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Blinded by the Light: 
Economic Analysis of Severe Light Pollution 

Terrel A . Gallaway, Reed Neil Olsen, 
and David M . Mitchell" 

A B S T R A C T . This paper examines severe light pollution such as commonly found in large 
urban areas. Light pollution is the unintended negative consequences of poorly designed 
and injudiciously used artificial lighting. Light pollution generates significant costs 
including wasted energy and damage to human health, wildlife, recreation, and the beauty 
of the night sky. Typically, light-pollution models emphasize population density and 
ignore economic factors. Economic analysis of the issue has been singularly limited. 
Previous economic research has focu.sed on widespread, but very low levels of lighj 
pollution. This paper makes a unique contribution by analyzing economic factors of 
severe light pollution. The paper utilizes economic data from the World Bank and unique 
remote sensing data for 184 countries to quantify the economic causes of severe light 
pollution. Fractional logit models confirm the importance of population and economic 
factors alike, (Q5) 

I. Introduction 

Light pollution is the various undesirable negative consequences of 
poorly designed and injudiciously used artificial lighting. Significantly, 
this widespread alteration of the environment harms wildlife while doing 
serious, ongoing damage to a biologically and culturally important 
natural resource-the night sky. The fact that artificial light is so common 
makes it difficult to imagine it as part of a problem or as a radical 
transformation of the environment. Nevertheless, ordinary artificial 
lighting has the power to disrupt the daily, monthly, and annual patterns 
of light and dark that are basic to life on Earth. Naturally, this alteration 
of the environment has consequences. These effects are widespread and 
harm everything from plants to invertebrates to mammals and birds. 

This paper addresses a major shortcoming in the current modeling 
and understanding of light pollution. Most current models ignore 

*Terrel Gallaway e:mail: TerrelGallaway@missouristate.edu, A previous version of this 
paper was presented at the Missouri Valley Economic Association Meetings and the 
Western Economic Association Meetings. The authors would like to thank, Ashlie 
Blanzy, Ryan Koory, and Kristen Sanocki for their assistance with research and entering 
data. 
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economic factors contributing to light pollution and focus on population 
density being the key determinant. A rare exception (Gallaway, Olsen, 
and Mitchell, 2010), confirmed the importance of population, but also 
found economic factors, such as per capita real GDP and land use, to be 
highly significant. We expand on this effort to include economic factors 
by combining a range of World Bank data with data modeling the amount 
of artificial nighttime sky brightness in 184 different countries. These 
data are based on satellite measurements and are "a useful indicator of the 
effects of light pollution on the night sky" (Cinzano, et al. 2001, 689). 
Using fractional logit models to analyze these data, we are able to 
determine the key factors that contribute to global light pollution. 
Moreover, while earlier work examined the impact of economic factors 
on low to moderate levels of light pollution, the current work focuses on 
estimating the impact of economic variables on severe levels of light 
pollution, over 240 times the lowest threshold values previously studied 
(Gallaway, Olsen, and Mitchell, 2010). When examining the most severe 
measures of light pollution, we find strong evidence that economic 
activity and urban density are correlated with the existence of light 
pollution. 

This paper is divided into the following sections. Section I I offers a 
brief overview of light pollution. Section I I I provides an explanation of 
how various levels of light pollution were measured and quantified. 
Section IV discusses our models and the results. Section V offers some 
conclusions and discusses areas of future research. 

I I . Damages from Light Pollution 

As mentioned above, artificial light interferes with many of the critical 
life functions of a wide variety of organisms. Scientists point out that 
dark nights are an important, natural part of the environment and that 
bright, widespread artificial lighting has only existed very briefly in the 
Earth's history. In fact Rich and Longcore (2006) state: 

In this short time, night itself has been transformed across much 
of the Earth, with consequent lethal and sublethal effects on 
species in many habitats and taxonomic groups. Essentially, 
artificial night lighting is homogenizing the range of physical 
conditions present in natural ecosystems. For an increasing 
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portion of the Earth's surface, the darkest conditions of night no 
longer occur (425). 

While biologists have spent decades documenting the deleterious 
effects of light pollution on the feeding, growth, reproduction, and 
migration patterns of birds, sea turtles, and many other plants and 
animals, much more research is needed (Salmon and Witherington 1995; 
Salmon, Tolbert, etal. 1995; Verheijen 1985; Rich and Longcore 2006). 
It is clear that the effects of light pollution are widespread and that 

damages can be severe. Yet routine cycles of light and dark are such a 
fundamental part of the environment and the transformation of the night 
into an artificial twilight is so ubiquitous, that the full scope of problems 
caused by light pollution is staggering and can only be guessed at. As the 
entomologist James Lloyd argues, " . . . i t is beyond our capacity to truly 
experience, comprehend, and, in particular, understand the living world's 
relations with light, so complex is the fabric... 'Light and life'-asimple 
and elegant phrase but so profound and subtle in its reality that only 
poetry can satisfyingly deal with it" (Lloyd in Rich and Longcore 2006, 
346). 

