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After taking into account the solar limb-darkening, the  

light density and color i n  the eayt.h'n shadm =re cmp.&pd by 

perfonnfng a double numerical integration over the atmosphere. 

As sources of l igh t  attenuation, ozone absorption and extinction 

by dust and clouds are  taken in to  account i n  addition t o  the 

usual Rayleigh scattering and the refraction weakening. 

diffusion and diffusion by dust and water par t ic les  are also 

blecular  

included i n  the calculations. 

finding an explanation for  the unusual ecli?se of December 30, 

1963, i n  which an extremely low l igh t  density and ru? apparent 

non-reddening were observed. 

Spec id  enphasis is placed on 

k 
Calculations are carried out fo r  various models of the 

earth's atmosphere and it i s  shown t ha t  the dust par t ic les  may 

account for  large changes i n  the l i gh t  density from eclipse t o  

eclipse. The dust and clouds appear t o  cause the non-reddenhg 

by enhancing the importance of the diff'used l i gh t  i n  the central  

region of the  earth's shadow. 

i.6 found t o  be ewlained by assuming an abnormally large 

extinction presumably caused by dust spread by the eruption of 

Mt. Agung on March 17, 1@3. The required additional extinction 

amounts t o  0.14 magnitudes per air mass i n  the visible region, 

The observation of the  1963 eclipse 
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i" which agrees with direct measurements of visual extinction made 

at Cerro Tololo and Mt . Bingar during the year 1963. 

also shown t h a t  the theory provices a conclusive means of dls- 

tinguishing between extinction due t o  dust particles and that 

due to clouds. 

in the atmosphere may also be determined. 

useful plans for photcanetric observations of future eclipses of 

It is 

An approximate value for the amount of ozone 

The results suggest 

the moon. 
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An unusually dark eclipse of the m n  was observed on 

December 30, 1963. The three color photometric observations of 

Matsushima and Zink [19641 showed that at mid-totality the moon 

was darkened by about 16.25 magnitudes in all three colors, in- 

dicating an absence of the ususlly conspicuous reddening in the 

umbral region. The cause of this observed darkening, which was 

about 4 magnitudrs greater than that of a normal eclipse, has 

been generally attributed to the increase in extinction due to 

dust particles spread through the upper atmosphere by the 

volcanic explosions of Mt. Agung on the islaad of Bali in 

March, l s 3 .  

effect of dust extinction by calculating the density and color 

distributions of the unrbral light for various detailed models 

of the earth'i atamsphere. These computations were made First 

with the 

of the University of Iowa. The entire set of calculations is 

carried out for blue ( X 0.46 p), peen ( A -54 p ) ,  and red 

( A -62 p) regions. 

The purpose of this paper is to investigate the 

TO40 and later with the 7044 at the Computer Center 

The principal sources of attenuation of light passing 

through the atmosphere are refraction weakening, which s i m p l y  

spreads the light Over a wider area, and extinction which 

c 
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actually removes a fraction of the l i g h t  from the incident beam. 

I n  extinction are included bcth the scatterirq and absorption of 

l ight by va;rious particles i n  the atmosphere. 

derived equations giving the intensity of l igh t  i n  the umbra for  

l igh t  emitted from a point source, accounting for  refraction and 

Rayleigh scattering, 88 a function of the minimum altitudgs of 

the rays i n  the earth's amsphere. The fundamental principle 

of the eaJ.culation8 is based on Link's method with necessary 

modifications being made t o  take into account ozone absorption 

and scattering by dust and water particles. 

distribution over the sun's disk is expressed i n  terms of the 

limb-darkening coefficients, and the desired l ight Clwity 

then abtained by performing a double numerical integration over 

the sun's surface. Further, the work of Svestka c19481 is used 

t o  include the c?ensity of l i g h t  contributed by molecular 

diffusion, and calculations are slso made t o  add the diffusion 

due t o  dust particles. 

Lirik [1963] has 

The brightness 
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II. INTEGRATION OF THE IXGHT DENSITY 

a. 

I n  order t o  find the light density at a single point i n  

the earth's shadow, it is necessary t o  integrate Over the 

surface of the sun. As will be shown, t h i s  process is equivalent 

t o  an integration over t h e  atmosphere of the earth. In  Figure 1, 

Pm is  an arbitrary point on the plane perpendicula t o  t h e  shadow 

axis SEN and containing the center of the moon. Assuming the 

earth's atmosphere t o  be spherically symmetric, a l igh t  ra,y 

passing from the point Pm through the earth's atmosphere with 

a minimum alt i tude ho must strike the plane of the sun sonewhere 

on the circle containing the point Ps. Now the converse is  also 

true; l i gh t  emitted from a point on t h i s  c i rc le  and passing 

through the earth's atmosphere with minimum al t i tude ho must 

strike the  point Pm on the  plane of the moon. W is the t o t a l  

angle of refraction for  the light ray with minimum al t i tude ho. 

be the  quantity which is beirg sought, namely the  Let  

brightness or illuminatfon at the arbitrary point Pn. men an 

element dS of the sun's surface at Ps produces an illumination 

at Pm given by 

where 

3 is the tramsmission coefficient of the ray which begins at 

is  the  surface brightness of the  sun a t  the point Ps, 
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Ps and ends at Pm including a l l  types of weakening such as t ha t  

due to refraction, ozone, dust, and Rayleigh scattering, and k 

is a function of the relative positions of the three bodies being 

considered. 

constant, and, as will be shown, it cancels fromthe 

quantities of interest .  The l ight  density at  Pm is calcu- 

la ted by the following integration over the  surface of the sun, 

as i l lus t ra ted  i n  Figure 2. 

