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Executive Summary

With the U.S. Army’s increasingly fighting at night, it becomes necessary to know nighttime
illumination levels before engagements occur, thereby providing mission planners the
opportunity to select the most effective sensors under the expected illumination from urban
settings. Helicopter pilots must be able to discern existing electrical wires; Soldiers need to
know at what light level will they lose the ability to acquire targets; analysts need illumination
levels to correctly analyze post-engagement situations for improved after action reports, and
wargamers need such data for implementation in combat models.

The Army Illumination Model version 2 (AIM v2) is a full implementation of Garstang’s
methodology for determining city brightness as a function of distance, look-angle, and city
population and is a significant improvement over its predecessors: a preliminary Urban
[llumination model and AIM v1. The model can calculate the brightness for either an extended
or point source, depending on the observer’s distance from the city center. Brightness
components include scattered radiation from the city, either from the clear atmosphere or
reflected from a cloud deck, the ever present night sky background, and lunar illumination either
passing through the clear atmosphere or a cloud deck. The cloud deck itself may contain typical
cloud types for upper-, middle-, and lower-level clouds. The effects of illumination passing
through this three-layer cloud deck are determined using Shapiro’s method for calculating the
flux of lunar radiation through the atmosphere. In addition to the broadband brightness, spectral
radiances are determined using light type spectral curves from a supplied file.

AIM v2 has been constructed for use with night vision devices, such as Night Vision Goggles
(NVGs) and for use of, or incorporation into, the Infantry Warrior Simulation (IWARS) and the
Target Acquisition Weapons Software (TAWS). Population plays a significant role in the
amount of light emitted by any city and the light types used (mercury vapor, high pressure
sodium, incandescent, etc.) greatly impact the spectral emission. While city populations are not
difficult to obtain, they are still time-consuming to locate; the spectra of city light types is a
challenge to obtain, particularly out to the wavelengths that night vision devices typically
operate. Both of these data are included in ancillary data bases.

The program has been validated by comparison with Garstang’s results and with city spectra.
This report contains detailed information on the physics and the approximations that were
employed to construct the model. A separate report is available that details the numerical
techniques and the usage of AIM v2.
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1. Introduction

Light pollution is defined as excessive and inappropriate artificial light comprised of four
components, which are often combined and overlapping (/):

» Urban sky glow—the brightening of the night sky over inhabited areas.
» Light trespass—Ilight falling where it is not intended, wanted, or needed.

* Glare—excessive brightness which causes visual discomfort. High levels of glare can
decrease visibility.

* Clutter—bright, confusing, and excessive groupings of light sources, commonly found in
over-lit urban areas. The proliferation of clutter contributes to urban sky glow, trespass,
and glare.

Light trespass, glare and clutter components all contribute the urban sky glow, or simply sky
glow, and are implicitly included in the techniques described in this report. Sky glow acts as an
additional light source in the night sky faintly illuminating objects resulting in lowered visibility
and changed contrast. To predict or model urban sky glow requires a complex and interrelated
set of data: city size and output luminance, spectral content, number, and mean brightness of
illumination sources, luminaries shielding, surface albedo and atmospheric aerosol content.
Other influencing factors include cloud content and external illumination sources, such as
moonlight, galactic light, auroral light, etc. Finally, but perhaps not surprisingly, population
plays an important role in-so-far as the larger the population the larger are the lighting
requirements for any given locale. A city’s economic state will also tend to affect the mean
number of illumination sources present per inhabitant and the mean brightness per source. Other
factors, such as nighttime blackout, may be dictated by tactical considerations.

For military operations, which are increasingly undertaken at night, locating targets and/or
predicting their acquisition ranges requires knowing not only the sensor and target characteristics
but also the weather conditions and the ambient illumination (sky glow). Sky glow strongly
affects the ability of a sensor to “see” and determine acquisition ranges. In nighttime warfare,
frequently the brightest sources of illumination are either from the moon or from urban areas.
The received illumination from cities is further complicated by the presence of clouds, the
reflection from which frequently is just as bright as that of a partial moon. For mission planning,
training purposes, estimates of target acquisition ranges, and simulations such as IWARS, it is
necessary to have an illumination model that will accurately simulate all of the above. City
illumination models have been developed at varying levels of fidelity from research grade (2, 3),
to those employing various approximations for multiple scattering, (4, 5, 6) to those that include
clouds (7). The model described herein provides approximate, but reasonably accurate results,
which include the effects of weather, clouds and varying populations.



2. Background

The problem of predicting the amount of light pollution or sky glow was first examined by
astronomers concerned with choosing optimal locations for new observatories to avoid being
hampered by the lack of dark skies. Summaries of recent work may be found in Garstang (§),
Cinzano et al. (9) and Luginbuhl et al. (10, 11).

2.1 Walker’s Law

Walker (/2) was the first to observationally link a city’s population with the amount of sky glow
received at some distance outside of the city. Walker first consulted with municipal public
works directors of cities in the vicinity of Mt. Palomar from which he was able to determine both
the populations and total energy output of their street lights in lumens. From this data he found a
linear relationship between luminosity .£ and the population of the city P or .£ o« P, known as
the luminosity-population relation. Walker then took sky brightness measurements as a function
of distance, Dg, from Salinas, CA and was able to show that the city’s night sky brightness, or
intensity, decreased proportional to the distance from Salinas raised to the —2.5 power,

Toc Ds 7, (1)

known as the brightness-distance relationship. The exponent, —2.5, is reasonable considering
that light propagation follows the inverse square law and atmospheric extinction will further
attenuate the intensity. Using additional sky brightness measurements Walker (/2) then found
the distances, D, from these cities where the increase in artificial brightening at the zenith was
<0.1 magnitude, and was able to relate this distance from the city to that city’s population as

P o D*°, )
known as the population-distance relationship. Garstang (&) reformulated equation 2 as
B=CPD >’ (3)

where B is the increase in sky glow level above the natural background and C is a coefficient that
does not depend on P and D, but depends on factors, such as the light emission per head of the
population and the reflectivity of the ground (8). Equation 3, known as Walker’s law, can be
used to estimate sky glow and is the simplest model for light pollution.

