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6.' - Abstract-Interpretation i s  made of photometric records 

obtained at  the  Haleakala Observatory during six nights  

between August 1961 and June 1952. 

f i l t e r  centered on wavelength 5300 A w a s  used. 

allowance for  t he  airglow continuum and the  integrated 

s t a r l i g h t ,  t he  residual  is  interpreted as due t o  

zodiacal l i g h t .  

is  tabulated f o r  t h a t  pa r t  observable -in the  night 

sky. 

t r i bu t ion  of brightness i n  e c l i p t i c  coordinates. 

An interference 

After  

The brightness of the zod iacd  i i g h t  

Graphical representations i l l u s t r a t e  t he  d is -  
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I. INTRODUCTION 

FACILITY FORM OOL 

A s  a p a r t  of t he  airglow-zodiacal l i g h t  program of the Haleakala 

Observatory of t h e  H a w a i i  I n s t i t u t e  of Geophysics ( l a t i t ude  N 20O.7, 

longitude W 156" .16), a photometer having an interference f i l t e r  

centered on wavelength 5300 A was used i n  systematic observations of 

t h e  night sky during the period from May 1961 t o  September 1962. 

* The paper was prepared while  FER was the  recipient  of a 

Senior Research Scholarship a t  the East-West Center of the  University 

o? H a w a i i .  
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The observing program involved scanni:ig the sky i n  a se r i e s  of 

almucantars a t  zenith distances 80°, 7 5 O ,  TO" ,  60°, 40" plus the 

zenith. In  addition t o  the photurneter (designated by us as RP), 

the alt-azimuth mount carr ied (a) a birefr ingent  f i l t e r  photometer 

fo r  t h e  study of the  night airglow 

used by J .  L. Weinberg(*) fo r  a detailed study of t he  polarization 

r (and photoxetry) ef the zndiacal. lisht. 

and (b) a polarimeter-photometer 

An auxi l iary zenith phot0mete.r 

having a bu i l t - i n  and absolutely calibrated standard l ight was oper- 

a ted during all the o b s e r ~ a t i o n s ( ~ )  making it possible t o  obtain the  

cal ibrat ion of the R P  photometer by coqar i son  of the  simultaneous 

zenith sky readings throughout a night. 

11. THE OBERVATIONAL MATERIAL 

The six nights included i n  the study (Table 1) were dis t r ibuted 

The pr incipal  throughout the year i n  approximately 2-month in te rva ls .  

reason f o r  such a spread was t o  give a complete coverage of the  

astronomical sky fo r  a photometric study of t he  integrated s t a r l i gh t  

especial ly  i n  the  Milky Way. /the present study, we have avoided 
I n  

ga lac t ic  l a t i t udes  l e s s  than 30" in  order t o  minimize uncertainties 

due t o  corrections fo r  integrated s t a r l i gh t .  Subsequently, we plan 

t o  re turn t o  the Milky Way study. 



The large ensemble of data (more than one million individual 

readings) resulted i n  a l i b ra ry  of print-outs of t he  absolute bright- 

ness of the night sky referred t o  outside the atmosphere f o r  each 

degree of the sky and f o r  the  several almucantars involved i n  each 

sky survey. 

The data have been examined i n  both systematic and specialized 

An example of systematic use was the p lo t t i ng  of the 40" zenith w a p .  

distance readings f o r  each half hour of s idereal  time. An example of 

a specialized use of the  data w a s  the detailed coverage of the region 

near t he  ec l ip t i c  pole for  which plots  f o r  each 5-minute survey were 

made over an extended period i n  order t o  delineate the de t a i l s .  

have been able t o  make corrections f o r  e r rors  i n  azimuth se t t ings  by 

comparison of peaks of maximum star deflections with t h e i r  computed 

azimuths. Based on such comparisons, we believe t h a t  an individual 

azimuth is  known t o  about k 5' ,  not good enough f o r  any f inesse con- 

cerning the  photometric axis of the zodiacal l i g h t  but consistent 

with the  4" f i e l d  of view of the photometer. 

on a large quantity of data a re  probably good t o  -L: 2" i n  the  various 

coordinates 

We 

- 

O u r  f i n a l  r e su l t s  based 

We have referred the readings t o  outside the  atmosphere by 

allowing f o r  (a) the  extinction of the  lower atmosphere plus  ozone, 

(b) t he  scat ter ing of the  lower atmosphere and (c) the increase of 
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t h e  airglow component toward the horizon. 

