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MEASUREMENTS OF ATMOSPHERIC SODIUM

ABUNDANCE BY DIRECT ABSORPTION OF SUNLIGHT

Chapter 1

Introduction to Atmospheric Sodium

1.1. Background

The existence of free sodium atoms in the Earth's upper atmosphere

was first proposed in the late 1930's as a result of detecting

strong radiation in the resonance lines of sodium in the twilight sky

(1). It was found by many investigators (2) that the intensity of A

589.0 nm and 589.6 nm is greatly enhanced at twilight. This suggested

that there is resonance scattering of the solar radiation by the free

sodium atoms(2):

Na (3S) + 7 ( 589.0 or 589.6 nm) --v. Na (3P) ,

followed by

Na (3P) --v-Na (3S) + -y ( 589.0 or 589.6 nm)

Another explanation by Vegard (3) is that the excited atoms are

released in photodissociation by sunlight of sodium compounds. By

studying the absorption of the D doublet using a sodium cell kept at

different temperatures, Bricard and Kastler (2) were able to show that

the temperature of the emitting atoms in the atmosphere must be about

240 ± 50 K. This result favors the resonance scattering theory because

the fragments of a molecule which suffers photodissociation have

considerable initial kinetic energy.

The intensity of the morning twilight flash first increases as the
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Sun approaches the horizon because the radiation can reach more and

more sodium atoms without attenuation in the lower atmosphere. Then it

reaches a plateau, and finally, it drops as a result of the absorption

of solar radiation by sodium atoms (4,5). A similar behaviour occurs

in the evening, except that it is reversed in time. The observations of

many workers in either the Northern hemisphere (6) or the Southern

hemisphere (7) showed that the intensity is greater in winter than in

summer, and occasional fluctuations about the mean occur.

Many suggestions have been proposed to explain the existence of

sodium compounds in the upper atmosphere(1,8,9). Unfortunately none of

these suggestions is definite. Does the existance of sodium in the

upper atmosphere have a terrestrial origin, or does it come to the

atmosphere from outer space?. Some of the suggestions are:

a. Volcanic dust containing sodium compounds enters the atmosphere.

b. Sodium salt may be carried out from ocean sprays by ascending

currents of air into the upper atmosphere.

c. The Sun may be the source and the sodium comes with the solar

corpuscular streams which produce auroral and magnetic disturbance

phenomena.

d. The sodium may exist in interplanetary space, and sweeps

into the earth's atmosphere while the earth moves through this

space.

e. Meteors may be the source of atmospheric sodium (See chapter 1,

Sec. 3.A) .

f. Debris from thermonuclear bomb tests may add some contribution

to atmospheric sodium (10).
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The following discussion was exerpted from Mitra(1), and it

represents how workers used to think about atmospheric sodium in the

past. Chapman (11) in 1937 proposed a cyclic process in which the free

sodium atoms form sodium compounds (Na0 and / or NaH) which dissociate

yielding excited sodium atoms due to collision with oxygen atoms.

Regarding the formation of sodium compounds the reactions may be

imagined to be the following:

Na + 02 + M --> Na02 + M

Na02 + H NaH + 02

Na02 + 0 - -> Na0 + 02

Na03 Na0 + 02

Na + OH + M NaOH + M

where M is any free neutral particle. The reactions which lead to

dissociation of the sodium compounds may be imagined to be:

Na0 + 0 Na* + 02

NaH + 0 - ->. Na* + OH

Another reaction suggested by Rowland and Mikide (12) is the following:

NaOH + y (uv) --,-Na + OH (A < 346 nm)

It is possible that Na+ ions undergo radiative recombination

e + Na+ --311.Na + 7

The neutral sodium atoms are excited to a higher energy level of the

S, P ,D or F states, and then drop to the 2P states which emit the D-

lines. Another radiative recombintion which may occur is

NaOH + 7 w=a- Na + OH , but most probably NaOH formations are

stabilized by collision [See (1) above.] because typical radiative

lifetimes are long compared with the lifetime of collision complexes.
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As is explained in the following section, the abundance of free

sodium atoms is an important aspect of atmospheric sodium studies.

Many workers investigated whether there is a daytime enhancement in

sodium abundance or not. The study of the direct absorption of

sunlight by the atmospheric sodium layer (13,14,15,16,17) showed no

clear diurnal variations. However, the work of Partowmah and Roestler

(18) on the direct absorption of sunlight by atmospheric sodium showed

some diurnal variations (This method will be explained in Sec.3).

Also, Kirchhoff (19) showed theoretically that there is diurnal

variation in atmospheric sodium (See Figure 1.1.). The seasonal

variation of atmospheric sodium abundance has been reported (18,7) with

a maximum in winter and a minimum in summer.

1.2. Reasons for studying atmospheric Na

By studying atmospheric sodium important information can be

obtained about the atmospheric constituents and characteristics such

as:

A. Methane & OH

The release of methane from rice paddies, the rumen of cattle, swamps,

and other anaerobic biological processes increases its concentration in

the upper atmosphere (20)(in the Northern Hemisphere more than Southern

Hemisphere).