Moreover, light pollution is not simply an ecological problem. For 
humans, light pollution is sometimes simply an annoyance-such as when 
spillover light from businesses and recreation facilities bothers 
homeowners. At the other extreme, light pollution has been linked to 
increased rates of cancer (Kerenyi, Pandula, and Feuer 1990). At the 
same time, light pollution in the US wastes billions of dollars of energy 
annually and contributes to all of the environmental problems associated 
with energy production and consumption (Gallaway, Olsen, and Mitchell 
2010). Finally, the night sky has historic, cultural, aesthetic, recreational, 
and scientific uses-all of which are harmed by light pollution (Gallaway 
2010). The various and multifaceted damages from light pollution have 
been outlined extensively elsewhere (Rich and Longcore 2006, Gallaway 
2010, Gallaway, Olsen, and Mitchell 2010). Accordingly, this paper does 
not survey those damages. Instead, our focus is on the economic factors 
that cause light pollution. 

Two characteristics of light pollution are worth mentioning. First, 
light pollution is not simply an urban problem. This is because there are 
many rural sources of light pollution and because light pollution from 
cities can affect the night sky dozens of miles away-it is not unusual to 
notice the glow from a large city from over 100 miles away. So, for 
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example, while there are areas in the American West that are 
substantially free from light pollution, rural areas of the American 
Midwest suffer from light pollution (see, e.g., Cinzano, et al. 2001). 
Second, better lighting design and technologies (e.g. full cut-off fixtures, 
timers, and motion sensors) can mitigate light pollution while improving 
nighttime visibility. While the simplest models of negative externalities 
suggest that the socially optimal quantity of a good is reduced once we 
consider marginal external damages, this is not necessarily the case with 
light pollution. With appropriate lighting design, it is generally possible 
to have more of the good (visibility, security, etc.) with less of the 
external damages (light pollution)-often while saving money in the 
process (Gallaway 2010). 

In this paper, we examine economic factors that contribute to light 
pollution. As noted above, traditional models of light pollution focus on 
population as the explanatory variable. The only study of the economic 
factors contributing to global light pollution focused on fairly low levels 
of light pollution (Gallaway, Olsen, and Mitchell 2010). Naturally, low 
light pollution levels are much more widespread. However, the damages 
from such modest pollution, we would expect, are smaller at the margin. 
Severe light pollution, it is important to note, occurs in areas of high 
population density, and often in ecologically sensitive areas such as 
coastlines. Therefore, while our focus on severe light pollution applies 
to smaller and fewer areas, the number of affected people and the 
potential impact on wildlife is still quite high. In proceeding with our 
investigation of light pollution, we examine only the highest of "the 
ambient light levels in the night environment produced by man-made 
light" (Cinzano et al.2001). 

I I I . Light Pollution Data 

This paper uses remote-sensing data from the Defense Meteorological 
Satellite Program (DMSP) Operational Linescan System (OLS). Data 
from the DMSP-OLS were previously used to create a widely published 
cloud-free composite image of the "Earth at Night" (Elvidge, et al. 1997, 
2001; Mayhew and Simmon 2000). This striking image helped illustrate 
the scope of artificial lighting but it was not sufficiently refined for 
research purposes. 
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More recently, astronomers, using the DMSP-OLS data, created the 
first "quantitative and accurate depiction of the artificial brightness of the 
night sky" to be "available to the scientific community and governments" 
(Cinzano, et al. 2001,689). Their data is exceptionally valuable because 
of the lack of data on light pollution. Faced with this lack of data, 
researchers have been forced to rely almost exclusively on 
population-based models of light pollution such as those developed by 
Walker(1970, 1973) (Cinzano, et al. 2001, 689). Indeed, there is a very 
strong connection between population density and light pollution. 
Nevertheless, "the apparent proportionality between population and sky 
glow breaks down going from large scales to smaller scales and looking 
in more detail" (Cinzano, et al. 2001, 690). Additionally, light pollution 
is affected by the level and composition of economic development, local 
ordinances, and other factors (e.g. Bertiau, et al. 1973). Population-based 
models also depend upon the reliability of the population data. Even 
when accurate data are available, they often give the total population for 
some relatively large area, say a province or a metropolitan area, but offer 
no details about how the population is distributed within those areas. 
Fortunately, these new empirical data on light pollution open up new 
possibilities, including the opportunity to augment population-based 
models. 