I n  the short period of an eclipse k 5s nearly 

where 0 is the angular distance of the point E, f'rm the center 

of the sun and is &so equal t o  the angular distance of Pm from 

the center of the trmbra M (Figure 1). 

radius of the sun and b , ( R )  represents the solar l i m b  darkening. 

me factor 2 is due to the  integration parameter E as defined 

i n  Figure 2. 

Rs is the mar 

In the rbsence of the earth, thzt is, outside of eclipse, 

%(r )  = 1 and the brightness would be 
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The logarithm of the ratio %/% gives t h e  density of the shadow 

on the stellar magnitude scale 

The surface brightness on the sun, \(It), may be expressed i n  

terms of the integration variables through 

where A,, 5, and 
def b e d  by 

denote the limb darkening coefficients 

The principal advaatage in the above method of integration 

l i e s  i n  the form of the translnission factor T, for the ray travel- 

ing from Ps to  Pm. 

symmetric atmosphere 5. is a function of the ninirmun aLtitude ho 

and there is a one t o  one correspondence betreen ho &ad the  

angle r. Hence 

Under the  a s s q t i o n  of a spherically 
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Forr this reason it is equalUy precise to say that the integra- 

tion is over the surface of the sun or tha t  it is over the 

earth's atmosphere. It is convenient to write 

where the superscripted T ' s  represent the contributions to the 

transmission factor from each of the five dominant types of 

extinction--Rayleigh, refraction, ozone, aerosol, and water 

particle (CLOU~),  respectively. 
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III. REFRACTION AND A I R  MASS lioR LIGHT 
PASSIMf MULLEL To THE EARTH'S SURFACE 

I n  order t o  compute both the change i n  intensi ty  of light 

dlle t.O rpfrn_&inl?_ n_n_c? +.he CeCrPue in Sn*en.ci*y 

of a l l  possible types, the path of the l ight  rays through the 

ewth's atmosphere must be known. 

formulae for refraction may not be used since they are not valid 

for large zenith distances and i n  the lunar eclipse the ra-ys of 

interest  are those with a zenith distance of 90 degrees, that is, 

rays passing parallel t o  the earth' s surface. 

problem was first considered extensively by Link [19631 and his 

theory is used here with 8ome modifications. 

t.0 P-*.inctfnn 

The usual astronomical 

T5is refraction 

I n  addition t o  the minimum height ho, we introduce another 

parameter hb designating the xninhum alt i tude of the sane ray 

if it were not refracted (Figure 1). 

relat ive density of the air such that  P = 1 for  Oo C and 

760 mm Hg the relat ive density gradient a is defined by 

F'wther l e t t i n g  p be the 

a = - ! g I  1 P . 

For the present problem the index of refraction of air m y  be 

expressed by t5e apFroxim&te formula 

= l + % P  (9) 
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where = .OOO29 for  the wavelengths under consideration. 

Link C19631 has sho-m t h a t  i f  z is the engle between the 

l ight Fay's path at the altitude h and a radial element from 

tile eartin's center intersecting the path at  the point h then 

the t o t d  refraction of the ray i n  the  earth's atmosphere is  

given by 

Using SneU' s l a w  and the Invasiant Theorem [ H u q h r e y s ,  19403, 

it follows that  z is given by 

where Ro fs the radius of the ear th  and po is the index of 

ref'raction at h = ho. 

earth's radius (Ro = 1 )  then 

If h and tio are measured i n  terms of the 

(1 + c PJ(1  + ho) 
(1 + C P ) ( l  i- h) s in  z = 

Using th i s  approximation and introducing a parameter y defined 

by 

L 
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y = cos 2, 

the t o t a l  refraction may be expressed as 

= s d y .  
0 

W is one of the three basic in tegra ls  which must be computed 

numerically as a function of the l ight  ray's mininum altitude 

i n  the atmosphere. 
- 

The second is the gradient of u) which is 

given by [Link, 19631 

c 

where 

Both W and the gradient of W appeer i n  the calculation of the 

refraction weakening (see equation (19)). 

The thi rd integral  i s  the t o t a l  air mss dong the ray 

path as a f'unction of its  minimxn al t i tude ho. This is given by 

ay P cosec z 

0 ho 
1 



The numerical camputations of them integrals (13), (14), 

and (15) were carrlsd out by taking the atms-pheric density for 

each one-half kilometer tabulated i n  the United States Standard 

Atmosphere Champion e t  a.l., 19621 Wie results for the total 

refraction a, the gradient of@, and the hcrizontal air mass l4, 

each 88 a function of altitude, m e  tabulated i n  the first four 

columns of Table I. 