The increase of the tropospheric CH4 causes an increase in the

sratospheric water vapour, forming polar clouds which may increase the

depletion of the ozone layer. Also, CH4 makes a contribution to the
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atmospheric greenhouse effect by causing infrared absorption in the

wavelength regions which are not strongly absorbed by atmospheric 03,

H2O and CO2. Measurments in different seasons showed different

structures in the latitudinal concentration gradient of CH4 (20).

These changes in the gradient structure may be related to the seasonal

nature of the OH attack on CH4,i.e., CH4 is removed by reaction with OH

according to the following cycle (21):

OH + CH4 CH3 + H20

CH3 + 02 (+M) CH302 (+M)

CH302 + NO CH30 + NO2

CH30 + 02 HCHO + H02

HCHO + 7 --> H2 CO

HCHO + 7 + H 0

OH +HCHO --v- H2O +HCO

H + 02 + M H02 + M

HCO + 02 H02 + CO

H02 + NO OH + NO2

+ 03 OH + 2 02

This shows the importance of studying atmospheric OH .

It was found (22) that NaOH is one of the basic atmospheric sodium

species, and it may be the dominant one at around the peak of the

neutral sodium layer which is at 94 Km (23). Some of the reactions

that lead to the formation of NaOH can be described as follows(24):

Na + H02 NaOH + 0

Na02 + H --v. NaOH + 0

Also, Na + OH + M NaOH + M .
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Probably a small contribution of OH compared with the last reaction

can be obtained from the following reaction:

Na + OH + 7

A reaction that leads to the formation of the OH molecule can be

imagined as follows (25):

NaOH + Cl NaC1 + OH

Also, NaOH + 7 (uv) + OH ( A < 346 nm ).

Thus, studying atmospheric sodium may lead to information about the

atmospheric OH, which tends to react with other atmospheric

constituents and is difficult to detect directly, and which, in turn,

may yield information about CH4.

B. Determination of ozone density:

Additional chemical reactions of atmospheric sodium can be

described as follows (26,27)

Na + 03 - -> Na0 + 02

Na0 + 0 - -> Na* + 02

These reactions lead to a model to calculate the mesospheric ozone

density at a height of 88 Km (28).

C. Studying the mesospheric winds:

Observations of the atmospheric sodium layer using a laser radar

technique proved that this layer exhibits a wave-like structure

(29,30,31). The study of the Na density variation leads to

information about the motion inside the sodium layer (29).

D. Studying the eddy diffusion coefficient:

The eddy diffusion coefficient is responsible for

transporting the sodium between a source and sink (7). Thus,
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studying the sodium distribution provides a method to deduce informa-

tion about the eddy diffusion coefficient (32).

1.3. Review of some atmospheric Na studies

A. The sodium budget:

Lamb and Benson (33) found that the major constituents of meteoroides

by weight are: Al(1.7%), Fe(11.5%), Ca(1.5%), Si(20%), Na(2%),

Mg(12.5%), Ni(1.5%). Other metals like Ti ,Mn ,and Cr have been

observed in micro-meteorites collected in the stratosphere.

Hughes (34) estimated the total meteoroid flux to the earth to be

about 1.6 x 1010 g yr-1. About 70% of the incoming meteoroid mass blow

away (35). This gives a sodium influx of about 1.2 * 1023 atoms s-1,

which yields a flux of about 2.3 x 104 atoms cm-2 s-1 of Na when

averaged over the surface of the earth.

Using the value for the flux of sodium into the stratosphere, the

concentration of sodium in the bottom of the stratosphere, has been

calculated (33) as a function of diffusion into the troposphere. The

calculation assumed that the sodium is conserved and at steady state

(i.e, the input flux at the top of the stratosphere is equal to the

flux out across the tropopause.). The sodium concentration due to all

sodium species at 20 km was estimated to be 5.1 * 106 cm-3. Also the

column density for all sodium species between 20 and 85 km (where

sodium atoms are produced from meteoroid blowing away) was calculated

(33) according to the following equation:

fCh = j Ch dh = H x C20 f exp (-h/H) dh
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where H is the scale hight, Ch is the sodium density at height h

and C20 is the sodium density at height 20 km. This equation gave a

column density of 3.5 x 1012 Na cm-2 of all forms of sodium

constitutents.

B. Absorption studies of daytime sodium abundance:

By measuring the transmission of sunlight at the Na D2 wavelength

using a high resolution multiple Fabry-Perot spectrometer Partowmah and

Roestler (University of Wisconson, Madison) determined (18) that there

is a daytime variation in atmospheric sodium abundance with a maximum

at noon. These investigators also observed a seasonal variation in

atmospheric sodium abundance having a maximum in winter. Their

spectrometer is a Pepsios spectrometer (15,23,36) with three Fabry-

Perot etalons in a common pressure chamber with a resolution limit of

about 0.060 cm-1 corresponding to A A = 0.002 nm. Noting that the

Doppler breadth A D is defined as AvE, =[2(2 R 1n2)1 /2] [17/c] [T/14]1/2

(See Chapter 2, Sec.4), the Doppler breadth of the atmospheric Na D2

line is A AD 0.004 nm. Spectral profiles of the bottom of the sodium

D2 line in sunlight were recorded by linear scans at different times of

the day. The scans were about 0.7 cm-llong (corresponding to A A

0.025 nm = 6 A AD ) centered at the bottom of the sodium D2 line.