2.2 Treanor’s Method

The first light pollution model was developed by Bertiau et al. (/3) and Treanor (/4) who
proposed a small-angle approximation that accounts for single scattering effects. Treanor’s
approximation accounts for the direct beam, scattering, and the attenuation of the direct and
scattered light by absorption and scattering losses. The model assumptions and their rationale
are:



Homogeneous atmosphere:

* Aecrosols are located predominantly in the lower atmosphere, and their distribution and
amount is very irregular. However, radiative transfer codes that are capable of
considering both the geometrical and physical effects and interactions are of research
grade, complicated, and slow running. A homogeneous atmosphere ameliorates these
problems considerably. If we exclude localized weather effects, such as thunderstorms,
fog and other localized events, approximate results have been shown to provide
reasonable results.

Vertical heights are small in relation to the horizontal distance:

» If only point sources are considered then the vertical height of the scattering layers,
which is usually a fraction of the troposphere, are small compared to the observer’s
distance.”

Scattering is limited to a cone of small angular extent whose axis of symmetry lies along
the path of the direct beam and whose vertex, Q, is constrained to lie on arc TQY (see
figure 1):

* Aecrosol scattering at visible wavelengths is preferentially in the forward direction
Flat earth:

* Curved-earth results differ by only 2% for distances less than 50 km.

Scattering
Point

T O

Figure 1. Showing the locus of all points (dashed line) whose vertices form angles of a given
size gp_ that contribute to the forward scattering received at collection point Z.

* Surprisingly, this technique works well for extended sources also.
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The basic scenario for Treanor’s model is an observer on the ground at some distance from a city
considered to be a point source, and who is looking upward at the zenith. Consider figure 1
above, where T represents the town, O is the observer’s position (at ground level) and Z is the
collection point (zenith) where the direct and scattered light is “received” and subsequently
scattered downward to the observer. Since the city emission source, discussed in section 3.7, is a
wide-spread intensity function emanating from point T, there are essentially an infinite number
of outward “direct beams”, only one of which is relevant to the collection at Z (¢the direct beam)
and 1s indicated in figure 1 by line TZ. If we constrain scattering to a forward direction within a
cone of angle ¢,,, where ¢,, is small, then the locus of the scattering points will fall within the
arc TQZ. The scattering points in the diagram are indicated by diamonds, one of which is
labeled Q. One may easily see that scattering angles ¢ > ¢,, cannot contribute scattered
radiation at Z since the original premise is all scattering that occurs is within angles < ¢,, and
must originate within the volume of rotation swept out by the arc TQZ about the direct beam line
TZ. We note here, that while conceptually the forward scattering angle ¢ is the same as the
angle through which the radiation is scattered into the observer’s line-of-sight (LOS), there is a
distinct difference: ¢, the forward scattering angle, is limited to some maximum angle ¢,,, still
small, whereas the angle through which the radiation is scattered into the observer’s LOS at point
Z has no such restriction.

To determine the total scattered light received at Z, we confine the scattering to the forward
direction, integrate over the direct beam path, and add up the contributions to the total forward
scattering volume by a series of differentially thin disks of area S4 and thickness dx (see figure
2). Assuming a homogeneous atmosphere, and only accounting for forward scattering effects,
the scattered contribution to the intensity from T impinging on and scattered from disk S at
position x and received at Z is

dl, = 1, Sy N(h) o) (“;x) ’(xi}m) dix (4)

where I, is the original intensity, N(h) is the particle density at height 4, o is the single particle
scattering cross section, x is the volume extinction coefficient, X is the distance from T to Z and
x is the distance from T to S4. The first term in parenthesis in equation 4 is the attenuated
inverse square loss from T to S4 and the second term in parenthesis is the loss from Sq4 to Z.



T o

Figure 2. Geometry for determination of disk area Sy. X is the distance from T to Z and x is the
distance from T to S4. The scattering angle, L. is assumed small.

To determine S4 we proceed as follows:
examination of figure 2 shows

a+ g+ @n= 180 ()

a+pf+ &+ =180, (6)
solving for @ + B from equation 5 and substituting into equation 6 we find
G+ £ = @Pm (7)

and, since ¢,, is small, it follows that d and ¢ are also small. Making use of the small angle
approximation (SAA) we find

L

tand= - ~ &, (8)
and
tan £= (;x} RE. 9)
Combining (7), (8), and (9) and solving for 7,
r= fpmx(';_x}, (10)
and thus
Sy= xrl = mo, 2 XD (11)




Since the atmosphere is homogeneous we can set o(¢) = ¢ and rewrite (4) as
dl, =1, m¢® N(R)o X2 e7%% g %(¥=2) gy | (12)

where we have integrated over all scattering angles (see 2.3 below). Integrating equation 12
along the entire propagation path, the total integrated scattered intensity I is

=1, n¢°c X2 e‘*’x_f; dx= I, n¢? c X te *X (13)

and, upon adding in the direct beam we have for the final intensity at Z

I=lg+ L=, ne*c(X"1+ X% e“""’ (14)

where Ip is the direct beam intensity.

