar elevation were calculated for each sampling 

(4.1) 

' time. The latter was determined using equation (D.i). 

(See Appendix D for a discussion of the equations used 

to calculate both the declination of the sun and the 

equation of time at the time of the observation). 

6. The effective shadow height of the earth was 

calculated for each sampling time using the relation 
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z1 = R (sec ~i - 1) + X km. 

where R is the radius of the earth (6370 km.)t ~ 

the solar depression and X one of the Bracewell 

parameters (screening height). (The factor l 

4.2 

R(sec ~1 - 1) given in the above equation is the geometric 

shadow height and the factor X allows for the effect 

of atmospheric screening). 

7. The change in height , !):l, corresponding to the 

change in intensity ~ 4rr B1 was found using the 

relation 

8. A rough approxiJl).ation to the density, di, 

measured in sodium atoms/cm.3 at the height Zi km. 

was found from the relation 

= 

where k is a constant equal to 10/g where g is 

the yield (g = 0.797 photons/sec per illuminated 

atom). It should be noted that the above expression 

4.3 

4.4 

is only a rough approximation to the density, the 

self-absorption and Bracewell corrections being applied 

later in the computer program. (See equation (2.9) 

following). 

4.3 Determination of plateau intensity and abundance. 

After each sampled response was multipled by an 
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appropriate calibration factor to convert response in 

chart division to rayleighs, the intensity corresponding to 

the first sampled scaled response was multiplied by 10-3 

to give the intensity in kilorayleighs. Using this 

intensity the abundance was determined by linearly inter­

polating within a stored list of abundances determined from Figure 

II-3. This list of abundances was determined by 

associating each integral kilorayleigh interval in the 

figure with it corresponding abundance. After the computer 

had calculated both the intensity and the abundance 

corresponding to the first scaled response these two 

values were listed by the computer. 

l+.l+ Interpolated densities for integral heights. 

A plotting routine was incorporated into the 

computer program so that the sodium density as well as 

being determined numerically, could be plotted as a 

function of the height. Since an X-Y plotter was not 

available at the time the program was written, the density 

distribution was plotted using the standard printer associated 

with the computer (IBM 1l+03N1). This imposed the 

condition that the density distribution be expressed in 

terms of integral heights so that a one-to-one correspondence 

existed between the heights and the line numbers of the 

listed output. To achieve this a simple linear inter­

polation scheme was developed which calculated interpolated 

densities for integral heights from 50 to 150 km. After 



the interpolated densities were calculated the densities 

and heights were listed and the computer then entered the 

plotting routine described in the next section. 

4.5 Computer plotting. 

Using the list of interpolated densities as a 

function of integral heights, the computer executed the 

plotting routine. This section of the program is basically 

as follows. 

1. Each value of the density was multiplied by a constant 

chosen so that the resulting product was less than the 

total possible number of characters that could be 

pr inted on one line of printer output. 

2 . The cons t ant 0.5 was added to each of the above 

products to correct round-off error. 

3. The integer variables IDENS(I) were set equal to the 

values calculated in (2). I is the integral height 

which ran from 50 km. to 150 km. 

4 . Starting with IDENS (I1) where I1 was set initially 

to the value 149, the integer variable 

NX = K + IDENS (I1) 

was calculated, where K was a suitable positive 

integer picked to determine the position of the 

'dot' on the output listing corresponding to zero 

density. 

5. The integer variables IPL0T (I), where I ran from 

unity to the maximum possible value of NX (the 

4 .5 
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total number of charact~rs that could be printed on 

one line), were set equal to a 'blank' with the 

exception of IPL0T (K), IPL0T (NX) and IPL0T (maximum 

possible NX), which were set to the value 'dot'. 

6. Next each value of IPL0T (I) was printed across a 

single line producing either a 'blank' or a 'dot'. 

(Note that the position of the dot associated with 

IPL0T (NX) corresponded to the density at the height 

I1 in km. 

7. The value of I1 was decreased by unity and the 

computer looped to (4-) above unless I1 was equal 

to 4-9, at which point the computer executed the 

remainder of the program. 

4-.6 Self-absorption correction. 

In section 2.3 (see following equation (2.17)) it 

was shown that the derivative of the observed intensity 

corrected for the effects of self-absorption may be 

obtained from the relation: 

= 4-1r [B - f] 
g X 10-1 S 

4-.6 

. 
where 47T B (Z1) and 47T B (Z1) are the observed 

intensity and its derivative with respect to shadow height 
. 

z1 ,- and S (Z1) and S (Z1) are the self-absorption 

correction factor and its derivative (cf. Rundle, Hunten 

and Chamberlain (1960)). 
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Abundance 4rr BS/S 

1 o9 atoms/cm. 2 (column) R/km. 

1 o.42 

2 1.60 

3 3.33 

4 5 .48 

5 8.00 

6 10.00 

7 13.70 

TABLE IV-1 . 
Values of the self-absorption correction factor, 4rr BS/S, 

at a shadow height (43 + X) km. as a function of sodium 

abundance N. (cf. Hunten 1960). It should be noted 
. 

that although Hunten stated that he plotted SB/S 

against abundance, constants of proportionality were dropped 
. 

in his expression. The unit for 4rr BS/Sis in fact R/km. 

Hunten (1960) has described a graphical procedure . 
for determining Neq (Z1) which consists of the following 

steps: 

1. Plot 4rr B (Z1)/g x 10-1 against Z where Z = z1 + X, 

z1 is the geometric shadow height and X is the 

screening height • 
. 

2. Plot 4rr BS/S as a zero at the height (56 + X) km . 
. 

3. Plot the value of 4v BS/S given in table IV-1 at 

the height (43 + X) km. 

4. Draw a straight line through the two points found 
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in (2) and (3) above. 

5. Add the two curves to give Neq (Z1). 

Hunten's graphical technique of determining the 

corrected derivative was adapted to the computer program 

as follows: 
. 

1. The values of 4rr BS/S given in Table IV-1 were 

stored in the computer as the real variables S(I) 

where I ran from 1 to 8. 

2. The abundance corresponding to the first sampled 

scaled response was multipled by 10-9 and a linear 

interpolation was performed within the table to find 

the 'correction factor', called X4, for the given 

abundance at the height (43 + X) km. 

3. Taking the correction factor to be zero at the height 

(56 + X) km. the slope of the 'line' joining the above 

two 'points' was found using the relation, 

SLOPE = X4/13 

4. Using the calculated value of the slope the corrected 

rough density distribution was found using the relation 

DENST (J) = DENST (J) + (X5 - X1) • SLOPE 4.8 

where DENST (J) on the right hand side of the 

equation was the uncorrected density at the height J km., 

and (X5 - X1) was the increment in height corresponding 
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to the distance from the height (56 ~ X) to the height 

J. 

After determining the corrected rough density 

corresponding to all heights from (56 + x) km. to 50 km. 

the computer determined the Bracewell correction to be added 

to each calculated density. This correction is discussed 

in the next section. 

4.7 Bracewell correction 

In section 2.3 the integral equation 

= Joo T (Z - z1) n(Z) dZ 
z1-25 

was derived, where n(Z) is the density, Neq (Z1) is a 

rough approximation to the vertical density distribution 
. 

corrected for self-absorption, and T (Z - z1) is the 

derivative of the transmission function. Bracewell (1955) 

showed that integral equations of the above type could be 

solved by a graphical technique and Hunten (1960) applied 

Bracewell's method to the specific problem of determining 

the sodium distribution from the derivative of the 

measured intensity. Hunten's technique is as follows: . 
1. Neq (Z1) is plottted against (Z1 + X) where X 

is the screening height given in table IT-2. 

2. A chord is drawn across the curve spanning a height 

2cr , where 2cr is the second Bracewell parameter . 
. 

3. The correction to be added to the curve, Neq (Z1)~ 

at the middle of the chord is ~qual to the distance 



from the chord to the curve. 

X (km.) 2cr (km.) 

Autumn (S-0-N15) 30 .05 22.1 

Winter 1 (N15-D-J) 30.35 20 .7 

Winter 2 (F-M) 31 . 70 19 . 2 

Spring (A-M) 31.08 20.1 

Summer (J-J-A) 30.69 21.1 

TABLE J.V-2 

Bracewell parameters X and 2cr for different 

times of the year. (cf. Hunten 1962). 

Hunten's graphical technique described above 

was adapted to the computer program as follows: 

52. 

1. Starting at the height 50 km. and the corresponding 

density corrected for self-absorptiont DENST (50), 

the densities at the heights (50 + 2cr) km. and 

(50 + cr) km. were calculated by a simple inter­

polation scheme. (See figure IV-2). 

2. The slope of the 'chord' joining the points DENST (50) 

and DENST (50 + 2cr) was determined and from the slope 

the value of the density on the 'chord' at the height 

(50 + cr) km. was found. 

3. The difference between the density along the •curve' 

and along the 'chord' (called X in figure IV-2) was 

found by subtracting the appropriate densities found 

in (1) and (2) above. 
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4. The difference found in (3) was added to the inter­

polated density, DENST (50 + cr) , thus giving the 

Bracewell corrected density at the height 50 + cr 

kilometers. 

5. The starting height of 50 km. in (1) above was 

incremented by unity and the above scheme was repeated 

until the starting height corresponded to 130 km. 

6. The list of Bracewell corrected densities, was 

interpolated to give the corrected density distribution 

for integer heights from 50 to 150 km. 

After the Bracewell correction was calculatedt 

the computer listed the densities and heights and then 

plotted the density distribution uaing the plotting 

routine described in section 4.5. 

4.8 Scale height. 

After listing and plotting the corrected 

sodium density distribution, the computer entered the final 

phase of the program. This phase listed and plotted the 

natural logarithm of the density distribution from which 

the scale height was determined as described in appendix F. 

After completing the final stage of the program 

the computer looped back to the beginning and executed 

the whole program again if another set of data cards was 

present to be read. 
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CHAPTER V 

DISCUSSION OF SODIUM TWILIGHT OBSERVATIONS 

5.1 Seasonal variation of the plateau intensity. 

Regular twilight observations of atmospheric 

sodium emission were made in the zenith from February 1967 

to February 1968. During this period over two hundred 

observations were made and analyzed using the computer 

program discussed in Chapter IV . 

The plateau intensity for each morning and 

evening sodium observation is plotted in figures V-1 (A) 

and V-1 (B). The circles represent the observations made 

during 1967 and the crosses those made during 1968. 

For convenience the circles have been joined by straight 

lines so that the seasonal variations of both the 

morning and evening plateau intensities may be more readily 

discerned. 

The figures show that both the morning and 

evening plateau intensities followed the same general trend, 

the largest intensities occurring during the winter 

months and the smallest during the summer months . 

In addition to the seasonal change in intensity, 

these figures show that both the morning and evening 

intensities changed by a factor of two or three over 

a period of several days. These change~ are most 

obvious during the month of October (see in particular 
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figure V-1 (A)) when the intensity varied from 

approximately 7 kR. to 2 kR. in a period of several days. 

