The rayleigh: interpretation of the unit in terms of column
emission rate or apparent radiance expressed in Sl units

Doran J. Baker and Gerald J. Romick

The rayleigh, originally defined as a unit to express the total column light emission rate [101° photons sec—!
(mZcolumn) ] can equivalently be defined as a unit for apparent photon radiance (1/47 10'° photons sec™!
m~2sr~1). The selection of the appropriate definition will depend upon the physical situation and the inter-
ests of the user. The applicability of the unit for expressing the quantitative measurement of all extended
light sources, including optically thick media, is both handy and valid.

Inl;oduction

Historically, the rayleigh was introduced by Hunten
et al.! as a unit of measure for the total column light
emission rate from optically thin gas species in the
upper atmosphere. The use of this unit was further
elucidated and suggested as a unit for surface brightness
by Chamberlain? in his benchmark work Physics of the
Aurora and Airglow. Since that publication the ray-
leigh has been almost universally adopted by experi-
mentalists in aeronomy. With the recent centennial3
of the birth of the Fourth Baron Rayleigh, Robert John
Strutt (1875-1947), an airglow session of the Fall
Meeting of the American Geophysical Union at San
Francisco in December 1975 was dedicated in honor of
Lord Rayleigh.* This paper, discussing the use of the
unit named after him, is a product of the memorial
session.

Baker® discussed the applicability of the rayleigh as
a unit for the general concept of the apparent radiance
of extended light sources and gave his formula for con-
version of quasi-monochromatic radiance L in W ¢cm—2
sr~! to rayleighs, namely,

R =2.1036177AL X 1013
= 2L X 1018, (1)

The wavelength ) is expressed in um, and the numerical
values of Planck’s constant and the speed of light in a
vacuum are taken from Cohen and Taylor® as suggested
by Van Tassel and Paulsen” in making the conversion
back and forth between watts and photon/second:
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1 photon/sec = 1.986475(1/\) X 10-1° W. 2)

The present paper attempts to clarify the rayleigh unit
and show that it can be defined and unambiguously
applied both for column emission rate and for apparent
radiance. This latter entity is called photon sterance
by Nicodemus.® The relationships between the fore-
going entities are shown and extended to volume
emission rates for the case of isotropic radiators and
optically thin media. In keeping with the International
System of Units (SI) we illustrate and recommend the
conversion of the rayleigh into its component units as
expressed in the International System using the terms
available in standard references on radiation termi-
nology.8-11

Historical Definition of the Rayleigh

Historically, the rayleigh unit was defined as an
emission rate of 1 million photons/sec from an extended
column of 1-cm cross section. In SI units this is

L 1 rayleigh % 10%° photons sec™! (m2-col)~1, ‘ 3)

The entity called total photon column emission rate is
defined by

na f o)z, @

where

#(2) = HimAV—0 Ap/AV
is the spatially dependent volume emission rate (radiant
flux density). For isotropic radiation in an optically
thin medium, the column emission rate 7 is equivalent
to the total emission rate (radiant flux) ¢ in that column
of radiating gas:

1
e2 lim A¢(z)AV. (5)

AV~+col

The incremental radiant flux Ap can be expressed in
photons/second, megaphotons/second, watts, or even



lumens to suit the user; the incremental volume AV has
usually been expressed in cubic centimeters (cubic
meters in SI units). Consequently, with the total col-
umn emission rate 5 expressed in units of rayleigh [101°
photons sec™! (m2-col)~1], the volume emission rate o(2)
is in 1010 photons sec™! m~3. If the distribution ¢(2)
is ascertained as a function of altitude, latitude, and
longitude, 7 can be calculated from the line integral of
Eq. (4). L

One is next led to the question: what is the utility of
the rayleigh unit in those cases where radiative transfer
complications arise, as is the case with major atmo-
spheric emission species including 0s, O3, and CO3 as
well as optically thick chemical releases such as Li, Na,
and Ba.2 Can the unit be used with another interpre-
tation that is physically meaningful for these other types
of sources? '

Generalized Definition of Rayleigh

In order to generalize the concept of the rayleigh unit
it is interesting to investigate the procedure of an air-
glow measurement such as the one pioneered by the
Fourth Baron Rayleigh. We will calculate the apparent
radiance due to a given column emission rate and vice
versa.