The satellite data was used to create a map showing various tiers of 
zenith artificial night sky brightness at sea level. The techniques used for 
collecting, calibrating, and refining this data have been described 
elsewhere (Cinzano, et al. 2000; Cinzano, et al. 2001, 690-691). The 
focus on zenith artificial night sky brightness at sea level is a useful and 
necessary abstraction. The source data come from repeated satellite 
observations while "The propagation of light pollution is computed with 
the Garstang modeling techniques taking into account Ray leigh scattering 
by molecules, Mie scattering by aerosols, atmospheric extinction along 
light paths and Earth curvature" (Cinzano, et al. 2001, 691). The data 
were intended to be in useful in "understanding and comparing light 
pollution distributions" (Cinzano, et al. 2001,691). While there are other 
light pollution issues, such as light trespassing onto adjacent properties, 
the sky glow modeled by Cinzano, et al. (2001) is the quintessential light 
pollution problem and often a good indicator of related concerns. 

The various tiers of light pollution on the map correspond to different 
levels of artificial sky brightness. To make these levels more intuitive, 
they are expressed as ratios to average natural night sky brightness. The 
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tiers represent ranges of these ratios of artificial to natural night sky 
brightness, for example 0.33-1.00 and 1.00-3.00 times the natural level 
(Cinzano, et al. 2001, 691 -692). A population atlas using the same grid 
size' was superimposed on the light pollution atlas and statistics were 
extracted for 201 countries by tallying the percent of the populations 
living within each of the light pollution tiers (Cinzano, et al. 2001, 696). 

In addition to population figures, data were collected showing the 
percentage of land area that was affected by various levels of light 
pollution for each country. For example, in 1996/1997, 85.3% of the 
EU's land mass and 61.8% of the US's land mass were covered by a night 
sky where artificial light added at least 11% to the natural brightness of 
the sky at zenith (Cinzano, et al. 2001, 704). The percent of landmass 
affected drops sharply for higher levels of light pollution so that only 
0.1% of the EU and 0.6% of the US were severely polluted with artificial 
nighttime brightness more than 27 times the natural levels (Cinzano, et 
al. 2001, 704). Nevertheless, most of the developed world lacks 
pristinely dark areas and most of the world's population encounters some 
light pollution. Light pollution is concentrated precisely because 
populations are concentrated. 

In this paper we have chosen to focus on only the most severe levels 
of light pollution. As shown in Table 1, we use two basic measures of 
severe light pollution where the artificial brightness of the sky, at zenith, 
is at least 9 or 27 times the natural level. We examine both the percent 
of a country's population, Popl and Pop2 respectively, and the percent of 
a country's landmass affected by these severe levels of light pollution. 
Surface 1 and Surface 2 respectively.^ 

Table 2 illustrates the significant differences between population and 
surface based measures of light pollution for various geographic regions 
in the world. For example, in North America 44 and 25 percent of the 
population lives in a light polluted area as measured by Popl and Pop2, 
respectively. However, only 1.2 and .267 percent of the surface area of 
North America has such severe levels of light pollution.^ 

IV.Fractional Logit Regression Results 

Table 1 presents variable definitions both for the light pollution variables 
discussed above and for the explanatory variables used in the regressions 
discussed in this section. Table 3 includes summary statistics for the 
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variables included in the regression analysis while Tables 4 through 6 
present coefficient estimates and marginal effects from light pollution 
fractional logit regressions. 

T A B L E 1-Variable Definitions 

Variable Definition 

Night Sky Brightness 

Popl 

Pop2 

Surface 1 

Surface2 

Real G D P Per Capita 

Population Density 

Arable 

Energy 

C02 
Electric 

Roads 

The level of artificial night sky brightness, at zenith, 
as seen from sea level, expressed as the ratio of 
artificial to average natural night sky brightness 

Percentage of the population living under skies 
whose artificial glow is 9 times the natural level 

Percentage of the population living under skies 
whose artificial glow is 27 times the natural level 

Percentage of the surface area with skies whose 
artificial glow is 9 times the natural level 

Percentage of the surface area with skies whose 
artificial glow is 27 times the natural level 

Real G D P per capita in thousands of 1996 U.S. 
Dollars, exchange rate comparison 

People per square kilometer 

Percentage of total land area that is arable 

Energy (oil, natural gas, and coal) 
depletion/extraction as a percentage of Gross 
National Income; Energy depletion is equal to the 
product of unit resource rents and the physical 
quantities of energy extracted 