2.3 Garstang’s Modifications

Garstang (75, 16) modified Treanor’s constant scattering coefficient () to allow an angular
dependence of o on the forward scattering angle @, which allows Treanor’s factor 7t ¢ in
equation 13 to be replaced with 21t ¢ do. Since scattering at visible wavelengths is
predominantly in the forward direction, the argument is made that 6(¢) is small when ¢ is large
and, therefore, we can replace o( @) with o, sans the ¢ dependence. Employing this
approximation in conjunction with the SAA sin ¢ = ¢, we find that o;, the integrated scattering
cross section for one particle of type i, to be

G = 2n [y oi(@)sing de= 2na, [, ¢de. (15)

Garstang further modified Treanor’s homogeneous atmosphere to one that decreases
exponentially with height, is comprised of aerosols and molecules, and can be represented by

N,(R) = N.(0)e~ain, (16)

where, for particles of type i, N; () is the particle number density at height 4, N«0) is the ground
level density and a; is the particle-density reciprocal scale-height. Substituting equations 15 and
16 into equation 13 and, for a zenith angle z, we find

I, =1, 27f, sinpdp X2 e~<% [*N,(K) dh,

I, 6 N,(0) X2 g {20 (17)

G{CoEZ

after integration over x; 4; and /4, are heights and 2 = X cos z. To this we add the direct beam
attenuation,

o {1- E—aﬁruax}) (18)

2iCOEE

I=Ip+ I = Iaqﬁirze‘kx(1+

Equation 18 thus accounts for the inverse square law, the attenuation, and scattering (the second
term in parenthesis). Garstang developed his model for both flat earth (4) and for a curved earth
(16). The basic equations for Garstang’s flat-earth model were used in the construction of the



current model due both to its simplicity and Garstang’s determination (/6) that curved-earth
results differ by only 2% for distances less than 50 km from the city and for moderate zenith
angles.

3. The Model

3.1 Basic Geometrical Equations

Figure 3 is the typical scenario used for flat earth calculations, where:

O is the observer location at height A which projects downward to point B on the x-axis at
a distance D from city center.

C is the city center.

a is an elemental area within the city’s radius R.

d is the horizontal distance from observer to the elemental area, a, under consideration.
L is the slant distance from the observer to the elemental area, a.

U is the observer’s LOS.

S is the upward light ray along which scattering is considered.

Q is the scattering point between S and U.

h is the vertical distance from Q to the x,y plane.

Z, is the observer’s zenith angle (Z, = 0° when looking directly upward).
0 is the angle between the observer’s LOS and L.

v is the angle between the city’s zenith and Q.

@ is the angle between S and L.

B is the azimuth angle of U as measured from the observer’s position (B is defined by the
observer’s “look” direction: B = 0° when looking in the (user defined) forward direction;
directly behind the observer § = 180°).

with these definitions, it can be shown that

d*=(x-D)*+v, (19)

L2=d*+ A% (20)

L cos(0) = (D - x) sin(Z,) cos(B) +y sin(Z,) sin(B) - A cos(Zo), (21)
S?=U?+L*-2 UL cos(0), (22)

L =S cos(®) + U cos(0), (23)

T Equation 21 is derived in appendix A.



h=U cos(Z,) + A, (24)
h =S cos(y). (25)

Figure 3. Light scattering from a city. Garstang's flat earth notation has been followed (4).

These are the basic geometrical equations used throughout this report. Note that the angle
through which radiation is scattered into the observer’s LOS (the scattering angle) is 6 + ®@.

3.2 Atmospheric Density

As in Garstang an exponential atmospheric density is used. For molecules, equation 11 becomes
N,(h)= N, (0)e"c" (26)

where Npy(0) = 2.55 x 10** km™ is the molecular density at sea level, c = 0.104 km™' is the
reciprocal molecular scale height, and h has been previously defined. Garstang defined a
parameter K to be the ratio of aerosol extinction to molecular extinction at ground level. K, to be
distinguished from kappa (k) the volume extinction coefficient, may be thought of as a measure
of the relative importance of aerosols and molecules for scattering light and is a measure of
atmospheric clarity (4). K is thus defined by

N,o,=1111K N, o, e ¥, (27)

relating the aerosol vertical density to the molecular vertical density, and a’'= 0.657 + 0.059 K is
the inverse aerosol scale height, N and ¢ have been previously defined, H is the altitude of the
city above sea level, and the subscripts a and m refer to aerosol or molecular, respectively.
Garstang chose the coefficient 11.11 to normalize K to a value of 1 for a clear atmosphere
(visibility ~ 23 km). Garstang took his values for a “clear atmosphere” and the associated phase
function from McClatchey et al. (/7). Examination of McClatchey’s data shows that the aerosol
model chosen by Garstang is essentially the continental aerosol model further developed by
Shettle and Fenn (/8).



The assumptions inherent in equation 27 should be borne in mind, vis-a-vis the following points:

The molecular atmosphere is in hydrostatic equilibrium.
The aerosol number density is an exponential function.
The atmosphere is horizontally homogeneous.

The atmospheric clarity parameter K relates the relative importance of aerosols to
molecules.

Both molecules and aerosols are constrained to decrease exponentially in the atmosphere with
different scale heights for each. The number density for both molecules and aerosols as a
function of altitude is presented in figure 4.

Molecular Density
(particlesikm?3)

JE+34

2E+34 A

1E+34 o

J.E+18

- 2.E+18

- 1.E+18

20 30 40
Height Above Sea Level (km)

0.E+00
50

Aerosol Density
(particles/km?3)

Figure 4. Molecular number density (dashed line) and aerosol number density (solid line) as a function

of height above sea level.

3.3 Atmospheric Transmission

Neglecting scattering, atmospheric transmission for vertical propagation is represented by the
Beer-Lambert law

h3
T=eTdh— g h Kan

(28)
where 7 is the vertical optical depth and « = N,,o, + N,0, is the total (molecular + aerosol)
extinction coefficient. Using equation 27 we can simplify

K =N Om+ NaGa = N om [e + 11.778 K e™1]. (29)



Using equation 28 and setting /; to zero and /42 to an arbitrary height 4, and making appropriate
substitutions for k we have

t= [FKkdh= [] Ny 0, e~ +11.778 K e~2"] dh

=Ny om[(1—e~") c1+11.778 K (1 —e~2'®)].  (30)
This is the basic equation used for determination of transmission along the upward beam path S
and the downward LOS path U. For the upward path and for the downward path h = U cos(z).
The amount of scattering at point Q is determined by the Rayleigh (molecular) phase function
plus the appropriate aerosol phase function. It should be noted that in Garstang’s 1986 paper (4)
the stated curve fit to McClatchey’s phase function is incorrect; however, results from that paper
indicate that a correct fit was used in the calculations.