Rapid changes of intensity such as the one mentioned here 

are probably real since increasing or decreasing trends 

were observed on more than one occasion. Such trends 

have also been noted by other observers. (See Bullock 

and Hunten (1961)). During the summer the magnitude of the 

fluctuations appeared to be much smaller. 

The similarity of the morning and evening 

plateau intensity curves shown in figures V-1 (A) and 

V-1 (B) suggest that the average ratio of the evening 

to morning intensities would probably be close to unity. 

To check this supposition the monthly means of the 

evening to morning intensity ratios were computed using 

only pairs of observations in which a morning run was 

immediately preceded or followed by an evening run. Where 

three or more consecutive observations were possible 

they were considered in triplets , the intensity of the 

first and third members having been interpolated linearly 

to the time of observation of the second member in order 

to eliminate as much as possible any day to day intensity 

variation. Values of the mean monthly evening to morning 

intensity ratios are given in table V-1 and are plotted in 

figure V-2 . The error bars shown in this figure represent 

twice the average mean deviation. It should be noted that 

no error bar has been assigned to the January value since 

very few observations were available for this month. The 
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No. of pairs Mean intensity Mean 
Month ratio deviation or triplets PM/AM of ratios 

12.§2: . 

February 8 1 .08 0.16 

March 8 0.94 0.10 

April 8 1.03 0.14 

May 4 1 .05 0.12 

Jnne 9 1.00 0.25 

July 31 1.06 0.16 

August 33 1 .01 0.16 

September 12 1 .10 0.18 

October 4 1 .07 0.34 

November 11 o. 91 0.11 

December 7 1.02 0. 20 

12.§.§. 

January 1* o.88 

February 1 1 1.03 0.08 

TABLE V-1 

Mean Monthly Evening/Morning Plateau Intensity Ratios. 

* No pairs of PM/AM observations were obtained during this 

month and only one good morning observation was obtained. 

The ratio was fonnd using the morning observation and an 

evening observation obtained several days later. 
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figure shows clearly that the PM/AM intensity ratios 

do not differ from unity by more than! 20% throughout the 

entire year. Since the average ratio for the entire year 

was 1.02 and this value is contained by all the error 

bars no attempt was made to draw a smooth curve through the 

plotted: points. The absence of a significant morning­

evening intensity ·effect confirms the observations of some 

other researchers. It should be noted, however, that Blamont 

and Donahue (1964) reported a morning/evening intensity 

ratio varying from unity to as much as 1.4. 

In order that the seasonal variation of the 

plateau intensi tr could be more readily disc·e.rned, the 

mean monthly intensities were calculated. Since there 

appeared to be no significant difference between morning 

and evening intensities, no distinction was made between 

them. The results of the calculations are listed in 

table V-2 and are plotted in figure V-3. As in the case of 

the evening to morning intensity ratios, the error bars 

represent twice the average mean deviation. The figure 

shows that the int.ensity increased to a maximum in March, 

decreased rapidly during this month to a summer time low 

in June and then increased to a maximum in November. After 

November, the intensity then appeared to decrease to a 

minimum in January. It should be pointed out that only 

six observations were made during January 1968 and that for 

February 1968 the mean intensity _was approximately 1 kR .. 

lower than the mean value for February 1967. In view o;f 
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No. of Mean Average 
Month Intensity Mean Deviation Observations (kR.) (kR.) 

12.§1 

February 20 3.87 0.50 

March 14 4.35 1 .09 

April 19 2.26 0.20 

May 16 1 • 71 0.52 

June 22 1 • 51 0.12 

July 43 1.75 0.11 

August 47 2.00 0.39 

September 32 2.72 0.77 

October 14 4.57 1.37 

November 19 4.17 0.79 

December 15 4.73 0.69 

12.§.§. 

January 6 3.22 0.59 

February 22 2.53 0.53 

TABLE V-2 

Mean Monthly Combined 

Morning and Evening Plateau Intensities 

this, it is possible that the sea.~onal intensity variation 

may exhibit a single maximum in ~he winter months and a 

single minimum in the summer months. It is interesting 

to note, however, that the plot of the individual intensity 
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observations shown in figures V-1 (A) and V-1 (B) indicate 

an increasing trend towards the end of February 1968, thus 

roughly paralleling the increase observed during 1967. 

In addition, observations taken after February 1968 

indicate that the level of intensity tended to increase 

during the month of March to about 3. 5 kR . . and·: then began 

to decrease again; thus the secondary.minimum in January 

may in fact, be real. It is felt, however, that before 

it can be definitely concluded that the intensity variation 

exhibits two maxima and two minima, more observations should 

be made, especially during the winter months. 

5.2 Seasonal variation of the height of maximum density. 

The heights of maximum density for the morning 

and evening sodium observations are plotted in figures 

V-4 (A) and V-4 (B). As in the case of the intensity plot, 

the circles represent observations made during 1967 and 

the crosses observations made during 1968. Again, for 

convenience, the plotted points have been joined together 

by straight lines. These two figures suggest that the 

height of maximum density exhibits a seasonal variation. 

In order that the seasonal variation of both 

the morning and evening heights could be more readily 

discerned, the mean monthly morning and evening heights 

were calculated. The results of these calculations are 

given in table V- 3 and are plotted in figure V-5 (A) and 

V-5. (B). As in the case of the mean monthly intensity 
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MONTH 

1.2M 
February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

1.2.§.a 

January 

February 

MORNING EVENING 

Average Average 
No. of Mean Height Mean Deviation No. of Mean Height Mean Deviation 

Observations (km.) (km.) Observations (km.) (km.) 

10 90.6 2.55 10 . 95.7 2.78 

6 91.5 2.67 8 91+.9 2.06 

7 92.8 0.95 12 9'1>-7 0.97 

4 92.3 1. 50 12 91 .3 2.00 

10 90.2 1 • 12 12 89.9 0.73 

19 89. 5- 1. 53 24 90.1 2.00 

23 89,2 1 .00 23 92.2 1 .42 

14 88.0 1.38 16 93.2 1. 53 

3 89.3 0.22 10 93.0 1. 60 

8 90.6 0.83 1 1 92.8 0.80 

7 89.6 1.63 8 90.3 1. 50 

1 91 .o - 5 93.0 2.09 

10 89.8 2.60 13 92.9 3.16 

TABLE V-3 
Mean Monthly Morning and Evening Heights of Maximum Density. 

~ 
\J1 
• 
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curve, the uncertainty bars represent twice the average 

mean deviation. It should be noted that no uncertainty 

bar has been associated with the mean morn~ height for 

January since only one morning observation was obtained 

during this month. Figure V-5 (A) shows that the morning 

height of maximum density increased during February,. March 

and April to a maximum of approximately 92.8 km.t decreased 

steadily to a minimum of about 88.6 km. in September, 

increased to a smaller secondary maximum of 90.6 km. in 

November, and finally decreased to a minlmum of 89.2 km. 

near the end of December or beginning of January. The 

evening heights of maximum density shown in figure V-5 

(B) also exhibited a seasonal variation. The evening 

height increased during February to a maximum of about 

95.2 km. in March, decreased to a minimum of approximately 

89:. 7 km. in June and then increased to a smaller secondary 

maximum of 93.5 km. in October. The height then decreased 

to a minimum of about 90.2 km. in December. It is 

interesting to note that both of these figures show 

trends similar to the seasonal intensity variation shown in 

figure V-3. These similarities are disc~ssed in section 

5.3. 

An inspection of table V-3 shows that with the 

exception of May and June each monthly mean morning height 

was lower than the corresponding monthly mean evening 

height, thus suggesting a definite morning-evening height 

effect. In order to determine the seasonal variation 
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of any morning-evening height effect the mean difference 

between pairs of heights in which a morning height was 

immediately preceeded or followed by an evening height 

was calculated for each month. Where three or more 

consecutive observations were possible they were considered 

in triplets, the height of the first and third members 

being linearly interpolated to the time of observation of 

the second member in order to eliminate as much as possible 

any day-to-day variation. The results of these calculations 

are given in table V-1+ and plotted in figure V-6. The 

error bars represent the magnitude of twice the average 

mean deviation for each month, and the arrows indicate 

the times of the vernal and autumnal equinoxes which, for 

a 90 lan. sodium layer occur on February 22 and October 21 

respectively (see Appendix E). It is clear from figure 

V-6 that, within the limit of experimental error, the 

maximum height differences occurred at the times of the 

equino.xes while the minimum differences occurred at the 

solstices. (See Sullivan and Roberts (1968)). 

Although measurements of evening and morning 

heights have been recorded previously by Blamont and 

Donahue (1961+), no systematic seasonal variation in their 

mean monthly height differences could be reported 

since the effect seemed to reverse several times through­

out the year. 



Month 

February 

March 

April 

May 

.Tune 

August 

September 

October 

November 

December 

* January 

February 

Mean. Mont:P,ly: P·.}t.,-A .M. Average Me,an 
No. 0 ~ pairs height difference deviation 
or triplets (km.) (km.) 

7 

7 

8 

4 

9 

31 

33 

16 

4 

11 

7 

1 

11 

7 .1 

4.2 

1 • 2 

0.0 

-0.1 

TABLE V-4 

0.8 

3.3 

5 .1 

4.5 

1 • 9 

0.9 

2.6 

4.2 

3.7 

2.4 

0.9 

1.8 

2.2 

1 .4 

1.0 

1.7 

1. 7 

1 .3 

1 .4 

2.6 

Mean Monthl_,Evening-Morning Differences 

in the Height of Maxim.um. Density. 

* No pairs of PM/AM observations were obtained during 

this month and only one good morning observation was 

obtained. The PMf AM height difference was found using 

the morning observation and an evening observation 

obtained several days later. 
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5.3 Compar.±son of the seasonal variations of the height 

of maximum density and the plateau intensity. 

A comparison of the morning and evening heights 

of maximum density with the plateau intensity was made 

after 29-day running means of the morning heights, the 

evening heights and the intensities were calculated. 

Each mean value plotted in figures V-7 (A), V-7 (B) and 

V-7 (C) was found by calculating the average height or 

intensity over a period extending 14 days on either side 

of the mean value. Thus a maximum of 29 observations could 

be included in each mean height and a maximum of 58 
observations in each mean intensity since the morning and 

evening intensities were not distinguished. After each 

mean was calculated, the 29-day period was shifted by one 

day. 

An inspection of figures V-5 and V-7 shows that 

there appears to be some correlation between the . seasonal 

variations of the morning and evening heights, the morning 

height variatirul lagging behind the evening height 

variation by a period of from six weeks to two months. 

