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ABSTRACT

A simplemodelof thepropagationandscatteringof light in the atmospherehasbeen
used to calculatethe light pollution contributionsfrom each city in southernOntario
andits vicinity. Thesewere then summedto give the total artificial contribution to the
backgroundnight-sky brightnessin the region. A seriesof computerprogramswere
usedto generatedigital andgraphicmapsof light pollution in southernOntario from a
list of the locationsandpopulationsof cities. By making simple assumptionsaboutthe
populationgrowth of citiesandthe increase,with time, in the amountof light gener-
atedby a city of a given size, the programshave beenusedto determinethe future
threatof light pollution to astronomicalobservationsin the area.

introduction. As light pollution hasrecently emergedas a seriousthreatto
both amateurandprofessionalastronomicalobservation,it is timeto deter-
mine thepresentandfuture extentof the problem.Whetheran observerhas
afixed siteor travelsto betterskies,an understandingof the extentandprob-
able growth of the artificial sky backgroundwill allow an optimization of
observingmethods,programsand“strategies”.Many observers,particularly
amateurs,must travel somedistancein order to be as far from city lights as
possiblewhen making seriousobservations.As such journeys are usually
only for a night or weekend,it is important to know which sites have the
darkestskiesso that the ratio of travelling time to observingtime maybe
minimized.

In thefall of 1974,theObservationalActivitiesCommitteeof theToronto
Centreof the R.A.S.C. initiated the Sky BrightnessProgramme,with the
goalsof monitoring, studyingandpredicting the extentof light pollution in
Ontario. Berry (1976) haspresentedthe resultsof this project in termsof
a mapof sky brightnesslevelsacrosssouthernOntario.This mapwas com-
putedon the basis of a simple model of light propagationand scattering
from citiesandtowns. In this paper,thedetailsof the computercalculations
used to producethis mapwill be given along with calculationsof future
trendsof light pollution.

The StaticModel. Berry (1976) gives the following equationfor the sky
brightnessresultingfrom artificial light generatedby a city, basedon work
byTreanor (1973):
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(1) B = a P~D2 + /2+ D2±h2) exp(—k D2 + h2)

where B is the sky brightness, a is a proportionality constant, p is the city’s
population, h is the effective height of scattering, D is the distance from the
observationpoint to the city, k is the absorption coefficient of the atmos-
phere,and U andV areempiricalparameters.With B in unitsof tenth mag-
nitudestarsper squaredegree(called ~ units), and D in kilometers, the
constantshavethe following values:

a = 50.0 S
10unitsper“root person” Y

U = 2.59km
2

‘I

V = .08km
k = .026km’
h =2.4km

4
YGiven equation (1) and a list of the locations and populations of cities,

onecancalculatetheexpectedskybrightnessat a givenpointby simplysum-
ming the contributions of all the cities. Actually, only those that are suf-
ficiently closeandlargeto be significant contributorsto the sky background
at thatpoint needbe considered.The values of the constantsare assumed
to bethe samefrom city to city. Thisassumptionis reasonableoveranarea
of fairly constanteconomicdevelopmentandgeographysuch as southern
Ontario,but usingthe sameconstantsfor a differentareasuch asCalifornia
mayproduceerroneousresults.In California,for example,the kvaluewould
likely be smallerdueto the drierandmoretransparentatmosphere.

A computerprogramwas written to evaluatethe contributionsto the sky
backgroundfrom eachcity in or nearOntario,on thebasisof equation(1).
An input file containingthe locationsandpopulations(1975) of about300
citieswas usedto producea quantizedapproximationto the distribution of
artificial light overtheprovince.Only citiesandtownsof 1000 ormorepop-
ulation in Ontario, and American cities of —~5000 or greaterpopulation
within 50—100km of the Canadianborderwereusedin the model.Ontario
towns north of SaultSte. Marie were ignored, as weremost of the small
towns in northeasternNew York. The programwas written in “C” to run
underthe UNIX operatingsystemon a PDP-11/45computerownedjointly
by the ComputerResearchFacility and the Dynamic GraphicsProject of
theUniversityof Toronto.