3.4 Small Angle Scattering Approximation

Determination of multiple scattering from aerosols and/or molecules is frequently a time-
consuming process requiring research grade codes thus giving rise to numerous simplifications
and approximations. Garstang uses the approximation in equation 17 to represent what he calls
“double scattering” along the upward path only. However, Garstang’s “double scattering”
terminology is confusing and a misnomer. Garstang’s “double scattering” is another method in
the bin of approximations that fall under the heading of SAA to the equation of radiative transfer.
Referring to figure 3, in Garstang’s method scattering along path S is approximated by
considering only those effects that arise from restricting scattering to a small angle in the forward
direction. This approximation is applied only along the upward path S; a final single scattering
takes place at point Q, where the radiation is scattered into the observer’s LOS for which there
are no angular restrictions. Thus, we have small angle scattering along path S with a subsequent
single scatter at point Q; attenuation, or extinction of the direct beam and the singly-scattered
light into the LOS follows Beer’s law.

Considering the scattering portion of equation 17 we find the contribution of the scattered light
to be

l_g—aEsruaqﬁ N 1— g—a' scom _ _—cscoa
SAA = U'EN:'[ : }: aﬂ'ﬂ{ g }+ T*"‘mﬂm{l g }

'
@; COEE a' cosd

; G

c cosy

where vy is a factor introduced by Garstang to account for the sphericity of Rayleigh scattering in
comparison to aerosol scattering and the subscripts a and m refer to aerosol and molecular,
respectively. Using equation 27 we simplify and write

— g—a 5 cost — -G EC0sY
SAA = chrm(ll.??ﬁf({l — I " }) cos~1y. (32)

3.5 Brightness

Since much of this work was first developed in the astronomical community, the prevalent
system of units is photometric. Radiometry is the measurement of optical radiation whereas
photometry, which predates radiometry, is the measurement of light, defined as electromagnetic
radiation that is detectable by the human eye. Photometry is similar to radiometry except that
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everything is weighted by the spectral response of the eye. Typical photometric units include
lumens, lux, candelas, and a host of others. One can find a number of different definitions for
brightness, dependent upon the community that one is conversing with. In this report, the
brightness is in units of nanolamberts (1 lambert = 1 lumen/cm?), analogous to the Watt in
radiometry. One lumen is defined as the luminous flux of light produced by a light source that
emits one candela of luminous intensity over a solid angle of one steradian. In turn, luminous
intensity, also a photometric measure, is a measure of the wavelength-weighted power emitted
by a light source in a particular direction per unit solid angle. Luminous flux is often used as an
objective measure of the useful power emitted by a light source, in our case, the city consisting
of all light sources and types contained within the city’s radius.

We now determine the luminous flux, E,, as seen by an observer at point O in figure 3. Let IT (1)
be the emission function, considered spherically symmetric, for the city in the upward direction.
Then the upward flux from an elemental area dx dy on the city disk is

B = [1g)s—2a0= W) s~2[,"dp [y siny dy = 2n I ()S 2 (33)

where [ is the azimuth angle.

Referring now to figure 5, the elemental scattering volume at Q is « r* du =7 (usin €)* du ~ v’

&” du, by virtue of the SAA. Thus we find the luminous flux in lumens (Im) at the observer to be
comprised of the flux attenuated in the upward direction

E, = f du Fy e ™5 SSAP(B + @)nul e w0,

A 2m3r2 2 1 (Y) 5 2e ) SSA P(B + @) e~ T, (35)

where we have made use of equation 34 and the definition of the solid angle Q3. = w72/ u?

LOS Q

Observer

Figure 5. Diagram for determination of luminance as seen from the observer. This figure is the
expanded LOS portion of figure 3.
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We know that the brightness, b, is the same at the source and at the detector. Hence the flux
received at the observer from the surface at Q will be

E, = E(ﬂ.’ gtu?) (zz_:'-‘) =bel2mri (36)

The first factor in equation 36 represents the brightness in Im m ™ sr ', the second factor is the
area of the radiating surface, and the last factor is the solid angle as seen from the observer.
Equating equation 35 and equation 36 and solving for the scattered brightness b,, we find

b, =ml,()s 2 [du e ™) SSAP(H + D) e 70, (37)
To this we must add the direct beam, resulting in
b= ml,()s 2 [du e ™) (1 +554) P(6 + @) 7@, (38)

This is the equation for a point source; considering the city as a disk requires the additional
double integration over dx dy; both options are available in the program.

A small but important point is the initial value of S at the start of the integration. If the initial
value for S is too small, b becomes unrealistically large. To avoid this possibility a technique
used in radiosity calculations is employed: S is initially set equal to 0.001 km for a point source
and to 0.25 km for extended sources.

