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Chapter 1
Introduction
Light pollution refers to artificial light that has a negative impact on the environment (Alfaro
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Navarro et al. 2009). In recent times negative effects caused by artificial light have increased.
Fortunately, the public perception of light pollution is gradually changing. Where as it used
to be considered more of an “astronomer’s problem”, clear evidence of a negative impact on
the economy (Gallaway et al. 2010; Kyba et al. 2014b), cultural heritage (Marin 2009; VallsGabaud 2009; Ruggles & Cotte 2011), nocturnal ecosystems (Pawson & Bader 2014) and the
biological rhythm of humans (Bonmati-Carrion et al. 2014) has changed that.
Although light pollution is initially a non astronomical source, astronomers are pioneers
when it comes to its characterisation. Negative effects on astronomical observations have forced
astronomers to flee the bright lights of the city and consequently modern day observatories are
now usually built in remote areas. Historical observatories situated inside cities now merely
serve as museums. New metropolises have made it impossible for many observatories to fulfil
its original purpose and today even some of the remote mountain observatories are affected by
the increase of light pollution.
Two examples of affected observatories are the Mount Wilson observatory in California
(Teare 2000) and the Palomar Observatory (Aubé et al. 2005)1 .
Authorities have created protection laws to prevent human activities from affecting the
sky brightness. The measuring of the sky brightness is a useful quality criteria that can be
applied to professional observatories around the world. This parameter should usually be measured carefully during site testing when choosing the location for a new observatory. Once the
observatory has been build, continues measurements should be executed in order to detect any
degradation of the sky quality.
Examples of observatories that are able to provide us with sky brightness data as a result
of long term measurements are Xinglong Station (Liu et al. 2003) and Calar Alto (Sánchez et
1 http://lcogt.net/user/apickles/dev/Palomar/SkyBright/Aube.html

3

al. 2007)). Their data allows us to compare sky brightness measurements with the amount of
nearby human activity. But, as will be shown in this thesis, observatories in remote places are
not the best for studying light pollution since they were built to avoid it.
Light pollution has occurred since the beginning of civilisation; think of the use of fire by
mankind. Man’s consistent desire to control nature often leads to tension between the artificial
and the natural way. And like with any kind of pollution, the dose is a key factor. In the case of
light pollution, it is not until the industrialization era that public illumination became a problem
for astronomers.
Problems linked to public illumination increased dramatically with the demographic explosion. The world population doubled since the nineteen fifties (DeFries et al. 2010) and the
popularization of electric energy meant that most cities were now supplied with enough energy
to illuminate their streets.
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Furthermore, energy consumption has more than doubled since the nineteen seventies
(ENCY 2014). And during recent years light technology has seen some major developments
which lead to a further increase of light emission by several orders of magnitude. We have gone
from “domesticated stars” gas lights of Robert Louis Stevenson (Stevenson 1881) to new LED
lamps (Schubert & Kim 2005) in only one and a half century of technological evolution.
The illumination paradox is that what we found bright yesterday may seem dark to us
today. In the past, Berlin, Paris and London were considered to be the cities of bright lights
(Schlör 1998). However, today those cities are rather dimly lit compared to a city like Madrid
(Kyba et al. 2014a).
The race of adding more and more public lights has been partially triggered by our ancestral fear of darkness. This fear of darkness is deeply embedded into the human psyche and
may have made sense at one time (Schaller et al. 2003). However, objective data has shown that
an increase of street lights may not necessarily result in a safer environment or a reduction of
crime (Marchant 2010).
Furthermore, the true efficiency of using street lights in order to improve road safety is
currently also in dispute (Wanvik 2009). Recent illumination studies indicate that the policies
around street lights should focus more on the safety of pedestrians and cyclist instead of motorists since they are more vulnerable.
In addition, recent studies show that most of the illumination responsible for light pollution is due to design flaws in the lamps or power excess.
Many of the consequences of light pollution are often underestimated and many policy
makers give no relevance to starry skies and the milky way disappearing from urban areas
(Cinzano et al. 2001a; Smith 2008). This tendency to underestimate the impact of light pollution
continues as scientists gradually discover how much damage has already been caused. There is
4

an increasing amount of evidence that light pollution is destroying the natural habitat of many
animal species (Hölker et al. 2010). On top of that, there has been a growing cause for concern
when it comes to artificial light in relation to human health (Stevens et al. 2013).
Recent attempts to reduce light pollution have been mostly steered by the desire to save
money and combat climate change. Street lighting in Europe costs more than 6.300 million
euro each year. Politicians in Europe are starting to pay attention to this wastage and as a
result new regulations have come into place over the last twenty years. The first national sky
protection law in the world with the objective to reduce light pollution was created for the
Canary islands; (BOE (Ley 31/1988) and on 13 March, 1992 the regulations that controls that
law (R.D. 243/1992) or the new Andalusia law Decree 357/2010, of 3 August.
There are only two laws in Spain on a national level; firstly, the R.D. 1890/2008, 14
November, which concerns energy efficiency regulations of outdoor lighting and secondly, Ley
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34/2007, 15 November, concerning sky quality and its environmental protection. The latter
does not provide specific regulations; instead it serves more as general guidelines. To learn
more about similar legislations outside of Spain read Meier et al. (2014). The main case studies
discussed in this thesis will focus on Spanish legislations only.
The International Astronomical Union (commission 50 section B) is in charge of the protection of existing observatories as well as potential new observatories. In order to shield these
observatories from light pollution it is vital that sky brightness measurements are carried out.
As explained in the Starlight declaration of La Palma, not only astronomers benefit from dark
skies and star visibility. Many plant and animal species including humans thrive much better
within a healthy nocturnal environment.
The goal of this thesis:
The main goal of this thesis is to determine how to use remote sensing techniques to
obtain accurate sky brightness measurements. Such data is useful when trying to regulate the
increasing light pollution. The thesis has two distinct parts; the first part (chapter two until
five) discusses remote sensing tools for measuring the emission of light pollution sources. The
second part (chapter six) will focus on astronomical ground base techniques necessary to measure sky brightness variations. The relationship between the different techniques is detailed in
chapter seven.
Further detailed objectives are:
• The current standard measurement system for light pollution involves pinpoint measurements of a specific area and with one band. This thesis aims to improve the standard
measurement system by exploring alternative methods, namely; carrying out a range of
measurements over a longer period of time and with multiple spectral channels. This will
allow for accurate estimations concerning sky brightness trends. The more accurate the
5

data, the more effective the sky can be protected from light pollution.
• To achieve this goal, data of the DMSP/OLS satellites and SNPP/VIIRS has been used for
analysis. In addition, this thesis will also use multispectral data of the ISS for analysis;
something that has previously not been done before.
• In order to improve accuracy when determining illumination variables such as spectral
types or illumination levels, other aerial techniques (multispectral and hyper spectral)
were also explored.
• Another aim is to develop experiments that highlight different variations of the light pollution from a spectral, temporal and spatial perspective and at different scales.

directly related to the sky brightness. It is explained how the satellite data can be a
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• Finally, this thesis will show how diffuse light detected by the ISS and the VIIRS are
valuable addition to current models when it concerns the bright areas (radiance greater
than 0.2 nW /cm2 /sr).
To summarise, the main motivation for writing this thesis is due to the desire to improve
the current ways of measuring the evolution and the severity of light pollution. Hence, this thesis
offers an extensive description of new techniques developed by the author and his collaborators.
Chapter 2 describes how to determine the evolution of energy consumption on a global,
regional and local scale using the data from the DMSP and the SNPP. This type of data is useful
since energy consumption is directly related to the amount of light that is transmitted into the
atmosphere.
Chapter 3 demonstrates how images taken by astronauts on board of the International
Space Station are used as tools in the study of light pollution. Their ability to detect different
lighting technologies allows us to map out, in detail, cities and the evolution of their light
emission.
Chapter 4 describes the methodology used to create the cities at night catalogue which is
the main and only catalogue2 of global nocturnal multispectral images available to the public.
The catalogue is fundamental because it allows for an efficient method of finding the necessary
photographs needed for analysis. Consequently, the catalogue is key when it comes to the
techniques described in the previous chapters. There are currently large amounts of unclassified
images in the NASA archive. The catalogue is unique in that it contains many of those images
2 The

only other similar satellite data that may be available to the public would be from the Landsat5. However,

the only evidence found so far were a few night time pictures in a newspaper of 1992. Update: According to expert
Kim Baugh, no Landsat5 multispectral nocturnal images were released to the public.

6

but with accurate geographical coordinates and attached topics, therefore, making the images
readily available for research.
Chapter 5 is dedicated to other aerial techniques (multispectral and hyperspectral) and
their ability to provide data of higher resolution with an order of magnitude of one meter or
higher. Higher resolution allows us to properly distinguish the subjects in the photographs.
This means that analysis of the type of street lights as well as type of land use and other details becomes more accurate and since reliable data is crucial when measuring light pollution
these techniques could be highly beneficial for future research. Although the topic of aerial
techniques is not covered extensively in the thesis itself, this chapter will present the findings of
experiments performed in order to compare the limitations of aerial techniques versus satellite
techniques. Although the full scientific analysis of aerial techniques has not yet been completed;
the current results will already allow us to determine the limitations of each applied method.
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With the goal of finding the relationship between the sources of light pollution and their
effect on the sky brightness chapter 6 will discuss a spectral-spatial-temporal analysis of the sky
brightness of Madrid.
Finally, in chapter 7 a relationship is established between the sky brightness and its counterpart, namely the diffuse light, through satellite images.
The study of light pollution variations allows us to hypothesise about the causes of light
pollution. When developing new techniques to verify a hypothesis concerning the causes of
light pollution it is important to establish if the methods used for experiments are sensitive to
the variations that explain the existence of the light pollution.