With the above quantitiee knom, the relation between r 

8nd ho became8 a matter of geometry. 

r e d l y  obtained [Link, 19631, 

The following relation is 

where rm 
the an, 

andT8 are the geocentric parallax of the moon and of 

respectiveiy. 



IV. SUJRCES OF ATTENJAtITON OF LIBIT 

where 

mass. 

path, was described i n  the prp,ce.ling rs3ction while 4, is the 

product of the reduced equivalent thickness of the atmosp5ere 

(7.995 h) and the Raylefgh scattering coefficient given by 

I s  the Rqvlleigh extinction cozfficient fclr a unit air 

"he c&&xila",on of M, tY-e air mass elozg the tangential 

I: campen, 19613: 

32 7f3&c 1)2 Q = -  3 n X  

where n ie the nlGitber of scattering par t ic les  per unit volume 

at S!CP. 5 is tabulated by Penndorf 119573 

BO Refraction Wectcening 

The expression for refraction weakening, <, is readily 

obtained from the gsometry and fram equation (16) to be the 

f0uarin@; ma, 1~33.: 
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Thus 

the above equation, using the W i e s  of w and dw/d h: tabulated 

i n  the second and third columns of Table I. 

for a given minimum a l t i tuse  ho may be computed from 

C. Ozone Absorption 

The calculation of the ozone absorption f is not difficult 

i f  the vertical distribution of ozone, o(h), is known. 

Function o(h) i s  defined t o  be the equivalent p&tn length 

of pure ozone at 0' C and 760 mm which i s  contained i n  1 km 

of a.ir at the altitude h. Then the " t o t a l  8mount" of ozone 

passed through by a ray wi th  minirmrm al t i tude ho, wbich is 

designated by O(ho), is given by an expression similar t o  t h a t  

used i n  computing the  air mass (eqyation (15)): 

The 

O(ho) = 2 o(h) sec z d h 
n 
0 

I n  t h i s  caSe, however, we note that  the refraction of the light 

ray in the high atmspheric region of the ozone layer is very 

small, and we can simplify the integration corresponding t o  

equation (15) by taking a straight l i n e  fo r  the ray's path. 

Then since 

see z v 
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we can write 

n 3' n - h 
0 0 

For the ver t ical  density of ozone, o(h), the following 

empirical formula derived by Green [1964] is  used: 

where 
h - Ps 

P(h) = - . 
p2 

The three adjustable parameters, PI# P2, and P 

so that the shape of the distribution curve agrees with the  

may be selected 3' 

observed form of the  ozone layer. 

distribution of ozone for middle latitude proposed by 

Altshuler [1%1], the values of .22, 4.6, and 23.0 are obtained 

for Pl, P2, and P , respectively. 

From the standard density 

3 
Using equations (22) and (23) the quantity O(ho) has been 

computed numerically f o r  each kilometer from 0 t o  100. The cal- 

culations have been carried out with the following two values of 

vert ical  ozone content, 
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o(h) dh = .26 cm S.T.P. and .36 cm S.T.P., 
0 

for rea8ons to be discussed later (Section n). 

O(ho) are tabulated in  the last two columns of Table I. 

The results for 

'Jf follows f'rom the tabulated values for O(ho) since it 

w be expressed as 

where 9, is the 

d u e s  of Is, at 
have been found 

(24) 

ozone absorption coefficient. The experimental 

n o m  pressure and at a temperature of 18" c 
by Inn arid Tanaka [19533. The values used are: 

h = 4 6 0 0 A  gc = .o&g 

's, = 0104 
h = 5 4 0 0 A  'J, = .071 
h = 6200 A 

Although 5 is a function of temperature, no corrections are 

neceessry since 88 Vigroux &531 has shown the variation is  only 

one percent between -92' C and 50" C for the wavelengths con- 

sidered here. 

D. Aerosol ESrtinction 

The extinction cross sec3ion of a single spherical particle 

of radius a may be written as 



18 

L 

i n  whicn tine efficiency iac.i;or Q is defineci. if tnere are ext 
n(s,h)da per t ic les  per cm 3 with radii i n  the  i n t e r v a l  between a 

and a+da at the height h, then the t o t a l  number of par t ic les  

included i n  the tangential path of light rays with 1 cm cross 

section and minimum height, ho, may be written as 

2 

m m  

N(ho) = 2 n (a,h) sec z da dh 

ho O 

or  by substituting (a), we have 

m e 0  

N(ho) 2 >c l n (a,h) (h - hoj1/2 da dh 

ho O (27) 

Hence the aerosol extinction factm, 'If: , may be obtained by 
combining equations (25) and (27) as follows: 

ace  
= exp I f q T  n (a,h) (h - ho) - 1/2 

1 

The computaticns of the efficiency factor Q for spherical ext 
par t ic les  are carried out by van de Hulst  El9571 i n  terms of a 
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parameter x = 2 c a / h  and the refractive index of the  particles.  