3.6 Night Sky Background

The glow of the (moonless) night sky comprises contributions from a number of sources
including airglow, aurora, zodiacal light, starlight scattered by interstellar dust, extragalactic
light, and light pollution from urban areas. Sections 3.1 through 3.5 dealt with the determination
of light pollution from urban areas, but did not include any of the other aforementioned sources.
The airglow, which is correlated to the solar sunspot cycle, is emitted by atoms and molecules in
the upper atmosphere, which are excited by solar UV radiation during the day and is the brightest
component of the light of the night sky. Aurora is a natural light display in the sky, particularly
in the polar regions, caused by the collision of charged particles directed by the Earth's magnetic
field and is negligible. Zodiacal light is sunlight scattered by interplanetary dust and contributes
up to half the brightness of the night sky and starlight contributes substantially to the integrated
brightness of the sky. Finally, the extragalactic contribution to the brightness of the night sky is
very small. Benn and Ellison (/9) have taken extensive measurements of these contributions and
conclude that the night sky background brightness, B, can be well represented by

Eﬂ.sb =27.78—2.5 X 'Eﬂglﬂ (Eﬂirg!aw + Ezadiﬂm! + Esmf'!ight)a (39)

where Byirgiow, Brodiacal, a0d Byarign: are functions of the solar sunspot cycle, the ecliptic latitude,
and the galactic latitude respectively. B, is in Sj units (S.is a bizarre astronomical unit of
surface brightness corresponding to one 10thmagnitude star per square degree and will not be
pursued further here). Benn and Ellison find that the sky brightness at La Palma, which they
consider representative of other sites, is approximately 22 mag arcsec * or, using equation 19
from Garstang (4), ~17.6 nanolamberts (nL). From figure 3 in Garstang (4), “Sky brightness at
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the zenith due to Denver as a function of the distance of the observer from Denver”, where the
visibility ~48 km, shows that at a distance of ~70 km the brightness is ~18 nL. Since the sky
background as determined by Benn and Ellison is comparable to the city sky glow from Denver
at this large distance, it was deemed reasonable to set the value of B,;, = 17.6 nL rather than
carry out additional computations for only a small additional contribution to the total night sky
brightness.

Since the primary contributor to the night sky brightness is the airglow produced by emissions
from upper-air atoms and molecules it becomes necessary to consider its spectral contribution to
the spectral radiance. In section 5 the methodology for determining the spectral radiance from
the broadband radiance is presented; further discussion of the airglow spectra is discussed in that
section.

3.7 City Emission Function

A last piece of information needed is an angular city “emission” function in the upward
direction. Garstang (4) has used the following:

L == {2G(1 — F) cosy + .554 F y*} Im/sr, (40)

where script L and P are defined in equation 1, y is the city zenith angle as defined in figure 3, G
is the surface albedo and F is the fraction of the light emitted by fixtures in an upward direction.
Within the curly brackets the factor of 2 in the first term and the factor of 0.554 in the second
term are normalization constants. Cinzano (20) has investigated variants of the city emission
function and finds little difference in the resultant sky luminance. Garstang (4) found that a
value of L = 1000 lumens per capita fit Walker’s data (/2) well. However, Luginbuhl (10, 11),
who has acquired a massive amount of lighting data for the city of Flagstaff, found that the
average value of L for Flagstaff was ~2500 lumens per capita, considerably different from
Garstang’s. Luginbuhl hypothesizes that this discrepancy can be accounted for by considering
the effects of secondary scattering from buildings and blocking from terrain and vegetation,
factors which Garstang did not consider. Luginbuhl (//) proposed a modified form of
Garstang’s emission function (equation 40)

fpalb
I{I.P = Iup {??‘l‘(‘l— :'?) 10 {Mruup}’ @1

where E}, is a blocking factor at the zenith and # is a “unblocking” factor added to account for the
discrete nature of the obscuring objects (buildings, etc.). Thus #allows for more light to be
available at the high zenith angles encountered when viewing in a horizontal direction.
Luginbuhl found that the best fits for Flagstaff were Ey, = 0.45 and n = 0.0. However, there are
numerous problems with this approach (intensity goes to zero at the horizon, objects producing
near-ground blocking are purely absorptive, etc.) and it has not been implemented in the model.

3.8 Point vs. Extended Source

As we approach a city from some large distance the assumption of the source as a point becomes
invalid. While the methodology enumerated above is applicable to both point and extended
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sources the computational methods differ requiring that some consistent method be used to
ascertain at what distance this change occurs. The following discussion addresses this concern.

Referring again to figure 3, consider the city as a extended-area Lambertian light source and a
point source co-axial with and perpendicular to that source located a distance, D, away. The
irradiance, E,, at that point in a plane perpendicular to the axis, due to the extended-area source
with a radius, R, can be shown to be (27):

E.=zL'R*/(R*+D?), (42)

where, L', is the radiance of the extended-area source. Now, for R << D, the irradiance of a co-
axial point, E,, will fall off with the distance, D, as

E,=zL'R*/D". (43)

To gain insight into the distance where the approximation of an extend source as a point begins
to break down, we proceed as follows. Let the acceptable error between E, and E, be €. Then
from equation 42 and equation 43 we easily find

% _ c=DR. (44)

g

This then provides a criterion for differentiating between an extended source and a point source.
Solving for D, the final determiner becomes

D>Reg " (45)

Thus for given R and g, the approximation for a point source is only valid for D such that
equation 45 holds; in the model € was taken as 0.20 (20%) implying that D must satisfy the
condition of being greater than or equal to = 2.25 R.

3.9 Limitations
It can be shown (4) that the horizontal visibility is

o 3.912 —cH
Vis = N &m (1411772 E) € (46)

where H is the height of the city above sea level. This equation allows us to determine the
visibility for the various values of K that Garstang uses. The horizontal optical depth for path
length d is

T=d X Npo,(1+ 11778 K)e~H (47)

and the limit of the applicability of single scattering techniques is usually considered to be t <
1.0. Using equations 46 and 47, table 1 presents visibilities and horizontal distances valid for T <
1.0.
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Table 1. Values for visibility and path length
for a given value of K.

K Vis (km) | d(km)
0.5 48 12.4
2.0 14 35
3.0 9.2 24

Thus, for a K value of 2.0, the visibility is 14 km valid for path lengths less than or equal to 3.5
km (i.e., multiple scattering effects will influence the results for path lengths greater than 3.5 km
when the visibility is 14 km).