There also appears to be a correlation between the 

seasonal variations of the evening heights and the 

intensities, both variations showing maxima in March and in 

October or November. The minima for the evening heights 

occurred in .June and in December, whereas the intensity 

minima appeared to occur in .June and in late .January or 

early February. 
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As was noted earlier the general level of intensity 

during the winter of 1968 appears to be at least 1 kR. lower 

than during the corresponding time of 1967. This, and 

the increasing trend observed in February and March 1968 

(see Section 5.1), would tend to favour the suggestion 

of a secondary intensity minimum during the winter months. 

If, however, the level of sodium abundance had remained 

the same in 1968 as in 1967 the secondary minimum would 

tend to disappear. Thus the seasonal variation on a global 

scale might be simply a high intensity during the winter 

and a low intensity during the summer. If this is the 

case the correlation of the intensity variation with 

the height variations may therefore not be as pronounced as 

the figures suggest. 

5.4 Scale height. 

An attempt was made to determine the scale 

height of the sodium layer above the peak density from a 

plot of the natural logarithm of the density as a function 

of height for each analyzed observation. If the sodium 

density falls off exponentially with height above the 

peak, then such a plot will produce a curve of constant 

slope, the slope of the curve being equal to the scale 

height. (See appendix F for a discussion of scale heiglit). 

It was found from most observations that no 

unique scale height existed. Generally each plot of the 

logarithm of the density as a function of height produced 



a smooth curve rather than a straight line. Figure V-8 

is a plot of the natural logarithm of the density versus 

height determined from an analysis of one of the best 

observations. The dots and crosses show respectively the 

logarithm of the density distribution beflore and after the 

Bracewell-chord-correction technique was applied to the 

density distribution. The plot shows that the density 

distribution before application of the Bracewell correction 

was exponential in the region from 104 to 118 kilometers, 

whereas the Bracewell corrected density distribution in the 

same region appears to be non-exponential. 

The non-exponential distribution after application 

of the Bracewell correction could be explained by postulating 

a mechanism for removing free sodium atoms above the peak, 

(other than the expected exponential decrease due to the 

decrease in pressure). While such a mechanism may exist 

it seems more likely that the magnitude of the Bracewell 

correction is too large in this region, thus seriously 

distorting the corrected distribution above the peak. 

Distortion is evidenced by the generation of physically 

meaningless negative densities in most of the chord­

corrected density distributions. Figure V-9 shows the 

density distribution, for the same date as that given in 

figure V-8, both before and after the application of the 

chord-correction technique. It appears that the correction 

added to the uncorrected curve in the region from 115 to 

118 kilometers was too large, thus producing negative 
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7.1. 

densities and hence distorting the distribution not only 

in this region but also at lower altitudes . Because of this 

distortion to the density distribution curves, it was felt 

that density distributions and hence values of a scale 

height determined in this way t.end to be unreliable. It 

should be added that although application of the Bracewell 

sharpening technique may distort the shape of the density 

distribution curve to some extent, it does not appear to 

alter the height at which the peak density occurs. 

5.5 Possible mechanisms to explain the seasonal variations. 

Twilight observations of the sodium emission 

have shown that the layer exhibits a seasonal variation 

of the height of maximum densi t y and a seasonal variation 

of intensity. The evening heights and the differences 

between the evening and morning heights appear to be 

greatest in February or early March and in October (near 

the 90 km. equinoxes - see appendix E) and least in June 

and in December (near the solstices). The morning 

heights also exhibit a seasonal variation, but the 

maxima occur in April and November, the minima in September 

and January. 

The evening - morning height effect may be 

partially explained in terms of solar tides in the 

atmosphere. Chapman (1951) has investigated such 

atmospheric tides and figure V-10, showing the observed 

pressure changes as a function of local mean time, is 
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taken from his paper. The plot shows that small variations 

9f pressure occur in the atmosphere near the surface of 

the earth with a period of 12 hours (52 tide), the maxima 

occurring at about 1000 and 2200 hours, the minima at about 

o4oo and 1600 hours local mean time. At altitudes in 

the vicinity of 75 to 100 km. it has been shown that the 

s2 pressure fluctuations are strongly correlated with 

those at ground level but that there is a difference of 

phase of about 6 hours between the two: thus maxima at 

ground level correspond to minima at higher altitudes and 

vice-versa. (See Butler (1962)). In addition to the 

above, it has been shown that the s2 tide exhibits a 

seasonal variation, the maximum pressures at ground level 

occurring in spring and autumn and the minimum pressures in 

summer and winter. (See Haurwitz and Sephlveda (1957)). 

In view of the above, it seems reasonable to 

assume that if the s2 tide is the cause of the morning­

evening height effect the differences between evening and 

morning heights should correlate strongly with the differences 

between evening and morning pressures. Close to both 

equinoxes morning and evening observations are separated 

by a~_period of about 12 hours and hence the change in 

pressure between morning and evening is extremely small. 

It is at these times of the year, however, that the 

greatest evening-morning height differences are observed. 

Near the summer solsticethe morning and evening 

observations occur around 0400 and 2000 hours respectively 
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while at the winter solstice they occur at 0800 and 1600 

hours respectively. At these times the pressure changes 

are relatively large whereas the height differences are 

quite small. In ~ddition, the difference in pressure between 

morning and evening observations would change sign at the 

two solstices, thus suggesting that the evening-morning 

height differences would reverse at these times. Such an 

effect is not observed. On the other hand, the amplitude 

of the s2 tide varies throughout the year in accordance 

with the observed seasonal evening-morning height difference 

variation. The evening height variation also follows the 

same pattern. 

Butler (1962) and Butler and Small (1963) have 

discussed the s1 and s2 tides in terms of insolation 

by atmospheric ozone at a height of 45 km. Their analysis 

shows that the "driving force" chiefly responsible for 

tidal oscillations in the atmosphere is the energy gained 

by the ozone layer when it absorbs ultraviolet light 

during the day. The driving force has, qualitatively, the 

form of a rectified sine wave, the first harmonic of which 

has a period of 24 hours (s1 variation). Such insolation 

and subsequent cooling leads to expansion and contraction 

of the atmosphere above 45 km., resulting in an increase of 

pressure during a period of insolation and a decrease of 

pressure during cooling, extending up to 75 - 100 km. If 

it is assumed that the rates of warming and cooling of the 

ozone layer (and therefore the rates of expansion and 
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contraction) are roughly the same, then near both equinoxes 

where the days and nights are of approximateiy equal length, 

the greatest change in the thickness of the layer would 

be expected to occur and thus the greatest evening-morning 

height differences. At the summer solstice the layer would 

expand during the day, but possibly contract little during 

the night due to the few hours of cooling. Thus at these 

times the evening-morning height effect would be small. 

At the winter solstice the layer possibly expands little 

due to the relatively few hours of insolation and thus 

the evening-morning height effect would again be small. 

This hypothesis is in agreement with the observations in 

so far as the evening-morning height effect is concerned. 

A difficulty arises when the seasonal height 

variations of the sodium layer are examined. The ozone 

insolation hypothesis implies a seasonal variation which 

should exhibit a single maximum in summer and a single 

minimum in winter. The obseryations, however, show that 

the evening height variations exhibit maxima at the equinoxes 

and minima at the solstices. The morning height variations 

likewise exhibit double peaks lagging behind in phase by 

six to eight weeks. It appears therefore, that some 

other explanation must be sought to account for the 

seasonal height variation. Armstrong (1968) has investigated 

the seasonal variation of temperature at the 90 km. level. 

Measurements appear to indicate that the temperature is 

greatest near the autumnal equinox and least near the 



summer solstice. While the temperature measurements 

published by this author do not show a minimum near the 

winter solstice nor a maximum near the spring equinox, the 

uncertainties associated with the few measurements which 

he has made are large and could possibly ma&•k such an 

effect. Thus temperature changes at the 90 km. level may 

be related to the seasonal height variations. 

The above discussions of the morning-evening height 

effect and the s1 and s2 variations assume that these 

pressure variations reflect an actual change in the altitude 

of the sodium layer. It should be recalled, however, that 

the height of the sodium layer is determined by calculating 

the sum of the geometric shadow height, z1 , and the screening 

height, X, which is influenced by ozone absorption at 
0 

5893 A. Thus it is possible that the morning-evening height 

effect reflects a change in the screening height rather 

than an actual change in the altitude of the sodium layer. 

The seasonal intensity variations may also be 

intimately related to variations in pressure and temperature 

in the upper atmosphere. An increase of pressure at higher 

levels during the day would set up a pressure gradient from 

the day side towards the night side resulting in a flow of 

air at high levels away from the day side towards the night 

side. Since free sodium atoms would likely be carried along 

as well one might expect free sodium to disappear during 

the day time so that the evening twilight emission would 

be expected to be less intense than the morning twilight 
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emission. No definite trend to confirm this was observed 

during the one year period of observations. Other 

observers, however, (see Blamont and Donahue (1964)) 

have reported high morning intensities and their day glow 

observations show an increase in sodium intensity after 

the morning twilight observation which increases to a 

maximum approximately two or three hours before noon, 

decreases to a minimum around noon, increases again until 

approximately two or three hours after noon, and then 

decreases towards evening to the twilight intensity 

level. This suggests a return of free sodium to the day­

light region which continues until the pressure gradient 

reverses. 

Hunten and Godson (1967) showed a correlation 

between intensity variations and warming events in the 

polar and sub-polar stratosphere. In addition, Gault (1967) 

reported a correlation between variations in the temperature 

of the stratosphere (30 mb level) and sodium intensity 

variations. 

In summ~ry, there appears to be some correlation 

between the seasonal intensity variations and changes in 

temperature and pressure in the stratosphere and meso­

sphere. The seasonal height variations, particularly the 

evening-morning effect, can be partially explained on the 

basis of insolation by atmospheric ozone; the actual 

seasonal height variations, however, present a problem. 
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Undoubtedly the effect of the day to night variations in 

the vertical distribution of the ozone layer would have 

to be taken into account and the effect on the screening 

height determined. One would have to work out the 

transmission function for the day and night ozone 

distributions and these would first have to be determined. 



APPENDIX A 

GLOSSARY OF SYMBOLS USED IN THE COMPUTER PROGRAM 

RADIUS - radius of earth in kilometers 

XINC - constant increment in time between each sampled chart 

response (1 minute of time) 
. 

S(I) Self-absorption correction factor SB/Sin R./km. 

A(I) - Parameter used to relate intensity in rayleighs to 

abundance measured in Na atoms/cm. 2 (column) 

IDAY - Day of a particular observation 

MONTH - Month of a particular observation 

IYEAR - Year of a particular obs ,ervation 

MM - identifies observat ion as either A.M. or P.M. 

CALIB - Calibration factor to convert sampled chart response 

(divisions) to intensity in rayleighs 

CONST - Conversion factor (equal to 10/g where g is 

the yield) to convert R/km. to density in Na atoms/ 

cm3. 

