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*ABSTRACT*

A simple model of the propagation and scattering of liglthe atmosphere has been used to
calculate the light pollution contributions from eadaty ® southern Ontario and its vicinity. These
were then summed to give the total artificial contribotio the background night-sky brightness in
the region. A series of computer programs were used toaengigital and graphic maps of light
pollution in southern Ontario from a list of the looats and populations of cities. By making
simple assumptions about the population growth of citiestlae increase, with time, in the amount
of light generated by a city of a given size, the prograawe been used to determine the future
threat of light pollution to astronomical observatiomshe area.

Introduction. As light pollution has recently emerged as a seriorgatho both amateur and
professional astronomical observation, it is timelétermine the present and future extent of the
problem. Whether an observer has a fixed site or travdietter skies, an understanding of the
extent and probable growth of the artificial sky backgrowiidallow an optimization of observing
methods, programs and "strategies". Many observers, particaimateurs, must travel some
distance in order to be as far from city lights as bssvhen making serious observations. As
such journeys are usually only for a night or weekend, important to know which sites have the
darkest skies so that the ratio of travelling time tceoldag time may be minimized.

In the fall of 1974, the Observational Activities Comntest of the Toronto Centre of the R.A.S.C.
initiated the Sky Brightness Programme, with the go&lsonitoring, studying and predicting the
extent of light pollution in Ontario. Berry (1976) haggented the results ofthis project in terms of
a map of sky brightness levels across southern @nfenis map was computed on the basis of a
simple model of light propagation and scattering fronesitind towns. In this paper, the details of
the computer calculations used to produce this map wilivenglong with calculations of future
trends of light pollution.

The Static Model. Berry (1976) gives the following equation for the skyhtness resulting from
artificial light generated by a city, based on work bgdmor (1973):
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where B is the sky brightness, a is a proportiopalitnstant, p is the city's population, h is the
effective height of scattering, D is the distancerfithhe observation point to the city, k is the
absorption coefficient of the atmosphere, and U ande\eapirical parameters. With B in units of
tenth magnitude stars per square degree (called S_10 units),iahaldneters, the constants have
the following values:

a =50.0 S_10 units per "root person”
U=2.59 km"2

V =.08 km

k =.026 km"-1

h=2.4km

Given equation (1) and a list of the locations and pojulatof cities, one can calculate the
expected sky brightness at a given point by simply sungriie contributions of all the cities.
Actually, only those that are sufficiently close angyéato be significant contributors to the sky
background at that point need be considered. The valubs obhstants are assumed to be the
same from city to city.

This assumption is reasonable over an area of faorgtant economic development and geography
This assumption is reasonable over an area of faorgtant economic development and geography
such as southern Ontario, but using the same constaraslifferent area such as California may
produce erroneous results. In California, for example ktkialue would likely be smaller due to the
drier and more transparent atmosphere.

A computer program was written to evaluate the contomstio the sky background from each
city in or near Ontario, on the basis of equation Ab)input file containing the locations and
populations (1975) of about 300 cities was used to produce a qdaspgeximation to the
distribution of artificial light over the province. GQntities and towns of 1000 or more population
in Ontario, and American cities of

~5000 or greater population within 50 -100 km of the Canadian barele used in the model.
~5000 or greater population within 50 -100 km of the Canadian barele used in the model.
Ontario towns north of Sault Ste. Marie were ignr@s were most of the small towns in
northeastern New York. The program was written in "&€fun under the UNIX operating system
on a PDP-11/45 computer owned jointly by the Computer Rés€&ality and the Dynamic
Graphics Project of the University of Toronto.



The output from this program was an array of numbesmgithe brightness of the sky at each
point on a grid covering the province.

Figure la Figure 1b

Figure la. The static model for southern Ontario at 1@dswlution, based on a square root
dependence of sky brightness on population.

Figure 1b. A map of the same area but with a linear depeads the sky brightness on
population. The qualitative differences between thesgemare considerable.

This array was then processed by a second program whetedra "'map" of the area on a
graphics display is a photograph of the display, showiypiaal map of southern Ontario at 16
kilometer resolution, with each contour incrementesponding to a factor of two increase in
brightness of the sky. The lowest contour on theestwas at a value of 32 S_10 units, but in the
figure the 128 unit level is the lowest discernible.

Figure 1b was produced by the same program, but using a bsghtmetion which was /linearly/
dependent on the population. The qualitative differeneégden this model and that depicted in
figure la are extensive. Primarily, the larger cities da@te the linear model, while the
"background" of small towns influences the square-root modptésented by equation (1)) the
most. A linear model was originally used by Treanor (19738jsrwork in Italy and by Walker
(1973) for studies of California skies, but a brightnesstion which depends on the square root of
population was found to more accurately fit the obsermatidata in Ontario (Berry 1976). The
actual nature of the population dependence may be a faraftetmospheric as well as economic
factors, so it is possible that the brightness fiamc(iL) will not be directly applicable in other
geographic areas.