on the  problem of correcting f o r  scattered l i g h t .  

t ab les  by A ~ h b u r n ( ~ )  who made numerical integrations of Rayleigh 

sca t te r ing  fo r  (a) a uniform sky with all the  l i g h t  coming from 

astronomical sources (assumed t o  be a t  an i n f i n i t e  distance) and 

(b) an emitting layer  i n  the upper atmosphere, uniform as seen from 

the center of the  ear th  but not uniform as seen from the  ear th ' s  

surface. 

solved (except f o r  the special  case of a single point source such as 

the  sun) and, therefore, the use of the  Ashburn tab les  introduces 

some errors ,  fortunately s m a l l ,  when applied t o  an actual  sky i n  

which both the  astronomical (zodiacal l i g h t ,  Milky Way) and the 

airglow (dependence on azimuth) components are  not uniform. 

Some comment i s  i n  order 

We have used the 

The problem of coping with a non-uniform sky has not been 

The pr incipal  d i f f i cu l ty  i n  p rac t ice  i s  t h a t  the  Ashburn 

constants require mult ipl icat ion by an average sky brightness as 

seen outside the  sca t te r ing  atmosphere. 

u t i l i z e  f o r  t h i s  purpose any par t icular  region of the  sky such as 

the  zenith which is  frequently strongly affected by the Milky Way. 

We have, therefore,  made an estimate of the  "average" sky brightness, 

J, f o r  purposes of obtaining the scat ter ing correction by an approxi- 

mation technique. 

data  processing procedure. 

It is  not possible t o  

This i s  best  shown by indicating analyt ical ly  our 

We define the following quant i t ies :  
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z = zenith distance, 

A = azimuth, 

m ( z )  = air  mass from Haleakala, 

71 = ext inct ion 'coeff ic ient  t o  r e fe r  a reading t o  

outside the  atmosphere, 

7 2  = ext inct ion coefficient t o  r e f e r  a reading t o  

outside the  lower atmosphere but j u s t  inside 

the  ozone layer ,  

7 3  = molecular (Rayleigh) coeff ic ient ,  

J = average brightness of  a uniform sky corresponding 

t o  the  ac tua l  non-uniform sky j u s t  ins ide  the  

ozone layer ,  

Sc(z) = sca t te r ing  fac tor  from Ashburn's t ab l e s  t o  be 

multiplied in to  J, 

V(z)  = t he  van Rhijn function giving the  increase with 

zenith distance of an airglow layer  as seen from 
the  surface of the ear th ,  

R(z,A) = the  observed reading at z and A, 

L ( z )  = t he  slant brightness i n  reading units of t he  

SKY j u s t  ins ide  the ozone layer .  

The observed brightness i n  reading un i t s  can be defined as 

R(Z,A)  = L(z )e  - T p ( z )  + SC(Z)  *J. 
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Assuming the  upper atmosphere component of J as 2546 and the i n f i n i t y  

component as 75% , then 8 

L ( z )  = .25 V(z)  J + .75 J .  

Subst i tut ing L ( z )  from equation (2) i n t o  equation (l), we f i n d  

(3) J = R(z,A)/[(.25 V(z)  + .75)e -12m(z) + s c ( z ) ] .  

J was determined f o r  each survey by computing it f o r  each zenith 

distance and azimuth observed and taking the average of t he  1800 

(360 azimuth readings f o r  each of 5 zenith distances) coqu ta t ions .  

Final iy ,  we ai-rive at an expression fo r  the brightness i n  absolute 

u n i t s  [Sl0(vis)1 outside the atmosphere by the  formula 

(4) I(o/a) = [R(z,A) - Sc(z)J le  71m(z) Q 

where Q i s  the  ca l ibra t ion  constant t o  r e f e r  our galvanometer readings 

t o  sl0(vis) un i t s  of brightness.  For a discussion of t he  S lo(v is )  

%he sca t te r ing  correction i s  r e l a t ive ly  insensi t ive t o  t h e  

assumed percentage of i n f i n i t y  and atmospheric l i g h t .  

determined (Table 4), it would have been be t t e r  t o  have used a lower 

percentage f o r  t h e  airglow component. 

t i o n s  t o  correspond t o  the  deduced percentages of airglow (Table 4) 

s ince the  e f f ec t  on the f i n a l  r e su l t  would have been small. 