4. Broadband Illumination Due to City Lights

4,1 Clear Skies

When no clouds are present Garstang’s model as presented in section 3 is used to calculate the
scattering along the beam axis using the SAA. This radiation is then scattered into the LOS
using the Rayleigh and aerosol single-scattering phase functions. Attenuation is considered
along both the upward and downward (LOS) paths for a maximum distance of 40 km.

4.2 Cloudy Skies

Prediction of illumination under realistic atmospheric conditions that include partly cloudy and
overcast conditions and fog/smoke is handled by a modified version of the ILUMA model (22).
ILUMA uses traditional surface observations that report the type of cloud and percent cloud
cover in the standard low, middle and upper, or high, atmospheric levels in conjunction with
Shapiro’s model (23) which uses the doubling method to calculate the flux of solar radiation
passing through the clouds and impinging on the surface. The input for the three-layer model
consists of the cloud type and fraction for each of the three layers and the surface albedo. Within
these three layers, Shapiro found that there was little difference between some of the cloud types
and subsequently classified them into four cloud groups: cirrus (Ci)/cirrostratus (Cs), altostratus
(As)/altocumulus (Ac), cumulus (Cu)/cumulonimbus (Cb), and stratus (St)/stratocumulus (Sc).
The overall layer scheme is as follows:

* High—clear, thin and thick Ci/Cs

* Medium—clear, As/Ac

» Low—clear, clear (f’k), Cu/Cb or St/Sc
where (f/k) indicates fog or smoke reported.

When clouds are present the total city brightness is calculated in two separate pieces using the
Garstang model in conjunction with the Shapiro model. Referencing figure 6, scattering is
considered along upward path Sc, where Sc is constrained by the cloud ceiling, or base, height.
The total brightness is found by calculating the scattering along S, coupled with the cloud
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reflection when S = S, singly scattering this radiation into the observer’s LOS. Both the
scattered and direct beam radiation is attenuated along the upward and downward paths from the
city to the observer. This is accomplished by first calculating the city brightness according to
equation 38. To this we must add the reflected radiation from the cloud base, b,

b, = w1,(¥) s* [du e "R (Z,,,C,) e, (48)

where R.(Z,,,C,) is the cloud reflectivity as a function of the lunar zenith angle Z,, and cloud type
C:. Doing the math, the total received brightness is

— Ry (Zm )
br=b (1 T erd ) (“49)

The cloud reflection, which is calculated from the bottom cloud layer only, uses Shapiro’s
reflection coefficients; the upward and downward path lengths are determined using the
respective city and observer zenith angles in conjunction with the cloud base height
representative of the cloud type. City reflection from partially cloudy scenarios only considers
the lowest cloud layer at the maximum cloud height, h, and that layer is considered overcast
regardless. These shortcomings will be addressed in future revisions of AIM. The cloud base
heights for the cloud types are presented in table 2.

Figure 6. Geometry used for cloud cases. The cloud base, h, is indicated by the dashed
line. v, Z,, Z,, are the respective zenith angles for the city, observer and moon.
The distances are represented from observer to point (x,y) by d, the LOS by U,
and city to cloud by S..
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Table 2. Cloud types available for high, middle, and low layers

and their respective cloud base heights.

Layer Cloud Type Cloud Base
(km)
Clear 40.0
5 Thin Ci/Cs 9.3
jan
Thick Ci/Cs 9.3
g Clear 40.0
=)
=t
= As/Ac 4.0
Clear 40.
Clear w
40
% fog/smoke
—
Sc/St 1.1
Cu/Cb 1.2

4.3 Lunar Hlumination

Lunar illumination is determined as a function of location, time, and phase angle of the moon.
For a selected date and city location, the lunar illumination, either through the atmosphere or
through clouds, is calculated using Shapiro’s algorithm as detailed in Shapiro (23).

5. Spectral Composition of the Broadband Brightness

Once the broadband brightness is determined it is broken down spectrally by the following
procedure (24). The spectral composition of urban light is determined by identifying the types of
lights used in typical cities and estimating the percentage that each light source contributes to the
overall city light source. The spectral radiance values over the sensor’s waveband are calculated
based on the city brightness amount due to each individual light source.

5.1 City Light Types and Their Spectral Composition

The types of lights that comprise urban settings and their spectral content must be known for the
model to function (i.e., a lighting database of some nature is required). In any given city many
light types are employed on city streets, highways, office buildings, shopping centers, stadiums,
houses, parking lots, etc. The resulting mix of light is highly heterogeneous due to the variety of
light source spectra, the effects of atmospheric scattering and absorption, and reflection from the
ground. The mix contains both a broad continuum of radiation along with many superimposed
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emission lines at specific wavelengths. Beyond 0.5 um, metal halide and high pressure sodium
lamps are the primary contributors to the city light continuum. While it was desired to include
light types external to U.S. manufacture, an extensive examination of the available literature was
unable to distinguish any significant differences in light types currently in use between American
or non-American manufacturers. However, cultural and/or economic differences may dictate
different light type usage.

While many different types of lights contribute to light pollution, they are not all equal. There
are nine light types available in the program: mercury vapor, low (LPS) and high (HPS) pressure
sodium, metal halide (MH)—a variant of mercury vapor, white Light Emitting Diode (LED),
fluorescent, incandescent, liquid kerosene and pressurized propane lanterns for wavelengths from
350 to 2500 nm at 1 nm resolution (25). Many of these lights not only contribute to the broad-
band spectrum but also produce numerous spectral lines, the most notable being the HPS line at
819 nm and a dense cluster of strong emission lines from 569 to 616 nm. A close contender is
MH with a strong line also at 819 nm and many lines from 350 to 640 nm. The third offender is
fluorescent lighting followed by mercury vapor lamps. Since the purpose of AIM is to predict
urban illumination at visible wavelengths, defined liberally here as 350 through 900 nm, the
normalized spectra of these light types in figures 7—15 are only shown for these wavelengths
only although, for possible future use with other sensors operating in the near IR, the
wavelengths within the data base (light_spectra.dat) extend to 2500 nm.
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Figure 7. Spectrum for mercury vapor lamp.
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Figure 8. Spectrum for low pressure sodium.
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Figure 9. Spectrum for high pressure sodium.
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Figure 10. Spectrum for metal halide ceramic lamp.
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Figure 11. Spectrum for LED streetlight.
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Figure 12. Spectrum for fluorescent tube or CFL.
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Figure 13. Spectrum for incandescent lamp.
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Figure 14. Spectrum for liquid kerosene.
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Figure 15. Spectrum for pressurized propane.