Figure 2 is a mosaic of
photographs of the display,
where the calculations have used
a 4 km grid. It covers roughly the
same area as figure | but at four
times finer resolution.

At this resolution, the model still
is accurate near cities, and the
individual towns can be resolved,
which is not the case in figure la
At resolutions much less than 4
km, the model begins

to break down significantly.

Figure 2 - Southern Ontario light pollution at 4 km dason. Comparing this with figure 1b.
shows that the smaller towns are significant coatadbs to the background in the square-root
model adopted in the work of Ontario.

Figure 3, at 2.5 km resolution, is
centred on Toronto, and several
inaccuracies can be detected.
Between Toronto and Mississauga,
for example, the display shows a
brightness drop to about 2000 S_ 108"
units, arising because the cities are
treated as point sources of light. Of
course, the cities are extended
sources merging with each other,
and the brightness actually stays
around 8000 between the cities.

Although the brightness function (1)
is based on simple assumptions, it
represents fairly well the distributio

of artificial light, and is thus a usefullis
tool for attempting to understand anfi
control the problem. It is easily ]
adapted to study the future extent o
light pollution in Ontario.

Figure 3 - The area around Toronto (T), Mississauga (M) Hamilton (H), at 2.5 km resolution.
At this level, the accuracy of the model begins to biavn near cities. (The vertical streaks
result from a "mistuned" display).



The Dynamic Model. If equation (1) is rewritten as

B=aJpQ (D)

it is clear that the brightness depends on three imdkgpe: factors. The last, Q is a function of the
atmosphere and distance only, and may therefore be catsidebe independent of time. To
determine the year-to-year changes in the sky brigbineis therefore sufficient

to consider the changes aandp.

Equation 2 (2)

It was decided to extend the static model back as féeagetar 1950 and forward to the year 2000.
Prior to 1950, the world wars and economic fluctuationkemestimation of sky brightness at that
time very difficult. Since 1950, the economic situatios bhanged fairly smoothly and
monotonically, so that it can be reasonably well regoreed by simple functions of time.

To determine the growth of population, Canadian census figoresch city in 1951, 1961, and
1971 were fitted by a second-order polynomial, each citygbeonsidered separately. In a large
proportion of the cases, the second order term wassveayl relative to the linear term, so a linear
growth curve would probably have also been acceptable. Esneptere a few, mostly new,
rapidly growing cities such as Mississauga. For somesgiextrapolation of a second-order curve
to the year 2000 would have given absurd results. In these,@gl in the U.S., where only two
sets of census figures were available, a linear growtveovas used. In the U.S., however, the
population has stabilized so well that no significant erould have resulted even from the
assumption of a constant population for the Americaesc

Many of the populations predicted by these simple curvessexam unrealistic. It should be noted,
Many of the populations predicted by these simple curvessexam unrealistic. It should be noted,
however, that the effect of errors in population iggunimportant. If, for example, the
populations of all towns were over-estimated by a faatéwo the resulting brightness increase
would be less than 0.4 magnitudes, or about the limit afracg of the model given by (1).

The changes in the value @fire difficult to determine accurately, as measuren@rgky
brightness have only been made in the last few yg@arslitative estimates by observers (Hogg
1975, Thompson 1976) suggest an increase of 7-10% per year. RE(®) ¢tates that the

rate of increase of outdoor public lighting was "an astomgs23 per cent per year between 1967
and 1970". This figure and an exponential dependence of mendireasonable model for short-
term growth, leads to unrealistic results when extendae than a few years. A figure of 10% per
year (including both the growth afand the square-root pf was chosen for the model, because it
agrees well with the early qualitative observatioms] laecause it leads to believable results.

The increase is rapid enough that it is a reasonabl@@ppation to the current trend in growth,
but not so fast that it cannot be applied over a féarige time span. It may still be conservative,
however. Since the growth of square-root of /p/in Ontar@bout 1.6% per year, and the total
growth of 10% had been adopted, the growth of a was 8et%t per year,



a(t) = a,1.084 1

with Equation 3 3

The origin,t_0, was set at 1975 with 0, equal to 50.0 S_10 units per root person.

To generate a map for a given year, the same procedungsedss for the static (1975) model, but
with the time-dependent values of theconstant and populations instead of the fixed ones. Doing
this for the years 1950 - 2000 in steps of one year gavecd S& maps. Figures 4 and 5 present 11
of these maps, at 5 year intervals.

Figure 4

In figure 4 the maps for the years
1950-1975 are given, while

those for 1975 - 2000 are in figure
5 The former can be compared
with comments on sky quality by
observers during the past years,
and with the few scattered
measurements made. The
agreement between these is good.

