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Abstract: Analysis of a time series of global annual satellite maps of nighttime lights spanning 21 years and six satellites reveals several distinct patterns linked to population changes, economic development and the improvements in lighting efficiency. The results indicate that there are national level differences in the behavior of nighttime lights over time.   Seven categories of national lighting trends have been defined: 1) Rapid growth, 2) Moderate growth, 3) Population centric lighting, 4) Economic centric lighting, 5) Stable lighting, 6) Erratic lighting, 7) Antipole lighting.  Recognition of these patterns may lead to improved spatial modeling of socioeconomic processes based on satellite observed nighttime lights. 
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6.1. Introduction

Nighttime lights are a class of urban remote sensing products derived from satellite sensors with specialized low-light imaging capabilities. To date, two sensors have collected global nighttime lights data.  The original instrument is the Operational Linescan System (OLS) flown by the U.S. Air Force Defense Meteorological Satellite Program (DMSP). The early form of the OLS began collecting data in the early 1970’s.  A digital OLS data archive was established in 1992 at the NOAA National Geophysical Data Center (NGDC).  The second instrument flown with a global collection capability for low light imaging data is the Visible Infrared Imaging Radiometer Suite (VIIRS) flown on the NASA/NOAA SNPP satellite, launched in 2011.  The VIIRS offers substantial improvements in spatial resolution, radiometric calibration and usable dynamic range when compared to the DMSP low light imaging data.

The DMSP nighttime lights provide the longest continuous time series of global urban remote sensing products, now spanning twenty-one years.  The flagship product is the stable lights, an annual cloud-free composite of average digital brightness value for the detected lights, filtered to remove ephemeral lights and background noise. The stable lights present a panoramic view of humanity from space (Figure 6.1).   At a glance one gets a sense of how population, commerce, and resource consumption is distributed.  There are thousands of points of light forming clusters of various shapes, surrounded by the darkness of rural and ocean areas.
(Insert Figure 6.1 here)

Other global urban remote sensing products focus on mapping areas of dense infrastructure, producing binary grids assigning each grid cell to urban or non-urban.  Small towns and development in rural areas are neglected due to the lack of diagnostic signal.  In contrast, the DMSP and VIIRS measure a human activity – artificial lighting – which is commonly present wherever there is built infrastructure.  DMSP and VIIRS are able to detect faint light sources from small towns and exurban development that are substantially smaller than the ground footprint of the observations.  Since the nighttime lights report out brightness levels, it is possible for the user to threshold out the dim lighting if the user has no interest in lighting detected in areas with sparse development.  

Because of their global extents, standardized production, and relative ease with which DMSP nighttime lights can be accessed, they have widely used as a proxy for other more difficult to measure variables.  The logic is that urban processes are highly correlated with each other. If one process or activity can be measured well, it can be used to make reasonable estimates of others.  As examples, nighttime lights have been used to map economic activity (Ghosh et al. 2010), fossil fuel carbon emissions (Rayner et al., 2010), spatial distribution of population (Doll 2008; Sutton 1997), poverty mapping (Elvidge et al., 2009), density of constructed surfaces (Elvidge et al., 2007),  food demand (Matsumura et al., 2009), water use (Zhao et al., 2011), and stocks of steel and other metals (Hsu et al., 2013).    

NGDC recently reprocessed the DMSP time series producing thirty-three annual products from six satellites spanning twenty-one years.  This is referred to as the v.4 DMSP stable lights time series. One of the key questions for the science community is whether it is possible to reliably analyze changes in lighting across the time series.  This capability is not assured since the visible band on the OLS has no in-flight calibration.  From pre-flight calibrations it is known that the sensors differ from each other in terms of radiometric performance.  There are also minor differences in spectral bandpasses of the six instruments.  Even at launch the sensors had different detection limits and saturation radiances.   The saturation radiance issue is serious since bright urban cores saturate in this time series.  In addition, the individual sensors invariably degrade in optical throughput over time.  To address all of these issues we have developed an intercalibration which is designed to convert data values from individual satellite products into a common range defined by reference year.  
The current study has two primary objectives.  The first objective is to evaluate whether changes in nighttime lights can be quantitatively analyzed with the intercalibrated v.4 DMSP stable lights time series.  The second objective is to search for underlying variables that cause changes in satellite observed lighting.  Since the lighting observed by the satellite is from lit infrastructure, processes which result in the construction of new infrastructure are the causes for increases in satellite observed lighting.  We decided to explore the population and Gross Domestic Product (GDP) as candidate variables since population growth and economic expansion are logical drivers for the expansion of infrastructure.  The question on behavior of lighting is whether there is a standard relationship between population and economic activity – or do countries differ in the manner in which lighting behaves in response to changes in population and economic activity levels?   