The outputfrom this programwas anarrayof numbersgiving thebright-
nessof thesky ateachpoint on a grid coveringtheprovince.This arraywas
thenprocessedby a secondprogramwhich createda“map” of the areaon
agraphicsdisplay.Figure 1a is a photographof thedisplay, showinga typ-
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Fia. 1—Left (a): Thestaticmodel for southernOntarioat 16 km resolution,based
on a square-rootdependenceof sky brightnesson population.

Right (b): A mapof thesameareabut with alineardependenceof the sky brightness
on population.Thequalitativedifferencesbetweenthesemodelsareconsiderable.

ical map of southernOntarioat 16 kilometer resolution,with each contour
incrementcorrespondingto a factor of two increasein brightnessof the sky.
The lowest contour on the screen was at a value of 32 S~() units, but in the
figurethe 128 unit level is the lowest discernible.

Figure lb was producedby the sameprogram, but using a brightness
function which was linearly dependenton the population. The qualitative
differencesbetweenthis model andthat depictedin figure 1a are extensive.
Primarily, the larger cities dominate the linear model, while the “back-
ground” of small towns influencesthe square-rootmodel (representedby
equation(1)) the most. A linear model was originally usedby Treanor
(1973) in hiswork in Italy andby Walker (1973) for studiesof California
skies,but a brightnessfunction which dependson the squareroot of popu-
lation was found to more accuratelyfit the observationaldata in Ontario
(Berry 1976).The actual natureof the populationdependencemaybe a
functionof atmosphericaswell aseconomicfactors,soit is possiblethat the
brightnessfunction (1) will not be directly applicable in othergeographic
areas.

Figure2 is amosaicof photographsof the display,wherethe calculations
haveuseda 4 km grid. It coversroughlythe sameareaas figure 1, but at
four times finer resolution.At this resolution, the model still is accurate
nearcities, andthe individual towns canbe resolved,which is not the case
in figure 1a.At resolutionsmuchlessthan4 kin, the modelbeginsto break
down significantly. Figure 3, at 2.5 km resolution,is centredon Toronto,
andseveralinaccuraciescanbedetected.BetweenTorontoandMississauga,
for example,the displayshowsa brightnessdrop to about 2000 S10 units,
arisingbecausethecities are treatedas point sourcesof light. Of course,the
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FIG. 2—SouthernOntario light pollution at 4 km resolution. Comparingthis with
figure lb shows that the smallertowns aresignificantcontributorsto the background
in the square-rootmodel adoptedin the work on Ontario.

cities are extendedsourcesmerging with each other, and the brightness I
actually stays around 8000 between the cities.

Although the brightnessfunction (1) is basedon simpleassumptions,it
representsfairly well thedistribution of artificial sky light, andis thusause-
ful tool for attemptingto understandandcontrol the problem. It is easily

4/adaptedto studythefutureextentof light pollution in Ontario.

TheDynamicModel. If equation(1) is rewritten as

it is clear that the brightness depends on threeindependentfactors.Thelast,
Q, is a function of the atmosphere and distanceonly, andmay thereforebe
considered to be independent of time. To determinetheyear-to-yearchanges
in the sky brightness, it is therefore sufficient to considerthe changesin
aand p.

It was decided to extend the static model backas far as the year 1950
andforward to the year2000.Prior to 1950, the world warsandeconomic
fluctuationsmakeestimationof sky brightnessat that time very difficult.
Since 1950, the economicsituationhaschangedfairly smoothlyandmono-
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FIG. 3—The areaaroundToronto (T), Mississauga(M) and Hamilton (H), at
2.5 km resolution.At this level, the accuracyof the model beginsto breakdown near
cities. (The vertical streaksresult from a “mistuned”display.)

tonically, so that it canbe reasonablywell representedby simple functions
of time.