If the refractive index is assumed to be the same for  a l l  the 

par t ic les  then Qext is a function of x only and the color / 

deFendency i n  the aerosol extinction enters through t h i s  

parameter. 

lengths under consideration corresponds approximately t o  a 

< 0.1 micron, the efficiency factor decreases very rapidly as 

x decreases below unity. 

sphere some representative values f’rom van de H u l s t  are: 

It is found that for x 1, which for  the wave- 

For example, for a non-absorbing 

x = 1.0 

x = .5 
x - 01 

From the above figures, from the fac t  tha t  the extinction 

coefficient involves the  square of the par t ic le  radius, and 

f’rom the normal aerosol size distribution [Oampen, 19611, it is 

agparent t ha t  even though AitHn par t ic les  (a 

the most nirmerous the i r  contribution t o  the t o t a l  e-xtinction is 

negligible. 

nearly constant and equaL t o  2,O and therefore the extinction is 

neutral. 

there a possible direct  color effect. However ,  since the &-values 

fluctuate i n  this rmge and since there is i n  general a continuous 

.1 micron) are 

For part ic les  with a > 1.0 micron, Qext is  very 

Hence only fo r  particles with .1 p < a < 1.0 p is  
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range of par t ic le  sizes, the color effects largely cancel and 

for the accuracies obtainable i n  eclipse observa%ions the 

assumption of neutral extinction may be justif ied.  

from the extensive measurements of extinction coefficients and 

photoelectric spectral scanning observations for  about 18 months 

a f t e r  the eruption of Mt. Agung, Moreno, Senduleak, and Stock 

c19651 concluded tha t  the volcanic dust is a neutral scattering 

agent. Fkrther from the analysis of variotls direct  measurements 

made a f t e r  the eruption, it h a s  been found that n (a,h) decreases 

rather sharply from a maximum which occurs with the radius 

between 0.5 and 0.8 microns [Matsushima, 1gf551 . 

I n  fact, 

Under the asslnrption of neutral extinction an average 

part ic le  radius a. may be introduced and equations (27) and 

(28) will be simplified to: 

and 

I n  practice, the variations of the aerosol extinction with tbe 

different models for the particles' vertical distribution can 
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be investigated i n  a manner similar t o  the method applied for 

other extinction factors described i n  the preceding sections, 

namely, the aerosol extinction i n  the tangential direction can 

be expressed i n  terms of the extinction coefficient i n  the 

zenith direction: 

where 
rn 

NO = f n ( h ) d h .  (32) 
0 

Then $ may be written i n  analogy t o  the  ozone factor as 

where 

is  the r a t i o  of the t o t a l  number of par t ic les  contained i n  a 

tangent ia l  cylinder of unit cross section with minimum height ho 

t o  the t o t a l  number of particles in a. vert ical  column of the 

same cross section. This method of expression is especially 

advantageous when a number of different models with the sane 

L(ho) axe considered. For example, i f  we assume models each 
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having an homogeneous distribution of dust par t ic les  and the 

s~11lle upper l imit  but a different density or  average p e i c l e  

size, then from equation (29) L(ho) is given by the simple geo- 

metric factor 

2 2 Ro (k - ho)'/ H (35 1 

where H is the  height of the upper limits of the dust layers. 

Thus, since L(ho) is independent of the nlmiber density, no, and 

the mean radius of particles, ao, each of the different models 

under consideration may be expressed by changing a single 

parmeter 8. If the vertical extinction coefficient is 

determined f'rom standard photometric observations, therefore, 

we have a mans t o  check the adopted model of the dust layer 

independently. 

E. Cloud Exthction 

I n  addition t o  the usual dust and haze, a varying content of  

water particles (cloUas) gene- contributes t o  the atmospheric 

extinction, although the  absorption by molecular water vapor i n  a 

clear sky is less then 1% of the t o t a l  extinction i n  the visible 

region [Allen, 19633 . 
shadow is illuminated at any poi& by a wide area of the terminator 

Since the central region of the earth's 

. 



region around the earth, badweather conditions at various local 

areas may generally cause a considerable degree of extinction. 

The variation of extinction due to the weather conditions 

in Kne iower a+msphere may be accounted for by considering 

spherical water particles of average s ize  ao. 

equations beconme the s a m  as in the case of aerosol extinction 

discurssed above. 

correspondlng to (%), in which N(ho) designates the total  

density of such particles dLong the horizontal direction w i t h  

minbmzn height, ho. 

Then the basic 

in (7) w i l l  be given by an equation 
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Vw DIFmTSIOIJ OF UB€T 

Diffusion of light by the molecules and dust particles in 

the atmoqhere is an additional physical process which in some 

cases adds a significant contribution t o  the light density in 

the earth's shadaw. 

such as the one of December 1963. The molecular diffusion nas 

been calculated by Svestka [1948] with the result8 for a lunar 

parallax of 61' being given balm. 