6.2.  Reprocessing of the DMSP archive
The DMSP archive was processed on annual increments, using the data from each available satellite, to produce a time series of global cloud-free stable lights products using the methods described in Baugh et al. (2010).  Each orbit is analyzed in a stepwise fashion to identify the pixel set meeting the following criteria:

1. Center half of orbital swath (best geolocation, reduced noise, and sharpest features). 

2. No sunlight present. 

3. No moonlight present. 

4. No solar glare contamination. 

5. Cloud-free (based on thermal detection of clouds). 

6. No contamination from auroral emissions.

7. Normal gain settings (no reduced gain data)
8. Masking of lighting in gas flaring areas.
Nighttime image data from individual orbits that meet the above criteria are added into a global latitude-longitude grid (Platte Carree projection) having a resolution of 30 arc seconds. This grid cell size is approximately a square kilometer at the equator. The total number of coverages and number of cloud-free coverages are also tallied. In the typical annual cloud-free composite most areas have twenty to a hundred cloud-free observations, providing a temporal sampling of the locations and brightness variation of lights present at the earth’s surface. This is then filtered to remove fires based on their high DN values and lack of persistence.  Background noise is removed by setting thresholds based on visible band values found in areas known to be free of detectable lighting.   In many years data were available from two satellites and two global composites were included in the analysis.  The result is a set of thirty global products spanning eighteen years (Table 1).
(Place Table 1 here)

6.3. Intercalibration and Data Extraction
Unfortunately, the  OLS has no on-board calibration for the visible band. The pre-flight calibration for the individual instruments is of little value because the gain commands made to the instrument are not recorded in the data stream  We developed an intercalibration for the individual composites following an empirical procedure (Elvidge et al., 2009). This is a regression based procedure, relying on the assumption that the brightness of lighting in a reference area has changed little over time.  Samples of lighting from human settlements (cities and towns) were extracted from numerous candidate reference areas and examined. In reviewing the data it was found that the data from satellite year F121999 had the highest digital values. Because there is saturation (DN = 63) in the bright cores of urban centers and large gas flares, F121999 was used as the reference and the data from all other satellite years were adjusted to match the F121999 data range. In examining the candidate intercalibration areas it was found that many had a cluster of very high values (including saturated data with DN = 63) and a second cluster of very low values. We concluded that having a wide spread of digital number values would be a valuable characteristics since it would permit a more accurate definition of the intercalibration equation. By examining the scattergrams of the digital number values for each year versus F121999 we were able to observe evidence of changes in lighting based on the width of the primary data axis and quantity of outliers away from the primary axis. Our interpretation was that areas having very little change in lighting over time would have a clearly defined diagonal axis with minimal width. Of all the areas examined Sicily had the most favorable characteristics – an even spread of data across the full dynamic range and a clearly defined diagonal  cluster of points.  A second order regression model was developed for each satellite year is shown in Table 2.
An extraction was performed, which summed the DN values for the lighting found in each country, for each of the satellite years.  Lighting from gas flares was masked out based on methods described by Elvidge et al. (2009).  The extraction performs two important adjustments to the values for each grid cell.  First the intercalibration is applied based on the offsets and coefficients listed in Table 2.  The form of the calculation is Y = C0 + C1X + C2X2. Calculated values that run over 63 are truncated at 63.  Thus the application of the intercalibration increases the number of saturated pixels (DN=63). The resulting values are then adjusted to compensate for the change in surface area in the 30 arc second grid.  The digital values are then concatenated to derive the “sum-of-lights” index value (or SOL) from each satellite year for each country.  To exclude the dim lighting detected in rural areas and to compensate for difference in the detection limits of the different products, only DNs of six or larger are added to the SOL. The output of the SOL extraction is a csv file, which was then converted to a spreadsheet with charts showing the time series results for individual countries. 