XBAR - Screening height in km. (one of the Bracewell 

parameters) 

IRANGE - Range scale used during a particular observation 

IN - Extra high tension setting of photometer 

TC - Time constant used during a particular observation 

ITEMEH T. f ITIMEM - ime o start of evening observation or end of 

morning observation expressed in hours and 

minutes (P.S.T.) on a 24 hour clock. 
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~ - Equation of time expressed in minutes and seconds 

INCAMS - Increment in the equation of time, expressed in 

seconds, from O hours ephemeris time on the date 

of the observation to O hours ephemeris time of 

the following day 

IDECD 
IDECM - Apparent declination of sun expressed in degre•s, 
IDECS 

minutes and seconds 

INCDEC - Increment in the declination, expressed in seconds 

of arc, from O hours ephemeris time on the date 

of the observation to O hours ephemeris time of 

the following day. 

DIV(I) - Recorder response in divisions 

PST - Time of start of evening observation or end of morning 

observation expressed in hours (P.S.T.) 

AM - Equation of time expressed in hours 

GMT - Time of start of evening observation or end of morning 

observation expressed in hours (G.M.T.) 

XLNGC - Longitude correction expressed in degrees 

IPLOT(NX) - Variable which takes on one of two values, 100T' 

or 'NUL'. 

NX - Integer which determines the position of the 'DOT' or 

'NUL' in the graphical output of the computer 

XLAT - Latitude of observatory expressed in degrees 

T(I) - Time in hours (P.S.T.) for each sampled response 

ZE.ROC - Night sky brightness expressed in terms of chart 

response measured in divisions 
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DELTB(I) - Change in intensity expressed in rayleighs 

DEC(I) - Apparent declination of sun for each scaled chart 

division 

TLOC(I) - Local apparent time for each sampled response 

ZS(I) - Height expressed in kilometers 

DELTAH . - Change in height expressed in kilometers 

AVGZS(I) - Same as ZS(I) 

DENSTY(I) - Density in Na atoms per cubic cm. at the height 

'AVGZS(I) '· 

ABUND - Abundance expressed in atoms per square cm. (column) 