Each scan took 2.5 to 3.5 min, and data points were recorded in 2.0 s

intervals. The profile of sunlight through a hot sodium cell was taken

periodically every few scans as a reference for adjacent traces.

The seasonal abundance variation, Figure 1.2, shows a maximum
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Figgure 1.2. Daily averages of the Na abundance from

Feb. 1971 to Oct. 1974 . It shows that the abundance

is minimum in summer and maximum in winter.

These data were taken at Madison Wisconsin(18).

10



I 1 an a ut.lumuts

11

a

w JOIN. 15.1972

:.
*: o' :. A 'S ..

,,

1
1 1 11 12 12 14 0 111 0 1

LOCAL TIME ( HOURS )

Figgure 1.3. Diurnal variation of sodium abundance

on four representative days . It shows that a

daytime enhancement seems to occur around the

time of the local noon. These data were taken at

Madison, Wisconsin (18).



12

around February-March (7.7 x 109 atom / cm2 ), and minimum around

July (2.9 x 109 atom / cm2 ). The diurnal variation of sodium

abundance on four days shows a maximum at noon, as shown in Figure 1.3.

Consultation of the local climatological data showed an indication

that the atmospheric sodium abundance may be correlated with the

Earth's albedo. It was found that the average abundance increases when

there is a fresh covering of snow on the ground (presumably giving a

high albedo) while the daily abundance was less than average on the

days in which the snow cover was old (presumably resulting in lower

albedo).

C. The laser radar technique:

The laser radar technique provides a suitable method for

calculating the nighttime density of atmospheric sodium as a function

of height. The basic procedure of this technique is exciting the

atmospheric neutral atomic sodium population with short duration and

small bandwidth laser light pulses. Then, resonantly back scattered

photons are collected by a large mirror, which focusses the light onto

a photomultiplier. The signal produced in the lidar apparatus can be

expressed as (7,37)

C(h) = n(h) p K T2 / h2

where C(h) is the number of photons detected per pulse which are

received during a small time interval centered at t = 2h /c , n(h) is

the density of the scattered molecules at height h, p is the

Rayleigh backscattering function per molecule, and T is the atmospheric

transmission. For each laser pulse, Rayleigh scattering from the

stratosphere is detected as a temporal event occuring just prior to
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resonant scattering from mesospheric sodium, therefore; we can form the

ratio of these two signals to obtain

Na(h1) { C(h1) . D(h2) PR h12 )/( C(h2 ) PN. h22)

where Na(h1) is the sodium density at height hl, D(h2) is the

molecular density at height h2 , and pNa , PR are the

effective resonant back scattering function for sodium atoms and

the average Rayleigh back scattering function, respectively.

Figure 1.4. shows several profiles of the sodium layer

averaged over different time periods. Figure 1.5 shows the

abundance of atmospheric sodium. It shows a day to day variation

in the abundance; and it confirms that the abundance is minimum in

Summer, in agrement with the Partowmah results (18).
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Figure 1.4 .Several profiles of atmospheric

sodium layer for different times: (a) three

minutes, (b) one hour , (c) seven hours,

(d) July 30 to July 31, 1975 ,(e) the month of

July and (f) is 1975 average. Noting that the

zero level has been shifted for clarity.

These data were taken at Sao Paulo, Brazil (7).
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1972 1973 1974 1975 1976 1977

YEAR

Figure 1.5 . The average nightly Na abundance of

over several years. The solid curve coresponds

to a three month running mean, and the broken

curve is the best fit sinusoid. Abundance is

a minimum in summer. These data were taken at

Sao Paulo, Brazil (7).



Chapter 2

Modeling Absorption of

Sunlight by Atmospheric Sodium

2.1. Introduction

16

The Sun is a star which consists of 64 per cent hydrogen , 32 per

cent helium, and about 4 per cent other elements-including almost every

known stable element. The total energy emitted from the Sun as a

result of thermonuclear reactions in the interior is approximately

equal to that radiated by a black body with a temperature equal to 5750

K (38).

The photosphere is the visible disc of the sun with a diameter

equal to 1.3920 x 106 Km. It is not uniformaly bright, but it contains

some dark spots. Also its intensity decreases as we move towards the

periphery. It is covered with a small rapidly changing cellular

structure with diameters of about 1000 Km.

The chromosphere is the lower part of the region above the

photosphere, between radii of 1 x 104 to 2 x 104 Km with an

average temperature of about 4500 K.