The objective of the intercalibration is to make it possible to detect changes in the brightness of lights across the time series. One indication of a successful intercalibration is the convergence of SOL values in years where two satellite products are available. Another indication of a successful intercalibration is the emergence of clear trajectories, such as continuous growth in lighting across the time series.  In most countries the intercalibration yielded substantial convergence. Figure 6.2 shows the raw versus intercalibrated SOL for Egypt, showing both convergence of SOL values in individual years and the emergence of a clear upward trajectory in the steady growth in lighting from year to year. In reviewing the results for many other countries it is clear that the intercalibration brought about substantial convergence in many countries. The lack of convergence within single year pairs in some countries may be caused by changes in lighting activity  between the overpass times of the satellites, which can differ by as much as two hours.
(Insert Figure 6.2 here.)

(Place Table 2 here.) 

6.4. Defining Nighttime Lights Behavior
Regressions were run between the annual SOL data versus annual population and annual GDP.  The population data were drawn from U.S. Census Bureau, International Data Base (http://www.census.gov/ipc/www/idb/).  As an indicator of economic activity, we use Gross Domestic Product data, normalized through a purchasing power parity (PPP) analysis, were drawn from the World Development Indicators database (http://data.worldbank.org/data-catalog/world-development-indicators).  In the data analysis we make use of the correlation coefficient, or Pearson’s r, which is a measure of the correlation (linear dependence) between two variables.  
In examining the correlation coefficients for SOL with population and SOL and GDP (Figure 6.3) it is clear that most countries (90%) fall on a primary diagonal axis.  This axis is defined by points where the r values with population and GDP are approximately the same, generally within 0.3 of each other. There are two sets of outlier countries, where the sign of the r values for population and GDP do not match.  We divided the countries into seven groups based on the behavior of their lighting relative to population and GDP:   1) Rapid growth, 2) Moderate growth, 3) Population centric , 4) GDP centric, 5) Stable, 6) Erratic, and 7) Antipole.   Each of the seven will be discussed below.  Figure 6.4 shows the decision tree used to sort the countries into the seven groups.

(Insert Figure 6.3 here.)

(Insert Figure 6.4 here.)

6.4.1. Countries with Rapid Growth in Lighting 

In the upper tip of the primary axis shown in Figure 6.3 is a tightly packed cluster of countries with very high correlation coefficients for both GDP and population.  Examination of the SOL versus time charts for these countries indicates that they have had rapid growth in lighting over a substantial portion of the twenty year temporal record.  Also, there is very little dispersion in SOL values between satellite products from the same year.  We define this group as the “rapid growth countries” .  They are identified as the set of countries where the sum of the GDP and population correlation coefficients exceed 1.8.   This category includes 31 countries, starting from the country with the highest sum of r values to the lowest:  Mali, Portugal, Egypt, Vietnam, Qatar, Libya, Botswana, Oman, Iran, Morocco, China, Cyprus, Burkina Faso, Mozambique, Ethiopia, Bhutan, Yemen, Senegal, Jordan, Afghanistan, Grenada, Malaysia, Cape Verde, Liberia, St. Lucia, United Arab Emirates, Tunisia, Laos, Greece, Chile, Bolivia. These countries have expansions in both population and GDP.  The concomitant expansion in lighting is an indication that infrastructure has been built to  enable higher standards of living.   China can be considered an exemplar of this group of countries (Figure 6.5).  Note that the SOL in China grew steadily from 1992 to 2011.  There is an indication of minor declines in lighting in 2012 relative to 2011.  

(Insert Figure 6.5 here.)

6.4.2 Countries with Moderate Growth in Lighting

The moderated growth countries are defined as those where the sum of the GDP and population correlation coefficients was larger than one and less than 1.8.  This group includes 65 countries including (in descending order) Saudi Arabia, Honduras, Angola, Belize, Argentina, Guatemala, Malawi, Spain, Eritrea, Benin, Sudan, Trinidad & Tobago, Equatorial Guinea, Sri Lanka, The Gambia, Panama, India, Italy, Suriname, Brazil, Peru, Syria, Israel, Congo, Turkmenistan, Ecuador, Antigua & Barbuda, Barbados, Algeria, Swaziland, Mauritius, Zambia, Congo DRC, Lesotho, Bahrain, Cambodia, Paraguay, Mauritania, Bosnia & Herzegovina, El Salvador, Gabon, Thailand, Cote d'Ivoire, Namibia, South Africa, Iraq, Indonesia, Maldives, South Korea, Turkey, Chad, Ireland, The Bahamas, Nicaragua, Mongolia, Mexico, Ghana, Sierra Leone, Austria, Costa Rica, Uganda, Philippines, Haiti, Djibouti, France.  These countries exhibit some growth in lighting over time, but the percentage growth is lower and often the duration of the growth is confined to a specific set of years.  There is typically one or more clear breaks in slope in the SOL versus time records.  Spain is an exemplar for countries having moderate growth in lighting (Figure 6.6).  Note that lighting grew by about a third from 1992 to 2008.  Lighting has decline slightly from 2008 to 2012, a period of economic downturn and government austerity in Spain.