MHIGHT(I) - Height in kilometers 

DENS(IHIGHT) - Interpolated density at a height '!HIGHT' 

~~~~i~ - (a) Density at the height 'I' multiplied by an 

appropriate constant for purposes of 

plotting 

- (b) Natural logarithm of the density multiplied 

by an appropriate constant for purposes of 

plotting 

XMAX - Parameter used to determine scale size of each graph 

JJJ - Running index used to transfer control to different 

sections of the program. 
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APPENDIX B 
Listing of the Computer Program 

APPARENT-MEAN TIME IS FOUND FROM ALMANAC BY SUBTRACTING THE 
EPHEMER IS TRANSIT TIME FROM TWELVE HOURS 
DATA INUL,IDOT/' 1 ,• .•/ 

DIMENSION MHI GHT(l50),DENS(l50),IDENS(200),IPLOT(l32) 
D I MEN S I ON DEC ( 2 0 0 ) , DI V { 2 0 0 ) , T ( 2 0 0 ) , T L OC ( 2 0 0 ) , DE LT B ( 2 0 0 ) , ZS ( 2 0 0 ) , 

lAVGZS( 200) ,DENST(200) ,S(8) ,DENSTY(200) ,A(7) 
RAD I US=63 70. 
XINC=60./3600. 
S(ll=O.O 
Sl2)=0.42 
Sl3)=l.60 
Sl4)=3.33 
S(5)=5.48 
5(6)=8.0 
5(7)=10.8 
5(8)=13.7 
A(l)=O.O 
A( 2)= l.490E+09 · 
A(3)=3.050E+09 
A(4)=4.880E+09 
A ( 5 ) -= 7 • 0 0 0 E +O 9 
A(6)=9.900E+09 
A(7)=l.450E+l0 

110 READ(5,100)IDAY,MONTH,IYEAR,MM 
100 FORMAT(2X,I3,5X,A4,5X,15,5X,A4) 

IF{IYEAR)lll, 112,111 
112 CALL EXIT 
111 READ(5,200)CALIB,CONST,XBAR,Bll,IRANGE,HV,TC 
200 FORMAT (lX,F6.l,5X,F8.3,5X,F6.2,5X,F6.l,5X,I3,5X,I4,5XiF5.l) .· 

READ(5 ,300)ITIMEH,ITIMEM,IAMM,IAMS,INCAMS,IDECO,IDECM,IDECS,INCDEC 
300 FORMAT( 4(5X,I3),2(1X,I3),2(5X,I3),5X,I5) . 

NN= l 
N=7 

3 REA0 (5,4) (DIV(I), I=NN,N) , 
IF{OIV{NN))5,6,5 

5 NN=NN+7 
N=N+7 
GO TO 3 

4 FURMAT (7(5X,F5.l)) . 
6 N=N-7 

00411 I=l,N 
DEN ST ( I )=DIV( I) +10 .5 
IDENStl)=DENST(l) 

411 CON TI NUE 
Xl=ITIMEH 
X2=ITIMEM 
X2=X2/60. 
PST=Xl+X2 
GMT=PST+8. 
Xl=IAMM 

,,. 



Xl=Xl/60. 
X2= IAMS 
X2=X2/3600. 
AM=Xl+X2 
X l= INCA MS 
Xl=Xl/3600. 
AM=AM+GMT*X l/ 24. 
Xl=IDECD 
X2=IDECM 
X3= IDECS 
X2= X2/60. 
X3=X3/3600. 
DEC( ll=Xl+X2+X3 
Xl=INCDEC 
Xl=Xl/3600. 
DEC(l)=DEC( l)+GMT*Xl/24. 
XLNGC=13./60.+12.9/3600. 
WRITE(6,14) 

14 FORMAT ( lHl l 
\~ R IT E ( 6 , 8 ) MM , ID A Y , MONTH , I YE AR 

88. 

8 FORMAT(lOX , 'SODIUM Z',2X,A4,5X,I3,2X,A4,1X,I5,5X,' VICTORIA, B.C 
l • I ) 

WRITE(6,7) 
7 FORMATtlHO) 

WRITE(6,9)HV,TC,IRANGE 
9 FORMAT(' E.H.T. =',14,' VOLTS•,sx,• TIME CONSTANT =•,Fs.·1,• SECS.• 
1,5X,' RANGE ='13) 

IF(PST-12 .)407,16,406 
406 WRITE(6,400)IT IMEH,ITlMEM 
400 FORMAT(' START OF RUN =',13;'H',2X,I3,'M',2X,'P.S.T.') 

GO TO 408 
407 WRITE(6 ,409)ITIM EH ,ITIMEM 
409 FORMAT( ' END OF RUN =',13,'H',2X,I3,'M',2X,'P.S.T. 1 ) 

408 WRITE(6 ,40l)CALIB,IRANGE 
401 FORMAT(' CALIBRATION FACTOR =',f6 .1,' R/DIV. ON RANGE',13) 

WRITEC6,402lCONST 
402 FORMAT( ' CONVERSION FACTOR =',F8 .3,' ATOMS/CUBIC CM. PER R/KM. 1 ) 

WRITE(6,403)XBAR 
403 .FORMAT(' SCREENING HEIGHT =•,F6.2,' KM.•> · 

WRITE(6,404)AM 
4 04 F ORMAT ( • ( A - M) = • , F 8. 5 , • H • ) 

WRITE(6,405)Bl l 
405 FORMAT( ' HRACEWE LL INTERVAL = 1 ,F8 .1,• KM.') 

WRITE(6 ,7) 
WR I TE ( 6, 9 7) 

97 FORMAT( ' CHART DIVISIONS TAKEN AT 60 SECOND TIME INTERVALS'i) 
) IN= l 

NN-=12 
202 IF(NN-N)l3,13,201 
201 NN=N 



13 WR IT E(6,10)(DIV{I),I=IN,NN) 
10 FORM AT( 12( 3X,F7.3)) 

I F (N N-N) 11, 12, 12 
11 IN= IN+ 12 

NN= NN+l2 
GO TO 202 

12 WR ITE(6,14) 
WR ITE (6,8)MM, IDAY,MONTH,IYEAR 
~i R ITE( 6, 7) 
WRIT E(6,4l0l 

410 FORMAT(' PLOT OF RECORDER RESPONSE IN DIVISIONS AS AF 
lU NCTION OF TIME '/) 
WRITE(6,412) 

412 FORMAT (' 0 5 10 15 20 25 30 35 40 45 
1so 55 60 65 io 75 80 85 · ·90 95 1 oo• > 

DO 413 1=10,110 
I P L OT ( I ) = ID OT 

413 CONTINUE 
JJJ=l 
WRITE(6,414)JJJ,(IPLOT(KK),KK=10,110) 

414 FORMAT(2X,I5,2X,110Al) 
I N= N-1 
NN=Z 

417 DO 415 I=ll,109 
I PLOT (I)= INUL 

415 CONT I NU E 
JJJ=JJJ+l 
NX=IDE NS(NN ) 
I PL OT ( NX ) = I DOT 
WRITE(6,414)JJJ,(IPLOT{KK),KK=l0,110) 
IF(NN.EQ.IN)GO TO 416 
NN=NN+l 
GO T0417 

416 DO 418 I=ll,109 
I P LOT ( I ) = ID OT 

418 CONTINUE 
JJJ=JJJ+l 
WRITE(6,414)JJJ,(IPLOT(KK),KK=l0,110) 
WRITE(6,412) 
WR ITE(6,14) 
XLAT=4 8 .+27.42/60. 
X 1=3. 14159/ l 80. 
X2=15.*Xl 
X3=XLAT*Xl 
SLAT=SIN(X3) 
C L AT= C OS { X3 ) 
IF(PST-12.)35,16,36 

16 WRITE(6,18) 
18 FORMAT(' ERROR IN CALCULATION Of TIME') 

GO TO 110 



35 DO 40 l-=l,N 
Il=I-l 
X3=Il . 
T(l)=PST~XINC*X3 ) 

40 CONTINUE 
GO TO 41 

36 DO 3 7 I= l, N 
I l= I-1 
X3= I l 
T ( I )-=PST+XINC*X3 

37 CONTINUE 
C CORRECTION FOR NIGHT SKY ZERO 

41 Il=N 
IZ=N-l 
13=N-2 
14= N-3 
I 5= N-4 
Z E RO C = ( D I V l 11 ) + D I V ( I 2 ) + D I V ( I 3 ) +D I V ( I 4 ) + D I V l I 5 ) ) * 0 • 2 
DO 50 I=l,N . 
DIVIIl=(DIV(I)-ZEROC)*CALIB 

50 CONTINUE 

90. 

C CHANGE IN INTENSITY IN UNITS OF RAYLEIGH$ BETWEEN READINGS 
NN=N-2 
DO 51 [=3,NN 
J=I+2 
K= I-2 
DELTB ( l)=OIV(K)-DIV(J) 

51 CONTINUE 
C DECLINATION FOR EACH READING 

X3= I NC DEC 
X3=X3/3600. 
DO 60 I =2 , N 
DEC(I)=DEC (l)+(T(I)-T(l) l*X3/24. 

60 CONTINUE 
IF(PST-12.)61,16,62 

61 DO 63 I=l ,N 
TLOCII)=l2.-T(l)+XLNGC-AM 

63 CONTINUE 
GO TO 69 

62 DO 64 I =l, N 
TLOC(I )=TCI )-12.-XLNGC+AM 

64 CONTINUE 
69 DO 65 I=l ,N 

SDEP=SIN(DEC(I)*Xl)*SLAT+COS(DEC(l)*Xl)*CLAT*COS(TLDC(I)*X2) 
CDEP=SQRT,1.-SDEP*SDEP) 
ZS(I)=ll.-CDEP)/CDEP*RADIUS+XBAR 

65 CUN TI NUE 
DO 66 I =3 ,·NN 
J•I+2 
K=I-2 



DELTAH=ZS(J)-ZS(K) 
DENSTY(l)=DE LTB(I)*CONST/OELTAH 
AVGZS( I l=ZS( I) 

66 CONTINUE 
WR ITE (6,8)MM, IDAY,MONTH,IYEAR 
WRITE (6,7) 
I~ R I T E ( 6 , 2 2 0 l ) 

91. 

2201 FORMAT(' HEIGHT IN KM . VERSUS DENSITY IN ATOMS/CUBIC CM.• 
l /) 

W~ITE (6,70) . 
70 FORM AT(' HEIGHT DENSITY HEIGHT DENSITY HEIGHT DENSITY 

lHEIGHT DENSITY HEIGHT DENSITY HEIGHT DENSITY HEIGHT D 
2ENS ITY •) 

WR ITE(6,7) 
IN=3 
JN=9 

102 IF(JN-NN)74,74,75 
75 JN= NN 
74 WRITE(6,7l)(AVGZS(ll ,OENSTY(I),I=IN,JN) 
71 FORMAT (lX,6(F7.2,1X,F8.2,3X),F7.2,1X,F8.2,/) 

IF(JN-NN)72,73,73 
72 IN= IN+ 7 

JN=JN+7 · I 
GO TO 102 

C CALCULATION OF INTENSITY AND ABUNDANCE 
73 XlNTEN=DIV(ll 

X3=XINTEN*l.OE-03 
13=X3 
J=I3+1 
K=J+l 
IF(K-8)76,77 ,77 

77 WRITE{6 ,78} 
78 FORMAT(' INTENSITY GREATER THAN ALLOWABLE RANGE - ABUNDANCE NOT CA 

lLCULATED•) 
WRI TE(6,7) 
ABUNO=O.O 
GO TO 4002 

76 X4=13 
X5=X3-X4 
ABUND=A{J)+(A(Kl-A(J)l*X5 
WRITE (6,7) 

4002 WRITE(6 ,4000lXINTEN 
4000 FO RM AT(' INTENSITY CALCULATED AT TIME OF FIRST SCALE DIVISION =•, 

l F6 .0,' RAYLEIGH$ ') 
WRITE (6,71 
WR ITE(6,58)ABUND 

58 FURMAT(' ABUNDANCE CALCULATED AT TIME OF FIRST SCALE DIVISION =•, 
lEll.4, • · ATOMS/SQUARE CM.· (COLUMN)•) 

WR I TE ( 6, 141 
DO 620 1=50,150 



MHl GHT( I)=I 
DEN S(l)=O.O 

620 CONTIN UE 
IHIGHT=l50 

607 DO 603 1=3,NN 
IF( I.EQ.NN)GO TO 604· 
I l= AVGZS ( It 
IF(IHIGHT-11)606,606,603 

603 CONTINUE 
606 J=l- 1 

6101 I F (J.L E.2)GO TO 611 
Jl=AVGZS(J) 
IF(Il-Jl)608,608,609 

608 J=J-1 
GO TO 6101 

609 Xl=AVGZS(Il-AVGZS(J) 
X2=DENSTY(Il-DENSTY(J) 
X3=IHIGHT 
X4=X3-AVGZS (J) 

MHIGHTtIHIGHT)=IHIGHT 
DENS(IHIGHT)=DENSTY{J)+X2*X4/Xl 

604 IHIGHT=IHIGHT-1 
IF(IHIGHT-49)611,611,607 

61 l WR I TE ( 6 , 8 ) MM , I DAY , MO NT H , I Y EAR 
WRITE { 6, 7) 

WRI TE (6,220 l) 
WRITE (6,612) 

612 FORMAT{' INTERPOLATED DENSITIES') 
WRITE(6,7) , 
WRI TE(6,6l3) 

613 FORMAT(' HEIGHT DENSITY HEIGHT 
l DENSITY HEIGHT DENSITY 

WR ITE.(6,7) · 
IN=50 
JN= 51+ 

615 WRITE (6,6l4)(MHIGHT(J),DENS(J) ,J=IN,JN) 
614 FORMAT(lX,5(I6,3X,F8.2,8X)/) 

IN=IN+5 
J N= JN+S 
IF(IN-150)615,616,616 

616 WRITE 16,14) 
IF(DENS(95).LE.lOO.O)GO TO 110 
WRITE (6,8)MM,IDAY,MONTH ,IYEAR 
WRITE (6,7) 
vJRITE (6,70U 

92. 

DENSITY HEIGHT 
HEIGHT DENSITY•) 

701 FORMAT(• DENSITY 
l OF SODIUM ATOMS PER CUBIC CENTIMETRE X 0.01 1 /) 

WRITE(6,702) 
702 FORMAT(' -5 -4 -3 -2 -1 0 1 2 3 4 5 6 

l 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
... . 



2 24 25') 
DO 703 I= 50, 150 
DENST(I)=OENS(I)*0.04+0.5 
IDENS{ll=DENST(l) 

703 CONTINUE 
XMAX=l.O 
JJJ=O 

803 DO 704 1=12,132 
l PLOT (I)= IDOT 

704 CONTINUE 
JJJ=JJJ+l 
WRITE (6,705) ( I PLOT ( KK) ,KK=12, 132) 

705 FORMAT(SX, 1 150' ,3X,132AU 
11=149 

718 DO 706 I=.12,131 
IPLOT(l)=INUL 

706 CONTINUE 
NX=32 +ID ENS ( Il) 
I P LOT ( 3 2 ) = I DOT 
I PLOT (NX l =I DOT 
IF(JJJ-2)740,740,746 

746 IF(ll-62)752,740,740 
752 IPLOT(NX)=INUL 

IPLOT(32}=100T 
GO TO 741 

7~0 IF(Il.EQ.140)GO TO 707 
IF(Il . EQ .130)GO TO 707 
IF(Il . EQ .120)GO TO 707 
lF(Il.EQ.llO)GO TO 707 
IF(ll.EQ.90)GO TO 707 
IF( Il.EQ.80)GO TO 707 
IF( Il .E Q. 70)GO TO 707 
IF(Il.EQ.104)GO TO 708 
IF(Il.EQ.103)GO TO 709 
IF(Il.EQ.102)GO TO 710 
IF(Il.EQ.lOUGO TO 711 
IF(Il.EQ.lOO)GO TO 712 
IF(Il.EQ.99) GO TO 713 
IF(Il . EQ .97) GO TO 714 
IF( Il.EQ.96)GO TO 715 

741 1F(Il.EQ.60)GO TO 707 
WR I TE (6,716) ( IPLO T ( KK), KK= 12,132) 

716 FD RM AT ( ll X, 13 2A l) 
Il=Il-1 
IF ( I l • EQ. 50 l GO TO 71 7 
GO TO 718 ' 

707 WRITE(6,719)Il,( IPLOT(KK),KK=l2,132) . 