Lord Rayleigh!2 achieved an absolute measurement
of the intensity of the 5577-A night airglow auroral line
using a filter photometer. He calibrated his photom-
eter against the light from a standard tungsten lamp of
known candlepower reflected off of a magnesium oxide
Lambertian screen that completely filled the field of
view of the photometer. His airglow photometer was
thereby calibrated in candles per square meter. Since
1 candle = lm/sr, the calibration was in Im m=2 sr~%
The intensity of the oxygen green line at A5577 was thus
in units of luminance. He reported his mean observed
brightness, corrected to the zenith, to be (in SI units)

Lgs7r = 3.2 X 103 1lm m~2sr~L, (6)

Using the mechanical equivalent of light, 0.0016
W/Im at A5560, Rayleigh’s A5577 luminance is

Lsg77 =51 X 108 Wm2srL, (W)
In terms of photon flux with A in micrometers this is

w photon/sec
m2sr (2/A) X 10712°W
= 14 X 101° photons sec™! m~2sr~L ®

Lgsmr=5.1%x 108

Lord Rayleigh concluded that a Lambertian screen
of L candles/m?2 emits L Im/m?2, but that the sky layer
emits 4rL lm/m2. He assumed that for the A5577 line
each volume emits isotropically as a spherically uniform
source having the same candlepower in all directions
with negligible absorption and reemission. Thus, he
calculated a total emission amounting to

n5577 = 47 X 3.2 X 1075 = 4.0 X 107* Im/m?, 9)
which in photon flux amounts to

ns577 = 176 X 1010 photons sec™! m~2. (10)

In Rayleigh’s development, the total volume emission
from a square meter was derived from a surface

"brightness calibration, i.e., he simply multiplied L by

47w, Thus,
ns577 = 4wLssrr = 176 X 100 photons sec™! (m2-col)~1.  (11)

By the column emission rate definition of the unit ray-
leigh, Lord Rayleigh’s interpreted measurement is
equivalent to

ns577 = 176 rayleighs. (12)

By following the steps used by Rayleigh to obtain
absolute measurements of the airglow, it can be seen
that the use of the unit named in his honor might
equally well be used to describe absolutely the apparent
surface brightness of the observed radiation regardless
of its source. This could be accomplished if the L5577
of Eq. (8) can itself be presented directly in rayleighs.
This can be accomplished consistently with Eq. (11) if
the rayleigh is defined as

rl rayleigh 2 (1/47) X 10 ghotons sec™! m~2 sr'l.;] (13)

Thus, Lord Rayleigh’s measurement gives a photon
radiance or photon sterance of

L5577 =176 rayleighs. (14)

The airglow intensity can be interpreted in terms of
apparent surface brightness by using definition (13) or
in terms of a column emission rate using definition (3).
From the latter we can proceed for an isotropic source
as follows.

If the A5577 airglow layer is approximated as 10 km
thick, the mean volume emission rate (radiant flux
density) in the zenith is

n _ 176 101° photons sec™! (m2-col)~?
o 104 m/col
= 1.8 X 108 photons sec" I m~3 (15)
o8 photons ( 2X10°19W
0.5577 photon/sec

=

=18x1 ) m-3=65X10"1W

sec
m3,
The corresponding mean directional radiant flux den-
sity is

=2 = =1.4 X107 photons sec™ m=3 sr~!

=51%X10"12Wm3sr L. (16)

Conclusions and Summary

The foregoing example illustrates that the rayleigh
unit of measure defined in the International System of
Units as either 1 X 1010 photons sec™! (m2-col) ! for use
with the column emission rate or as (1/47) X 10 pho-
tons sec—! m~2 sr~! for use with photon radiance is
self-consistent and can be used to suit the needs of the
user. The latter gives a generalization of the rayleigh
unit without an a priori commitment having to be made
as to details of the nature of the radiative transport-
process actually taking place in the medium of the
source. The various radiative entities, as used with the

August 1976 / Vol. 15, No. 8 / APPLIED OPTICS 1967



Table I.

Airglow Radiant Entities and Their Units of Measure

All aeronomic emission
sources
Conditions of use
Entity

Apparent surface brightness Column emission rate
L

Isotropic radiators—nonabsorbing media
Directional

Volume emission volume emission

rate distribution rate distribution

n o f

Technical name Radiance Column radiant Radiant flux Directional radiant
(photon sterance) density (total volume  density flux density
emission rate)
Befintt Lo A2 . srimd® Ly
1 2 lim 2 = lim — = —_—
efinition AAD Ne Jeo) P(z)dz m AV im )
1010 1010
Quantum definition unit photons sec™ m-2sr~! 10'° photons sec™! 10'° photons photonssec™'m™3
(m?-col)™? sec™' m-3 m sr!
Power definition unit 10-° 2x10°°. 2% 107° 2x%x107°
~—— Wm-2sr! ~ W (m3-col)? ~ Wm=3 ~ Wm™3sr!
21\ A A A
Rayleigh unit rayleigh rayleigh rayleigh/m rayleigh/m
Simple zenith observation L =fh n=¢h o=n/h f=L/h
of isotropic, optically =nlin =4nL =4nf = ¢lam
thin layer of thicknessh = ¢h/4nw = 47fh = 4nL/h =n/4nh

¢ is flux in photons/sec, W or Im.

h is layer thickness in m.

A is wavelength in micrometers (um).
1 photon/sec = 2 X 10"'°/A W,

International System of Units, are summarized in Table
I. In this table both the column emission rate 5 and the
radiance (photon sterance) L are expressed in rayleighs.
The appropriate expressions for volume emission rate
(radiant flux density) ¢ and the directional radiant flux
density f in the case of isotropic radiators and optically
thin; nonabsorbing media are likewise expressed in
terms of this unit.
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