(Insert Figure 6.6 here.)

6.4.3 Antipole Lighting Countries

The rapid and moderate growth countries occupy the quadrant of Figure 6.3 where both the GDP and population correlation coefficients are positive.  In the opposite quadrant of Figure 6.3 there is a loose cluster of twelve countries where both correlation coefficients are negative.  The negative sign indicates that lighting either declines or remains stable despite growth in population and GDP.  We define this group as the antipole countries and identify them as the set where the sum of the GDP and population correlation coefficient is -1 or greater.  There are thirteen countries in this category, a small number compared the total for the moderate and rapid growth categories.  The antipole group includes several countries from the former Soviet Union - Tajikistan, Uzbekistan, Kyrgyzstan.  These were among the poorest republics of the Soviet Union and remain among the poorest country in Central Asia today.   It appears that over time lighting has been decommissioned, probably due to government inability to provide services to the population.  Also in the antipole group are some of the richest and most well developed countries in the world – Canada, UK, Japan, USA, Netherlands and Belgium.  In these countries aggregate lighting has declined despite expansions in population numbers and GDP.  Our interpretation of this decline in lighting is that ongoing improvements in lighting efficiency are offsetting the growth lit infrastructure. Over the past two decades there has been a proliferation of state and local regulations designed to conserve energy and protect the night sky from light pollution.  This includes banning incandescent lights and improving shielding to limit the quantity of light which shines directly into the sky.  Uzbekistan is an exemplar of the antipole group (Figure 6.7).  

(Insert Figure 6.7 here.)

6.4.4 Countries with Stable or Erratic Lighting

There is a large group of countries falling in the middle of the primary axis on Figure 6.3.  Their SOL values lack strong correlation to either GDP or population.  We divide this cluster into two groups. In the stable lighting group we place the countries with SOL values that are highly consistent between satellites observing in the same year.  This includes 27 countries: Cameroon, Switzerland, Niger, Pakistan, Kuwait, Uruguay, Tanzania, Seychelles, Madagascar, St. Vincent & the Grenadines, Nigeria, St. Kitts & Nevis, Gaza Strip, Venezuela, Nepal, Australia, Kenya, Bangladesh, Luxembourg, Germany,, Colombia, Samoa, Finland, Malta, Papua New Guinea, Singapore, New Zealand.  Australia is an exemplar for stable lighting (Figure 6.8).  

Co-mingled with the stable lighting countries is a group of 29 countries with erratic lighting, where there is a zig-zag pattern in the SOL values over time.  The discrimination between the stable lighting and erratic lighting countries is based on an analysis of the dispersion in SOL values in years where two satellites collected. For each country a calculation is made of the percent dispersion around the mean, using the pairs of observations made within single years. Countries with less than 20% dispersion in this metric are labeled as stable.  Countries with more than 20% dispersion are labeled as erratic. The erratic country set includes some of the poorest countries in the world, such as Rwanda, Burundi, and Timor Liste.  Also included are several European countries: Sweden, Norway and Denmark.  It is suspected that satellite observed nighttime lights are unstable at high latitudes due to annual variations in the extent of snow cover. The Czech Republic is an exemplar of the countries with erratic lighting (Figure 6.9).  

(Insert Figure 6.8 here.)

(Insert Figure 6.9 here.)

6.4.5 Countries with GDP Centric Lighting

There is a cluster of seven countries having a positive correlation coefficient with GDP and a negative (or zero) correlation coefficient with population: Albania, Armenia, Poland, Croatia, Dominica, Romania, Latvia, Lithuania.  These are in the upper left quadrant of Figure 6.3.  Because of the positive correlation coefficient with GDP, these are referred to as “GDP centric countries”. In these countries GDP and lighting have been growing, while population has declined or has lagged relative to GDP.   Except for Dominca, all of these countries were under the influence of the Soviet Union until the early 1990’s.   Dominica is an exemplar for GDP centric lighting (Figure 6.10).   

(Insert Figure 6.10 here.)