719 FORMAT(5X,I3,3X,132Al) 

Il= Il-1 
GO TO · 718 

93. 

... 



7 08 WR IT E (6,720) ( {PLOT ( KK), KK= 12, 132 l 
72 0 FORMAT (2X,'H',8X,132Al) 

Il=Il-1 
GO TO 718 

709 WRITE16 ,721)( IPLOT(KK),KK=12,132) 
721 FORMAT(2X,•E•,ax,132Al) 

Il=Il-1 
GU TO 71 8 

710 WRI TE (6,722)(IPLOT(KK),KK=l2,132) 
722 FORM AT (2X ,•I• ,ax, 132Al) 

Il=Il-1 
GO TO 718 

711 WRITEC6 ,723)(IPLOT(KK),KK=l2,132) 
723 FORMAT(ZX ,• G' ,ax ,132Al) 

Il=Il-1 
GO TO 718 

712 WRI TE(6,724) ( IPLOT(KK) ,KK=lZ,132) 
724 FORMAT(2X,'H' ,zx,•100 1 ,3X,132Al) 

Il=Il-1 
GO TO 718 

71 3 WRITE (6,725)(IPLOT(KK),KK=12,132) 
725 FORMAT(2X, 1 T' ,8X,132Al) 

Il=Il-1 
GO TO 718 

714 WRI TE ( 6,726)( IPLOT(KK) ,KK=12,132) 
726 FURMAT {2X,'K',8X,132Al) 

Il=Il-1 
GO TO 718 

715 WRI TE(6,727)(1PLOT(KK),KK=12,132) 
727 FORMAT(2X,'M',8X,132AlJ 

Il=Il-1 
GO TO 718 

717 DO 730 1=12,131 
I P L O T ( I ) = I DO T 

730 CONTI NUE 
NX=32+IDENS( 50) 
IF( JJJ-3)747~748,748 

74 7 lPLOT(NX)=IDOT 
GO TO 749 

7 4 8 I PL O T ( N X ) = I DD T 
I PLOT ( 32 l= lOOT 

749 WRITEt6 ,7 3 1)( IPLOT(KK),KK=l2, 132) 
731 FORMAT (6X, '50',3X,132All 

IF(XMAX-2500.)960,960,961 
960 WRITE(6,70i> 

GO TO 962 
961 WRITEC6,955 ) 
962 i~RlTE {6, 14) 

IF( JJJ.EQ.2)GO TO 804 
IF(JJJ.EQ.3)GO TO 2000 . 



C 

C 

WRITE (6,8)MM,IDAY,MONTH,IYEAR 
WRITEC6,7) 
WRITE(6 , 801) 

8 01 FORMAT ( • SMOOTHED PLOT OF SODIUM OEN S ITY AS A FUN CT ION OF HEIGHT F 
lOUND BY TAKING THE AVERAGE OF 3 CONSECUTIVE POINTS') 

WRITE(6 ,7) 
WRITE(6,701 ) 
WRI TE (6,702) 
Xl=0.04/3. 

DO 802 1=50,148 
I 1 =I 
I 2= I+ 1 
I 3= I+ 2 
DENST(I2)=(DENS(ll)+OENS(I2)+DENS(l3t)*Xl+0.5 
IDENS(I2)=DEN ST(l2) 

802 CONTINUE 
IF(JJJ . EQ .l)GO TO 803 

804 DO 901 I-=50,150 
OENST(I)=DEN ST(l)-0.5 

901 CONTINUE 
SELF ABSORPTION CORRECTION 
ABUNDl=ABUND* l.OE-09 
I AB UND=ABUND l 
I=IABUND+l 
J= I+ l 
Xl=S(J)-S(I) 
X2=IABUND 
X3= ABUN Dl-X2 
X4=(St I)+Xl*X3)~0NST*0.04 
X5=56.0+XBAR 
I= X BAR 
J=56+1 
X2=1./13. 

924 Xl=J 
DENST{J)=DEN ST(J)+ 
J=J-1 
IF(J.EQ .49)GO TO 923 
GO TO 924 
BRACEWELL CORRECTION 

923 I Bl =Bil 
BI2=1Bl 
8l3=BI1-BI2 
BI4=B ll*0.5 
I B4= B 14 
[315=814+1 . 
1B5=815 
B 15= I 64 
816=814-615 
DO 900 I-=50 ,129 
Jl=I+IBl 

( X5-Xl) *X2*X4 



J2=Jl+l 
Xl=OENST(J2l-DENST(JlJ 
X2=Xl*BI3+0ENST(Jl) 
X3=(X2+DENST(Il)*0.5 
J3=IB4+1 
J4=1B5+I 
X4=0ENST(J4)-DENST(J3) 
X5=DENST(J3)+Bl6*X4 
X6= X5- X3 
X7=XS+ X6 
DENST Y( J3)=X7 

900 CO NTINUE 
J3=IB4+50 
J4=IB4+128 
X5= l. 0- B I 6 
DO 902 I=J3,J4 
J=I+l 
Xl=DENSTY(J)-DENSTY(l) 
X2=Xl*X5+DENSTY(I) 
OENST< J)=X2 

9Q2 CONTINUE 
DO 903 I= 50, 150 
DEN STCI)=OENST(I)*25. 

903 CONTINUE 
WRITE (6,8)MM,IDAY,MONTH,1YEAR 
WRITE (6,7) 
WRITE(6 , 904) 

96. 

904 FORMAT (' INTERPOLATED DENSITIES AFTER SELF ABSORPTION AND BRACE WE L 
ll CORRECT IONS' ) 

WRITE( 6,7) 
WRITE(6 ,613) 
WRITE (6,7) 
IN= 50 
JN=54 

905 WRITE (6,614)(MHIGHT(J),DENST(J).,J=IN,JN) 
IN=IN+S . 
J N=J N+5 
IF(IN-150)905,906,906 

906 WRITE(6 , 14) 
\"RITE (6, 8 )MM, IDAY,MONTH,IYEAR 
WRITE(6 ,7) 
WRITE(6,907) 

907 FORMAT(' SODIUM DE~SITY AS A FUNCTI ON OF HEIGHT A · 
lFTER APPLYING SELF ABSORPTION ANO BRACEWELL CORRECTIONS•) 

1~ R I T E ( 6 , 7 ) 
WRITE(6,701 ) 
XMAX=DENST(50) 
DO 950 1=51,150 
IF(DENST(l)-XMAX)950,952,952 

952 XMAX=DENST( I) 



.. 

' , · 

950 CONTINUE 
· IF ( XMAX-2 500.} 953,953,954 

953 WRITE( 6,702) · · . · 
DO 908 I= .50,15.0 '- · . 
OENST ( l l =DEN ST( U*0.04+0.5 
I 'oE NS (ll =DEN ST(I) 

·908 CONTINUE 
GO TO 803 

954 WR ITE(6,955) . 
955 FORMAT(' ~10 -8 -6 -4 -2 

114 16 18 20 22 .24 26 28 30 ·32 
2 48 5 0' ). 

DD 956 1=50,150 
DENST(I)=OENST(I)*0.02+0.5 
IDENS(I)=OENST(I) 

956 CONTINUE 
GO TO 803 

C 
2000 
2001 

DETERMINATION OF SCALE HEIGHT 
IF(XMAX-2500.)2001,2001,2002 
00 2003 1=50,150 
DENST(I)=(OENST(l)-0.5)*25. 

2003 CONTINUE 
GO TO 200 5 

2002 DD 2004 I=S0,150 
DEN ST{ I)=(DENST(I)-0.5)*50. 

2 0 0 4 CONT IN U E 
2005 DO 2006 1=62,150 ~ 

If(DENST( Il-l00.)2006,2007,2007 
2006 CONTINUE 
2007 Jl=I 

I l= I+ l 
X MAX=DENST ( J l) 
DO 3000 J=Il,85 
IF(DENST{Jl-XMAX)3001,3001,l000 

3000 CONTINUE 
GO TO 3004 

3001 Jl=J 
XMAX=DENST (Jl) 
Il=J+l 
DO 3003 l=Il,85 
IF(OF.NST(l~-XMAX)3003,3003,3004 

3003 CONTINUE 
3004 I1 =I 

DO 2026 1=90,150 
IF(DENST{I)-100.)2021,2021,2026 

2026 CONTINUE 
2021 12=1 

DO 2008 I=Il,12 
DENST(Il=ALOG(DENST{I))' 

2008 CONTINUE 

0 
34 

2 4 
36 · 38 

97. 

6 
40 

8 10 12 
42 44 46 

- . .. 



WK IT E{6, 8 )MM,IDAY,MONTH,IYEAR 
WRITE ( 6 ,7) 

98. 

WR ITE{6,2200) 
. 2200 FORMAT{• NATURAL LOGARITHM OF DENSITY AS A FUNCTION OF HE 

lIGHT IN KM.'/) 
WR ITEC6,7} 
~R ITE(6,2059) 

2059 FOR MAT(' HEIGHT 
l LOG DENS 
WRI TE(6,7) 
I N=Il 
J N=Il+4 

LOG DENS 
HEIGHT 

2024 IF(JN-12)2022,2022,2023 
202 3 JN= 12 

HEIGHT 
LOG DENS 

2022 WRITE(6,614)(MHIGHT(J),DENST(J)1J=IN,JN) 
I F (JN-12)2027,2025,2025 

2027 IN=I N+5 
J N=JN+5 
GO TO 2024 

2025 WR IT E(6, 14) 
00 2030 I=Il, 12 
DEN ST(I)=DENST(1)*20.-49.5 
ID ENS (l)=DENST(I) 

2030 CONTINUE 
WRITE(6,8)MM,IDAY,MONTH,IYEAR 
WRITE(6,7) 

LOG DENS 
HEIGHT 

HEIGHT 
LOG DENS I ) 

WR ITE (6,200 9) 
2009 FOR MAT ( • NATURAL LOGARITHM OF DENSITY AS A 

1 FUNCTION OF HEIGHT'/) 
r/ RITE(6,2020) 

2020 FO RM AT(' 10 X NATURAL 
l DIU M ATOMS PER CUBIC CENTIMETRE'/) . 

WRITE (6 ,2010) 
2010 FORMAT(' 30 32 34 36 38 40 

l 56 58 60 62 64 66 68 70 72 74 
2 88 90 1 ) 

DO 2011 1=10,130 
I PL OT ( I > = I DOT 

2011 CONTINUE 
NX=IDENS (12) 
I PLOT (NX) =I DOT 
GO TO 2019 

2012 FORM AT(4X,I3,2X ,130Al) 
201 7 .I 2 = I 2-1 

DO 2013 I=ll ,129 
I PL OT { I ) =IN UL 

2013 CON TINUE 
NX=ID EN S (12) 
IPLOT(NX)=IDOT 

2019 IF(l2.EQ.140)GO TO 2014 

LOG. OF THE DENSITY OF SO 

42 44 46 
76 78 

48 50 52 
80 82 84 86 

.... 



IF(I2.EQ.Il)GO TO 2015 
IF( I2.EQ.130lGO TO 2014 
IF( I2.EQ.120)GO TO 2014 
IF( 12. EQ . llO)GO TO 2014 
IF{I2.EQ.100lGO TO 2014 
I F ( I 2 . EQ . 80 ) GO TO 2014 
IF ( 12 . E:Q .70)GO TO 2014 
IF(I2.EQ.60)GO TO 2014 
I F ( 12 • EQ • 9 4) GO TO 2 040 
IF ( I 2 . EQ • 9 3 ) GO TO 20 41 
IF( 12.EQ. 92)GO TO 2042 
IF( I2. EQ . 9l)GO TO 2043 
IF(I2.EQ. 90)GO TO 2044 
IF (I2.EQ . 89)GO TO 2045 
IF(l2. EQ . 8 7)GO TO 2046 
IF(I2.EQ. 86)GO TO 2047 
WRITE (6,2016){IPLOT(KK),KK=10 ,130) 

2016 FORMAT(9X,130Al) 
GO TO 2017 

2014 WRITE ( 6 ,2012)12,(IPLOT(KK),KK=10,130) 
GO TO 2017 

2040 WR ITE(6,2050)( IPLOT{KK),KK=lO, 130) 
2050 FORMAT(2X ,'H',6X,130Al) 

GO TO 201 7 
2041 WRITE{6,20 51) ( I PLOT (KKl,KK=lO, 130) 
2051 FORM AT( 2X ,' E' ,6X,130Al) 

GO TO 2017 
2042 WR IT E (6,2052)( IPLOT(KK),KK=l0,130) 
2052 FORMAT(2X ,, I' ,6X,130Al) 

GO TO 2017 
2043 WRITE (6, 205 3)(IPLOT(KK),KK=l0,130t 
2053 FORMAT(2X,'G' ,6X,130Al) 

GO TD 2017 
2044 WRI TE (6,2054)12,(IPLOT(KK),KK=10,130) 
2054 FORMAT (ZX ,• H' ,I4,2X,130Al) 

GO TO 2017 
2045 WRITE ( 6 , 2 055) ( l PLOT<KK), KK=l:>, 130) 
2055 FORMAT(2X ,' T' ,6X,130Al) 

GO TO 2017 
2046 WR ITE(6,2056)(1PLOT(KK) ,KK=l0,130) 
2056 FORMAT(2X ,' K' ,6X,130Al) 

GO TO 2017 
2047 WR ITE(6,2057){IPLOT(KK) ,KK=l0,130) 
2057 FORMA T(2X,'M' ,6X,130AU 

GO TO 2017 
2015 DO 2018 1=10,130 

IPLOTCI)=IOOT 
2018 CONTINUE 

NX= IDENS( I U 
IPLOT(NX)=IDOT 

99. 

- - . .. . 



X 1= I 1 
Xl=Xl*O.l 
J=Xl 
X2=J , 
IF(Xl-X2)2060,206l,2060 

2061 WR ITE(6,2012)Il,{ IPLOT(KK),KK=l0,130) 
WRITE(6 ,2010) 
GD TO 1.10 

2060 WRITE (6,2016)( lPLOT(KK),KK=lO, 130) 
WRITE (6,2010) 
GO TO 110 
END 

100. 



SOOIUH Z P.M. 1 NOV• 1967 VICTOR IA, B.C. 

E.H.T. • 750 VOLJS TIME CONSTANJ "' 25. 0 SECS. RANGE _• 3 
START Of fWN • 17H 20M P.S.T. 
CALIBRATION FACTOR• 90." R/DIV. ON RANGE 3 
CONVE RSION FACTOR• 12.550 ATOMS/CUBIC CH. PER R/KH. 
·SCREENING HEIGHT • 30.05 KM. 
CA - Ml• 0.27307 H 
IRACE~ELL INTERVAL• 22.1 KH. 

,, 
. . 

CHART DIVISIONS TAKEN AT 60 SECOND TIME INTERVALS 

36.700 36.700 36.700 36.700 36.700 36.700 36.700 
34.900 J".ooo 32.600 30.900 28.900 26.600 H.100 
1.100 s.100 3.900 3. 100 2.500 2. 100 1.900 
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SOD IU lt Z P •"• 1 NOV . 19b7 VICTO RIA, B.C. 

PlOT OF RECORDER RESP ONSE I N DIVISIO NS AS A FUNCTION OF TIME 
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SOOIU,. Z P .... l NOV. 1967 VICTORIA, 8.C. 

HEIGHT INK,.. VERSUS DENSITY IN ATOMS/CUBIC CM. 

HEIGHT DENS I TY HEIGHT OHS ITY HEIGHT DENSITY HEIGHT DENSITY HEIGHT DENSITY 

55.'ib o.o 57 .59 o.o 59.27 o.o 61.01 o. 0 62.80 o.o 

68.49 143.63 70.'>9 2s1.n 72,5'> 3"0~65 74.65 478.23 76.81 621.96 

13.62 1025.25 86.00 110.21 88.43 1233.28 90.92 no1.n 93."7 133" .89 

101.0 1025.82 10'> .19 822.46 101.01 617.12 l 09. 19 4'>8.98 112.13 287.23 

121.'Jl 99.58 125.13 11.12 128.JS 61,12 131.63 '>2.90 134.96 33.73 

145.H 1.02 1,,a. 88 o.o 152.Sl o.o 

INlEHSllY CALCULATED AT TIHE OF FIRST SCALE DIVISION • 3227. RAYLEICHS 