7
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Chapter 2
Night time Images with Earth Observation
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Satellites
2.1

Introduction

Outdoor lighting, be it public, advertising, or decorative lighting, causes light pollution. Such
lighting widely used amongst various agents, both public and private, as well as by different
economic sectors. If effective regulation is desired, the producers must be identified and their
impact quantified. In order to do this, it is necessary to locate and measure the sources of
light pollution and to assign them to the different agents. The study of light pollution is full
of difficulties and becomes very slow and limited when performed with local measures. In this
introduction, the reasons for using satellite images are justified and its advantages are explained.
Firstly, there is a problem in the nature of the elements involved in the physics of the
problem. The light emitting source, without exception, uses anisotropy. In addition, in most
cases, the sources are modified by fixtures that redirect light, in theory, to areas of interest (the
ground, monument, or object). Moreover, there are elements involved in the distribution of light
such as surrounding obstacles (buildings, trees, mountains, etc.), light reflected on them and on
the ground itself. There are also other less studied sources of light pollution, including vehicle
headlights or lighting from homes that escapes through the windows (Darula 2013). Once
the light has overcome all the obstacles, it enters the atmosphere where it is dispersed in all
directions and, with some probability, towards the ground resulting in increased sky brightness.
This sky brightness increases the background of astronomical observations and, in some cases,
is the largest contributor to backlight, causing contrast problems especially in sources with low
surface brightness.
The effects of light pollution are more important in their places of origin, but can be
seen from great distances from the source that produces it. Quality astronomical observatories
9

are located as far away from light pollution as possible and at altitudes of over 2,000 m with
the goal of reducing the effects on the atmosphere. Nights granted to different observation
projects are assigned according to the sky brightness needed to carry them out: dark nights
when there is no moon, bright nights at close to full moon, and gray nights at quarter moon
phases. The Moon is the most important natural source of night time sky brightness. Far
from large population centers where light pollution sources are concentrated, the variation of
night time sky brightness is marked by the lunar cycle (age or phase of the Moon) and the
Moon’s position in the sky. This is the case of natural skies found in remote locations, or to a
lesser extent, in rural areas. Although the places where the best sky brightness measurements
are taken, and where the longest records are available, are professional observatories, they are
not the ideal place to study the overall relationship between light pollution and night time sky
brightness. This is due to their location far from the sources and their unique microclimate and
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high altitude.
Formerly in astronomy, everything was considered static and imperturbable, but in reality,
what is measured is the variation in the brightness of the stars from seconds to decades. The
measurement of light pollution sources through its effect on night time sky brightness is necessarily a study strongly affected by time variation of the factors that come into play. The urban
world is changing as it grows over time, develops and as its lighting changes. Besides road and
ornamental lighting and other sources of activity, such as traffic, change throughout the night.
The atmosphere is the paradigm of variability, which is why, of all the factors involved, the
atmosphere is the one that changes the most and that has the greatest effect on the variation of
sky brightness (Kocifaj 2007).
The observation of light pollution from space offers many advantages, but also has some
limitations. The main advantage is the ability to simultaneously observe large areas of Earth’s
surface, with which emission mapping (spatial variation) can be done, based on the point measurements that can be measured for sky brightness from a ground location. Another advantage is
that by directly observing the sources, the effect on the atmosphere is less (as discussed further
in Chapter 3), except when cloud cover prevents observation. Another aspect to consider is that,
except for the pictures taken from the International Space Station, in general, the measurements
are taken from the nadir of the satellite, which is not a complete measurement of the source’s
true emission. This vertical emission can be the least important(except for spotlights that point
straight up) and always lowest the air mass available for dispersion.
A major limitation so far has been the lack of instruments specifically designed to measure light pollution. Until the arrival of the SUOMI-NPP (National Polar-Orbiting Partnership)
satellite (Mills et al. 2010), the measurements from satellites could only be taken by the DMSP
(Defense Meteorological Satellite Program) satellites, which is a constellation of meteorological
10

satellites for the United States Department of Defense(Elvidge et al. 1999). The OLS cameras
on these satellites(Elvidge et al. 1999)designed for daytime observation, were sensitive to artificial lights produced by human settlements and this potential for population studies has been
seized. As a byproduct of meteorological data produced by these satellites, several maps of
light pollution sources have been made that have been used for various applications such as
population distribution (Lo 2001), energy consumption (Letu et al. 2009), economic activity
(Gillespie et al. 2014), epidemiology (Kloog et al. 2009), and many others. Several attempts
to map sky brightness have been made (Tapissier 2010; Lorenz 2013)but the only scientifically
tested on is Cinzano et al. (2001a)(for verification, see Kyba et al. (2013)).
Variable

DMSP-OLS

SNPP-VIIRS

Builder / Operator

US Air Force

NASA - NOAA Joint Polar

Orbit
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Satellite System (JPSS)
Polar - 850 km altitude, 98.9

Polar - 827 km altitude, 98.7

degree tilt, 102 minutes.

degree tilt, 102 minutes.

Swath

3000 km 3000 km

Night time overpass
Low light imaging bandpass

19: 30

01: 30

Panchromatic band 0.5 to 0.9

Panchromatic 0.5 to 0.9 µm

µm
Size Pixel

5km × 5km in the nadir

742m × 742m

Quantization

6 bits

14 bits

Saturation

Common in urban cores

No saturation

Detection limit

∼ 5E − 10 Watts/cm2/sr

∼ 2E − 11 Watts/cm2 /sr

Calibration

None for low light imaging

Solar diffuser used to cali-

band

brate daytime data.

Cali-

bration extended to low light
imaging mode.
Future continuity

Last two satellites will likely

JPSS is building a second VI-

fly in dawn/dusk orbits.

IRS and plans a third. Both
will fly in after midnight orbits.

Table 2.1: Comparison of DMSP and SNPP satellites (Elvidge et al. 2013).
The OLS camera of the DMSPs provide some very interesting data, but because its implementation was designed in the 1970s, we must be very careful when working with these data.
To solve some of these systems’ most important problems, such as the photometric calibration,
11

saturation, absence of spectral bands, etc., a satellite as designed specifically for night time
Earth observation in several bands, the NightSat (Elvidge et al. 2007). This satellite only exists
in concept because no funds have been allocated to it and, thus, it has not been carried out.
The recent surge of scientific interest in night time satellite images(Huang et al. 2014) makes us
optimistic about the development of the next instrumentation specifically designed for the study
of light pollution.
In general, there are few studies linking light pollution and its effects on sky brightness
with satellite images. The works of Pier Antonio Cinzano and Fabio Falchi are the most important: Cinzano et al. (2000, 2001a,b); Cinzano (2000); Cinzano et al. (2006). They used
DMSP/OLS images as a source for the calculation to determine the resulting sky brightness.
The models are corrected using additional observations made from land. In the models developed by Aubé & Kocifaj (2012), spectroscopy data and DMSP/OLS images are also used for
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their calculations of sky brightness, affectation, and sensitivity. The current version of these
models include data from VIIRS in addition to having performed an exhaustive analysis of the
sensitivity of the factors involved in the model (Aubé 2015).
However, there is abundant literature on the use of DMSP/OLS data to estimate the total
energy consumption in various countries (for example, Elvidge et al. (1997c, 1999), Letu et
al. (2009), Ghosh et al. (2013)). These images have also been used to determine population,
finding very clear correlations between illumination and population (for example, Lo (2001)).
However, given the low resolution of the images and the absence of spectral bands, there are
hardly any studies on the nature of emissions, only statistical relationships between the measured brightness and population or total energy consumption. Only Kuechly et al. (2012) takes
into account the problem of resolution as an example of the use of aerial images versus satellite
images for the study of light pollution.
Currently, the SUOMI-NPP satellite’s Visible Infrared Imaging Radiometer Suite DayNight Band camera (VIIRS/DNB) is the strongest instrument available for satellites to observe
the Earth that can work at night. This instrument is able to distinguish the basic units of cities,
such as airports, neighborhoods, or industrial complexes, although it is unable to distinguish
streets. VIIRS/DNP has a ground footprint area 45 times lower than the DMSP/OLS, which
opens a new door to night time observation (see table 2.1).

2.2

Light pollution from the DMSP / OLS

The DMSP satellites have been operating since the 1960s. Since the year 1976 these satellites
have had an OLS or Linescan System Operational camera. This camera is a broom radiometer
for remote sensing. It consists of a sensor and tilting mirror that scans along the longitudinal
12
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Figure 2.1: Examples of different types of radiometers. The OLS camera belongs to
the first category, a broom radiometer, and VIIRS to the second category. The Nikon
D3S camera from ISS could be considered a primitive two-dimensional radiometer.
Source: SIG and Remote Sensing at the University of Murcia (Professor Francisco
Sarrı́a) http://www.um.es/geograf/sigmur/teledet/tema03.pdf.

direction, while the displacement of the satellite causes the vertical scan (in Figure 2.1 you can
see examples of different types of radiometers. The OLS camera belongs to the first category).
The OLS camera’s sensor is a photomultiplier tube. The camera is sensitive within the range of
440 to 940 nm. The camera acquires strips of a length of approximately 3000 km with a ground
footprint of 0.56 km (Elvidge et al. 1997b), however, this ground footprint is then softened up to
5km × 5km. Later, all of the information is re-projected to a 3000 × 3000 grid. The processing of
this camera’s images is the responsibility of the Earth Observation Group (EOG) of the National
Geophysical Data Service, part of the National Environmental Satellite, Data and Information
Service (NESDIS) of the National Oceanic and Atmospheric Administration (NOAA). This
group publishes several products related to this camera. In particular, the global stable light
mosaic from 1992-2012 (not calibrated for flux) (Baugh et al. (2010) and Small & Elvidge
(2013)) and flux calibrated mosaics are of interest to this thesis. Until this year (2014), only
two images of this type were available: those corresponding to the period of 1996/97 (Elvidge
et al. 1999) and 2006 (Ziskin et al. 2010). . Calibrated or pre-calibrated data from 1996-2006
are currently available, however there is still no definitive publication regarding the calibration
method EOG et al. (2014) except for the preliminary calibration Baugh et al. (2013).
13

The camera’s features determine the nature of the data, but it is important to know some
of the aspects related with the operation of the satellite itself. In particular, it should be noted
that the DMSP overpass time of the observation site is typically at ∼ 19 : 30 solar time. This
is of great importance because, as we can see in Figure 3.38 , temporal variation during the
night may become very pronounced. For example, the SUOMI-NPP satellite’s overpass time is
systematically at about 1:30 solar time, so that the satellites are observing completely different
times with respect to activity in cities (Elvidge et al. 2013). In the future, the next satellites will
continue in dawn/dusk orbits.