To determinethe growth of population,Canadiancensusfigures for each
city in 1951, 1961,and197iwere fitted by a second-orderpolynomial, each
city beingconsideredseparately.In a largeproportionof the cases,the sec-
ondordertermwasvery smallrelativeto thelinearterm.so a lineargrowth
curvewould probablyhavealso beenacceptable.Exceptionswere a few,
mostly new, rapidly growing cities such as Mississauga.For somecities,
extrapolationof a second-ordercurve to the year 2000 would havegiven
absurdresults.In thesecases,andin theU.S., whereonly two setsof census
figureswereavailable,a lineargrowth curvewasused.In the U.S., however,
the populationhasstabilizedsowell that no significant error would have
resultedevenfrom the assumptionof aconstantpopulationfor the Ameri-
can cities.
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Many of the populationspredictedby thesesimplecurvesmay seemun-
realistic. It should be noted, however, that the effect of errors in population
is quite unimportant. If, for example, the populationsof all towns were
over-estimatedby a factor of two the resultingbrightnessincreasewould be
less than 0.4 magnitudes, or about the limit of accuracyof the modelgiven
by (1).

The changesin the value of a are difficult to determineaccurately,as
measurements of sky brightness have only been made in the last few years.
Qualitative estimates by observers (Hogg 1975, Thompson 1976) suggest
an increase of 7—10% per year. Riegel (1973) states that the rate of in-
crease of outdoor public lighting was “an astonishing 23 per cent per year
between 1967 and 1970”. This figure and an exponential dependenceof a
on time, a reasonable model for short-term growth, leads to unrealistic re-
sults when extended more than a few years. A figure of 10% per year (in-
cluding both the growth of a and ,/~) was chosen for the model, becauseit
agreeswell with the early qualitativeobservations,and becauseit leads to
believableresults.The increaseis rapid enoughthat it is a reasonableap-
proximationto the currenttrendin growth,but not sofast that it cannotbe
appliedovera fairly large time span.It may still be conservative,however.
Sincethe growthof ~ in Ontario is about1.6%peryear,andthetotal growth
of 10% hadbeenadopted,the growth of a was set at 8.4% peryear, with

(3) a(t) = a0 l.084(tto)

Theorigin, t0, wassetat 1975 witha(, equalto 50.0~ units perroot person.
To generatea map for agiven year,the sameprocedurewasusedas for

the static (1975) model, but with the time-dependentvaluesof the acon-
stantand populationsinstead of the fixed ones.Doing this for the years
1950—2000in stepsof oneyeargavea set of 51 maps. Figures 4 and 5 pre-
sent 11 of thesemaps,at 5 year intervals. In figure4, themaps for the years
1950-1975 are given, while those for 1975—2000 are in figure 5. The for-
mer can be compared with comments on sky quality by observersduring
the past years, and with the few scatteredmeasurementsmade.The agree-
ment betweentheseis good.

Extrapolatingto the year2000 involvesa numberof assumptionswhich
may not be reasonable.The mostobvious is that it assumesthat growth
trends will continuein the samemanneras for the last 25 years. Due to
restrictionsin energyand funds, it is likely that the growth of light pollu-
tion will level off in the near future. The authorfeels that this may begin
about 1985.This predictionis basedon parallelismwith populationtrends
in northernNewYork, whereaninflux of peoplefrom the ruralareasto the
urban, suchas is occurringin Ontarionow (seeTable I), wasfollowed by
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FIG. 4—Thegrowthof light pollution,at 5-yearintervals,in southernOntario.From
top left to bottomright, the mapsare for 1950, 1955, 1960, 1965, 1970and1975.

a rapiddeclinein growth.The populationsof citiessuchas Buffalo are now
verystable,andit is possiblethat the samesort of phenomenonwill occur
in Torontoandtheneighbouringcommunities.Thisdeclinein growth would
be accompaniedby a drop in housingconstruction,andthenperhapsby a
drop in the installationand “upgradedreplacement”ratesof streetlamps.
Becausesuchasequenceof eventscouldoccurin the nearfuture (i.e. before
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FIG. 5—Thegrowthof light pollution,at5 yearintervals,in southernOntario.From
top left to bottomright, themapsarefor 1975, 1980, 1985, 1990, 1995 and2000. Note
that once the sky brightnessat asite reaches250 S10 units, thelowestlevel in thefigure,
it is ruinedas anobservingsite within a decade.

2000), the mapsfor the next 25 yearsshouldreally be regardedas extrap-
olationsratherthanpredictions.