A s  we have l a t e r  

We d id  not repeat the calcula- 
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uni t  and of t he  methods we have used t o  evaluate Q, we r e fe r  t o  Roach 

and Smitht5). Table 2 is  a summary of the constants used i n  equa- 

t ions  (3) and (4). 

111. THE INTEGRATED STARLIGHT 

As mentioned above, we avoided regions of t he  sky with galact ic  

l a t i t udes  smaller than 30"*. I n  a recent study, Roach and Smith ( 5  1 
concluded t h a t  the integrated s t a r l i gh t  fo r  high galact ic  l a t i t udes  

deduced from the Groningen 43(6) s t a r  counts [see Roach and Megill (7 )  ] 

represents the t rue  integrated s ta r l igh t  when multiplied by 1.26. 

the present study,, we have taken ~ 2 6  times the integrations from 

Groningen 43 f o r  our estimations of the  photometric e f fec t  of the 

integrated s t a r l i g h t .  

s t a r l i g h t  was made by a double interpolation between the values 

obtained from the  tabular  en t r ies  i n  Groningen 43. 

In 

A point by point evaluation of the integrated 

The magnitude of the integrated s t a r l i gh t  corrections i s  

indicated i n  Table 3 i n  which the average values are  given for selected 

ga lac t ic  l a t i t udes .  

~ 

*The s ingle  exception i s  the ec l ip t i c  pole f o r  which t h e  

ga lac t ic  l a t i t u d e  is 28". 
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IV. THE AIRGLOW CONTINUUM 

The f i l t e r  of our photometer was chosen so as t o  avoid any 

bright airglow emissions. Nevertheless, the  presence of an airglow 

tlcontinuumll i n  our observations i s  indicated by the  systematic 

increase of t he  measured in tens i t ies  toward the  horizon. Such an 

increase has long been associated w i t h  t he  presence of an airglow 

corqorient i n  the  eIsser-.wtinns (the so-caI-led van m i j n  e f f ec t ) .  

a l a t e r  study, we propose t o  go into the  airglow problem i n  d e t a i l  

and here record i n  Table 4 the  absolute airglow brightness used f o r  

each of the nights i n  the  present analysis .  

I n  

"he airglow continuum w a s  as much as 24$ of the  t o t a l  l i g h t  

(J), but t h a t  t h i s  percentage does change s igni f icant ly  from night t o  

night is indicated by the spread in  the  values l i s t e d  i n  Table 4. 

Changes during a night and variations of brightness with azimuth were 

ignored i n  our treatment and errors due t o  ignoring these changes 

contribute s l i gh t ly  t o  the s c a t t e r  i n  OUT f i n a l  r e su l t s .  We re fe r  t o  

such' errors  as "subtractive" since they a r i s e  from uncertainties i n  

subtracting out t he  non-zodiacal l i g h t  components. 

V. THE OBSERVATIONAL RESULTS 

The numerical r e su l t s  of o u r  study are  assembled i n  Table 5 

i n  the form of zodiacal l ight brightnesses over the observable domain 
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with 5" in te rva ls  i n  the  parameters e c l i p t i c  l a t i t u d e , / ,  and the 

d i f f e r e n t i a l  e c l i p t i c  longitude, A -,lo. 
I n  Fig. 1 the  ensemble of d a t a  is  p lo t t ed  as isophotes i n  

polar  coordinates, ,if and 1-1,. 

e c l i p t i c  pole and t h e  periphery i s  t h e  e c l i p t i c .  

we have averaged evening and morning r e s u l t s  which correspond t o  the  

upper and lower p a r t s  of the  p lo t  which a re  thus mirror images of 

each other .  

The center of t he  p lo t  i s  the  

I n  our analysis,  

V I .  DISCUSSION 

The gross charac te r i s t ic  t h a t  stands out from an inspection 

of Fig.  1 is  the  contrast  between t h e  l e f t  and r igh t  halves of t he  

p l o t .  The r igh t  half  represents i n t ens i t i e s  due t o  l i g h t  or iginat ing 

f romthe  dark or  night s ide  of the ear th  if one considers t h e  problem 

i n  i t s  diurnal context. It is probably preferable  t o  consider it as 

a so la r  system problem and i n  t h i s  sense the  r igh t  half  of t h e  p l o t  

i s  due t o  l i g h t  from beyond %he ear th 's  o rb i t .  The gegenschein shows 

as a s m a l l  enhancement at A - A ,  = 180. 

brightness toward the  e c l i p t i c  pole, but t he  d is tor t ion  of t h e  iso2hotes 

j u s t  on the  sunward s ide  of t h e  pole gives an i l l u s i o n  t h a t  t h e  center 

of t h e  photometric minimum i s  not centered on the  pole i t s e l f .  On t h e  

l e f t  s ide  of t he  p lo t ,  a d rama t i c  increase of brightness i s  noted. 

very br ight  zodiacal l i g h t  [ 7 1000 SlO(vis) 1 i s  br ighter  than most of 

our present observations and i s  shown without s t ruc ture .  