2.2.1

Variation in spending on public lighting in Spain

Night time satellite images have revolutionized our image of Earth and have become an icon in
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Introduction

the struggle against light pollution. So far there are many studies that have linked the emission
that can be seen using DMSP satellites and their OLS instruments with different parameters such
as population distribution, energy consumption, and economic activity, among others (Elvidge
et al. (1997a,b,c, 1999, 2009); Zhao et al. (2012); Pandey et al. (2013), ...). The effects of that
emission on light pollution were addressed by Cinzano et al. (2000, 2001a,b); Cinzano (2000);
Cinzano et al. (2006).
However, there are few studies that address cost of electric power for street lighting, which
is the main source of light pollution (Elvidge et al. (2007), Gallaway et al. (2010), Kuechly
et al. (2012)). The Grupo UCM de Astrofı́sica Instrumental (UCM Group of Instrumental
Astrophysics) and eXtragaláctica

1

have been working for several years to determine how to

compare energy efficiency in different countries and their verification through satellite imaging
(Sánchez de Miguel (2007); Sánchez de Miguel & Zamorano (2010); Sánchez de Miguel et al.
(2010, 2013a)). The aim is to establish a methodology that allows the comparison of cost of
electric power for street lighting in different countries and regions of Europe and, if possible,
throughout the world. This study is just a first step, since, in order to undertake a comprehensive
study, it is necessary to have spectral information or at least information for several bands to
better locate the emission source (Elvidge et al. 2007). Another alternative method is to do an
empirical calibration based on statistics for the cost of electric power for street lighting. It is
relatively difficult to find these statistics broken down and particularized for the case of the cost
of electric power for street lighting. In our case, we have only been able to access the VITO
report (Van Tichelen et al. 2007), a small amount of data for Italy (Pindar & Papetti 2002), and
1 Despite

being a basic and instrumentation investigation, this study is a clear application of the same analysis

techniques used in the galaxy investigation to the Earth.http://guaix.fis.ucm.es/DarkSkies
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several scattered documents from the Spanish Ministry of Industry. In this study we tried to use
the most comprehensive statistics for energy consumption for street lighting that we had access
to in order to empirically calibrate the DMSP/OLS images and give an estimate of what the
temporal change would have been for each province and to give an absolute value for expected
electric power consumption in accordance with the calibrated images.

DMSP images used
Images calibrated to radiance from the years 1996-1997 (Elvidge et al. (1999)) and 2006 (Ziskin
et al. (2010)), as well as uncalibrated DMSP/OLS images from 1992-2010 (Elvidge et al.
(1997b, 1999, 2009), Baugh et al. (2010)) have been used as the main source of information.
Additionally, data from Suomi/VIIRS has been used; all of these images were provided by the
ages taken by astronauts from the International Space Station (Zamorano et al. (2011a), Sánchez
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Earth Observation Group, NOAA National Geophysical Data Center. In contrast, we used imde Miguel et al. (2013b)).

Available statistics
The statistics for energy consumption have been taken from MIEYC (2009) published on the
Ministry of Industry, Energy and Tourism’s web page, and provide information for industries.
From 1958 to 2007, there are data for electric power consumption for street lighting for the
whole country. Additionally, between 1975 and 2007, data for electric power consumption
can be found by province. Since 2007, itemized information for electric power consumption
for street lighting is not available due to the change of the CNAE 93 (BOE (1992)) to the
CNAE2009 (BOE (2007)), such spending comes to be included in electric power consumption
for other public services. These data are compiled by sending questionnaires to energy sales
firms2 . These data present some shortcomings. As can be seen in Figure 6 from Sánchez de
Miguel & Zamorano (2010), for some provinces, there is a very significant drop in consumption
between 1985 and 1992. This means that, during those years, there is apparently no growth in
consumption for street lighting in Spain, and that it grows steadily thereafter. Thanks to data
from the book of the same ministry, Energy in Spain 2004 (MITYC 2005), and the file data
from the National Statistics Institute (INE, as per the Spanish acronym) that provides electric
power consumption data corresponding to the years 1936 to 1957, we could show in Sánchez de
Miguel et al. (2010)that much of the data from 1985 to 2006 were indeed erroneous. Between
June and November 2010 the ministry published data corresponding to 2007 the 2005 and 2006
2 http://www.minetur.gob.es/energia/balances/Estadisticas/Cuestionarios/Electricas/

Mod_eed_comercializadoras_2012.doc
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revision in which it can be seen that there was indeed an error. In figures 2.12and 2.4, the data
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corresponding to these MIEYC (2009) data are marked in black.

Figure 2.2: Electric power consumption for street lighting versus population. This
relationship can be compared with other authors’ findings such as Elvidge et al.
(1999)or Kyba et al. (2014a).

The origin of the errors was found after an interview with an official from the ministry’s
statistics service. The statistical survey is done by surveying energy producers on the economic
activities related with electricity contracts. It was confirmed how in the questionnaires, in addition to the type of activity the client was involved in, the rate type was also checked. Until 2006,
there was a special rate for street lighting. Up until that date, the data for to electricity used for
Street lightingwere modified to correspond with the special street lighting B.0. rate (Lillo Bravo
et al. 2007). However, for large municipalities, such as Madrid, Barcelona and Valencia, it was
much less expensive to use the other rates (2.0.N, for example). Therefore, for provinces that
did not have large municipalities, the statistics are reliable. To test the quality of the 2007 data,
we have been comparing the data for consumption, population and cumulative radiance, just as
Elvidge et al 1999 does. In Figure 2.2, it can be seen that the linear fit to the data for the 2007
data is very good (R2 = 0.93) compared to the fits or 1990 or 2000 with R2 = 0.68 and R2 = 0.58
16
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Figure 2.3: Electric power consumption for street lighting verses flux in the
F16 2007 image. Madrid and Barcelona, top right, clearly saturated, since the flux
in dimensionless units is significantly lower than the general trend.

respectively. For the year 1980, however, the fit is as good as in 2007.
The good correlation in population still presents some outliers (outliers in red), such as
Las Palmas, Santa Cruz, and as a result of overpayment or non-payment, Murcia, Asturias and
Pontevedra. In Figure 2.3, you can see how for Santa Cruz, Las Palmas, and La Rioja, it also
seems that there was an excess of consumption for both the population and the flux measured in
the satellite image for that year.This suggests that for those provinces, the data for electric power
consumption are unreliable. Still, a natural dispersion around the trend line is to be expected
due to different population densities (Sánchez de Miguel & Zamorano 2010), type and age of
the lights, as well as economic reasons. However, both the population and the consumption are
extensive magnitudes, and therefore, in sufficiently large and homogeneous regions, they would
tend to increase in the same way.
For some of the large provinces, such as Madrid, Barcelona, and Valencia, we have additional data. In this section, we will explain the statistics that we have available for the case of
Madrid, which is the most complete (see Figure 2.4). For the region of Madrid, we have data
17

from the Community of Madrid and the Madrid City Council. The data from the Community of
Madrid had the same mistakes that were found in the data from the ministry for the years 1985
to 2000. Apparently, as of 2000, it seems that normality returns, but with one peculiarity: the
consumption in public lighting is a factor of 10 lower than what it should be for the same order
of magnitude as the data provided by the ministry. In addition to this, lighting consumption
data after 2008 are transformed under the new CNAE2009 and the data for Street lightingis no
longer presented in the same way, but rather appears within Unspecified lightingand Administrative lighting and other public. Their sum is of the same order of magnitude as indicated in
the CNAE93 as electric power consumption for street lighting, with the difference being that in
this case, there is no need to3 multiply by 10.
On the other hand, we have the electric power consumption data from the Madrid City
Council. We have the data from the city council separated by neighborhoods, types of lighting,
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and number of points of light since 1975. Apparently, the main part of the decline occurring in
the consumption data from the Community of Madrid and the Ministry is due to the omission of
the data from the Madrid City Council. It can be seen that between 1989 and 1999, when data
from the community and the city council are combined, the original trend that was visible in
historical data from the Ministry of Industry for the Madrid province is once again observable.
Visible sources in DMSP
Official statistics for the cost of electric power indicate that the changes in this type of consumption occur slowly. This is because, in general, changes in lighting in large regions occur
gradually as long as the region is large enough. In some cases, there could be jumps in emissions
when new sources are introduced on a massive scale, or when one extremely intense source is
introduced, but this is rare. Cases of non-gradual increases have been due, for example, to the
introduction of oil refineries or oil extraction via fracking. Therefore, the light emission produced by street lighting must reflect the same kind of changes. In general, most of the light
pollution and emission that we can detect in the range of 0.5 to 0.9 µm corresponds to sources
like these. However, there are some areas where the most important sources are not related to
street lighting, but rather to two other groups of light pollution sources: group 1: ornamental
street lights or security lights (city centers, landmark monuments, mines or airports) Kuechly et
al. (2012)or group 2: oil extraction or fires.
Type 1 sources rarely are part of statistics, but they are easily identifiable in images and
appear in DMSP images. Many of these sources are in saturated regions of city cores and vary
greatly during the night (Kuechly et al. (2012), Luginbuhl et al. (2009), Sánchez de Miguel
3 http://www.madrid.org/iestadis/fijas/estructu/general/anuario/descarga/anu12-2-3.

xlsIllustration 1: Power consumption for Street lighting versus population (INE)
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Figure 2.4: Electric power consumption in public lighting in the Community of
Madrid. The data from the MICYT are in black and the data from the government
of the Community of Madrid are the red points. The blue points correspond to
the data from the Madrid City Council. The red points with arrows correspond to
the sum of the data from the Community of Madrid plus the data from the city
of Madrid from 1986 to 1999. The blue squares are estimated consumption using
calibrated radiance: DMSP 1997, 2006 and 2012 VIIRS DMSP being studied. The
magenta points correspond to uncalibrated data. Error bars on the square points
have been calculated using a 90% confidence interval for relative consumption vs.
radiance. The magenta error bars have been calculated using the dispersion of the
correction between satellites and a 90% confidence interval for relative consumption
vs. radiance.