A8UHOAHCE CALOJLATEO AT TIME OF FIRST SCALE DIVISION • 0.5362E 10 ATOMS/SQUARE CH. CCOLUMNI 

HEIGHT OE NS ITY 

6'>.6'> 30.35 

79.0l 758.75 

96.06 1285.14 

11 s .92 187.90 

138.35 24.87 

HEIGHT 

66 .5'> 

81.3') 

98. 7Z 

118.&6 

1,.1.80 

DENS tTY 

73.80 

913. 73 

1173.98 

138. 31 

16. 31) 

__., 
0 

_l,v 

• 



··------------ - - ------- -· -- ~--~-~·~·------·----------

SODIUM l P. H. 1 NOV. 1967 \l IC TOR IA, B .C. 

~EIGHT IN KM. VERSUS DEN SITY I N ATOHS/CUJ : C CH. 

INTERPOl ATEO DE NSITIES 

HEIGH1 DENS I 1Y HEIGHT DENS ITV HEIGHT DENSITY HEIGHT DENSITY HEIGHT DENSITY 

50 o.o 51 o.o 52 o.o 53 o.o 54 o.o 
55 o. 0 56 o.o 57 o.o 58 o.o 59 o.o 
60 o.o 61 o._o 62 o.o 63 3. 28 64 19.76 

65 38.53 66 61.44 67 90.31 68 126.16 69 171.H 

10 225.37 71 273.90 72 317.19 73 370.52 74 435. 73 

75 501. 38 76 567.88 77 633.49 78 695.25 79 757.00 

10 825. 11 81 893 .41 82 9it7 .41 83 995.36 84 1043. 93 

15 1093. 54 86 1143.14 87 1180. 18 88 1217.21 89 1250.20 

90 1280.10 91 1308.54 92 1319.22 93 1329.90 94 1324.67 

95 1305.53 96 1286. 39 97 1245.97 98 1204 .06 99 1158.57 

100 1103. 92 101 1049.27 102 983.82 103 910.25 104 1136. 611 

10, 763.13 106 690.94 107 618.14 108 559.50 109 501.07 

llO 442.99 111 387.90 112 332. 81 113 2 81. 49 11' . 248.27 

ll5 215.04 116 184.92 117 168. 64 118 152.37 119 136.61 

120 124.13 121 111. 65 122 99.28 123 90.29 124 81.30 

125 72. 30 126 68.42 127 65.31 128 62.20 129 57. 50 

130 51. 94 131 46.38 132 41.87 133 39. 12 134 36.37 

135 33.63 136 31.02 137 28.40 138 25.79 139 23.26 

140 20.78 141 11!. 30 142 15.114 143 13.48 144 l l • 11 

145 1.15 6.47 147 4.23 148 l .98 149 o.o _,. 
H6 i .. 



105. 

¥1CIOAU, 1.t. 

•. 
DlHS If¥ o, SUDIUN AIONS ,u tull t tlHIINtlU X 0,01 

I , 10 II II IJ U It 16 If U I• 10 ZI Z1 n 14 1' 
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SOOIUII Z p .14. 1 NOV. 1967 VICTORIA, 8.C. 

IHTERPOl.ATED DENSITIES AFTER SELF ABSORPTION AND BRACEWELL CORRECTIONS 

HEIGHT OENSI TY HEIGHT DENSITY HEIGHT DENSITY HEIGHT DENSITY HEIGHT DENSITY 

50 313.68 51 30.lt.97 52 296.27 53 287.57 5't 278.87 

55 270.17 56 26l.'t7 57 252.77 58 Z'tlt.07 59 235.37 

60 226.66 tll 217.96 62 23.03 63 -3.17 6ft -18.95 

65 -22.01 66 -15.79 67 2.50 68 35.13 69 83. 22 

70 . lU.07 ll 201.'t3 72 26.lt.88 73 339.32 1ft 't25. 5 3 

75 518.l't 76 607.80 11 69.lt.lt 7 78 776.70 79 858.'t6 . 
10 90.39 81 102't.'t6 82 1098. 12 83 1164 .23 "" 1229. 55 

15 1297.30 86 1360. 21 87 H33.6't 88 1501.05 89 1566.',3 

90 1628. 59 91 1678.52 92 1719.22 93 ll't2.52 9't ll't9.0 3 

95 1736. 02 96 1697.59 97 16't2.90 98 1567.02 99 l't82.97 

100 1390.79 101 1285.65 102 1167.94 103 1037.58 l0't 90't.t3 

105 113.09 106 6't5. l 7 107 52 9. 9't 108 't27.48 109 338.21 

110 253. 55 111 172.79 112 99.59 113 't3 .06 ll't 3. 39 

115 -21.89 116 -36.67 117 -.\0.25 118 -36.39 119 -31.68 

i20 - 26.96 121 -21.10 122 -13.93 123 -5.81 12" 1.06 

12 5 . 7.6.lt 126 .,._ 56 127 22.32 128 26.84 129 27. 3 5 

130 2,. 57 131 23.27 132 22.11 133 22.32 lH 23.02 

135 23.29 136 22.79 137 21.32 138 18.57 139 15. 62 

HO 12 .... Ht 18.30 H2 15.87 14.3 13.4 8 14.lt 11.tt 

145 8.18 H6 6.48 1"7 ·4.23 148 2.01 1'9 0.66 

_., 
0 
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SOOIUM Z P.H. 1 NOi/. 1967 VICTORIA, B.C. 

NATURAL LOGARITHM OF DENSITY AS A FUNCTION OF HEIGHT IN KM. 

HEIGHT LOG DENS HEIGHT LOG DENS H-EIGHT LOG DENS HEIGHT LOG DENS HEIGHT LOG DENS 

10 "· 95 71 5.31 72 5.58 73 5.83 74 6.05 

15 6.25 76 6.U 77 6. 54 78 6.66 79 6.76 

80 6.85 81 6.93 82 1.00 83 7.06 84 7.11 

15 1.11 86 1.22 87 1.21 88 7.31 89 7. 36 

90 7.40 91 7."3 92 7.45 93 7.46 94 7.47 

95 7.46 96 7.44 97 7.40 98 7.36 99 7.30 

100 7.24 101 7.16 102 7.06 103 6.94 104 6.81 

105 6.65 - 106 6.47 107 6.27 108 6.06 109 5.82 

110 5. 54 . 111 5.15 112 4.60 
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SODIUM l P.M. l NOV. 1967 VIC TORI A, B.C. 

NATURAL LOGARITHM OF DENSITY AS A FUNCTION OF HEIGHT 

10 X NATURAL LOG. OF THE DENSITY OF SODIUM ATOMS PER CUBIC CENTIMETRE 

30 32 H 36 38 40 42 H ',6 'i8 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 81, 88 9 () 
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APPENDIX D 

CALCULATION OF THE SOLAR DEPRESSION 

~ AND THE AZIMUTH ANGLE tr 

1. Calculation of ~ 

111 • 

The solar depression,~ , represents the angular 

depression of the srm below the horizon, measured along a 

great circle on the celestial sphere through the observer's 

zenith. Defining h to be the solar elevation, then: 

thence 

From figure D1 it can be seen that h 

can be determined if the quantities 

and 

cp ' b 

and e are known in the spherical triangle PZS, where 

D1 

cp is the observer's latitude, b is the declination of the 

srm and e is the solar hour angle. 

The solar hour angle, e, is given by the 

relation, 

8 = 12 - PST+ LNGC -(A-M6bs 

for morning observations, and 

8 = PST - 12 - LNGC +(A-M6bs 

for evening observations, where PST is the Pacific 

Standard Time expressed in terms of a 44 hour clock, 

LNGC is the longitude correction for the observer 

D2 
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113. 

and (A-M6bs is the equation of time at the time of the 

observation. 

The value of CA-M6bs is easily calculated from 

D4 

where (A-M6 and ~(A-M) are found from the American 

Ephemeris and Nautical Almanac and are respectively the 

equation of time at oh ephemeris time and the increment 

in the equation of time during the subsequent 24 hour 

period. (The equation of time is determined by 

subtracting the ~phemeris transit time given in the Almanac 

from 12 hours). G.M.T. is the time of the observation 

expressed in hours of Greenwich Mean Time. (See figure 

D2). (A similar calculation is performed to determine 

the declination of the sun at the time of the observation). 

Applying the cosine law to the spherical 

triangle PZS in figure D1 gives, 

cos(90°-h) = cos(90°-o) cos(90°-¢) + sin(90°-o) sin 

(90°-¢) cos e 
or, 

sin h = sin o sin~+ cos o cos~ cos 0 

from which h and thence ~ may be readily calculated. 

2. Calculation of a 

Again referring to the PZS triangle in 

figure D1 and applying the cosine law 

D5 

D6 
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Figure D2 
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Hour · Angle fo·r an ev'!3ning observation J 

t ,, 

t ' . 
' ... . ,. 

,,. 
i 

'. I 

---··-----· -- -·- .. ... ... ,.,,.,.i~, ,·,;,!· •; ,•••!._ r- - ----,-- . . ..-... l• . .. 
' .. 



cos (90°-b) = cos (90°-h) cos (90°-¢) + 

sin (90°-h) sin (90°-¢) cos a 

or 

sin b = sin h sin¢+ cos h cos¢ cos a 

where a is the solar azimuth angle measured east or 

west of north along a horizon circle. 

The azimuth, a , may also be obtained by 

applying the law of sines: 

sin ci. = sin 6 cos b 
cos h 

11 5. 

D7 

DB 

If, for convenience, a is redefined as the 

solar azimuth angle measured east of north along a horizon 

circle, then the morning azimuth angle, am, is given 

by 

a · = sin-1[sin 0 cos b J 
m oos h 

for hour angles greater than or equal to six hours and 

a = 1800 - sin-1 [ sine cos b] 
m cos h 

for hour angles less than or equal to six hours. 

The corresponding evening azimuth angle, 

ae, may be expressed approximately in terms of the 

morning azimuth angle as follows, 

= - a m 

D9 

D10 

D11 



APPENDIX E 

CALCULATION OF THE DATES OF THE EQUINOXES 

AT AN ALTITUDE OF 90 KILOMETERS 

116. 

Chamberlain (1961) has shown that the earthfs 

geometric shadow height, Zs, is given by, 

R (sec p - 1) E1 

where R is the radius of the earth and ~ is the solar 

depression. 

Thus from equation (E1) 

cos~ = 
R E2 

In appendix D it was shown that, 

sin h = sin b sin¢+ cos b cos¢ cos 0 E3 

where h is the solar elevation, b is the declination of 

the sun, ~ is the observer's latitude, and e is the 

solar hour angle. 

Now at the equinoxes the solar hour angle is 

six hours and hence equation E3 reduces to, 

sin h = sin b sin¢ 

or, 

sin b = sin h/sin ~ 

E4 

E5 



117. 

Using the values R = 6,400 km. which is the 

radius of the earth plus a factor of 30 km. to allow for 

the screening height, and z8 = 60 km. the angle ~ was 

found from equation (E2) to be 7°49! Tc1.king the latitude 

of Victoria to be 48.457° the declination of the sun 

for an effective altitude of 90 km. at the equinoxes was 

found from equation (E5) to be -10°28'. From the American 

Ephemeris and Nautical Almanac the dates when the sun had 

the above declinations were found to be February 22 and 

October 21, 1967. 



APPENDIX F 

DETERMINATION OF THE SCALE HEIGHT 