C 0 2 emissions, metric tons per capita 

Electricity Consumption, kilowatt hours per capita 

Kilometers of total roads per square kilometer 

Sources: Light pollution data is from Cinzano et al. (2001). A l l other data is from 
the World Bank (2002). Note: Al l data is from 1996 

The four previously discussed measures of light pollution-the 
percentage of a county's population, and the percentage of its surface 
area, that fall within each of the two highest light-pollution tiers-are the 
dependent variables in the models. Recall that we begin with a relatively 
severe threshold level of pollution, one where the artificial glow is 9 
times the normal night glow (Popl and Surface 1) and go up to a much 
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larger artificial glow that is 27 times the normal night glow (Pop2 and 
Surface2). We estimate a fractional logit model because the dependent 
variables are percentages. 

T A B L E 2-Percentage of the Population or the Surface Area in 
Light Polluted State by Geographic Region or Income Level 

Popl Pop2 Surface! Surface2 Number of 
Countries 

The World 18 310 5.489 2.516 0.408 184 

North America 44 333 25.333 1.200 0.267 3 

South Asia 3 143 0.571 0.057 0.000 7 

East Asia and Pacific 22 318 6.591 9.718 1.618 22 

Europe & Central Asia 20 673 3.135 2.246 0.042 52 

Latin America & Caribbean 21 800 4.886 0.654 0.066 35 

Middle East & North Africa 39 333 21.381 4.943 1.619 21 

Sub-Saharan African 1 341 0.045 0.036 0.002 44 

Low Income 1 517 0.083 0.032 0.002 60 

Lower Middle Income 12 596 2.000 0.170 0.009 47 

Upper Middle Income 26 242 10.212 2.285 0.894 33 

High Income O E C D 42 273 11.545 2.627 0.177 22 

High Income N o n - O E C D 40 455 14.545 14.536 1.868 22 

European Union 38 000 8.000 1.700 0.100 N A 

Geographic Regions and Income Levels are defined by the World Bank (2002) 
except for European Union, which is as defined by Cinzano et al. (2001). 

A fractional logit model assumes that the model is given by: 

Y = 1 / ( 1 + e x p ( - X / ? ) ) (1) 

where Y is the variable of interest such as P o p l , Pop2, Surface 1, or 

Surface2 and X is a vector o f independent variables. A logit 

transformation o f equation 1 yields: 

Gallaway, Olsen & Mitchell: Blinded by the Light 53 

l n ( Y / ( l - Y ) ) = X / ? (2) 

The original dependent variable, a fraction bounded by 0 and 1, is now 
transformed into a continuous variable on the real line. Papke and 
Wooldridge (1996) note that one method of estimation is to simply drop 
observations where the dependent variable equals 0 or 1 (and therefore 
cannot be transformed) and then estimate using OLS. However, we use 
a superior technique suggested by Papke and Woolridge (1996), which 
does not require dropping observations.'' 

T A B L E 3-Summary Statistics for the World 

Number of Mean Standard Minimum Maximum 
Countries Deviation 

Popl 184 18.310 24.974 0 100 
Pop2 184 5.489 14.545 0 86 
Surface I 184 2.516 12.049 0 100 
Surface2 184 0.408 3.113 0 33 
Real G D P Per Capita 162 $6,155 S9.723 $.110 $45,223 
Population Density 171 262.257 1628.845 1.47! 20500.000 
Arable 174 14.300 13.393 0.075 60.383 
Energy 164 4.701 11.786 0 73.018 
C 0 2 170 5.532 10.381 0 98.458 
Electric 123 3022.118 3803.035 22.289 23543.480 
Roads 166 0.579 0.987 0.0000136 6.250 

Recall that standard models of light pollution in the scientific 
literature focus on population as the major, and often only, explanatory 
variable for the existence of light pollution. In this spirit, we first 
estimate parsimonious models with only two classes of explanatory 
variables: (1 ) the common scientific explanation of light pollution -
population as measured by either population density or its natural log and 
(2) a measure of economic activity, real GDP per capita. Importantly, the 
dependent variables Popl and Pop2, measure the portion of the 
population affected by pollution, regardless of the size of the population 
or how densely it is distributed. These results are presented in Table 4. 