(2013)). Type 2 sources do not appear in the mentioned statistics either, but sometimes are not
stable and are not present in DMSP’s images of stable lights (Baugh et al. (2010)).
19

Electric power consumption for street lighting using images calibrated to radiance

Following the methodology described in Elvidge et al. (2009), an extraction of cumulative radiance was performed for Spanish provinces. Unlike in Elvidge et al. 1999, we did not use total
electric power consumption data, but rather data for the cost of street lighting. We used this data
because it is physically related to the light emission detected by the DMSP, except for ground
reflectivity, lighting efficiency, and obstacles in the satellite’s view.
In Figure 2.3, there is a clear correlation between the cumulative radiance4 and the number
of counts in the uncalibrated image. Figure 2.6 clearly shows the correlation between electric
power consumption and cumulative radiance. In the first iteration, a linear fit is performed to
remove outliers, a method also used by Li et al. (2013)However, we then perform a liner fit
y = 10c xn , where ”x” is the population and ”y” corresponds to electric power consumption.
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to logarithms of values, y = xm + 10c, equivalent to log10(y) = m log10(x) + c, equivalent to
In principle, given an urban construction formula, the cost should scale linearly with the population and/or the constructed area. However, the cores of big cities tend to be more densely
populated than those in smaller municipalities, which has allowed the fit to have an extra degree of freedom, in addition to the traditional linear fit, giving an excessive weight to very high
values, such as Madrid and Barcelona.
In Figure 2.6, you can see how the data from this study are consistent with those from
Elvidge et al. 1999, being a natural extension thereof. The lines are the same fit shown in
Figure 2.5.We must clarify that consumption data shown in Figure 2.6 corresponding to the
United States has been divided by 80 to correct the effect of the lower efficiency of American
lights and the total percentage of consumption invested in street lighting, (approximately 1.77
% of the total according to NETL (2002), however the typical efficiency of lights in the USA
is 84 lm / W NETL (2002) versus 121 lm / W of Spain (Van Tichelen et al. 2007)). For this
study, the effect of area has not been corrected, just as other authors have done (Elvidge et al.
(1999), Letu et al. (2010), etc.) since the effect of the area between the region of the Iberian
Peninsula does not exceed 10 % and the latitude is similar to that of the United States, so the
effect is similar. If this effect on the study in progress is taken into account for the rest of Europe
(Section 2.3.2), the correction of the effective area would be carried out without moving ground
footprint information (resampling) for the correlation of errors (Cardiel et al. 2002).

4 Take

into consideration that the cumulative radiance is a magnitude that is not based in physics, like an instru-

mental approximation that is locally proportional to the radiated power. However, it has been used for comparison
with other authors.
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Figure 2.5: Fit to the relationship between electric power consumption and street
lighting and the cumulative radiance. The red line represents the fit. In the detailed
view, you can see the points corresponding to Madrid and Barcelona.

Intercalibration of uncalibrated data
Spain is the region chosen to perform intercalibration, as there are barely any type 2 sources
but many type 1 sources such as the core nuclei of Trillo, Zorita, the Madrid/Barajas Airport,
and the ornamental lighting in downtown Madrid. Much of the ornamental lighting is variable,
and as such, it appears in the DMSP images if it is present in more than 50 % images (Baugh et
al. (2010)). This effect is seen in high-resolution images from the ISS taken at different hours
of the night. The following intercalibration strategy is simple: it is assumed that a relationship
exists between calibrated and uncalibrated images as observed by Elvidge (1997b) and that the
provinces for white the data are already integrated by province are used as control regions.
Therefore, the values in regions both in the calibrated F16 2006 satellite image (Ziskin
et al. (2010)) and the same uncalibrated image are extracted. It is observed that there is a clear
relationship, which is fit to a fourth degree polynomial (see Figure 2.8).
The physical reason for their being a relationship between the calibrated and uncalibrated
21
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Figure 2.6: Comparison between total electric consumption in Elvidge et al.
(1999)divided by a factor of 80, and the public lighting consumption in Spain. The
fit is the same as in Figure 2.5.

images is discussed in Elvidge et al. (1999), but it seems that it is due to increased signal in areas
where there is no emission due to diffuse lighting produced by saturated areas in the uncalibrated
images. Thanks to HDR5 images (Zamorano et al. (2013a)) and chapter 3 of this study) taken
from the International Space Station, we hope to determine whether that diffuse lighting is a real
or instrumental effect (see Chapter 7). In our study in progress on the calibration of images from
the ISS (Zamorano et al. (2011a), Zamorano et al. (2013a), Sánchez de Miguel et al. (2013b)),
we have developed a first version of the HDR image in which it seems that the diffuse lighting
is real, as seen in Figure 3.29. A later stage of the investigation will be presented in chapters 3,
6 and 7 of this thesis.
After applying this relationship to all values resulting from extracting uncalibrated flux
for each satellite, a value of cumulative radiance for each year is obtained. However, just as
many other authors have indicated (Figure 14 Falchi 2005 in Cinzano et al. (2006), Elvidge et
5 HDR,

High Dynamic Range
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Figure 2.7: Population versus cumulative radiances. USA by Elvidge et al. (1999),
Spain by Sánchez de Miguel et al. (2014c).

al. (2009), Letu et al. (2010), Pandey et al. (2013)) there are systematic differences between
satellites and years (see Figure 2.9). Other authors have used Elvidge et al. (2009) method
to correct these differences. This method is based on the point to point analysis of a region.
However, we have observed that there are significant differences between regions. In our case
this may be due to the different distribution of intensities between regions. However, to avoid
making large-scale assumptions and with the aim of extrapolating this study globally, we have
assumed that in a first approximation, the calibration within the different regions of each image
is the same.
On the other hand, as evidenced by the electric power consumption data, change is gradual. If this change for each region from a linear fit of the data extracted from the calibrated
images F12 1997 and F16 2006 , by linear interpolation and extrapolation, an expected value
of cumulative radiance for the years 1992 to 2010 is obtained. Then a linear fit for the expected
data obtained by the extrapolation of calibrated data and the empirical calibration of F16 2006
to the uncalibrated data from 1992 to 2010 (see Figure 2.10). We do this for each of the Spanish
23
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Figure 2.8: Relationship between the uncalibrated and calibrated F16 2006 image
for Spanish provinces. The red line is a fourth order polynomial fit.

provinces and the residuals from the fit are studied. These residuals show a very clear trend for
each satellite, with varying degrees of dispersion that are likely due to the nonlinearity observed
by other authors who perform pixel to pixel corrections. In this study, we simply consider said
dispersion to be a random error in determining the flux, since the multi-region pixel-pixel analysis can be very complex. The average relative deviation from the multiple fits is the correction
factor that should be applied to get a better estimation of the cumulative radiance value. In other
words, for each year, there is a deviation between what is linearly extrapolated and the value
obtained in each region. To ensure consistency, the strongest value will be the average of the
local corrections for all of the studied areas. This method makes use of more than 52 regions of
comparison. As such, the absolute values in this study are more robust than those used by other
authors that use only 2 regions, such as Hsu et al. (2015). The image F16 2006 has been taken
for reference. After applying the correction to the data extracted without calibration, and after
the empirical calibration, a corrected value for the cumulative radiation is obtained for each
region. This procedure significantly reduces data scattering and, being an average correction,
24
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Figure 2.9: Offsets between different satellites (FXX) obtained following the procedure described in Figure 2.11. The image F16 2006 has been used as a reference.
The error bar corresponds to the standard deviation of the relative values for each
region versus the values expected from linear interpolation between the calibrated
DMSP images from 1996-1997 and 2006.

maintains the change for each region.
Electric power consumption in street lighting vs. cumulative radiances
Many studies explore the relationship between electric power consumption and radiance (Elvidge
et al. 1997c, 1999; Lo 2002; Letu et al. 2010). But there are some scattered data on electric
power consumption in public lighting, which is better related a priori with the observed radiance. However, these data may contain significant statistical flaws, which is why we can expect
a lack of smoothness in some of the data from our reference sample: the data for change in
the cost of street lighting from the Spanish Ministry of Industry. For several years, we found
that there were very large errors in the provinces with the highest consumption, so much so that
very large jumps in consumption and its relation with the population decreased from year to
25
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Figure 2.10: Change in the consumption of street lighting in the provinces of Spain.
The official data are shown as black points. Data obtained from uncalibrated images
are shown as magenta points, and those obtained from calibrated images as blue
points (1996-1997 DMSP-OLS, 2006 DMSP-OLS and 2012 SUOMI-NPPR/VIIRS
being studied). The scale is different in each graph. The limits have been chosen so
that the first mark is the minimum and the fifth mark is three times the initial value.
The individual graphs with errors can be found at: http://guaix.fis.ucm.es/
evolucionconsumo.
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Figure 2.11: Calibration procedure. Right branch above: Relationship between integrated flux from the calibrated images F16 2006 and the energy consumed in 2007
for each region. Central branch above: Relationship between the calibrated image
F16 2006 and the same image without calibration. We apply this relationship to all
of the images without calibration. Left branch above: Growth estimated between
1992 and 2010 using data from 1997 and 2006. The fit in central and left branches
is corrected for the systematic effects of each satellite. After correcting the original
uncalibrated data, we use the relationship between the calibrated and uncalibrated
data in the right branch. This is how we obtain an estimate of the energy consumed.
Then we compare the results with official statistics.

year. However, after a meeting with the officials responsible for the statistics, we were able to
prove that the reason for these jumps was the incorrect calculation of the cost of street lighting
due to their different contracted rate in the country’s larger municipalities. That possibility disappeared in 2007 and the data for that year was, once again, proportionate to the population.
Therefore, we decided to choose this year as reference for this study, in addition to its proximity
to the image F16 2006 calibrated to radiance.
27

(Doctoral dissertation, PhD thesis,
Universidad Complutense de Madrid)
DOI: 10.13140/RG.2.1.2233.7127

de la contaminación lumı́nica y sus fuentes:
Metodologı́a y resultados

Cite as: Sánchez de Miguel, A.(2015).