The solar corona is the region surmounting the chromosphere. Its

temperature increases gradually with altitude until it reaches a

maximum value at about 5 x 104 Km height. This maximum value of

temperature was estimated to be of the order of 2 x 106 K (2)

(See Figure 2.1). The solar corona is composed mainly of ionized

hydrogen in addition to a small amount of a fully ionized helium

atoms (alpha particles). It also contain some other elements such as



17

10*

105

E

10' 1. Chromosphere

Corona

Transition Region

1

102 103 10' 105

Height (km)

Figure 2.1 .The temperature structure

in the chromosphere and corona (42).



18

oxygen and carbon which are almost completely ionized. Also, it

contains heavier elements such as iron, calcium, nickel and argon

which are highly but incompletely ionized .

The radiation received from the Sun is similar to that of a

black body. In the solar spectrum the wavelength corresponding to

maximum energy is about 500 nm for a surface temperature of 5750 K.

The solar spectrum consists of a large number of dark lines called

Fraunhofer lines. These lines were studied by Fraunhofer in 1814.

These absorption lines are observed throughout the visible spectrum.

Fraunhofer measured the wavelength of many of these lines and found

that they occupied the same positions as the bright lines emitted

by different gases and vapours.

According to Kirchhoff's law of radiation, any material at a lower

temperature will absorb the radiations of those wavelengths which

it will emit when excited in an electrical discharge. Thus, the

Fraunhofer lines are the absorption lines of relatively cooler

gases and vapours present in the sun's atmosphere and the earth's

atmosphere.

The most prominent Fraunhofer lines are denoted by letters of the

alphabet. Some of these lines, with their wavelengths and the elements

responsible for their absorption are given below:

line

A

B

C

D1

element wavelength in nm

Atmospheric oxygen 759.4

Atmospheric oxygen 686.7

Hydrogen 656.3

Sodium 589.6
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D2 Sodium 589.0

F Hydrogen 486.1

G1 Hydrogen 434.1

H Calcium 496.9

K Calcium 393.4

During a solar eclipse, the Fraunhofer lines can be seen in

emission from the chromosphere (39). This fact, together with the

temperature distribution of the thermosphere (See Figure 2.1), leads to

the development of a line absorption model for absorption of sunlight

by atmospheric sodium. The early parts of this model are developed in

Section 4 of this chapter.

The primary properties of the Earth's atmosphere are density,

pressure, composition, temperature and motion. It was believed in the

past that the temperature of the atmosphere decreases

indefinitely to the top of the atmosphere. This raised the idea that

the atmosphere has a height of around 50 Km (38).

Later, de Bort (38), using registering thermometers carried on

kites, discovered that the temperature ceases to decrease at a

height of about 10 Km. At this height the temperature gradient either

falls to a lower value, or is reversed.

The troposphere is the lower atmospheric region of changing

weather, and the stratosphere is the upper region where T is almost

uniform. The region between them is called the tropopause. Other

subregions have been identified, and other names have been proposed,

such as stratopause, mesopause, mesosphere and thermosphere.
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2.2 Sodium and the resonance radiation phenomenon

It was known (40) that if sodium vapour at some pressure in a

heated test-tube is illuminated from a gas flame (yellow flame)

containing a NaCl solution, a yellow fluorescence will be seen

emerging from the tube from the point at which the exciting light

enters. Spectroscopic investigation of this fluorescence shows that

it contains the two sodium D-lines. This phenomenon is called

resonance fluorescence, which is defined as follows: The atoms in the

normal state absorb light of certain frequencies, and subsequently re-

emit light of the same frequencies.

The quantum theory easily explains resonance radiation. If a

continuous spectrum of light of wavelength ranging between 200 and

600 nm is passed through a quartz cell containing sodium vapour,

the sodium atoms in the normal state 32 S 1/2 will absorb the D-lines

and undergo a transition to the 32 P1/2 or 32 p3/2 states. Later the

excited atoms in the 32 P states will undergo transitions to the 32

S1/2 state, emitting the D-lines as fluorescence.

2.3. Simple model

The following model is used here to determine the effective

thickness of the atmospheric sodium layer at different zenith

angles. It is based on the Van Rhijn method used to determine the

height of a luminescent layer (1)

Let h1 be the vertical height (zenith angle z 0) of the bottom

of the sodium layer, as shown in Figure 2.2. The ray ob makes an

angle z with the ray od. Let the length of the ray ob be Ll.
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If the layer is assumed to be horizontal and flat

(neglecting the curvature of the earth), then

L1 h1 sec z

If the curvature of the layer is taken into account, then

approximately,

L1 hl sec c

where c is given by

sin c [ a /( a + hl )] sin z

In the later equation, a is the radius of the earth.

Repeating the calculation for h2 and L2 we find

L2 = h2 sec c

The distance that the solar ray has to travel at zenith angle z

inside the atmospheric sodium layer is given by

X L2 - L1

2.4. Model for calculating the average density of atmospheric

neutral sodium

If a beam of light of a continuous spectrum be sent through an

absorbing cell containing a monatomic gas, the absorption coefficient

k(v) is defined by the equation

I(v) Io(v) exp[-k(v) X] (1)

where Io(v) is the spectral irradiance (per unit bandwidth) of the

incident radiation, I(v) is the spectral irradiance of the transmitted

radiation, and X is the thickness of the absorbing cell.