It is especially important in dark eclipses 

h = 4500 A MdiH = 16.53 
h = 7 0 0 0 A  Maiff = 16.68 

Because the difference in Maff for these extreme wavelengths is 

small, and because from Svestka's equatims it is obvious that 

the change is continuous, it is permissible to interpolate for 

the intermediate wavelengths. 

Since the 1963 eclipse was unusually dark presumably because 

of dust in the atmosphere it is ixportant to also consider the 

possible diffusion of light by such particles. 

slight modification, an equation of Svestka may be used to find 

the density due to dust diffusion, Ddiff, in particular 

With only a 
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where % and % are respectively the lower and upper limits of 

the dust layer. 

for the dust layer but a typical result is Ddiff z 17.2 
magnitw3es arid for a31 models investigated the dust diffusion is 

The exact result depends upon the model used 

fowid to be less than 17 magnitudes. 
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A. Rayleigb and Ozone Atmosphere 

In  order t o  investigate the relative contribution of 

Rayleigh scattering as compared t o  the other sources of extinction, 

we first computed the  shadow density for  a simple Rayleigh 

atmosphere by setting To = fl = Tw = 1.0 i n  equation (7). The 

result i s  shown i n  Figure 3. The contribution of molecular 

diffusion is appreciable only i n  blue wavelengthnear the 

central  region o f t h e  mibra and is shown by the  broken l i n e  i n  

Figure 3. 

reality there is always some ozone present which must be 

accounted for. 

The shadow i n  this case is red thoughout but i n  

The v e r t i c a l  ozone content i s  variable i n  both season and 

latitude, ranging between about 0.21 cm S.T.P. and 0.38 cm 

S.T.P. [Albright, 19393. The average content i n  winter o r  

surxner near middle la t i tude regions is estimated t o  be 0.26 cm 

S.T.P. Fbr the December 1963 eclipse observations of Mstsushima 

and Zink [19641 the effective part of the earth's terminator was 

located i n  the South Pacific Ocean when both the season and 

la t i tude would supposedly came a relat5vely high content. 

Therefore calculations were made for both the normal content of 

.26 and a high content of .% cm S.T.P. The results, including 
c 



molecular diffusion, a r e  glotted i n  l igure 4. 

increaeing tke ozone content apgears t o  be appreciable i n  red 

and green but insignificant i n  the  blue region. 

bllc&t%ureJ t t a t  accuzate z3aswemntR i n  Cnc red color r*ear the  

outer region of the 'Lmnbr8 could provide a ma78 of determining 

the amount of ozone i n  the  atmosphere. The centre1 region m y  

not be used for  t h i s  purpose since the diffusion effect  tends t o  

neutralize the color i n  that area as will be discussed la te r .  

The two models i n  Figure 4 give the value of blue minus 

The effect  of 

It appears, 

Aa.---rn- 

green (B-V) at the point 10 minutes frm the umbra center t o  

bo 3.65 and 3.85 for the high and l o w  ozone content, respectively. 

Since Matsushima and Z i n k  determined the B-V color near mid- 

t o t a l i t y  t o  be sl ight ly  negative it i s  appwent tha t  the aerosol 

extinction must be taken into account for  tha t  eclipse. 

B. Aerosol and Cloud W,inction 

The vertical distribution of aerosols i n  the micron size 

range show8 considerable variations especially i n  the lower 

altitude, depending on the  place and time of observations. A 

series of recmt observations by means of high alt i tude 

balloon flights has sham the stratospheric aerosols extend 

zrp t o  30 km with a maximurn a t  an alt i tude between 15 and 



17 lan [Rosen, 1 s  and 19651. Below th1.s m a x i m u m  the aerosol 

density decreases s h q l y  i n  the trcqdspheric region reaching 

a minimum between 5 and 1C km. 

5 t o  10 Ian qpc-ars t o  ba c.wsed by r&i waslihg elfsc& jn the 

tropop?i.u!e crd the density varlations bscom espsrizlly 

noticeable tn the region below 5 km. 

a detailed c m a l y s i p  of  t h e  data taken during the sews  1963 

and l$4 Rear Minneapolis seems t o  indicate &i a3di-Xonal 

source of aerosols, Fresmibly the  volsanic dust ejected into 

the stratos@ere by the emption of Mt. &;g [Ma-Lswhi.ua, 

1$51. From observations of the unusual redd2ning of the sky 

at sunset, Meinel and Meinel [1$41 and others a l ~ o  estimated 

that the dust of assumed volcanic origin extended t o  an 

al t i tude of approximately 20 lun. 

t ion it is  therefore diff icul t  t o  determine a reliable model 

of the aerosol layers for the time of the December 1903 

eclipse . 