The reader wil l notice that Population Density is included as an 
explanatory variable for Popl and Pop2 while Ln Population Density is 
used for Surfacel and Surface 2. This is because of how light pollution 
dissipates as it moves away from a concentrated source of lighting. 
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Specifically, Surface 1 and Surface 2 are non-linear because light is 
spread out over an area equal to Ttr^, where r is the distance from the light 
source. Light pollution from a city twice as big might be twice as bright 
and travel twice as far, but it is spread over an area four times as big. 
Population, on the other hand, tends to be concentrated around and 
among various light sources. Therefore, we expect that population 
density wil l generally have a simple linear impact on the percentage of 
people affected by a particular level of light pollution. Higher population 
density simply leads to more people that are affected by light pollution. 

In keeping with research on other pollutants (Grossman and Krueger, 
1995; Harbaugh, et al., 2002), we allow for the possibility that the 
relationship between real GDP per capita and light pollution may have an 
inverted U-shape. For some pollutants, economic development tends to 
first increase then eventually decreases pollution levels as economic 
growth continues. Because of its similarity to economic inequality 
functions first pointed out by Kuznets (1955), the inverted U-shape is 
often referred to as an "environmental Kuznets curve" (EKC). So the 
initial increase in pollution from economic development may eventually 
be reversed once a threshold level of development is reached.' There 
may be both supply-side factors (such as full-cutoff light fixtures that 
reduce glare and prevent uplighting) and demand-side factors (such as 
less crime, a concern for wildlife, or a desire to protect the historic legacy 
of the night sky) that would explain this effect. 

Table 4 shows that, GDP and population density have the impact one 
might expect them to have on severe light pollution. In particular, the 
results for GDP per capita are generally consistent with an EKC, except 
for Surface2, where real GDP per capita is significant only at the 10% 
level and the squared and cubed terms are not significant. Population, as 
measured by population density, has a statistically significant and 
positive impact on light pollution except for Pop2 where, surprisingly, it 
is statistically insignificant. Again, this impact is found to be linear for 
the population measures of light pollution and non-linear for the surface 
area measures as predicted by theory.' Finally, the marginal effects are 
calculated at independent variable means and are presented in bold within 
the table. 

Tables 5 and 6 further expand our analysis of the determinants of 
severe light pollution to include basic variables that are indicative of a 
country's resources and economic structure. Unfortunately, the lack of 
comparable economic data across many countries greatly limits our 
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possible explanatory variables to the following; arable land, energy 
extraction, COj emissions, roads, and electricity consumption. 

T A B L E 4-Fractional Logit Light Pollution Coefficient Estimates 
and Marginal Effects by the Percentage of the Population or the 

Surface Area in Light Polluted State 

Popl Pop2 Surfacel Surface2 

Intercept -3.1210* 
(-17.56) 

-5.1170* 
(-14.06) 

-14.5100* 
(-13.12) 

-11.3200* 
(-8.72) 

Real G D P Per Capita 0.469* 
0.0572 
(7.83) 

0.616* 
0.0153 
(5.56) 

0.551* 
0.0003.65 

(4.87) 

0.471*** 
0.000262 

(1.65) 

Real G D P Per Capita 
Squared 

-0.0209* 
-0.00254 

(-5.60) 

-0.0283* 
-0.000702 

(-4.15) 

0.0208* 
-0.0000138 

(-3.28) 

-0.0171 
-0.00000953 

(-0.86) 

Real G D P Per Capita 
Cubed 

0.000265* 
0.0000323 

(4.33) 

0.000367* 
0.0000091 

(3.42) 

0.000223** 
1.47E-07 

(2.38) 

0.000178 
9.90E-08 

(0.56) 

Population Density 0.0006** 
0.0001 
(2.40) 

-0.0000389 
-9.64E-007 

(-0.53) 

L n Population Density 1.4260* 
0.0009 
(7.24) 

0.6260* 
0.0003 
(2.91) 

Number of observations 
Log PseudoLikelihood 

159 
-45.0391 

159 
-22.5126 

159 
-5.3675 

159 
-2.5251 

Asymptotic t-statistics in parentheses; * indicates significance at the 1 percent 
level, ** indicates significance at the 5 percent level; *** indicates significance 
at the 10 percent level. Marginal effects are in bold and are calculated at variable 
mean values. 

We use the percentage of arable land to capture the impact of a country's 
geography. Arable land is defined as, the percent of land area that is 
currently cultivated, temporarily fallow, or used as pastures. As a result, 
non-arable land includes both urban areas and desert and mountainous 
areas. Thus, there are offsetting effects expected when predicting the 
impact of arable land upon light pollution. For example, a large country 
with lots of desert or mountainous areas (less arable land) would tend to 
have less light pollution. However, a small country consisting of large 
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urban areas (also less arable land) would tend to have more light 

pollution. 