Variación espacial, temporal y espectral

Figure 2.12: Change in electric power consumption in Spain. The official data are
shown as black points (solid or open circles). Magenta points represent estimations
from uncalibrated images. Blue squares represent 1996-1997 DMSP, 2006 DMSP,
2012 VIRRS being studied. To the right there is a detailed view of the figure.

First it is shown in Figure 2.2that the relationship between the consumption and the population is very good. There is also a good relationship between flux and consumption, with
some atypical values (Figure 2.3). The population-radiance relationship is also good and shares
many of the atypical values with the previous relationship. If these outliers are excluded and
a linear fit is performed, it is found to be consistent with what was published by Elvidge et
al. (1999), correcting the total electric power consumption data and assuming that lighting is
approximately 1.77 % of the total electric power consumption, which is approximately what
happens in Spain (and the different efficiencies of their lighting). Once this relationship is determined, it is applied to the estimated radiance data calculated in the previous section and the
calibrated data from 1997 DMSP-OLS, 2012 (SUOMI-NPP/VIIRS) and an independent estimation of the cost of street lighting for each Spanish province is determined. Figure 2.12 shows
the full calibration procedure schematically.
28

The cost of street lighting in Spain
Once we have an estimate of energy consumption, it is possible to estimate the cost using
electricity rates. In particular, the price of electricity in Spain has been regulated since 2006
for street lighting. Since that date, the market has been opened to the liberalization of prices,
making it much more complicated to estimate. As a first approximation, the municipalities of
Valencia (1991-2012) and Madrid (2014) have been used as a reference because they are the
largest consumers and, therefore, have better bargaining power. In the Figure 2.4, we can see
how, as a result of economic liberalization, costs doubled in just four years. To a large extent
this has led to the freezing of the emissions growth. The implementation of the decree on
energy efficiency in street lighting in 2009 has also been one of the factors that have caused this
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slowdown, as well as the economic crisis.

Figure 2.13: Change in the cost of electric power for street lighting in Spain (euros).
Magenta points represent the estimation from uncalibrated images. Black stars represent 1996-1997 DMSP, 2006 DMSP, 2012 and 2014 VIIRS being studied. The
data up until 2012 was taken from Sánchez de Miguel et al. (2014c)and 2014 to the
2.3.2.
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Analysis of the results
A better fit is visible with the trend in change in cost of street lighting in the least populated
provinces such as Soria, Ávila, Cantabria, Burgos, Huesca ...(see Figure 2.11) in which there
are no obvious statistical errors in the consumption of street lighting. In others, the largest
provinces, only the values for the last few years (2006, 2007 and maybe some earlier) match.
This is due to changes in the rates in the largest municipalities of these provinces. In some
regions, it seems that the change in estimated consumption and the changes in the statistics go
hand in hand, but with a bit of displacement. This could be caused by several circumstances: the
lack of information in the statistics (omission of important municipalities, as discussed above),
local conditions (special lighting designs or the use of lights with different efficiency), or errors
in empirical calibrations.
time. A more detailed study is currently being carried out on the city of Madrid using data from
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With the data available, it is not possible to discern between these potential causes at this
the ISS-D3s, SUOMI-NPP/VIIRS y DMPS-OLS. For some of the most populated provinces,
there are not better data available from the corresponding Ministry, but there are additional
data from the regions or major city councils of those provinces (see statistics from the Ayuntamiento de Madrid; Comunidad de Madrid (2013); Ayuntamiento de Valencia; Ayuntamiento
de Barcelona). The composition of these data provides additional information for these regions,
which generally tend to be saturated and, therefore, are the regions that contribute most notably
to long-distance light pollution.
The most important thing is the finding that spending on street lighting is directly related
with emissions visible from satellites and that the cost of electric power for street lighting can
be used as a reference for the intercalibration of DMSP images and others (Sánchez de Miguel
et al. 2014c). However, as seen in this section, one must exercise caution when using these data
as the DMSP and SNPP satellites are not sensitive to different lighting technologies.

2.3

VIIRS/DNB measurements from the SUOMI/NPP satellite

The SUOMI-NPP satellite (hereinafter SNPP) and its successors will replace the DMSP satellites. One of the SNPP satellite’s most powerful tools is VIIRS: a multispectral camera for
visible light and infrared during the day and for the visible range using a panchromatic spectral band coverage similar in spectral coverage to that of the DMSP (0.5 to 0.9 µm) at night.
Images are simultaneously taken in infrared bands that can be used for the classification of
heat sources such as oil refineries, fires, and oil extraction, among others. This instrument, un30

like the DMSP/OLS, presents photometric instrument calibration. The comparison between the
DMSP/OLS and the SNPP/VIIRS/DNB can be seen in Table 2.1. The sampling of the images
is 15 arcsec, corresponding to a pixel footprint area of 462m at the equator, while the resolution6 is ”∼ 750m, which is why the PSF covers a little more than a pixel. Within the instrument
specifications, it is expected that it will be able to provide photometrically calibrated images
with a precision of 15 %.
At the closing date of this thesis’ original study, there were 5 mosaics of the entire Earth
made with VIIRS: four of these mosaics corresponded to the averaged data for the same month
(April 2012, October 2012, January 2013, and May 2014) and one of them corresponded to
the average of two months (April 2012 and October 2012). These preliminary products are in
development and still have problems, despite the fact that they are the highest quality products
currently available for night exploration of Earth in a single panchromatic band. These products
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have been produced through satellite overpass, in which a sweep of Earth’s surface is performed
with a width of 3,000 km on their side of the nadir. Only data uncontaminated by moonlight
are used, meaning that only data from 10 days per month can be used for mapping. In certain
regions, weather prevents many overpasses for averaging from occurring. Currently, mosaics
are beginning to be published on a monthly basis.

Figure 2.14: Footprint of VIIRS/DNB. Source: Beginner Guide to VIIRS Imagery
Data.

The instrument’s field of view (hereinafter FOV) is 120◦ , which allows for the view angle
in the most extreme parts to be seen from streets with an angle of up to 60

◦

with respect to

the vertical (see Fig. 2.14and Fig. 2.15). This may result, in areas of high population density
with 6 storied buildings (approximately 18 m high) and relatively narrow streets (7 m), in these
being invisible or being seen highly shielded by buildings and trees. This effect is difficult to
6 Rayleigh’s

criteria
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Figure 2.15: Geometry of VIIRS/DNB observation in the case of pronounced angles. In observations close to the nadir, these buildings do not block the street, but
for large angles the streets may be invisible to the satellite.

observe in the VIIRS/DNB images because of their low resolution and because the products are
the average of several images, but it is clear in the high resolution images obtained by the ISS.
In part, for the new mosaics, the range of useful data has been restricted to 57◦7
As a reminder, polar-orbiting satellites always travel over the same region at the same
time (∼ 1 : 30 daylight solar time). However, because the FOV is so wide, in an extreme field of
view, two or even three different time zones can be seen. Street lighting is currently practically
constant all nigh 8 long, but ornamental lighting can vary greatly. These two effects, the lack of
images and the shielding of the edges may partly explain the large differences observed when
comparing some of the VIIRS mosaics.
Other problems that can be found are that the structures that appear in the images due to
7 Kim
8 This

Baugh, May 2015, private letter.
situation is going to change in the next few years.

An example is the ”LED lighting” test-

ing protocol for exterior lighting from the Madrid City Council, which considers different intensities before and after midnight.http://www.madrid.es/UnidadesDescentralizadas/ObrasyEspacios/Varios/
ProtoPruebLuminarias-LedAlumExterio14-05-2014.pdf
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purely instrumental effects which are being corrected (Mills & Miller 2014; Shao et al. 2014). It
is expected that once the mosaics are created with a higher time interval and, therefore, a better
statistical basis, these problems will be solved. At the moment, the changes that we observe
are up to 30 % more flux from one mosaic to the next in cities, such as Madrid. In Figure
2.16 and Table 2.2, the ratio in flux within the same region regarding the April 2012 image
can be seen.They show that this ratio remains fairly consistent throughout the region. However,
Figure 2.17shows that this relationship is not constant in the entire image and that the variation
is opposite in Eastern Europe. Part of the difference may be real, given that in January there is
usually snow, which reflects more light, but that should not happen in places like Madrid where
it does not regularly snow in the city. Another contributing factor to emissions being higher in
January than in May is the lack of foliage on the trees. These details are carefully addressed in
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6.4.
Image

Crown

Region

δ Crown

δ Region

April 2012

4.34E + 05

1.94E + 05

100.00 %

100.00 %

October 2012

4.33E + 05

2.05E + 05

99.75 %

105.61 %

January 2013

3.11E + 05

1.51E + 05

71.61 %

77.51 %

May 2014

4.48E + 05

2.02E + 05

103.31 %

103.81 %

Table 2.2: Measurements of cumulative radiance (nW /cm2/sr) measured by VIIRS for Madrid
in April 2012, October 2012, January 2013 and May 2014. The green circles in Figure 2.16
indicate the crown regions and exterior regions.