6.4.6 Countries Population Centric Lighting

There is a set of four countries (Kazakhstan, Moldova, Ukraine and Russia) where lighting has a positive correlation coefficient with population and negative correlation coefficients with GDP.  These are in the lower right quadrant of Figure 6.3.  Each of the countries were part of the former Soviet Union. In these countries lighting has declined over time, even though GDP has grown, resulting in the negative correlation coefficients  between SOL and GDP.  Moldova is the exemplar for this group of countries (Figure 6.11).

(Insert Figure 6.11 here)   

6.5. Discussion
Figure 6.12 summarizes the relationships found between satellite observed nighttime lights, GDP and population.  Lighting in the majority of countries have relatively equal affinity for GDP and population, forming the primary axis on Figure 6.12.    The countries along this axis have a positive correlation between GDP and population.  The densest concentration of countries is in the upper right hand corner, at the growth tip of the primary axis.  In these countries lighting is in tight synchronization with growth in GDP and population.  This synchronization begins to breakdown as correlation coefficient values decline moving towards the lower left corner of the chart.  In the lower left corner the SOL is negatively correlated with population and GDP.  These are countries were the SOL has either declined or has been stable despite growth in population and GDP.  A plausible explanation for this behavior is that improvements in lighting technology, such as improved shielding, have constrained SOL growth.

There is a second axis defined by countries that are dispersed away from the primary axis.  For countries along the secondary axis population and GDP are out of synchronization. With one exception, all the countries that are not part of the primary axis were subjected to economic collapse following the breakup of the Soviet Union.   After initially declining in the early 1990’s GDP in these countries began to rise and eventually surpassed the Soviet era levels.  However, population has either declined or shifted to a stable level.  Because GDP and population are not in synchronization, a secondary axis is formed.  If lighting increased, the points plot in the upper left quadrant.  If lighting decreased, the points plot in the lower right quadrant.  
6.6. Conclusion

An examination of the raw stable lights time series finds that there is a lack of radiometric consistency that confounds the analysis of changes in the brightness of surface lighting.  These issue can be reasonably resolved by applying an intercalibration.  Evidence that the intercalibration works as intended include the convergence of sum-of-lights (SOL) values in years where two satellites have products and the emergence of steady, consistent upward trends in SOL values for countries undergoing rapid economic growth, such as China and Vietnam.  Our conclusion is that the intercalibrated v.4 DMSP nighttime lights time series is suitable for the analysis of changes in urban nighttime lights.  

We found that population growth and economic growth are the primary variables contributing to expansion of nighttime lights.  In examining the two decade record we found that total lighting grew for more than half of countries examined.  This expansion in lighting is an indication of the expansion of built infrastructure, driven by both population growth and economic expansion.  This suggests that the DMSP time series could be used to map expansion in infrastructure.   Population and economic activity levels are typically reported as national or subnational statistics.   Our results indicate that nighttime lights are good spatial proxies for use in mapping both population and economic activity.
At the aggregate level, total lighting is not growing in the world’s most developed nations, such as the USA, Japan and some European countries.  This is surprising, especially in the USA case where the built infrastructure has grown substantially over the past two decades.  The best explanation for this lack of growth in total lighting is that technological advances in lighting efficiency have kept pace with infrastructure expansion.  To further test this hypothesis the area of lighting could be examined, a different variable from the SOL studied here.
Satellite observed lighting can contract in response to catastrophic events such as war, economic collapse, and de-population.  Many of the countries associated with the former Soviet Union exhibit contraction in lighting during the 1990’s.  Satellite observations of lighting may be useful in identifying the urban areas that have been most heavily impacted by catastrophic events and to track their recovery.
Despite the numerous deficiencies of the DMSP-OLS, it is possible to extract coherent trends in satellite observed lighting from the time series.  The DMSP plans to fly the remaining two satellites into dawn-dusk orbits that have low value for nighttime lights.  The DMSP F18 satellite is expected to collect usuable nighttime data for several more years.  In the long term, VIIRS will be the primary instrument collecting low light imaging data suitable for monitoring urban areas worldwide. The overlap in VIIRS data collection with DMSP suggests that the current two decade record of nighttime lights can be extend to three or more decades, providing urban scientists am extended record for analysis.
The temporal patterns of satellite observed nighttime lights can be viewed as a signature tracking the metabolic processes of a nation.  In under developed countries the lighting may go up and down from year to year in an erratic pattern – or it may be more stable showing neither an upward or downward trend.  Lighting can be lost following catastrophic events (e.g. political dissolution, war, or economic collapse) tracking either economic or population losses.  Countries that have shifted from under developed to rapid economic growth typically have rapid growth in lighting, in synchronization with population and economic growth.  Developed countries tend to have stable and in some cases declining lighting, despite their continued economic and population growth.  