The okrerve2, s ink  between 

The preliminary resul t  of 

With only the above informa- 

In addition t o  the above uncertainty i n  the ver t ical  

distribution of aerosols, weather co-rditions at  various local  

areas may taff2ct the density near the central region of the 

umbra, as discussed i n  Section IV-E. Indeed, it has been 

reported tha t  at the time of the December 1%3 eclipse the 



effective par t  of the terminator was par t i a l ly  cloudy [Brooks, 

19641. 
the cloud regions were highlyvasiable, they appear t o  produce 

appreciable extinction i n  tine tropospheric region. 

reasonable t o  msume that  such additional e4xti.rctlf;n caused 

by water part ic les  would be most effective near the tropopause 

where the abuve discussed sink of aerosols was observed. 

any case, the troposphere rexhes  t o  approxfma5el:r 9 or 10 km 

on the tLvoraGt: and xhsrefur? above 10 h there is ro significant 

extinction due t o  water particles. 

As shown by Wros photographs on tha t  date, &though 

i - b  is 

I n  

I n  adding the  extinction due to aerosols and water particles,  

therefore, we considered various models with hamogeneous bistr i -  

butions of spherical particles up t o  a cez-t-.Ln height. !Fhe 

part ic les  above 10 km are  assumed t o  consist of aerosols and 

those below 10 km are mixtures of aerosols arid water particles. 

The relEttive contribution of wertther conditions t o  aerosol 

extinction may then be examined by taking different densities 

of the par t ic les  i n  the regions a 3 m  and below 10 km. 

advantage i n  the homogeneous distributions is  seen i n  the 

discussion following equation (34) .  That is, hmceneous 

layers with the same upper and lower limits have identicd- 

values for L(ho) defined by equation (%), or  L(ho) i s  

An 



independent of the number density or  the  s ize  of an average 

particle.  Hence, different models are described by the single 

parameter, B, the ver t ics l  extinction coefficient fo r  the 

combined aust and water particles. 

be compare4 d i r e c t l y t o  the atmospheric extinction coefficient 

detemhed by the usual photometric observation. 

An assum3d model may then 

C. Clem Sky vi th  Normal 
Aerosol Extinct ion 

The V i s u a l  extbiction in the  ver t ical  direction due t o  the 

normal content of aerosol particles i s  found t o  be PA = 0.07 

mag./& mass [Allen, 19631. This value yields the t o t a l  

V i s u a l  extinction of about 0.21 mag./air mass which corresponds 

t o  the Clem sky condition at the average ground leve l  observa- 

tion. 

of aerosols extending to  25 km with p = 0.07 including both 

Figure 5 shows the shadow density computed fo r  a model 

molecular and aerosol diffusion. 

As compaxed t o  Figure 4, the red and green curves are 

lowered by st least 2.5 nagnitudes near the central  region and 

these decreases are much greater throughout the rnnbra than those 

due t o  changing the ozone content. It appears therefore tha t  

... 
accurate measurements of the shadow density provide a clear 

means t o  determine aerosol contents i n  the upper atnosphere 
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at the time of an eclipse. We see i n  Mgure 5 t h a t  the reddening 

effect  is still  present distinctively through the uuibra, indicat- 

ing that the a8smed aerosol extinction is too s m a l l  t o  explain 

Tne observed colors of t i e  ijecember i s 3  ec i fpe .  

D. Effect of Cloudy Sky 

For the purpose of camparing the relat ive effects of a 

dust layer extending up to 25 km t o  those of a cloud layer 

which has a IIiaximum alt i tude of 10 km the shadow density has 

been computed i n  each of these cases with the same p. 

the combined nmber density of both dust and m t e r  p&icles 

in the model extending t o  10 km is two and one-half times as 

great aa the other casey if the average par t ic le  size is the 

same i n  the two models. The resul ts  f o r  green l igh t  fo r  the 

cases, f3 = .lo and .22 mag./air mass, axe conrpared i n  Figure 6 

which also includes the contribution f’rom diffusion by molecules 

and both types of particles.  

models is  seen t o  be extremely large, being a3out 5.1 magnitudes 

for f3 = .E and 2.5 mag;nitudes for f3 = .10 at 30 minutes from 

the shaduw center or 15 minutes flma the mbra limb. 

Hence, 

The difference betveen the two 

. 



E. Aerosol Extinction Determined 
from D e O e r  1963 Eclipse 
Obsemtion 

Finally, it has been attempted t o  f i n d  a model which would 

agree exactly w i t h  the measurements of ,%tsushima and Zink for  

the 1963 eclipse, which consisted of V = 16.25 mag. with B-V 

zero or s l ight ly  negative near 10 minutes f r o m  the umbra center. 

As discussed before, a f te r  assuming homogeneous layzrs with the 

upper l i m i t  of 25 km, the shadow densities for  various different 

models are obtained by changing the value of f3. 

ozone content of 0.26 cm S.T.P. is taken for  all models. 

values of the shadow densi t ies  at the point 10 minutes from the 

umbral center thus obtained are listed i n  Table II. The effect 

of increasi-ng B is very large i n  the visible region, but is  

rather 8maJ.l i n  the blue region. 

color is due t o  the f ac t  that  the blue l i gh t  i n  t h i s  region 

of the shadow is  mainly due t o  the diffusion of l i gh t  rather 

than t o  direct  illumination by refracted light. 

camparison with the observation by Matsushima and Zink,  we 

f ina l ly  adopt the value of p between 0.20 and 0.22 t o  be the 

model which yields the beet agreement with observation. The 

computed shadow densities i n  three colors are plat ted i n  

Figure 7. 