118. 

If sodium atoms are thoroughly mixed with 

the other constituents of the atmosphere and if it is 

assumed that there is no mechanism for removing sodium 

atoms at altitudes above the peak density, then the decrease 

in density of sodium atoms above the peak should be 

given by the exponential law, 

n (Z) = n
0 

exp [- z; Z0 ] 

where n(Z) is the density of sodium atoms/cm.3 at the 

height z in km., no is the density at the height zo 

and H is the scale height . 

Taking the natural logarithm of both sides of 

equation (F1) gives, 

H [in [n(Z)] - ln n
0
~ = 

which is seen to be the equation of a straight line 

having slope H. 

Thus above the peak density it would be 

expected, assuming the above conditions, that a plot of 

the natural logarithm of the density as a function of 

height would produce a straight line of slope H. 

F1 

F 2 
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APPENDIX G 

(Reprinted from Nature, Vol. 220, No. 5165, pp. 361- 362, 
Oc1ober 26, 1968) 

Height of the Twilight Sodium Layer: 
Evening- Morning Effect observed at 
Victoria, British Columbia, from 
February 1967 to February 1968 
AN interesting variation in the height of maximum density 
of the twilight sodium layer was observed at Victoria, 
British Columbia, during a year long series of observations, 
between February 4, 1967, and February 29, 1968, using a 
birefringent photometer directed towards the zenith sky. 
It has been found that, in general, the height of the sodium 
layer during the morning twilight period is lower thun the 
evening twi light layer by an amount which vn.rios through­
out the year. Tho cliffomnce in height n.ppoars to ho 
grontoi:1t around tho t,irno11 of the eq uinoxes amounting to 
approximo.toly fi km, n.nd least near the solsticof!, when the 
difference diminishes to zero. 

The seasonal varia.tion of this observed evening­
morning height effect is illustrated in Fig. I, in which the 
moan monthly height differences have been plotted 
throughout the year. The error bars represent tho magni­
tude of twice the average mean deviation for each month, 
and the arrows indicate the times of the vernal and 
aut,umnal equinoxes which, for a 90 km sodium layer, 
occur on February 22 and October 21 respectively, due 
account being taken of the effect of atmospheric screening. 
rt is clear from Fig. I t-hat, within the limit of experimental 
error, the maximum height differences occur at the times 
of the equinoxes while the minimum differences occur R,t 
the solstices. 

Although measurements of evening and mo1ning 
heights have been recorded by Blamont and Donahuet, 
no systematic sea-sonal variation in their mean monthly 
height differences could be reported, because the effect 
seemed to reverse sevo1·al times throughout the year. 

The observn.tions miide at Victoria hnvo beon very 
cn.rofu lly corr·octod for tho contn.minnting effects resulting 
from Rn.yleigh Rcattering so thn.t the resu lting intensity 
onrvos represent a very pure signal. Only observations 
made under clear or slightly hazy skies, and adequately 
corrected for t he effects of white light , have been included 
in the analysis; furthermore, only pairs of observations, in 
which a morning run was immediately preceded or 
followed by. an evening run, were considered. Where three 
or more consecutive observations were possible they were 
considered in triplets, the heights of the first and third 
members ha~ ng been interpolated linearly to the time of 

I 

I 
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J FM AM J J A S O _ND J 

Month 

·, Fig. 1. Senaonnl varlntlon of the evening- morning dllferenee In the 
heights of tho twilight sodium layer nt Victorin, from February 1907 to 

/. 

, 
• 

" I 

,· 

February 1068. The error bars represent twice the magnitude of tho i , 
avernKo mean deviation of tho dllferenccs for each month, and the 
arrows Indicate the times of the vernal and autumnal equinoxes nt the 

. 90 km level. No error bar has been assigned to the January value 
•.. because very few observations were available for this month. O, 1967; 
' '. '. '. .:. X, 1968. 

'observation of the second member in order to eliminate as 
/ much as possible any day to day height variation. 

Although Hunten 2 predicted an evening/morning 
intensity effect on the basis of photoionization of sodium 

· and neutralization of . sodium ions, and Blamont and 
, Donahue ' have actually. reported such an effect, rio such 
effect has been observed ·at Victoria. The same observa- · 
tions as those which were used for a study of the height 
variations were used t o determine whether an evening/ 
morning intensity effect could be observed. In Fig. 2 is 
plotted the average of the evening to morning ratios of 

·.~he plateau intensities for each month. The error bars 
.again represent twice the average mean deviation. It is 
clear from this figure that the p.m./a.m. plateau intensity 
ratios do not differ from unity by mQre than ± 20 per cent 
throughout the year. Because the average ratio for ,the 
entire year was 1·02 and this value is;contained by all the 

. error bars, no attempt was made to draw a smooth curve 
t hrough the plotted points. 

It is remarkable that no discernible evening/morning 
intensity effect could be observed in view of the corre­
sponding apparent variation, in the height of maximum 
density. If the evening-morning height effect is a con­
sequence of a subside;nce of the atmosphere as a whole 
during the night, free sod~um atoms might be expected to 
disappear because. atomic. ,oxygen -would move doWJ)- into 
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lflg, 2. Sensounl vnrlntion of tho evening/morning J>lnt.enu Intensity 
mtlo for, twlllght emission at Victorin, from )!'cbruary 1007 to February 
1008. Tho error bnrs represen t twice the magnitude of the average mean 
<levlntlon of the ratios for ench month . No error bnr hns'bcen assigned to 
the January value because very few observations were available for this 

month . 0 , 1007; >< , 1008. 

a region more favourable for recombini:i,tion . Thi i;, 
however, does not seem to happen between evening and 
morning . On the other hand, for longer periods there does ' 

· seem ' to be 0, direct correlation between height and 
intensity, as a study of the seasonn.l height variation at 
Victoria carried out during tho sumo poriod has revealed . 
Results of thi s(<otudv will be summarizod later. 

Al t hough in gen~rn,l the morning heights havo l.ioe11 
found t o be. lower than t he evening hC"igh ts, this need not 
imply t hn.t every m orning heigh t should necessarily be 
lower than the immediately preceding or foll owing 
evening height, for it is conceivable. that some a tmospheric 
process raises or lowers the height of the layer in either the 
morning or the evening. Several casE.s have been found 
in which the morning height was greater than that for tlie 
previous evening or the following evening, even _ at about 
the times of the equinoxes when t he differences are great ; 
however, near these ti.mes th cases n.ro rare, as can be seen 
by examination of Table l which indicates the total 

Table 1. 81/lfMARY OF TUB TOTAL NUAIBE R 0 11 JIVJININO- )IORNINO OOM· 
PARISONS POR EAOH MONTH AND THE NU~IBJIR 011' IN8TANOES IN wmou THll 

P.H.-A.H . HEIGHT DIFPBRENOE 'fA~ NEOATIVB ' 

No. ofp.m.-n.m. 1007 11168 
comparisons F M A M ,J J A 8 0 N D J F 

Total 7 8 8 4 9 81 33 16 4 11 7 1 11 
NeRntlve hel11ht 

differences 1 • O 2 2 6 10 O O O 2 2 O O 

• In thl• ouo the difference waa only 0·8 km, 

'I 
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number of evening-morning comparisons for each month 
as well as the number of cases in which the p.m.- a.m -
height difference was negative . 1 

In November, for example, of eleven triplets only two 
showed negative p.m.-a.m. differences. 

If a suitable explanation can be found for the usual 
evening-morning height effect, then those cases which 
exhibit an abnormal effect might be related to meteoro­
logical phenomena. In any event, twilight sodium 
observations seem to be able to provide some information 
about atmospheric dynamics in the 90 km region, in­
formation which might be of considerable interest to 
meteorologists. . 

This work was supported by the National Research 
Council of Canada, and by funds made available by the 
University of Victoria through a faculty research grant. 
The observations were made by Mr J. Sommers. 

Department of Physics, 
University of Victoria, 
British CoJumbia. 
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