Now consider a parallel beam of light of frequency between v and v

+ dv and spectral irradiance I(v) passing through a layer of
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atoms between X and X+dX. Let N be the number of atoms per unit

volume in the layer, let 6 N, be the number of atoms capable of

absorbing the frequency range between v and v + dv, and let N6 be the

number of excited atoms, of which 6 Nv' are capable of emitting this

frequency range. If we neglect the effect of spontaneous re-

emission, because it takes place in all directions, then the

decrease in the intensity of the beam is given by

- d[I(v) 6v ] - 6 N dX hv B12 [I(v) /471. ] -

6 N6, dX hv B21 [I(v) /4w ] (2)

where B12 and B21 are Einstein coefficients, which are defined as:

B12 I(V) = probability per unit time that the atoms in state 1

exposed to isotropic radiation of spectral irradiance I(v) and

frequency ranging between v and v +dv, will absorb a quantum hv and

pass to state 2.

B21 1(17) = probability per second that the atom will undergo

transition from state 2 to state 1 when it exposed to radiation of

spectral irradiance I(v) and frequency ranging between v and v + dv,

emitting radiation in the same direction as the direction of the

stimulating radiation.

I(v) /4w is the spectral irradiance of the equivalent isotropic

radiation for which B12 and B21 are defined.

Equation (2) can be rewritten as

-1/I(v) [dI(v) /dX] 6 v - (h v /4 ,r) (B12 6 Nv B21 6 INC) (3)

comparing equations (1) and (3), we find that

K(v) ov (h v /4w) (B12 6 Nv 821 6 Nv$) (4)

Now, integrating equation (4) over the whole absorption line and



neglecting the small variation of v throughout the line,

f K(v) dv (h v0 /4r) (B12 N - B21 N'
) (5)

where v0 is the frequency of the center of the line.

Einstein showed that

A21 / B12 2 h v3 g1 /c g2 (6)

and B21 / B12 -g1 /g2 (7)
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where A21 is the propability per second that the atom in state 2 will

emit h v sponteneously and pass to state 1. So, A21 1 /r where r

is the lifetime of the atom. Also, gl and g2 are the statistical

weights of the normal and excited states respectively.

Using equations (6) and (7), equation (5) can be rewritten

f K(v) dv (A02 N g2/8r r go (1- g1 N' /g2 N) (8)

For sodium atoms in the Earth's atmosphere, gl N' /g2 N << 1 (The

excitation of atoms due to the beam of light.). Therefore, equation

(8) takes the form

f K(v) dv A02 g2 N / 8,r gl r (9)

Before finding an expression for the absorption coefficient K(v) it

is a good idea to mention the processes that contribute to the

formation of the absorption line of a gas. These processes are:

A. Natural broadening(1)

An excited molecule remains in its state until a downward

transition is induced by an electromagnetic field;i.e., spontaneous

decay takes place. The width of the observed spectral line is given by

aNAv/ 2 4 r) ,

where r is the natural life time.
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B. Doppler broadening

The frequency bandwidth of a gas increases due to the random

thermal motion of its atoms. It results in a gaussian spectrum (See

appendix).

C. Lorantzian broadening

If the radiating atom suffers a collision, it loses energy causing

the duration of emission to be shortened and the frequency bandwidth

to increase.

D. Stark effect

It is due to collisions with electrons and ions.

E. Holtsmark broadening

It is due to collision with other absorbing atoms of the same

kind.

It is known (40) that, when the thermal motion of the atoms is

taken into account, and the natural damping is neglected, then the

absorption coefficient of a gas is given by

K(v) = ko exp-[2(v - vo )(1n2)1/2/A rj2 (10)

where ANTD is the Doppler breadth, defined as:

A vr, [ 2(2 R 1n2)1/2 / c (T/101/2 (11)

where R is the universal gas constant, T is the absolute

temperature, M is the molecular weight, and vo is the frequency at the

center of the line.

Integrating equation (10) gives

f K(v) dv f ko exp -[2( v - vo ) (1n2) 1/2/ 2

1 / 2 (n /1n2 )1/2 ko A vr, (12)

Comparison between equations (9) and (12) yields



kt - 2 / A vt (1n2 /r )112(02 / 8w) (82 N / gl r) (13)

If kt Kt N , then

K0 - 2 /A VD (1n2/x )1/2 002 /8w) (82 / g1 r)

Hence, equation (12) becomes

5*J K(v) dv N exp -[2(v - v0 )(1n2)1/2/ A vr, 12 dv

(14)
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faN k(v) dv

N (w / 1n2)112 K0 A vp /2 (15)

If the solar radiation in a frequency range dv at v passes through

a layer of thickness X containing N sodium atoms per unit volume at

some time on its way to Earth, then equation (1) becomes

I(N,v) - It(v) exp -[K(N,v) X ] (16)

at a later time, due to the rotation of the earth on its axis, the

solar radiation will travel a distance X' -X+AXand the number

of sodium atoms becomes N' - N + A N, where AN

can be either positive or negative.