Of course, one is faced with the question of how many of what type of light are being used in
any given city. Mercury vapor, sodium, metal halide and LEDs are used extensively in street
lighting, whereas fluorescents are used in service stations and business signs. Incandescent bulbs
are found primarily in residential housing; their spectrum is practically identical with quartz
halogen lights. Finally, for areas that do not have electricity, liquid and pressurized lamps are

22



included. For these latter two, liquid Citronella, lamp oil, liquid paraffin and kerosene all have
similar spectra and are represented by liquid kerosene; pressurized lamps using propane or
kerosene are also similar and are represented by pressurized propane. If city aerial color photos
are available one can make an educated guess by noting that metal halide produces a greenish
color while HPS produces a yellowish color. A much better choice is to query the local electrical
company concerning information regarding light types and usage. This is what was done in the
model, where the proportion of light that is provided by each type of light was determined from
lighting data for El Paso, TX and Las Cruces, NM (26), broken down into individual light types
by percent (P.;). The percentages for these three light types, presented in table 3, are currently
used as the default in AIM; the other six light type spectra are available for use if percentages for
these light types are available.

Table 3. Breakdown of street and flood lights in El Paso, TX and
Las Cruces, NM 2007.

Light Type Percent of Total Light
(Pui)
Clear mercury Street 20.2%
High pressure sodium 77.9%
Street 63.3%
Area Floods 14.6%
Metal Halide Floods 1.9 %
Total 100 %

Finally, although the contribution from the airglow is small its spectral content cannot be ignored
and has been included in the broadband brightness term as a percentage of the total brightness.
The normalized airglow spectrum for the wavelength band 400-900 nm is shown in figure 16

(27).
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Figure 16. Airglow spectrum.
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5.2 Spectral Radiance

5.2.1 Contribution from City Lights

One of the main objectives of AIM is to predict the spectral radiance, L in W/m?*/st/pm, received
by the observer from the city—in TAWS parlance, the radiant intensity (W/sr) received by the
target area for a specific range of wavelengths. To determine the city’s spectral radiance first the
radiance for each light type, L;(fotal) is determined by integrating each light type’s spectral curve
over the wavelength band under consideration (S; to S,), i.e.,

S2
Li(total) = > 1,AL
=0 (50)
where /;; is the i" light type’s spectral radiance curve (figures 7-15). Next the light type
radiance in a given wavelength bin AA, nominally 0.01 pum, is calculated

Z.j+1
Ly (bin)=>"1,A2
K : (51)

where j runs from S; to S; in AA increments. We now note that the ratio of L;(bin)/L;(total) is the
fractional amount contributed by the i light type from the bin size over the spectral bandwidth

under consideration. And, using the lighting type percentages in table 3, the fractional radiance,
L;,, due to each light type is determined by multiplying this ratio by each light type’s percentage,

L;(bin)

La = Liltotal) = LF (52)
This procedure is iterated over all requested light types. The final city spectral brightness is
found by multiplying the broad band brightness by equation 50, i.e.,
N
B, =Bx) L,, (53)

i=1

where N is the number of light types under consideration. It should be noted that this procedure
can make use of any consistent units, either normalized or actual. However, there is no easy way
to vary line strengths, and thus the spectral radiance, within any given light type. This
shortcoming will be addressed in future versions of the model.

5.2.2 Contribution from Airglow

The airglow is always present, but depending upon the received urban sky glow it may or may
not be a significant contributor to the overall spectral radiance. The broadband amount
contributed, as discussed in section 3.6 is 17.6 nL. Since this is a broadband brightness we can
easily determine the percent contribution relative to that from the city

P = 17.6/BBujy. (54)
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This amount is added to the city spectral radiance as determined by equation 53 resulting in a
received spectral radiance of

N
L
Bz:BX(ZLm"' HE—xP,;) (55)
il

TotalAG

5.3 Conversion from Photopic to Radiometric Units

The final step in calculating the radiance contribution due to urban illumination is to convert
from photometric units (nL) to radiometric units (W/m”/sr/um). Equation 56 was used for the
final conversion

B (W/m?/st/ um) = B (nL/pum) x 1.464x10°°, (56)

6. Population and Location Database

Since population is an integral input for the model, a limited database (cities info.dat) is
provided with the program to supply not only the population of various worldwide cities, but also
their latitude and longitude in decimal degrees. Given that the population is the main driver of
city illumination, where possible the metropolitan area population, rather than the city population
itself, was used. The available cities, as well as their latitude and longitude, may be found in
appendix B of Shirkey (2§). If the user desired city is not in the database, the user is asked to
enter the population and latitude and longitude of that city, which may then be optionally entered
into the database by the user. Many additional latitudes, longitudes and populations for
worldwide cities may be found at http://www.wikipedia.org/.

7. Validation

7.1 Sky Brightness

Validation was done via comparison with results from Garstang (4). His figures 2 and 3 were
digitized and compared with model values computed for the same location and geometries.
Figure 17 shows brightness as a function of zenith angle for the city of Denver; the distance was
fixed at 40 km. Garstang’s figure 3 was also compared with AIM v2 with results presented in
figure 18.
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Figure 17. Sky brightness due to Denver as a function of zenith angle at a distance of 40 km
from the city.
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Figure 18. Sky brightness due to Denver as a function of distance from city center for a
zenith angle of zero. The initial set of lower curves is for K = 0.5; the upper
set is for K = 2.0.