We attribute the stability in lighting in developed countries to improvements in lighting efficiency.  While there is continuing growth in urban and suburban infrastructure, the lighting being installed is more efficient.  At the same time, older inefficient lighting is being replaced by higher efficiency lighting.  For example, older lighting may have had either no shielding or limited shielding to prevent light from escaping directly into the sky.  New outdoor lighting in developed countries tends to  be “full-cutoff”, with shielding extending below the position of the light source, blocking the direct escape of light into the sky.  The improvements in lighting technology are driven by the drive towards energy efficiency and environmental concerns over artificial sky brightness [16].  This is an example of a Kuznets Curve, where a society’s environmental impacts decline as prosperity spreads and there is increased environmental awareness and actions are taken to protect the environment [17].  One can imagine that in the future the drive towards energy efficiency and minimizing human impacts on the environment will lead to declines in satellite observed lighting in certain developed countries.  

The findings on the national trends in satellite observed lighting have implications for the approaches to be used in modeling either population or economic activity levels in individual countries.  For instance, if a country has an erratic pattern of satellite observed lighting, there may be wide error bars placed on estimates of GDP based on nighttime lights.  In contrast, for a country undergoing rapid growth, the evidence indicates that nighttime lights will be a very good predictor of economic activity levels.  For developed countries with stable lighting, the quantity of lighting at an aggregate level has very little linkage to the annual changes in population and GDP. One final consideration regarding the findings is that the presented results are at a national level and there may be subnational variation that should be considered to fully utilize the information content of the nighttime lights.
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Table 1.
 The stable lights time series includes data from six satellites and spans 21 years.

	Year
	F-10
	F-12
	F-14
	F-15
	F-16
	F-18

	1992
	F101992
	
	
	
	
	

	1993
	F101993
	
	
	
	
	

	1994
	F101994
	F121994
	
	
	
	

	1995
	
	F121995
	
	
	
	

	1996
	
	F121996
	
	
	
	

	1997
	
	F121997
	F141997
	
	
	

	1998
	
	F121998
	F141998
	
	
	

	1999
	
	F121999
	F141999
	
	
	

	2000
	
	
	F142000
	F152000
	
	

	2001
	
	
	F142001
	F152001
	
	

	2002
	
	
	F142002
	F152002
	
	

	2003
	
	
	F142003
	F152003
	
	

	2004
	
	
	
	F152004
	F162004
	

	2005
	
	
	
	F152005
	F162005
	

	2006
	
	
	
	F152006
	F162006
	

	2007
	
	
	
	F152007
	F162007
	

	2008
	
	
	
	
	F162008
	

	2009
	
	
	
	
	F162009
	

	2010
	
	
	
	
	
	F182010

	2011
	
	
	
	
	
	F182011

	2012
	
	
	
	
	
	F182012


Table 2.
Coefficients for the intercalibration applied the digital values in the time series.