T A B L E 5-Fractional Logit Light Pollution Coefficient Estimates and 

Marginal Effects by the Percentage of the Population 

or the Surface Area in Light Polluted State 

Popl Pop2 Surfacel Surface2 

Intercept -2.9875* 
(-13.85) 

-4.6979* 
(-11.49) 

-12.4916* 
(-20.36) 

-14.8136* 
(-16.06) 

Real G D P Per Capita 0.349* 
0.0411 
(6.03) 

0.439* 
0.0101 
(4.28) 

0.254* 
0.000293 

(3.38) 

0.595* 
0.0000453 

(4.15) 

Real G D P Per Capita 
Squared 

-0.0167* 
-0.00196 

(-4.97) 

-0.0232* 
-0.000533 

(-3.78) 

-0.00619 
-0.00000713 

(-1.38) 

-0.0298* 
-0.00000226 

(-4.02) 

Real G D P Per Capita 
Cubed 

0.000224* 
0.0000264 

(4.11) 

0.000333* 
0.00000765 

(3.51) 

0.0000280 
3.23E-08 

(0.40) 

0.000410* 
3.12E-08 

(3.99) 

Population Density 0.0006* 
0.0000747 

(2.80) 

0.0002* 
.00000485 

(2.91) 

L n Population Density 1.3096* 
0.0015 
(11.74) 

1.0570* 
0.0001 
(14.37) 

C 0 2 0.0892* 
0.0105 
(3.78) 

0.1102* 
0.00253 

(5.28) 

0.0687* 
0.0000792 

(6.70) 

0.1168* 
0.0000089 

(4.95) 

Arable -0.0116*** 
-0.00137 

(-1.85) 

-0.0327** 
-0.000752 

(-2.39) 

-0.0402* 
-0.0000464 

(-3.11) 

-0.0462** 
-0.00000352 

(-2.26) 

Number of Observations 
Log PseudoLil<elihood 

155 
-43.0433 

155 
-18.8969 

155 
-4.7230 

155 
-1.4980 

.Asymptotic t-statistics in parentheses; * indicates significance at the 1 percent level, 
** indicates significance at the 5 percent level; ***indicatessignificance at the 10 percent 
level. Marginal effects are in bold and are calculated at variable mean values. 

Previous research has found that, when examining less severe levels of 

light pollution, less arable land tends to have less light pollution 

(Gallaway, Olsen and Mitchell, 2010). However, with more severe levels 

of light pollution it is more likely that the impact of urban areas in the 

reduction of arable land is the dominant effect. 
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T A B L E 6-Fractional Logit Light Pollution Coefficient Estimates and 
Marginal Effects by the Percentage of the Population 

or the Surface Area in Light Polluted State 

Popl Pop2 Surfacel Surface2 

Intercept -2.533* 
(-9.99) 

-4.732* 
(-8.60) 

-12.24* 
(-17.30) 

-16.08* 
(-11.10) 

Real G D P Per Capita 0.358* 
0.0564 
(5.33) 

0.514* 
0.0157 
(4.03) 

0.167** 
0.000342 

(2.52) 

0.330 
0.0000296 

(2.40) 

Real G D P Per Capita 
Squared 

-0.0183* 
-0.00289 

(-4.95) 

-0.0298 -0.0030 
-0.000909 -0.00000617 

(-3.81) (-0.77) 

-0.0181 
-0.00000617 

(-2.79) 

Real G D P Per Capita 
Cubed 

0.000249* 
0.0000393 

(4.31) 

0.00044* 
0.0000134 

(3.60) 

-0.0000118 
-2.41E-08 

(-0.19) 

0.000262* 
2.35E-08 

(3.01) 

Population Density 0.0009** 
0.000138 

(1.96) 

0.0005* 
0.0000144 

(3.06) 

L n Population Density 1.3210* 
0.0027 
(7.25) 

1.2470* 
0.000112 

(8.24) 

C 0 2 0.0442*** 
0.00698 

(1.76) 

0.0528** 
0.00161 

(1.99) 

0.0245 
0.0000502 

(1.38) 

0.1490* 
0.0000133 

(4.87) 

Arable -0.0167** 
-0.00263 

(-2.45) 

-0.0269 
-0.00082 

(-1.58) 

-0.0415 
-0.0000850 

(-2.80) 

-0.0144 
-0.0000013 

(-0.88) 

Energy 0.0011 
0.000175 

(0.13) 

0.0177 
0.000539 

(1.52) 

0.0144 
0.0000295 

(1.34) 

-0.0310*** 
-0.0000028 

(-1.80) 

Roads -0.00914 
-0.00144 

(-0.08) 