In theyear2000,the modelpredictsthatalmostthe entireinhabitedland
massof Ontariowill haveasky brightnessof atleast2000S10 units. At this
brightness,the Milky Way is invisible. Asidefrom the obviousimplications
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TABLE I
GRowTh OF POPULATION IN ONTARIO

Year Urban Total Urban/Total

1951 2,894,921 4,597,542 0.630
1961 4,194,482 6,236,092 0.673
1971 5,809,986 7,703,106 0.754
1981 7,741,434
1991 9,988,825
2001 12,552,160

The growth of population in Ontario, from the census
figuresof 1951,1961 and1971 extrapolatedto 2001.Notethe
increasein thenumber of people in the cities relative to those
in rural locations.

for astronomyin the area,this would meanthat the aestheticquality of a
countrysky wouldbelostforever.

Thus, future observingprospectsare poor, even with the conservative
growthrateof 10% per year.Thereare anumberof areas,though,particu-
larly nearrapidly growingtowns,wherethe growth rateis much higher.The
David DunlapObservatory,locateda few miles from RichmondHill near
Toronto, is experiencinga 27% per year growth rate in sky brightness
(Bolton 1975)! Suchareas,on the“advancingedge”of ahighly populated
zone,aresufferingextreme,but probably short term,increasesin the night
sky brightness.Growth ratesof 20% or more are not uncommonin the
outlying suburbsof Toronto. Even though the resultspresentedin figure
5 seemextreme,theyarebasedon aconservativegrowthrate.Thereallong-
term situationmaybemuchworse.

Even as recentlyas 1973, seriousunderestimatesof the future extentof
the problemhavebeenpublished.Walker (1973) usessome resultsfrom
Riegel to determinethat we mayexpectthe light intensity “per capita” to
eventuallyincreaseto 2.4 timesits 1966 value (assumingno growth in the
energypercapitadevotedto lighting, only the conversionto more efficient
light sources).This growth rate,of course,is that of our a parameter.At
the (conservative)increaseof 8.4% per annum,it would take 12 yearsto
raise the level of light pollution by a factor of 2.4. This would imply that
light pollution would be population-growthlimited by 1978, but there is
certainlyno hint yet of thesky brightnessincreaselevelling off. Basedon the
measured23% peryearincreasein theU.S., wewouldexpectthesky bright-
nessto have“saturated”in 1970 or 1971,which it has not done. Walker’s
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attemptto placea limit on the percapitagrowth wasbasedon reasonable
assumptions,but the messageis clear — there is no apparent limit to how
bright the night sky will get beforeits brighteningis checked.It would be
reassuringindeedto find that the sky brightness“per root capita” would
neverincreasemorethana factorof 10 overits presentvalue. This roughly
correspondsto the map for the year2000 in figure 5. It shouldbe noted
that the area included in that map is about an order of magnitude less
populatedthan similar areasin New England,so the situationin parts of
the U.S. is likely to be even worse.

Conclusions.Using a simple mathematical model for the scattering of
light in the atmosphere,augmentedby a fairly smallnumberof observations,
it is possibleto simulatethe light pollution situation in Ontario. Graphics-
oriented computers are well suited to providing easily interpreted and effec-
tive demonstrations of the problem.Programswritten to simulatethe static
situation can be easily adaptedto extrapolatepast trends in population
growth and public lighting in order to predictwhat the skies will be like in
the next few years.

Maps showing the extrapolated sky brightness distributions for the next
25 years illustrate dramaticallythat the observingprospectsin developed
areas of the country will become very poor. As they are based, however, on
assumptionswhich are probablyconservative,thetrue future situationwill
likely be much worse.The initial assumptions used to produce these maps
were based on very scanty observations of light pollution in the past, and on
a few highly subjective qualitative measurementsby observersin the area.
If observatories had been monitoring the sky brightness on a regular basis,
as the Toronto Centre’s Sky Brightness Programme has begunto do, these
assumptions could have been more accurate and the extrapolations would
thereforehavebeenevenmorereliableanduseful. It is hopedthat a study
suchasthismaybemadein adecadeor so with sufficient informationavail-
able to providepreciseinformation on the location of the best skies in the
following years.
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