However, for specific regions of up to 1,000 km (smaller than VIIRS’ overpass width of
3,000 km) the data can be used relatively, since the lack of saturation and system linearity make
it much more recommended than data from DMSP/OLS, even today without having finished
the calibration.

2.3.1

Photometry and VIIRS/DNB Intercalibration and Other Sensors

The photometric calibration of black bodies differs significantly in emission sources dominated
by emission lines. This is even more important when the type of source is previously unknown.
In order to detect thermal sources, infrared bands are used in DMSP/OLS, but these techniques
have been improved by VIIRS’ multispectral images (Elvidge et al. 2013; Zhizhin et al. 2013).
This allows us to rule out the presence of fires or black bodies with temperatures between 600
K and 6000 K. However, discharge lamps dominate emissions in street lighting in Europe and
America. In Elvidge et al. (2010), a large group of other emission sources are described such
33
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Figure 2.16: VIIRS/DNB images of Madrid for April 2012, October 2012, January
2013 and May 2014 (ordered chronologically from right to left and from top to
bottom). The green circles indicate crown regions and the region in 2.2. The color
scale represents radiance in nW /cm2 /sr.

as oil or citronella lamps, or incandescent lighting. In that same article, it is discussed how
multispectral images from ISS can, visually, estimate the type of lighting that is used. In this
way, either by visually analyzing multispectral images or using previous knowledge (lighting
inventories etc., for example Aubé & Kocifaj (2012)), VIIRS/DNB data can be used to estimate
the real flux that would be detected in multispectral bands. This requires assuming the sources
spectrum and correcting it using the VIIRS responses with that of the spectrum, in order to
account for the differential effect of the sensor’s response to different wave length sources.
This synthetic photometry technique allows us to predict the fluxes that may have a fixed
source observed with other instruments (described in more detail in Section 3.4.5). For this
calculation, VIIRS/DNB’s expected spectral response for the 6557 orbit has been used 6557
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Figure 2.17: Variation in percentage of radiance estimated by VIIRS/DNB in the 2013
and 2014 images, with respect to the one from 2014. Greater radiances are seen in the
2013 image in Eastern Europe. Radiances lower than are shown in 1nW /cm2/srradiance,
masked in black.

(Liao et al. 2013). The responses from Nikon D3/D3S are the ones that were calculated for this
study and for the DMSP/OLS Elvidge et al. (1999). The lamps studied are LPS ( Low Pressure
Sodium), HPS ( High Pressure Sodium), MV ( Mercury Vapor) , CFC ( Compact Fluorescent)
and CMH ( Ceramic Metal Halide), belong to a spectra gallery as per C. Tapia et al. (2015).
The flux 9 has been calculated as described by Fukugita et al. (1995)and the standard calculation
of flux using AB magnitudes

10 .

In Table 2.3we can see how, by taking the flux measured in

VIIRS/DMB as a reference, the expected DMSP/OLS fluxes are very similar and do not exceed
a 10% difference. Taking into account that for DMSP/OLS data, an error estimation is not
available and those pertaining to VIIRS/DNB are 15 % (1σ ) this effect is negligible for the
lamps studied.
In addition to the VIIRS/DNB and DMSP/OLS bands, other common observation bands
in light pollution studies include the one found in the SQM devise, which we discuss extensively
9 Always
10 The

understand flux as spectral flux density
units of flux used are W /cm2/sr/Å
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Spectrum

VIIRS

DMSP

SQM

B

G

R

B/G

G/R

DNB

OLS

LPS

0.04

0.95

4.10

0.04

0.23

1.00

0.94

0.71

HPS-1

0.21

0.88

2.03

0.24

0.43

1.00

0.92

0.66

HPS-Cocheras

0.21

1.06

2.72

0.20

0.39

1.00

0.95

0.76

HPS-Maja

0.09

1.09

2.62

0.08

0.41

1.00

0.93

0.72

HPS-Calle

0.11

0.98

2.64

0.12

0.37

1.00

0.92

0.70

HPS-Cocheras2

0.23

0.84

2.16

0.27

0.39

1.00

0.93

0.66

MV vieja

0.34

0.88

1.09

0.38

0.80

1.00

0.93

0.64

MV

0.36

1.58

1.76

0.23

0.90

1.00

0.94

0.99

MV nueva

0.43

1.10

1.16

0.39

0.95

1.00

0.94

0.78

CFC

0.27

1.33

2.09

0.20

0.64

1.00

0.95

0.85

CMH

0.58

1.48

1.71

0.39

0.86

1.00

0.99

0.96

Table 2.3: Integrated flux corrections for the corresponding bands, for different types of spectrum. VIIRS data have been used for reference.

in Section 6.2.1, and the RGB channels of the NIKON D3S reflex digital cameras, which we
will study in Section 3.3.2.
It can be clearly observed that HPS and MV lamps have important differences of up to
50% due to the age and model in the channel B, while HPS is quite stable for the G channel,
but MV is not stable in the G channel. It can also be seen that the differences between the
DMSP/OLS and VIIRS/DNB are very small, around 5-8%. This is not the case for the SQM
which may have large differences of 5-35% in different lamps. This is due to the large difference
between their spectral responses. The fact that these relationships stay the same, modified
only by atmospheric absorption, allows us to use VIIRS/DNB data as a reference for verifying
calibration with other instruments.
Besides taking into account the importance of the instruments’ different spectral responses,
one must also consider the different units of measurement in which some of the results are
given.11 . In this study, we have used DMSP/OLM data in units of flux in wavelength as described in EOG 12 . However, the current approach is to give information in an integrated band,
so it is necessary to correct the width of the band for the comparison of these data. In Figure
11 Because

it is an interdisciplinary field in which biologists, engineers, social scientists and physicists work,

there are commonly discussions on the suitability of units based in physics for the communication of results.
12 https://web.archive.org/web/20130401183205/http://www.ngdc.noaa.gov/dmsp/download_
radcal.html
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2.18, you can see the result of applying the correction calculated at 1.46, which is necessary to
compensate for the different units used as standard in the DMSP data ( and in VIIRS )). A clue
to the source of the change in slope in Figure 2.18 may be the change in gain for the creation of
the high dynamic range 13 mosaic from DMSP/OLS calibrated for gain (Ziskin et al. 2010). Another explication could be that because the most populated regions have much more ornamental
lighting that turns off late at night, these regions will be darker in VIIRS/DNB and lighter in
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DMSP/OLS.

Figure 2.18: Comparison between DMSP 2006 fluxes calibrated using corrected
data from VIIRS 2012 (bimonthly). This correction corresponds to the factor of
1.46 necessary so that both fluxes are consistent with the data in Table 2.3 and is
necessary to unify the units of both sets of data, since VIIRS/DNB currently gives
data in complete band and not in micron flux like DMSP/OLS.

13 The

original DMSP/OLS data tend to be saturated in the brightest areas.
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2.3.2

Applications

Measuring the photometry of the VIIRS/DNB images can be used to estimate the cost of street
lighting. In this section, we present two applications, one on a macro scale and the other on a
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micro scale.

Figure 2.19: Light points rate per capita. These data on the amount of lighting
comes from Van Tichelen et al. (2007), except for those pertaining to Spain, which
come from the IDAE from de Vera Quintero (2014) because the data for Van Tichelen et al. (2007) are incorrect according to de Vera Quintero (2014).

Estimation of the cost of street lighting in Europe
The cost of street lighting is one of the most significant parts of electric power costs dependent
on public administration, for example, according to the “Libro de la Energı́a 2004”(MITYC
2005), it represents at least 50 % of energy expenditure municipalities. As demonstrated in
the section 2.2.1 of municipalities’ spending on electric power. As demonstrated in Section
2.13, the data from the ministry were incorrect and this percentage could be as high as 75 %.
Because of the importance of this sector, the European Commission headed a report on the
sector in Europe (Van Tichelen et al. 2007). In our studies, we analyze the implications of
38

Figure 2.20: Rate of consumption per resident estimated using data from Sánchez
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de Miguel et al. (2014c) and DMS/OLS and VIIRS/DNB images. Additional details
in the text.