7.2 Lunar Hlumination

The lunar illumination under clear skies was cross checked with the original program’s results
(29) with longitude of 0° and selected latitudes of £90°, £70°, £40°, and 0°. The maximum error
0f 9.3% was at 40° latitude; all other latitudes had an error typically less than 1%.
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7.3 Spectral Radiance

The spectrum of Los Angles as viewed from Mt. Palomar in May 2005 (30) without the moon or
airglow is shown in figure 19 overlaid on AIM results. Table 4 shows the types of lights being
used in Los Angeles and the estimated percent of each light type. These percents were

determined by trial and error as there was no data available concerning how many of each type
were being used.
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Figure 19. Results from AIM (dotted line) overlaid on the spectrum of Los Angeles as seen from Mt.
Palomar in May 2005 under moonless conditions (solid line). Airglow is not included.
(Courtesy Dr. Aube, University of Sherbrook, Canada).

Table 4. Los Angeles light types and estimated percent.

Lamp Type Percent Estimation
Mercury Vapor 10
LPS 5
HPS 55
Metal Halide 20
Incandescent 10

As may easily be seen from figure 19, the model data loosely agrees with the observed data. For
the region from 400 to 550 nm the fit, while low, is reasonable. However the fit from 560 nm
forward is poor. The AIM data for MH line at 569 nm and the broad line at 590/591 is due to
HPS and MH respectively. These lines are much lower in Aubé’s data. Elvidge (25) notes that
for HPS the most variable line is at 594, an obvious contributor to the 590 nm “band”, and that
the most variable line for MH is at 591; this, however, does not explain the strength of the MH
569-nm line. One can conjecture that these differing line strengths are due to different wattage
lights. Further work needs to be carried out in this area.
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Other observations regarding the lack of fit in figure 19 are the low “background” level from 400
to 550 nm and the lack of a prominent emission line at 560 nm and a weaker emission line at
436 nm. The AIM run presented in figure 20 includes the effects of airglow. Not only has the
background level been raised, but the emission lines at 436 and 550 nm are now present, a clear
indicator that airglow must be included.

2.5E-08
Los Angeles May 2005

2.0E-08

-

1.5E-08

1.0E-08

Radiance (W/m?%/sr/nm)

5.0E-09

0.0E+00 T T
400 500 600 700

Wavelength (nm)

Figure 20. Results from AIM (dotted line) overlaid on the spectrum of Los Angeles as seen
from Mt. Palomar in May 2005 under moonless conditions (solid line). Airglow
has been included. (Courtesy Dr. Aubé, University of Sherbrook, Canada).

8. Future Work

While AIM v2 provides realistic brightness levels, there is still room for significant
improvement. The main areas considered for improvement are:

 Partial blocking of city radiation from vegetation and buildings.
* Cloud reflection of illumination from all cloud layers under partially cloudy conditions.
* Spectral light type line variation with power.

* Implementation of the Army’s Phase Function Data Base (PFNDAT) for application with
different atmospheric aerosols.

» Coupling to the Navy’s proposed “Illumination Server” for more accurate lunar
information.
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Appendix. Derivation of L cos(6) = (D — x) sin(z) cos(B) +y sin(z) sin(B) - A
cos(z)
LOS
°
A
X
(o x
Figure A-1. Diagram of the geometric quantities used in AIM.
Consider figure A-1:
d*=D-x)*+y% (A-1)
L2=A%+d* = A*+[(D-x)*+y], (A-2)
s?=u’+L?-2uL cos(d), (A-3)
also s?=h%+c?=[ucos(z) + A]* + % (A-4)
cos(P — 0) = cos(P) cos(—0) — sin(P) sin(—06) = cos(P) cos(d) + sin(P) sin(d), (A-5)
sin(8) = y/d, (A-6)
cos(d) = (D —x)/d, (A-7)
¢? = d? + (u sin(z))* — 2du sin(z) cos(a), (A-8)
B=oa+3, (A-9)
substituting for d* and o in (A-8) yields
¢*=(D —x)*+y* + u’ sin’(z) — 2d u sin(z) cos(p — 8). (A-10)
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Using (A-5), (A-6), and (A-7) in (A-10) gives
¢?=(D—x)*+y* +u’sin’(z) — 2 d u sin(z) [cos(B) (D — x)/d + sin(B) y/d],
= (D - x)* + y* + u® sin’(z) — 2 u sin(z) [cos(B) (D — x) + sin(B) y]. (A-11)
Rearranging (A-3) and substituting (A-4) for s* and (A-2) for L?, we find
uw?=s>—L?+2uL cos(0) = (u cos(z) + A)* + ¢ — [A? + (D — x)* + y*] + 2uLcos(0), (A-12)
substituting (A-11) into (A-12) and slogging through the math, we find that
u? = u’[cos’(z) + sin*(z)] + 2u{Acos(z) — sin(z)[(D — x) cos(P) + y sin(B)]} + 2uLcos(8), (A-13)
and upon rearranging
L cos(0) = (D —x) sin(z) cos(B) + y sin(z) sin(B)— A cos(z). (A-14)
:QED
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List of Symbols, Abbreviations, and Acronyms

AIM
Ac

As

Cb
CFL
Ci

Cs

Cu
HPS
IWARS
LED
LOS
LPS
MH
nL
NVG
PFNDAT
Sc
SAA
St
TAWS

Army Illumination Model
altocumulus

altostratus

cumulonimbus

Compact Fluorescent

Cirrus

Cirrostratus

Cumulus

high pressure sodium
Infantry Warrior Simulation
Light Emitting Diode
Line-of-Sight

low pressure sodium

metal halide

nanolambert

Night Vision Goggles
Phase Function Data Base
stratocumulus

Small Angle Approximation
stratus

Target Acquisition Weapons Software
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