	Satellite
	Year
	 C0
	C1
	C2
	R2
	Number

	F10
	1992
	-2.0570
	1.5903
	-0.0090
	0.9075
	35720

	F10
	1993
	-1.0582
	1.5983
	-0.0093
	0.9360
	38893

	F10
	1994
	-0.3458
	1.4864
	-0.0079
	0.9243
	36494

	F12
	1994
	-0.6890
	1.1770
	-0.0025
	0.9071
	34485

	F12
	1995
	-0.0515
	1.2293
	-0.0038
	0.9178
	37571

	F12
	1996
	-0.0959
	1.2727
	-0.0040
	0.9319
	35762

	F12
	1997
	-0.3321
	1.1782
	-0.0026
	0.9245
	37413

	F12
	1998
	-0.0608
	1.0648
	-0.0013
	0.9536
	37791

	F12
	1999
	0.0000
	1.0000
	0.0000
	1.0000
	39157

	F14
	1997
	-1.1323
	1.7696
	-0.0122
	0.9101
	36811

	F14
	1998
	-0.1917
	1.6321
	-0.0101
	0.9723
	36701

	F14
	1999
	-0.1557
	1.5055
	-0.0078
	0.9717
	38894

	F14
	2000
	1.0988
	1.3155
	-0.0053
	0.9278
	37888

	F14
	2001
	0.1943
	1.3219
	-0.0051
	0.9448
	38558

	F14
	2002
	1.0517
	1.1905
	-0.0036
	0.9203
	36964

	F14
	2003
	0.7390
	1.2416
	-0.0040
	0.9432
	38701

	F15
	2000
	0.1254
	1.0452
	-0.0010
	0.9320
	38831

	F15
	2001
	-0.7024
	1.1081
	-0.0012
	0.9593
	38632

	F15
	2002
	0.0491
	0.9568
	0.0010
	0.9658
	38035

	F15
	2003
	0.2217
	1.5122
	-0.0080
	0.9314
	38788

	F15
	2004
	0.5751
	1.3335
	-0.0051
	0.9479
	36998

	F15
	2005
	0.6367
	1.2838
	-0.0041
	0.9335
	38903

	F15
	2006
	0.8261
	1.2790
	-0.0041
	0.9387
	38684

	F15
	2007
	1.3606
	1.2974
	-0.0045
	0.9013
	37036

	F16
	2004
	0.2853
	1.1955
	-0.0034
	0.9039
	36856

	F16
	2005
	-0.0001
	1.4159
	-0.0063
	0.9390
	38984

	F16
	2006
	0.1065
	1.1371
	-0.0016
	0.9199
	37204

	F16
	2007
	0.6394
	0.9114
	0.0014
	0.9511
	37759

	F16
	2008
	0.5564
	0.9931
	0.0000
	0.9450
	37469

	F16
	2009
	0.9492
	1.0683
	-0.0016
	0.8918
	33895

	F18
	2010
	2.3430
	0.5102
	0.0065
	0.8462
	36445

	F18
	2011
	1.8956
	0.7345
	0.0030
	0.9095
	36432

	F18
	2012
	1.8750
	0.6203
	0.0052
	0.9392
	37576


Figure 6.1.  DMSP stable lights for the year 2010.
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Figure 6.2.  Raw versus intercalibrated SOL versus time results for Egypt.  Note the convergence of the SOL values from different satellites from the same year.  The growth trend is clear in the intercalibrated data.
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Figure 6.3.  Scattergram of R values for SOL with population and GDP.  
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Figure 6.4.  Decision tree developed for categorizing countries based on the behavior of their satellite observed lighting over time in relation to GDP and population.
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Figure 6.5. China is an exemplar of a country with rapid growth in lighting. Note that SOL tripled in twenty years.  The correlation coefficients with GDP and population are very high.
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Figure 6.6. Spain is an exemplar of a country with moderate growth in nighttime lights. 
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Figure 6.7. Uzbekistan  is an exemplar of an antipole lighting country.  Lighting has declined over time and the correlation coefficients with GDP and population are negative.   
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Figure 6.8. Australia is an exemplar of a country with stable lighting. (a) The sum-of-lights (SOL) pattern from each available satellite from 1992 through 2009. (b) Scattergram of the SOL versus GDP levels with a trend line.  (c) Scattergram of the SOL versus population levels with a trend line.  
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Figure 6.9. The Czech Republic is an exemplar of a country with erratic lighting. (a) The sum-of-lights (SOL) pattern from each available satellite from 1992 through 2009. (b) Scattergram of the SOL versus GDP levels with a trend line.  (c) Scattergram of the SOL versus population levels with a trend line.  [image: image9.png](a)
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Figure 6.10. Dominica is an exemplar of a country with GDP centric lighting. There is an increase in lighting over time, a positive correlation coefficient with GDP and a negative correlation coefficient with population. (a) The sum-of-lights (SOL) pattern from each available satellite from 1992 through 2009. (b) Scattergram of the SOL versus GDP levels with a trend line.  (c) Scattergram of the SOL versus population levels with a trend line.  
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Figure 6.11. Moldova is an exemplar of a country with population centric lighting. There is a decline in lighting over time, a negative correlation coefficient with GDP and a positive correlation coefficient with population. (a) The sum-of-lights (SOL) pattern from each available satellite from 1992 through 2009. (b) Scattergram of the SOL versus GDP levels with a trend line.  (c) Scattergram of the SOL versus population levels with a trend line.  
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Figure 6.12.  Summary chart describing the four quadrants, primary and secondary axes.
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