I(N.,v) - It(v) exp -[ K(N.,v) X' ] (17)

Integrating equations (16) and (17), then dividing them and setting

J I(N,v) dv I and f dv I' , we obtain
0

'I / I' jIt(v) exp -(K(N,v) X) dv /

J It(v) exp -[K(N',v) X'] . (18)

since atmospheric absorption by sodium atoms is always small, we can

expand the integrands in the denominator and numerator in Taylor

series, and keep only the first two terms, which yields

I/ l' fIt(v) [1-K(N,v) X] dv /

[1-K(N,v) X] dv (19)

Now, using the notations in equation (15), we find that



K(N,v) K(v) N

K(NI,v) K(v) N'

Hence, equation (19) becomes:
CO

I / I' f Io(v) [1 - N K(v) X] dv /

efmIo(v) [1 - N' K(v) X' ] dv

Taking fIo(v) dv Io the last equation becomes
0

I / I' (I0 - N X 1I0(v) K(v) dv) /

00

(20)

(21)
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(I0 - N' X' f I0 (v) K(v) dv )

0

[1 - (N X / Io)er Io(v) K(v) dv ] /

[1 - ((N +A N)(X +A X) / I0)T10(v) K(v) dv] (22)

The denominator of equation (22) has the form 1/(1 - y). This

form has the expansion 1 /(1 - y) I, yn y < 1

Hence, expanding the denominator of equation (22), and taking only the

first two terms, we get

I / I' ( 1 - (N X / I0) IPI0(v) K(v) dv )/
0

( 1 - [( N + A N )( X + A X )/ Io] f*I0(v) K(v) dv )
0

I / I' ([ 1 - N X fI0(v) K(v) dv ]/[110(v) dv ])

( 1 + [(N +A N) (X +A X)erIo(v) K(v) dv]/[rIov dv])

I / I 1+ A N(X + A X) +N A X]

[ fIo(v) K(v) dv ]/[rIo(v) dv ] .

Since log (1 + e ) e for small e , the last equation can be

rewritten as

log[I /r] [A N (X + A X) +N A X]

[ iIo(v) K(v) dv]/[ fI0(v) dv ] (23)
0 C

Noting that Io(v) can be written as

10(v) Cv exp -[2(v - vo) (1n2)1 /2 / A VDsun 12 (24)



28

log[I / I'] [ A N (X + A X)+ N A X] A/B (25)

where A and B are
OD

A Ko ( j exp -[2(v -vo )(1n 2)1/2 /
0

A VDearth
2

exp - [2(v -vo ) (1n2)1/2 / A VDeun i2 )

0

B j exp - [2(v -vo )(1n2)1/2/ A VDsun ]Z
0

When applied to the data of the present experiment the atomic

resonance absorption model described above yields consistent results.

Further justification for the use of this model is given in the

following chapter, and the procedure for its application to the data

obtained here is described in Chapter 4.
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Chapter 3

Experimental Procedure for the

Determination of the Atmospheric Sodium Abundance

3.1. Introduction:

The atmospheric daily average abundance of sodium was measured for

Corvallis, Oregon by direct absorption of sunlight by atmospheric

sodium atoms using an optical waveguide spectrum analyzer with a

resolution limit 0.5 nm. Measurements were taken on the roof of

Weniger Hall by mounting a solar tracker on the roof, and mounting the

input end of an optical fiber bundle on the tracker. The detection of

direct sunlight only was ensured by mounting an internally blackend

stainless steel collimator tube of 3 mm diameter and 30.5 cm length on

the solar tracker in the tracking position and inserting the input end

of the optical fiber bundle into the receiving end of the collimator.

The optical fiber bundle then served to guide sunlight into entrance

slit of the spectrum analyzer which was located inside a rooftop

laboratory.

3.2. Experimental procedure

A. The apparatus

The apparatus of this experiment consists of three main

devices as shown in Figure 3.1. These devices are:

1. Solar tracker:

The solar tracker tracks the sun during the day time allowing for

successive measurments under the same condition of alignment.
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2. The OPTICAL WAVEGUIDE SPECTRUM ANALYZER:

It is connected to the solar tracker through an optical fiber

cable. It performs five distinct functions:

a. Light dispersion: A grating (1200 lines/ mm) disperses the

polychromatic light into smaller wavelength intervals. The grating

angle associated with the wavelength of light on the detector is

obtained using the grating equation (45):

sin (w - 8/2) - k n A / (2 cos 8/2)

where K is the order.

n is the number of rulings on the grating per unit length.

A is the wavelength.

w is the angle of incidence.