this study for Spain and the European context (Sánchez de Miguel 2007; Sánchez de Miguel &
Zamorano 2010).
As a continuation of the studies that have already been done, we have proceeded to extrapolate the results from Spain to the rest of the European Union. In order to complete this
extrapolation, it is necessary to correct the effect of projection by multiplying the radiance of
each pixel by its real area divided by the area of a pixel on the equator. Since the projection data
is equiangular, each pixel tends to have the same area in degrees, but not in area which is the
unit used. Once this effect is corrected, we run a routine designed by José Gómez Castanõ for
reducing the number of countries in the same way as was done with the provinces in the case
of Spain. In this estimation, several assumptions are made. The first assumption is that street
lighting in all of the countries is dominated by high pressure sodium lamps, as in Spain. We
know that this is not true because of Van Tichelen et al. (2007), but high pressure sodium lamps
are the most efficient ones on the market, meaning that in any case, this estimation is conservative. Secondly, for the countries for which no data was available, a consumption of 75 kWh has
been established as the EU average. Thirdly, a common energy cost has been established based
on the information provided by the Madrid City Council 14 for countries with cost of household
energy is greater than that value as Eurostat15 If not, the value for household energy costs is
14 Estimated

electric energy cost: 0.18 e/ kWh http://www.madrid.es/UnidadesDescentralizadas/

ObrasyEspacios/Varios/ProtoPruebLuminarias-LedAlumExterio14-05-2014.pdf
15 http://ec.europa.eu/eurostat/statistics-explained/index.php/File:Electricity_
prices_for_household_consumers,_first_half_2013_(1)_(EUR_per_kWh)_YB14.png
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used. Wikipedia’s16 uniform projection has been used as a source of population.
The total cost is ∼ 6.300 euros per year.To put this into context, investment in the European Space Agency (ESA) was ∼ 4.300 million euros in 2013. You can see the details of
spending by country in Table 2.4. It notes that in the case of the Netherlands, the contribution
of the greenhouses is very significant, so data VIIRS / DNB It must be pointed out that in the
case of the Netherlands, the greenhouse contribution to the total radiance is very significant, and
therefore, the VIIRS/DNB data are not reliable for estimating the cost of street lighting. This is
not the case for the DMSP/OLS data because the greenhouses are covered for the first part of
the night. These greenhouses are located in a place with very few hours of sunlight. This lack
of natural light is made up for with lamps that provide up to 70,000 lux18 .Because the glare
bothers the neighbors, this light is reduced by 98 % due to obligatory curtains. However, in the
second part of the night, they are permitted to take off the curtains to prevent the greenhouses
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from overheating. Therefore, in Figure 2.21, a clear excess is seen in the Netherlands by the
VIIRS/DNB images (taken at midnight), but not in the DMSP/OLS images (taken at dusk). In
addition to this excess, we must take into consideration the excesses due to snow coverage in
the January 2013 image and due to some specific errors in the region of Portugal in May 2014.
For comparison, we added the estimated number of lights per resident (Figure 2.19),
updating the previous studies. It is observed that both data sets are consistent and, for example,
Spain stands out in both statistics. All of this indicates that Spain is the country with the highest
cost per capita in the EU, although it is not possible to obtain reliable estimations for the Nordic
countries. One of the causes is the excess of street lights per resident, only surpassed by Sweden
and Belgium, a country that only recently lit all its highways.19 . The data in this section are
consistent with those published by ECHELEON20 and Martin Morgan Taylor Meier et al.
(2014) without describing any calculation methodology. The impact of CO2 emissions is 44
million tons per year, which is 1.2% of the total emissions for the EU, or the equivalent of all
of the emissions from a country like Ireland.
It is noteworthy that within the countries with higher per capita costs, at the top are countries that have had a higher risk problem in the past few years. There is a known relationship
between satellite emissions and a country’s gross domestic product (Elvidge et al. 1997c; Wu et
16 http://es.wikipedia.org/wiki/Anexo:Pa%C3%ADses_de_la_Uni%C3%B3n_Europea_por_

poblaci%C3%B3n, date 11.25.2014.
18 http://www.hortidaily.com/article/1582/Netherlands-The-more-assimilation-lights,
-the-more-problems
19 http://elpais.com/elpais/2012/09/27/opinion/1348771078_077030.html
20 estimate energy expenditure in more than 450 TWh obviously a mistake because all calculations
add up with 45TWh http://www.echelon.com/support/documentation/papers/EchelonCorporation_
StreetlightWhitepaper.pdf
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Country

Population17

Cost (kWh/inha)

Cost (Me)

Consumption TWh

Germany

81.037.000

48 ± 9

700 ± 300

3.89 ± 0.73

United Kingdom

64.713.000

60 ± 10

621 ± 200

3.88 ± 0.65

France

64.228.000

87.5 ± 3

843 ± 500

5.62 ± 0.16

Italy

60.925.000

90

987

5.48

Spain

46.354.000

114 ± 2

955 ± 300

5.31 ± 0.07

Poland

38.519.000

80

462

3.08

Romania

19.852.000

45

118

0.89

Netherlands

16.892.000

75

228

1.27

Belgium

11.241.000

92 ± 8

190 ± 30

1.04 ± 0.08

Greece

10.775.000

95

154

1.02

Czech Republic

10.515.000

77 ± 13

150 ± 50

0.81 ± 0.13

Portugal

10.339.000

105

195

1.09

Hungary

9.851.000

55

76

0.54

Sweden

9.757.000

75*

132

0.73

Austria

8.587.000

45

69.6

0.39

Bulgaria

7.205.000

75*

54.0

0.54

Denmark

5.662.000

75*

76.4

0.42

Finland

5.474.000

75*

61.6

0.41

Slovakia

5.423.000

60

52.5

0.41

Ireland

4.622.000

90

74.9

0.35

Croatia

4.236.000

75*

44.5

0.32

Lithuania

2.922.000

75*

30.7

0.22

Slovenia

2.065.000

75*

23.9

0.15

Latvia

1.987.000

75*

22.4

0.15

Estonia

1.327.000

75*

13.9

0.0995

Cyprus

874.000

75*

11.8

0.0000656

Luxembourg

563.000

75*

6.76

0.0000422

Malta

424.000

75*

5.09

0.0000318

6300 ± 613

38.12 ± 1.82

European Union

506.369.000

Table 2.4: Economic and energy expenditure of the countries of the European Union as of
1/1/2015 using energy costs from the Madrid City Council and Eurostat. Population data comes
from Wikipedia. Morgan Martin Taylor’s estimation in Meier et al. (2014)with an average
consumption of 90 kWh per capita without citing sources, with a result of overspending 5.2
million euros. However, it uses incorrect population data for the EU. The cost of street lighting
would be 5 million euros with the correct population data. *Without data, European average of
41
75 kWh/ha/year.

al. 2013). However, this relationship is still unclear, and now there is no physical relationship
between lighting and economic growth 21 , but there is one between electricity and light emissions and their possible satellite detection. The different ways of lighting in different countries
is something that was assumed by the various authors who studied the sociology of lighting
and its connection with electric power costs (Ghosh et al. 2013). In the case at hand, perhaps
we are facing a countercyclical case that was not taken into consideration by Elvidge et al.
(2014).However, to prove this point, it is necessary to have a greater temporal basis and to perform an unbiased analysis, since the current intercalibrations from Elvidge et al. are biased by
knowing that its main reference, Sicily, had not increased its brightness, when there is evidence
to the contrary. According to official data, electric power consumption for street lighting has
increased in the region by up to 22%.22 .
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Estimation of flux emitted by the municipalities of Delta del Ebro - Deltebre
The region of Deltebre is idea for studying the potential of local studies performed with VIIRS/DNB data. This is due to this being a region where different light decontamination actions
are being implemented by the Department de Projectes d’Enginyeria of the UPC. This allows
us to understand the light inventory, electric power consumption, and other variables of interest
in the region.
Images of the area of Delta del Ebro for the years 2012, 2013 and 2014 (Fig. 2.22) are
presented with the same intensity scale so that they can visually be compared. The image from
2012 can be found below and shows that the regions marked in green correspond to the areas
where fluxes have been measured.
Differential photometry of these regions allows us to determine the difference in light
flux over time. Isolated light points have been selected so that their measurement would not be
affected by neighbors. It is easy to make the correspondence between these points and towns
in the area. Rectangular region #15 corresponds to the town of Deltebre. A visual inspection
shows a significant decrease in 2014.
The values obtained from the measurements (sum of values in pixels at the opening)
are shown in Table 2.5 In Figure 2.22, values are shown for the different regions allowing
us to see the variation in recent years. In the upper panel, raw values are plotted, coded in
colors corresponding to the time of observation. In the central panel, the values have been
rescaled assuming that the sum of the fluxes in all of the regions has stayed constant and that
the differences are due to the absolute calibration. This is not necessarily true but we hope that
21 If

there were one, it would be a cultural relationship, not physical.

22 http://www.terna.it/default/Home/SISTEMA_ELETTRICO/statistiche/consumi_settore_

merceologico/consumi_settore_merceologico_regioni.aspx
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Region

2012

2013

2014

1

1565.9

1739.9

1667.0

2

495.4

617.2

611.5

3

1255.8

1629.7

1547.4

4

333.5

376.8

307.7

5

478.1

449.6

434.1

6

234.2

254.7

216.7

7

155.0

205.1

176.7

8

279.3

227.4

226.9

9

283.7

276.5

316.1

10

255.2

259.4

302.2

11

1090.1

1157.6

1171.8

12

353.3

420.7

363.4

13

601.3

760.6

691.1

14

246.2

270.9

127.9

15

943.6

1512.6

1575.8

16

404.8

600.1

517.8

17

434.9

475.7

464.1

18

236.8

244.7

256.8

Table 2.5:

Measures in regions

marked images.
Figure 2.22: VIIRS/DNB images in the
study areas. Image from 2012, top, 2013,
left, and 2014, right.

the local increases and decreases cancel each other out in this average measurement. Region
#14 and #15 have been removed from the calculation of mean values.
In the graph below, variations are shown for each region for the year 2014 in comparison
with the average of the two previous years. While the rest of the measured regions show variations around 15% (values may have increased or decreased), region #15 (Deltebre) and #14
(Riumar) exhibit decreases of about 40% and 50%, respectively. If you would like to make a
more elaborate analysis (removing outliers, for example), please refer to Table 2.5. This analysis was conducted as an observational verification of the statistical prediction model evaluated
by the UPS. Both the model and the verification have been included in Estrada-Garcı́a et al.
(2015).
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Figure 2.21: Photometry of the regions of Deltebre. VIIRS estimated error of 15%.
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2.4