A n  average 

!Che 

The small change i n  the blue 

F’rm the 
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V I I .  DISmSSION AID CONmSION 

From the determination of v i s u a l  extinction coefficients 

over 18 months following the eruption of M t .  Agung, %reno 

e t  a L  [1965] found that the increase i n  extinction at Cerro 

Tololo, Chile, reached a maximum value of about 0.26 -./air 

mass in late September 1963. By the end of December, the 

increase i n  extinction drapped t o  about 0.10 mg./air mass 

and it remained so thereafter. 

B = 0.21 mag./air mass indicates an additional aerosol 

extinction of about 0.14 mag,/& mass. 

fiaction of this  extinction is considered to be due t o  the  

dust layer beluw the alt i tude 2 km, and the Cerro Tololo 

Observatory is  located at an elevation of 2.2 lan, both results 

seem t o  be i n  good agreement. In  fact ,  a s i m i l a r  increase and 

decrease o f t h e  extinction coefficient were observed by 

Praybylski [1%4] at Mt. Bingar i n  Australia, but the absolute 

value of visible extinction is found t o  be about. 0.03 =./air 

mass larger than at Cerro Tololo during the period between 

Septeniber and DeceniSer 1963. Noting that  the elevation of 

M t .  Bingar i s  0.46 kn tkere seem6 to be a good agreement i n  

t h i s  case, too. 

Our adopted value of 

Slnce a substantial 



It should be emphasized t h a t  the present results have been 

obtained without specirying the number density or the  average 

size of the aerosol particles. The density of the par t ic les  is 

h p u c i t  i n  the f ina l  value of g, from which the product of the 

density and the square of the average par t ic le  radius may be 

determined (equation (31). 

neutral extinction appears t o  be consistent with the observations 

of Mareno e t  al., as discussed before. 

We note that the assumption of the 

As compared t o  the various ot%er sources of attenuation 

of l i gh t  included in the present calculation, we note i n  

Figure 4 that the effect  due t o  a possible error  i n  the adopted 

value of the ozone content appears t o  be small. 

the determination of the ozone content frcin the eclipse 

observation requires very accurate photometry near the limb 

of the umbra. 

extinction and weather condition8 would be easi ly  distinguishable 

i n  the l ight density i n  t2e outer half  of the umbra. 

figure also indicates tha t  data i n  th i s  region would 8erve 

as a means t o  deternine the upper limit of the aerosol layer. 

Unfortunately, the 0~2.y quantitative measurement of the 

Deceniber 1$3 eclipse was by Matsushima ar Zink and it was 

interrupted during the time the observed point was passing 

Consequently, 

I n  Figure 6, we see that the effects of aerosol 

The same 
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. 

through th i s  region. The greatest approximtion appears t o  

l i e  i n  the use of the homogeneous distribu%ioD of s2herical 

particles. As we mentioned before, however, the observed sink 

i n  the  dust distribution below10 h m y  be largely compensated 

by the  presence of clouds near the  same altitudes. 

when we campare wi th  the observed l i gh t  density near the central  

region of the umbra only, the error due t o  the h0C;og;eneous 

models i s  reduced greatly because the l i gh t  illuminating the 

central  region comes from a vide range of a l t i tudes &s wel l  88 

From practically the ent i re  terminator circle.  

E6pecially 

In any case, the above results indicate t h a t  the primary 

cause for  the unusually dark and non-reddened eclipse on 

December 30, 1963 was the  additional extinction due t o  t h e  

volcanic dust ejected by the eruption of I&. Agung. 

an unusually dark eclipse the diffusion of l i gh t  becomes 

important i n  the central region of the shadow and i n  fac t  

dominates the resul ts  i n  the blue and green wavelengths. 

appears that i n  f’uture eclipse observations accurste measure- 

ments new the limb of the Mibra are extrexely inportant i n  

distinguishing the effects of iliffererit sornces of l ight 

extinction. 

color R e a r  the mibra l b i b  appezs t o  be most useful i n  

determining the structure of the upper atmosphere. 

In  such 

It 

Above a l l ,  photonetric meascremnts i n  the red 
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TABLF: I 

ho 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
u. 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Refraction, Refraction Gradient, and Tangentid Air 
Mass and Ozone Quantity as a Function of the Minimum 
kitituie of tine Ligtnk Say. 

w 

63.4 
57.8 
52.6 
47.7 
43.2 
33.1 
35.3 
31.8 
28.7 
2G .2 
23.8 
20.8 
17.7 
15.0 
12.8 
10.9 

9-31 
7.94 
6 079 
5.81 
4.95 
4 0 2 0  

dw R - - r  

45230 
43.230 
37600 
34260 
33.220 
28380 
257350 
23190 
20520 
14700 
18600 
23210 