Figure 4 - The growth of the light pollution, at 5-yeaemals, in southern Ontario. From top left
to bottom right, the maps are for, 1950, 1955,1960, 1965, 1970 and 1975.



Figure 5 - The growth of light
pollution, at 5 year intervals, in
southern Ontario. From top to
bottom right, the maps are for
1975, 1980,1985,1990,1995 and
2000. Note that once the sky
brightness at a site reaches 250

S 10 units, the lowest level in the
figure, it is ruined as a n observing
site within a decade.

Extrapolating to the year 2000 involves a number of assongptvhich may not be reasonable.
The most obvious is that it assumes that growth tresiilsontinue in the same manner as for the
last 25 years. Due to restrictions in energy and funaslikely that the growth of light pollution
will level off in the near future. The author feels ttfas may begin about 1985. This prediction is
based on parallelism with population trends in nortidgw York, where an influx of people from
the rural areas to the urban, such as is occurring tar@mow (see Table I), was followed by a
rapid decline in growth. The populations of cities sucBuaf§alo are now very stable, and it is
possible that the same sort of phenomenon will occlipiento and the neighbouring
communities. This decline in growth would be accompanied by idrhousing construction, and
then perhaps by a drop in the installation and "upgraded esplad” rates of street lamps.
Because such a sequence of events could occur in theinegar(i.e., before 2000), the maps for
the next 25 years should really be regarded as extrapmdatather than predictions.



In the year 2000, the model predicts that almost theeeintiabited land mass of Ontario will have
a sky brightness of at least 2000 S_10 units. At this brégst the Milky Way is invisible. Aside
from the obvious implications for astronomy in thearthis would mean that the

aesthetic quality of a country sky would be lost foreve

TABLE | 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

Thus, future observing prospects are poor, even with theecaative growth rate of 10% per year.
There are a number of areas, though, particularly ragealy growing towns, where the growth
rate is much higher. The David Dunlap Observatory, located aniles from Richmond

Hill near Toronto, is experiencing a 27% per year growté rasky brightness (Bolton 1975)!
Such areas, on the "advancing edge" of a highly populated aensuffering extreme, but
probably short term, increases in the night sky bngss. Growth rates of 20% or more are

not uncommon in the outlying suburbs of Toronto. Evemnigiathe results presented in figure 5
seem extreme, they are based on a conservative gratethl he real longterm situation may be
much worse.

Even as recently as 1973, serious underestimates of the &xtent of the problem have been
published. Walker (1973) uses some results from Riegel tondieethat we may expect the light
intensity "per capita" to eventually increase to 2.4 $ibe 1966 value (assuming no growth

in the energy per capita devoted to lighting, onlydbeversion to more efficient light sources).
This growth rate, of course, is that of our /a/ paramétethe (conservative) increase of 8.4% per
annum, it would take 12 years to raise the level of lggiiution by a factor of 2.4. This would
imply that light pollution would be population-growth lited by 1978, but there is certainly no hint
yet of the sky brightness increase levelling off. &hen the measured 23 % per year increase in
the U.S., we would expect the sky brightness to haatutated" in 1970 or 1971, which it has not
done. Walker's attempt to place a limit on the per capaath was based on reasonable
assumptions, but the message is clear - there ipparent limit to how bright the night sky will
get before its brightening is checked. It would be reassunsiged to find that the sky brightness
"per root capita" would never increase more than a faxftd0 over its present value. This roughly
corresponds to the map for the year 2000 in figure 5. It shmmultbted that the area included in
that map is about an order of magnitude less populatedithdarsreas in New England, so

the situation in parts of the U.S. is likely to be ewense.



Conclusions.

Using a simple mathematical model for the scatteridgybt in the atmosphere, augmented by a
fairly small number of observations, it is possibleitowdate the light pollution situation in
Ontario. Graphics oriented computers are well suited toiging easily interpreted and

effective demonstrations of the problem. Programs writtesimulate the static situation can be
easily adapted to extrapolate past trends in population lgrawa public lighting in order to predict
what the skies will be like in the next few years.

Maps showing the extrapolated sky brightness distribatior the next 25 years illustrate
dramatically that the observing prospects in developed af¢he country will become very poor.
As they are based, however, on assumptions which aralgyotonservative, the true future
situation will likely be much worse. The initial assumps used to produce these maps were based
on very scanty observations of light pollution in thetpand on a few highly subjective qualitative
measurements by observers in the area. If obsergatbad been monitoring the sky brightness on
a regular basis, as the Toronto Centre's Sky BrigstReogramme has begun to do, these
assumptions could have been more accurate and the dati@powould therefore have been even
more reliable and useful. It is hoped that a study suthigsnay be made in a decade or so with
sufficient information available to provide precise infatian on the location of the best

skies in the following years.
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