8 is the angle between the enterance port, grating, and the

detector.

b. Light detection: by rotating the grating the dispersed light

passes through the exit slit and into the detector allowing the grating

/ detector combination to scan the intensity components of the

dispersed spectra. The spectrum analyzer has two photodiode

detectors, silicon and germanium; the silicon photodiode detector was

used for these measurements.

c. Light generation: by means of an internal source (20 watt Ge

788 Tungsten-Halogen lamp operating at 6 VDC ) that generates light

for the spectrophotometric applicatidns and spectroradiometric

calculations. Two lenses are used to focus the lamp radiation onto

the input port adapters.

d. Light chopping: This function causes the light to be
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Figure 3.1. The optical waveguide

spectrum analyzer, computer and solar

tracker.
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blocked from entering the monochromator housing every half

sampling period. Specifying the sample dwell cycle provides a

waiting period before the data for each wavelength is sampled, which

enables the grating to stabilize before the data collection begins.

e. The input/output function: It is an interface to the computer

which provides weighting, timing and formatting to the computer and

storage and conversion of commands from the computer.

f. Resolving power of the spectrum analyzer: The resolving power

available is determined by the minimum level of usable aplical

throughput. In the spectrum analyzer used here, The minimum usable

width of entrance and exit slits is 1 mm, approximately; and, the

instrumental resolution of 0.5 nm is governed by these slit widths.

With an instrumental resolution of 0.5 nm there is no way we could

observe Na D line absorption from a continuum (broad bandwidth)

emission spectrum. The Doppler width of the atmospheric Na D line

absorption profile is AAD 0.004 nm approximately. Even if absorption

was "complete" varied from zero to the Na D line absorption, the

corresponding change in photocurrent measured in the spectrum analyzer

would be only two percent, which is too small to be detected.

3. The computer:

IBM personal computer. By means of a program it controls the

operations of the spectrum analyzer. Data are stored in two arrays (

see Figure 3.2 ), one of which contains the reference data and the

other holds the sample data. These data can be stored on a disk to be

used at later time. It performs many other operations such as

calibrating the spectrum analyser and controlling all the
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operations performed by the spectrum analyzer.

B. Experimental procedure:

Scans of the solar spectrum in the vicinity of the sodium

D-lines were obtained 'during the daytime using the optical

waveguide spectrum analyzer. The procedure for obtaining the solar

spectrum was fairly straightforward. It can be described by the

following steps:

1. Boot up the computer, turn on the spectrum analyzer, and run

the spectrum analyser program for wavelength calibration of the

instrument.

2. Collect a reference spectrum and store it.

( Steps 1 and 2 are not necessary every day, but the reference

spectrum must be recalled before taking any new data.).

3. Adjust the solar tracker by pointing it toward the Sun .

4. Collect the data (solar spectrum between 580.0 and 595.0 nm) and

store it in a file and/or obtain a graph of the spectrum(See Figure

3.3).

5. Repeat step 4 every hour throughout the day.
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INSTRUMENT

4111...

REFERENCE
DATA

SAMPLE DATA
COMBINED WITH

REFERENCE DATA
OR FILE LOADED

FROM DISK

DISK DRIVES

SPECIAL FUNCTIONS,
SMOOTH AREA

CERIYATIVE, PEAKS,
RE- LIMIT, T AXIS

ADJUST

Figure 3.2 .Schematic diagram shows

the processes of collecting and storing

data using the optical waveguide spectrum

analyzer.
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Figure 3.3 .The solar spectrum profile

in the region between 580.0 and 598.0 nm.

Data was taken in steps of 0.33 nm.

Noting that the vertical scale can't be

right. This occured after modifying the

computer program to obtain 0.33 nm steps.

592 594
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Chapter 4

Results and Discussion

4.1. Introduction:

The atmospheric sodium daytime abundance was calculated for

Corvallis Oregon by direct absorption of sunlight by atmospheric

sodium. The results obtained were found to be consistent with the

results obtained by Partowmah (See Chapter 2 Sec.3.B). He calculated

the abundance by calculating the equivalent width which is the

integrated area under the curve of the absorption line [relative to

the intensity of the incident radiation obtained using the parameters

which describe the depth and width of the terrestrial absorption

line(19)] due to absorption by terrestrial sodium versus the

wavelength or frequency. Because of the weakness of the terrestrial

sodium absorption, the computed equivalent width W measured in

units per centimeter square was converted to an abundance value A

using the following equation(18)

A (m c2 /7(- e2 ) (W/f) cm-2

1.13 x 1012 (W/f) cm-2

where f is the oscillator strength (0.653 for D2).

An important point must be stated at this point, which is that the

Fraunhofer absorption lines do form at the same solar atmospheric level

as does the continuum. The strongest absorption lines originate in

the upper photosphere, and the weaker ones originate in the lower

photosphere (42). The chromospheric spectrum contains emission lines

such as the hydrogen Balmer lines, and He lines. These lines fade with



37

height due to the rapid increase of temperature with height above the

photosphere ( See Figure 2.1), and also due the decrease of the gas

density with height.

4.2. Calculating the abundance of atmospheric sodium

After careful check of many graphs of the solar spectrum, a fixed

procedure has been taken to measure the depth of the sodium dip

(absorption band due to the sodium D-lines) A log I, by averaging the

values of the difference between the bottom of the dip and its top on

both sides (See Figure 3.3), considering only the constant features of

the line. Calculating the number of sodium atoms was done using

equation (2.3.25), also taking advantage of the model discussed in

section (2.3) assuming that the sodium layer lies between 80 to 105 km.