193% 
16290 
13560 
u540 
9738 
8215 
6848 
5944 
5266 
4429 

O &o 

73.7 
65.5 
58.2 
51.5 
45.5 
40.1 
35.2 
3O 08 
26.9 
23.3 
20.2 
17.2 
14.6 
I 2  04 
10.6 

9.03 
7 069 
6.56 
5.60 
4 077 

3.47 
4.07 

6.23 
6.40 
6.57 
6.76 
6.96 
7.18 

7.64 
7.89 
8 .i5 
8.41 
8.66 

7.41 

8.91 

9.34 
9.50 
9-60 
9.62 
9.56 
9.40 
9-12 
8.74 

9.14 

8.62 
8.85 
9.10 
9.36 
9.64 
9.94 

10 . 58 
11.28 
11-64 

11.99 
12.34 
1.2 -66 
2.94 
13.16 
13.29 
13.33 

10.25 

10 93 

13.24 
13.01 
12.63 
32 .lo 



hO 

23 
24 
25 
26 

27 
28 
29 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
100 

u) 

3.57 
3 0 0 4  
2.53 
2.20 

1.08 
1.61 
1.37 
1.17 

5% . 245 
0117 
0059 
0032 
.018 
0010 

0005 

.003 

.OOo 
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TABLE I 
(continued) 

du, 
Ro q 

3734 
3151 
2661 
2254 

1906 
1618 
1371 
ll€O 

548 
237 
108 
47 
23 
14 
7 
4 
2 

0 

2.96 
2.53 
2el.6 
1.85 
1.58 
1.36 
1.16 

0 9 9 8  
0 4 6 6  
,226 
0114 
0041 
0033 
-018 

0009 
0005 

0002 

.OOo 

8.26 
7.68 
7-04 
6.36 
5.67 
4.98 
4.32 
3 erll 
1-52 

0 5 6  
19 

-07 
.02 

e 01 

.oo 
0 0 0  
-00 

.oo 

u. 043 
10 . 64 
9.75 
8.81 

6.30 
5.93 
5 *13 
2.11 

077 
.rl 
-09 
-03 
001 
.oo 
0 0 0  

0 0 0  

e o 0  

7-85 
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TABm I1 

Comparison of Shadow Density and Color at  a Point 
10 Minutes from the Shadow Center for Different 
Models of Aerosol Distribution. 

0.00 15 a 1 9 7  11 353 3.844 

0 -07 16 .og8 13 945 2.153 

0.10 16.199 14.8% 1.303 

0.20 16.255 15 244 .ou 
0.225 16.256 16.292 - * o x  

8 
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Figure 1. Geonretric relations between various integration 
variables. 

I?igure 2. Integration variables on the  sun's disk as projected 
f'rom the earth'e atmosphere. 

Mgure 3. Shadow densities i n  three colors for  a pure Rayleigh 
atmosphere. 
appreciable only i n  blue color as indicated by the 

The contribution of molecular dffYwlon is 

broken line. 

Figure 4. Shadow density for the atmosphere including Rayleigh 
scattering and ozone absorption. 

Figure 5.  Shadow density for the atmosphere including a normal 
content of aerosol particles. 

Figure 6. Comparison of shadow densities betsreen atmospheric 
models with different VerticaJ. contents of aerosol 
par t ic les  . 

Figure 7. Shadow density i n  the cen+,ral region of the umbra 
for  the atmospheric mdel adopted for the December 1963 
eclipse 

. 



\ 
\ 
\ 
\ 3  
r 
\ 
\ 

a 



i’ 



DISTANCE FROM UMBRA CENTER IN MINUTES OFARC 

FIGURE 3 



RAY L E I G H 

+OZONE 
2 f 

0 IO 20 3 0  40 50 60 

DISTANCE FROM UMBRA CENTER IN MINUTES OF ARC 

FIGURE 4 



I - -  

. 

cn 
W 
0 
3 
t 

> 
I- - 

RAY L E I G H 
+OZONE (.26 CM S.T.F?) 
+AEROSOL ( p  =.07, H= 25 KM)  
+MOLECULAR DIFFUSION 
+AEROSOL DIFFUSION 

a 
I cn 

0 IO 20 30 40 50 60 
DISTANCE FROM UMBRA CENTER IN MINUTES OF ARC 

FIGURE 5 



-. . 

. 

C 

i 

4 

E 

€ 

12 

li 

I L  

I €  

I I I I I I I I I I I  
- 

I a m i  C P I  I I  A D  A h l n  A c D n c n i  nlcc 
T I V I U L C ~ , V L H I \  H l Y U  H L I \ U d W L  U I I  I .  

- RAYLEIGH + OZONE + AEROSOL 

- 

- 

- 

( x  =.54 p )  
- 

- 
/ 

IO 20 30 40 5 0  60 

DISTANCE FROM UMBRA CENTER IN MINUTES OF ARC 

FIGURE 6 



. 

z 
> 
I- 
E z 
W n 
3 

a 8 
I 
v) 

DISTANCE FROM UMBRA CENTER IN MINUTES OF ARC 

FIGURE 7 