-0.107 
-0.00327 

(-0.72) 

0.106*** 
0.000216 

(1.83) 

-0.136 
-0.0000122 

(-0.89) 

Electric 0.0001* 
0.0000111 

(2.67) 

0.0001* 
0.0000038 

(2.90) 

0.0001* 
2.18E-07 

(3.75) 

0.0002* 
1.94E-08 

(4.32) 

Number of Observations 
Log PseudoLikelihood 

113 
-36.0459 

113 
-16.0434 

113 
-4.1797 

113 
-1.3583 

Asymptotic t-stati.stics in parentheses; * indicates significance at the 1 percent level, 
* * indicates significance at the 5 percent level; * * * indicates significance at the 10 percent 
level. Marginal effects are in bold and are calculated at variable mean values. 
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In short, we expect to find that arable land increases less severe levels of 
light pollution but decreases more severe levels of light pollution (that 
form only found in urban areas.) 

The remaining variables of interest have straightforward effects on 
light pollution. Abundant energy can allow for cheaper lighting. 
Moreover, gas flares at wells and refineries add to light pollution directly. 
Such flares bum at least 150 billion cubic meters of natural gas annually 
(World Bank, 2009). Therefore we expect Energy, defined as the percent 
of gross national income that derives from the energy depletion and 
extraction industry, to positively impact light pollution. In a similar 
fashion, we expect COj emissions in metric tons per capita and electricity 
consumption (Kwh/capita) to positively impact light pollution. Activities 
that use electricity and/or generate C O 2 (e.g. gas flares, driving, 
illuminating a roadway) can be related to the production of light. Finally, 
the network of roads in a country, measured in total kilometers of roads 
per square kilometer, is a rough indicator of the level of infrastructure 
development. We would expect roads to have a positive impact on light 
pollution, including the surface measures since roads promote economic 
development of the hinterland and also facilitate commerce between 
urban areas. 

Tables 5 and 6 include fractional logit regression coefficients of 
individual explanatory variables. As before, marginal effects calculated 
at independent variable means are presented in bold. Since many 
countries have missing values for different variables, increasing the 
number of economic variables in the fractional logit regressions reduces 
the number of observations. The fractional logit regression coefficients 
presented in Table 4 were based on a sample size of 159 countries 
whereas Tables 5 and 6 have between 155 and 113 
observations-depending upon the set of regressed independent variables. 
Thus, the most parsimonious models have the advantage of increased 
numbers of observations. 

Table 5 presents fractional logit regression estimates with two 
additional economic explanatory variables, C02 and Arable. Generally 
the results we found in the most parsimonious models from Table 4 
remain present. For example, for Popl and Pop2, Real GDP per capita 
still has the expected positive impact that decreases as Real GDP per 
capita increases. This time however, the squared and cubed variables for 
Real GDP Per Capita are statistically insignificant for Surfacel and 
significant for Surface2. Previously they were significant for Surfacel 
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but not for Surface2. Population density has a positive and statistically 
significant impact on all four measures of light pollution. Moreover, the 
impact is found to be linear for the population measures of light pollution 
and non-linear for the surface measures confirming our theoretical 
analysis. 

More importantly, the two additional measures of economic 
variables, CO, emissions and the country's percentage of arable land have 
the expected impacts. Thus, CO, emissions are consistently found to 
have a positive and statistically significant impact on levels of light 
pollution. In contrast, countries that have a larger percentage of arable 
land and so more land open to economic development tend to have lower 
levels of light pollution. The coefficient on arable land is always 
significant though when Popl is the dependent variable it is significant 
only at the 10% level. 

Finally, Table 6 presents regression estimates with three additional 
economic explanatory variables-Energy, Roads, and Electric. The reader 
wil l notice that the results discussed above, especially for Real GDP per 
capita and population density, remain present. Again, the impact of real 
GDP per capita is found to be statistically significant and of similar signs 
as previously found except for Surfacel. COj emissions are still found 
to have a positive impact on light pollution but are now statistically 
insignificant in one of the four models. Arable land, on the other hand, 
has a consistently negative impact on light pollution although it is now 
only statistically significant for Popl and Surfacel. 