There is  a steady decline i n  

The 
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We show i n  Fig. 2 a p l o t  of t h e  zodiacal l i g h t  brightness as 

a function of t h e  e c l i p t i c  la t i tude  f o r  a d i f f e r e n t i a l  e c l i p t i c  

longitude, 

constant elongation, E , of 90" over the  whole plot*. 

goes s teadi ly  down frum 250 SlO(vis) a t  t h e  e c l i p t i c  t o  110 S1o(vis) 

a t  the  pole.  

h- A@, of go", a value chosen since it corresponds t o  a 

The brightness 

I n  Fig. 3 we show the  brightness of the zodiacal. l i g h t  as a 

function of f o r  two cases: (a) i n  the  plane of t he  e c l i p t i c  where 

E = h-  h,, and (b) perpendicular t o  t h e  plane of the  e c l i p t i c  

where E = p  fo r  2- = 0" up t o  ,6 = 90" and where (2 = 180" 

f o r  A -  & = 180". 

( 6  = 180") and would do so a t  the sun ( 

carry our observations t o  t h a t  direct ion i n  space. 

-B 
The two curves come together at  the  gegenschein 

= 0 ' )  i f  we were able  t o  

An in te res t ing  empirical quantity i s  the  r a t i o ,  P, of t he  

brightness of the zodiacal light a t  a given elongation i n  the  e c l i p t i c  

t o  t h a t  at  the  sane elongation i n  a plane perpendicular t o  t h e  e c l i p t i c .  

For B = 90" we note t h a t  

an approximate evaluation of P over t'ne domain from the  sun t o  t h e  

gegenschein based on a number of published sources plus the  observa- 

t i o n s  of t h i s  study. 

P = - 250 = 2.27. We have attempted t o  make 110 

The last row ( for  2 -  h, = 0") i n  Table 5 

+he elongation, E , i s  conveniently derived from the  

expression: cos E = cos ( A -  A,) cos ,~3 
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contains a number of en t r ies  in parentheses* which represent 

graphical extrapolations down each column. These numbers a re  

included i n  Table 6 i n  the  column headed "Brightness, ec l ip t ic" .  

The three en t r i e s  in the  "in ec l ip t ic"  column f o r  l 5 " ,  20" and 25" 

elongation a r e  from Table I11 i n  Ingham(8) with a f ac to r  of 1.20 

found empirically necessary t o  put h i s  observations i n t o  our  scale**. 

The r a t io ,  P, must necessarily be uni ty  at  elongations of 0" 

( the sun) and 180" (the gegenschein). 

toward the  e c l i p t i c  requires t h a t  the r a t i o  be greater than one a t  

intermediate elongations. An inspection of Fig. 4 indicates  a 

maximum r a t i o  of alrnost 5 at   ELL^ elongation of 35". 

a refinement of Fig. 4 might be an i n t e re s t ing  observational goal. 

Any photometric concentration 

W e  suggest t h a t  

I n  the  region between E = 50" and 90" i n  the  p l o t  of Fig. 4, 

a departure of P from the  smooth curve (as dashed by us)  is noted. 

%he quant i t ies  within parentheses i n  the  first two columns 

also represent graphical extrapolations,but in t h i s  case, the  reason 

f o r  t h e  extrapolation w a s  t o  attempt t o  allow f o r  t h e  slow time 

response of our recording galvanometer. 

A t  € = 35", Ingham records a brightness of I?QO 3 x a m p l e :  

compared t o  our value of m. 
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When t h i s  came t o  our attention i n  the ear ly  examination of the k t a ,  

we made a concentrated study of tihe region. 

demonstrates t h a t  the  photometric i r regular i ty  seems t o  pe r s i s t  away 

from the A -  = 0" domain as evidenced by the  200 S1o(vis) islands 

near #3 = 55" and h - A, = 45" (corresponding t o  € = 66"). We cannot 

detect  any such perturbation extending down t o  t h e  ec l ip t i c  i n  the 

€ = 65" ( h-  A, = 65" a lso)  region*. 