Starting from the data which were taken around noon (A log I) and the

next data (A log I') at later time, and assuming that A N 0 during

this period (this assumption may cause some error, but around noon the

number of sodium atoms doesn't change much). Now, it is easy to

calculate the average density of atmospheric sodium N. The calculation

is done for the next data and A N is calculated. The new sodium atom

density is N + A N. The abundance was calculated by multiplying the

average density by the the thickness of the sodium layer (25 Km).

4.3. Results and discussion

The atmospheric sodium daytime abundance was measured by direct

absorption of sunlight in the vicinity of the sodium D-lines.

Measurements were taken in September and October, 1987( fourteen days
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of measurements). The data show that the diurnal abundance of the

atmospheric sodium increases until around noon, when it reaches

maximum, then it starts to drop (See Figure 4.1,4.2,4.3). Also a day

to day variation in the atmospheric sodium abundance is observed (See

Figure 4.4, 4.5). The maximum value of the daily average abundance

(13.189 x 109 atom/cm2) was obtained on October 7,1987 with partially

cloudy sky (See Figure 4.1). The minimum daily average abundance

(0.865 x 109 atom/ cm2 ) was obtained on October 19, 1987 with clear

sky (See Figure 4.2). The total average abundance of atmospheric

sodium on fourteen days of measurments is found to be 5.35 x 109 atom/

cm2. Partowmah and Roestler(18) found that the maximum daily average

abundance of atmospheric sodium to be 12 x 109 atoms cm-2 while our

data showed it to be 13.189 x 109 atoms cm-2. Also their data showed

the minimum daily average abundance to be 2.9 x 109 atoms/ cm2 while

our data shwed it to be 0.865 x 109 atoms/ cm2. Also their data showed

a day-to-day variation of atmospheric sodium abundance and a daytime

enhancement with maximum at noon.

The daytime enhancement may be explained as follows: The sodium

atoms are formed on the expense of the sodium compounds until around

noon, then the sodium compounds started to be formed on the expense of

the sodium atoms.

At present, the day-to day variations in our data can't be

explained, similar variations observed previously were attributed to a

distinctly nonuniform pattern of mesospheric sodium concentration

(18,43).

This experiment can be improved by improving the resolution power
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of the spectrum analyzer (Its resolution power is 0.5 nm which is

approximately the same as the wavelength separation of the sodium D

lines.). By resolving the two D lines we can add the contribution of

each line by making use of P(D2)/ P(D1) 1.8 , and P(D1) + P(D2) 1/

sec where P(D) is the probability of photon emission. Further

development can be done by considering the the higher order terms in

the model discussed in Chapter 2, Sec.4.
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Figure 4.1 .The atmospheric sodium abundance

on October 7, 1987. The sky was partially

cloudy . The maximum average abundance

was obtained on this day.
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Figure 4.2 . The atmospheric sodium abundance on

October 19, 1987. The weather conditions were good

(clear sky). The minimum abundance was obtained on

this day.
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Figure 4.3. The atmospheric sodium abundance

on September 17,1987. The sky was partially cloudy.

Measurements were taken when the sun was uncovered

with clouds.
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APPENDIX

Doppler broadening line shape:

The shape of a spectral line depends mainly on the type or types

of broadening . In the case of Doppler broadening where the molecules

suffer random thermal motion we may take

K(v) I, f(v-vo)

where

f f(v-vo) d(v-vo) 1 (1)

vo is the frequency at the center of the line , and I, is the

intensity of the line, and f(v-vo) is the shape factor.

In Doppler broadening the absorping or emitting molecules have

thermal velocity component U << C and the Doppler shift can be written

as

v U vo / C (2)

If a stationary molecule has f (v,v0) then f(v,v0) can be

written as r[v-vo - (U/C) vo]. If the probability that the

velocity component lies between U and U + d U is P(U) dU,then the shape

factor due to all Doppler-shifted components is

f(v-vo) P(U) f(v-vo - U vo/C) dU (3)

In the case of thermodynamic equilibrium P(U) is given by the

Maxwell's one-component velocity distribution(44)

P(U) s ( m / 2 k T )1/2 exp (- m U1/2 /2 k T ) (4)

where m is the mass of the molecule, k is Boltzman constant , and T is

the absolute temperature. Since P(U) is Gaussian, then

A U (2 k T/ m)1/2 , and the width of f can be interpreted from
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equation (2) as the effective velocity dispertionAU..aC/ vo. The

value of the integral in equation (3) is governed by the the non-

dimentional parameter

d 2 a / ((v0 /C)(2 k T / m)1/2)

If d << 1 , then f(U) is a narrow function compared to P(U). In the

limit f(U) can be treated as a delta function, then simple

integration over the delta function leads to

f(v-vo) (1 /ar) ,fir ) exp (-(v-vo )1/2/a D2 )
(5)

where a D v0 /C (2 k T / m)1/2 is the Doppler width of the line.