The remaining economic variables in our regression results tend to 
have the expected signs although they are not always statistically 
significant. For example, Energy tends not to have the expected positive 
impact; either it is found to be statistically insignificant or when 
significant (Surface2) the coefficient is negative. Interestingly, in 
alternative models not presented here. Energy was always positive and 
statistically significant i f electricity consumption was excluded from the 
model. However in Table 6 electricity consumption is always positive, 
relatively large, and statistically significant at the one percent level. 
These results suggest, perhaps unsurprisingly, that energy extraction is 
an important indicator of persistent light pollution only as it is at least 
partially tied to actual energy consumption.' Finally, we note that a 
country's road system is only weakly tied to increasing levels of light 
pollution, where we find a positive and statistically significant impact 
only for Surfacel. 
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Taken as a whole, the results presented in Tables 4 through 6, 
illustrate that light pollution is tied to economic activity as predicted. 
Showing how severe light pollution is linked to economic activity, and 
not just population, is this paper's primary contribution. These results are 
consistent with earlier research on very modest levels of light pollution 
(Gallaway, Olsen, and Mitchell, 2010). Given the lack of economic 
research on light pollution, these findings are an important step. 
Additional research, requiring newer and better data is needed. Questions 
to be addressed include the efficacy of various local light pollution 
ordinances, and how light pollution is changing over time. 

V. Conclusion 

Light pollution is a fundamental transformation of the environment that 
adversely affects wildlife, human health, scientific research, and the 
ageless pastime of observing the night sky. Severe light pollution 
impacts not only the planet's population centers but also many 
ecologically important areas such as coastlines and estuaries. Existing 
models of light pollution emphasize population as the determining factor, 
and the limited economics research that exists focuses on ubiquitous, 
low-level light pollution. We have combined unique light-pollution data 
with economic data from the World Bank to estimate fractional logit 
regression models of severe light pollution. 

First and foremost, the regression results convincingly demonstrate 
that traditional, population-based models of light pollution are inadequate 
because severe levels of light pollution are best explained by examining 
both population and economic factors. Our results show that population, 
when measured by population density, remains an important explanation 
for the existence of light pollution; however, real per capita GDP also 
tends to be a highly significant variable in explaining the percent of a 
country's population affected by acute light pollution. The relationship 
between GDP and severe light pollution is non-linear, suggesting that 
increases in light pollution may slow or even reverse with economic 
development. Other economic factors such as energy extraction, 
electricity consumption, COj emissions, and land use patterns also tend 
to be significant. 

The link between real GDP and severe light pollution is important. 
We have taken a useful step in improving light pollution models by going 
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beyond population density and quantifying the link between real GDP 
and severe light pollution. Yet the economic analysis of light pollution 
of light pollution is just beginning. Indeed, it is easy to come up with any 
number of research questions. The limiting factor is the relative lack of 
data. Our future research will focus on regions, such as the United States 
and the European Union, where light pollution is very common and good 
economic data is available. Even so, continued progress will require 
newer and better data on light pollution. Fortunately, astronomers and 
others continue to make progress in this area. Accordingly, the future 
looks bright for research looking into the causes and consequences of 
light pollution. 
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Endnotes 

1. The Landscan 2000 DOE global population density database. 
2. That is, an artificial sky brightness equal to natural level will double the total sky 

brightness, and artificial levels that are nine times the natural level, equal 10 times 
the total levels. Pop! measures the percent of the population living where the total 
light level is at least 10 times the natural level. Similarly Pop2 measures the 
percentage of the population living under skies where the total light level is at least 
28 times the natural level. Surfacel and Surface2 have a similar interpretation. 

3. Our aggregate statistics do not compare directly to those reported by Cinzano. For 
example, Cinzano provides data for 204 countries. Only 184 of these matched the 
countries for which we had World Bank data. Moreover, Cinzano's aggregate 
statistics are averages weighted by country population, while we are only able to 
report un-\veighted averages. 

4. As suggested by Papke and Woolridge (1996), we estimate using STATA's G L M 
procedure with family (binomial), link(logit),and robust. When their article was 
published, STATA's G L M procedure could not estimate fractional logit models but 
has since been updated to allow such estimation. 

5. Testing the relevancy of the environmental Kuznets curve for light pollution is not 
the main point of the current paper. However, GDP is one of the most important 
economic variables and is included as a result. For more information regarding 
testing for the environmental Kuznets curve see Merlevede, et al. (2006). 

6. In other fractional logit regressions available from the authors by request, population 
density is generally found to be statistically significant while Ln Population density 
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is generally found to be statistically insignificant for Pop I and Pop2. The reverse is 
the case for Surfacel and Surface2. 
The correlation coefficient between energy extraction and electricity consumption 
is only .0034, however, indicating that multicollinearity is certainly nota problem. 
Correlation coefficients between CO, emissions and these other measures of energy 
are larger, .32 and .65 for energy extraction and electricity consumption, 
respectively. These correlation coefficients are still small enough to suggest, again, 
that multicollinearity is not a significant issue. 