Inspection of Fig. 1 

It should be remarked tha t  

t h e  region of enhancement w a s  included i n  our records over almost 

a 4-month period from August 14/15 t o  November 6/7,  1961, a period 

during which the posit ion of the Milky Way i n  the sky permitted a 

def in i t ive  t e s t .  

I n  order t o  indicate the evidence for  t he  excess which l ed  t o  

the Slo(vis) = 200 islands i n  Fig.  1, we show i n  Fig. 5 p lo ts  of the  

brightness versus d i f f e ren t i a l  elongation f o r  a family of values of 

,d from 25" t o  80". 

of maxima especially i n  the  cumes f o r  P = 45", 50" and 55". 

Fig. 6 we have isolated the excess i n  the  plane perpendicular t o  the  

e c l i p t i c  based on the depat-are of the  dis tor ted region (Fig. 4) from 

the  smooth curve (dashed) indicating a brightness of some 50 SlO(vis) 

un i t s .  

m e  region of excess i s  seen as a progression 

In 

"In a detai led plot of the  zodiaca3 l i g h t  brightness i n  the  

e c l i p t i c  by Weinberg(2), there  i s  a h in t  of a s l igh t  enhancement i n  

the  E = 65" region. 
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We assume the  pr iv i lege  of the observer t o  be the first t o  

speculate about the  physical significance of h i s  own observations and 

suggest t h a t  the  excess may be due t o  a concentration of sca t te r ing  

mater ia l  some 50" t o  90" from the  sun i n  the  general region away 

from the  e c l i p t i c .  

(with respect t o  the ear th)  conczntration seems t o  us  more reasonable 

than one extending over some 120" of e c l i p t i c  longitude over t he  four 

months t h a t  t he  excess w a s  observed. 

If t h i s  be the  explanation then a local ized 

V I I .  CONCLUSIONS 

From systematic photometric observations of t h e  night sky at 

the  Haleakala Observatory, w e  have i so la ted  the zodiacal l i g h t  

coqonent  and recorded it i n  terms of e c l i p t i c  coordinates. 

a photometric e c l i p t i c  enhancement of 4.88 a t  i t s  maximum f o r  an 

elongation of 35" and of 2.27 a t  an elongation of 90". 

evidence f o r  a,photometric perturbation some 70" from the  sun i n  

regions well  away from t h e  ec l ip t i c .  
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Fig. 1. 3 Isophotal map of t h o  zodiacal l i g h t  i n  polar coordinates. 

The circumference represents the  plane of t h e  e c l i p t i c  w i t h  
e 

values of d i f f e r e n t i a l  locgitude,> -1 
t o  90' t o  l e O o  (the gagenschein). 

increases from Oo a t  %he e c l i p t i c  t o  YO" i n  the  cente: of the 

c i r c l e .  

b c r e a s h g  fror;; 0 

The e c l i p t i c  l a t i t u d e # ,  

Figo 2 

?ig. 3 

Fig. 4 

Fie;. 5 

Fig. 6 

Brightness of  t h e  zod:iacal 1Ig!iL as a function of e c l i p t i c  

l a t i t u d e  for an e1ong;ittion o f  90 

Brightness of the zoa.iac31 light as a function of t he  

elongation for two pl;t?es: above i n  the ec l ip t i c ,  below 

a t  r igh t  angles t o  t h c  e c l i p t i c .  

slight rise a t  t = I ~ ~ o O ,  

Ratio of brightrress o? t h e  zodiacal l i g h t  i n  the  e c l i 2 t i c  

t o  t h a t  iii a plane a t  r i g h t  angles t o  tho e c l i p t i c  as a 

function of elongation Tron the  eritries i n  Table 7. 
light 

Brightness of the  zodiacal/as a function of dil"ferentia1 

longitude f o r  ecliptic: l a t i tudes  ranging from 2s0 t o  60° . 
The successive curves are displaced fro= each other by 

50 S (vis) units. 

0 

The gegenschein i s  t h e  

10 

Brightness of t h e  excess zodiacal l i g h t  in  a plane perpendi- 

cular t o  the  e c l i p t i c  as a function of elongation. 

is thought to be due t o  a t e r r e s t r i a l  component (soe t e x t ) ,  

The excess 
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