Results

• It has been demonstrated that the panchromatic bands of the VIRS/DNB and DMSP/OLS
satellites provide radiances compatible with their instrumental errors for the spectrum of
different types of lamps despite their different spectral responses (Table 2.3).
• It has been verified that the VIIRS/DNB data present variations of up to 30% in radiances
that cannot be explained by local circumstances. As such, the products released up until
now should be used with caution (see Section 2.3).
• The feasibility of monitoring the efficiency of the changes in municipal street lighting
installations sing satellite images has been demonstrated. In the case of the municipality
of Deltebre, reductions of 50% have been measured, which suggests the positive results
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of this action (see Section 2.3.2).
• A method has been developed for providing precise estimations of electric power consumption for street lighting using radiances obtained with satellite images (Section 2.2.1).
• The change of electric power costs for public lighting in Spain has increased in the last 25
years at a rate of 4% and currently is slowing down. Electric expenditure in Spain is 5.4
TWh/year, representing an expenditure of about 950 million euros per year at this time
(Section 2.2.1).
• Spending on street lighting by the countries in the European Union has been estimated at
6,300 million euros peer year. (See Section 2.3.2).
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Chapter 3
Measuring Light Pollution Using ISS
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Images
3.1

Introduction

Photographs taken by astronauts from the International Space Station 1 are the object of our
study. These were recorded using commercial reflex cameras and they have great media coverage because of their intrinsic beauty. In particular, the photographs taken at night time show a
network of glowing red points that largely correspond to street lighting in large cities.
On night time photographs taken by astronauts with commercial or lightly modified digital cameras. Our research group has catalogued about 1600 good-quality night time images,
and 92 % of them were taken with the Nikon D3S; 5 % with a Nikon D3, 2.65% with a Nikon
D2Xs, and the rest were taken with various cameras (Nikon D1, D1s, D3X and Kodak). The information on all of the cameras used at the International Space Station can be found on webpage
for NASA’s fileThe Gateway to Astronaut Photography of Earth(Heydorn et al. 2014)2 .
Luckily the images were recorded and filed in the camera’s native format (RAW files) that
retains the sensor’s linearity, i.e. the files’ values are proportional to the exposure received by
each pixel. The images’ calibration allows the transformation of these arbitrary units provided
by the camera into physical units. To perform this conversion, we must be familiar with the
camera’s features.
It would be ideal to characterize the exact cameras that the astronauts used (more than
six different cameras). Because the cameras used are commercial cameras, we could use the
1 ISS

is a collaboration between the National Aeronautics and Space Agency (NASA) of the USA, the Russian

Federal Space Agency (Roscosmos), the Canadian Space Agency (CSA), the European Space Agency (ESA), and
the Japan Aerospace Exploration Agency (JAXA) with the aim of joint development, operation and use of the
space station that is permanently located in Earth’s orbit.
2 http://eol.jsc.nasa.gov/
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information specified by the manufacturer; however, this information is insufficient for our purposes. The information gathered from the literature on the spectral response of the Nikon D3S
cameras is incomplete and an analysis of its quantum efficiency has not been found. Therefore,
we have to analyse this model of camera in detail in order to correctly calibrate it. As we do not
have access to the exact camera used by the astronauts, we will assume that the characteristics
of that camera are similar to others of the same model.
In order to characterize the system, we rented a Nikon D3S camera and analysed in the
optical characterization bench for sensors at the Laboratory for Scientific Advanced Instrumentation, hereinafter abbreviated as LICA 3 . (as per the Spanish acronym). We will later verify,
via the analysis of images of star fields, that this camera’s properties match those of the camera
used by the astronauts and that the calibration is correct.
We must use a source pattern like the one used in LICA for absolute system calibration.
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Since the photographs from the Space Station were taken through a window, an absolute calibration has been performed using stars as a source pattern to avoid biases caused by absorptions
and reflections from the different layers of the station’s windows

4

that could not be repro-

duced on Earth. These star fields have been observed through the same windows through which
images of Earth are taken.
Finally, as a final check, we have compared the result obtained with the best available
calibrated data taken from satellites. Currently, the only comparable data are the provisional
results taken by the SUOMI-NPP satellite with VIIRS cameras in the DNB band.

3.2

Night time Images from the ISS

Through the visual analysis of images, the places with the most lighting can be determined and
compared to population levels (Kyba et al. 2014a).
The intensity recorded in the images is related to the amount of light either directly or
indirectly sent into space or by ground reflection. As such, there are other parameters apart
from the installed power such as the type of lamp, ground reflectivity, tree cover, city plan, etc.,
which influence the final value recorded in the images.
Apart from the value of night time images in making citizens aware of energy waste
and light pollution, our group showed that the images have scientific value as the sensor used
is linear and information can be extracted about the type of lighting technology when taking
3 http://guaix.fis.ucm.es/lica
4 Hatton

(2011) indicates: “The transmittance SHALL not be less than 60.0 percent for wavelengths between

800 and 450 nm. Also, the transmittance off the windows are over 95% in all wavelengths between 800 and 450
nm”.
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images in three bands of colour (Zamorano et al. 2011a; Sánchez de Miguel et al. 2013b).

Figure 3.1: Night time image of Madrid from the International Space Station
(ISS026e026493) in JPEG format showing the orange colour of the street lighting with high pressure sodium lamps. The image is oriented approximately North South, with a width of approximately 50 km.

For correct photometric analysis, it is necessary to use images in unprocessed image
format (hereinafter

RAW

format). This is because other file types used in photography, such

asJPEG, that try to reproduce the behaviour of the human eye with a logarithmic response,
are compression formats that involve information loss and, specifically, loss of linearity. The
original information of these file types cannot be recovered.
The sensor used in the Nikon D3S cameras is a CMOS with linear behaviour (see Section
3.5) and, therefore, the measured intensities at each pixel (counts or analogue-to-digital units
[AUDs]) are proportional to the light exposure received. To register heat, the sensor uses a
Bayer array which is a periodic colour filter array (CFA) that consists of a red filter, two green
filters, and a blue one in a 2 × 2 square array. Each image is actually composed of four images
recorded in three colours or channels (R, G & B) which must be separated. Analysing the same
colours provides information about the sources’ colours and, therefore, about their nature (see
Section 3.6).
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Figure 3.2: Detail of ISS026e026493 in the central area of Madrid and an amplifi-
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cation in the RAW image showing the structure of the Bayer array.

Figure 3.3: The two green (G) channels in a detail of ISS026e026493. The image
has been codified in colours according to the sample table. The brightest areas
appear in yellow. Hot pixels have been identified in both images, both of which
show a slightly different ground area due to the structure of the Bayer array.
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reconstructed from this image showing better spatial resolution.
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Figure 3.4: Intermediate image composed of the two green channels and the image

3.3

Decoding the Images

In order to translate Nikon’s original or native format or NEF files Nikon Electronic File, the
DCRAW code developed by Coffin (2006) was used, allowing the four channels to be separated.
The command for decoding allows the parameters to be adjusted and, in this case, the following
was used:
dcraw − v − or 0 − H 1 D − 6 < Filename >

(3.1)

in which the options used indicate that the data extraction is produced in 16-bit (-6) format. No
colour balance has been applied ( -o), and the overexposures have not been excluded (-H 1),
The -v option indicates that the program should show if there are reading errors per screen.
Then, the resulting format (pgm 5 ) is converted into FITS6 format. For this we use the
command PAMTOFITS from the NETpbm libraryPAMTOFITS of the Netpbm library (Henderson 2010). The FITS file format is interlaced with the Bayer array. To separate RGB channels,
a routine has been written in python that separates the image into the four channels (RGGB)
in FITS format. In this process, information has not been lost and the sensor’s linearity is preserved. Additionally, we convert files to the REDuc
m E format (Cardiel 1999) for the analysis of
synthetic photometry (see Section 3.4.5). The code can be consulted in the Mercurial repository
of GUAIX in the pyISS packet Sánchez de Miguel (2013b).
5 becomes
6 Pence,

http://netpbm.sourceforge.net/doc/pgm.html
WD, Chiappetti, L., Page, CG, Shaw, RA & Stobie, E. (2010). Definition of the Flexible image

transport system (FITS), version 3.0. A & A, 524, A42.
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3.3.1

Characteristics of the Data

The Nikon D3S camera has the option of recording images in 12- or 14-bit RAW format. This
information appears in the header EXIF(Association et al. 1998).Although in principle 12-bit
images should have a dynamic range of 4096 levels and 14-bit images should have 16384, the
result of the decoding shows that the real dynamic range of 12- and 14-bit images is twice that
(8192 for 12-bit and 32768 for 14-bit). At the beginning, we assumed that the DCraw program
that expands the values, multiplying them by 2. Since there is no loss of information, and said
numbers are dimensionless, no subsequent change has been made.
A rare feature of this kind of sensor is the image noise that is not the Gaussian noise
that is expected in CCD cameras (Faraji & MacLean 2006) Nikon’s differential noise reduction
process (Koyama & Jiang 2011) subtracts image noise (DARK, which includes BIAS so that
in other cameras from other manufacturers. This is why in RAW images taken with the Nikon
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the average value in the background of unexposed areas is zero and not the BIAS value like
D3S camera, noise is a combination of a truncated Gaussian component in low values (close
to 0) and another exponential type component (see Fig. 3.5).This conclusion was reached after
analysing the images and verifying that in dark images or DARKS, approximately between
42% and 50% of the pixels are 0. Generally, a BIAS is added to counts to avoid negative values
due to noise during the digital analogue conversion. In this case, it is clear that the camera’s
software or hardware subtracts that background and shortens the values that are below average
for the background to zero. This process is secret and, therefore, it is illegal to spread the exact
process. It can, however, be deduced by reverse engineering 7 This technique allows BIAS to
be eliminated from the RAW images and possibly increases the camera’s dynamic range, but
also makes the analysis of regions with low noise signal difficult.

3.3.2

Spectral Characterization of the Camera

Although in some cases it may suffice to use the camera as a three-channel photometer and to
calibrate with patron sources, proper photometric calibration (albeit relative) requires knowledge of the spectral response of each of the camera’s channels. Using the LICA optical characterization bench, a classic mount has been made (see Figure 3.6) in which an integrating sphere
is fed with monochromatic light that simultaneously illuminates the photographic camera and
a calibrated photodiode serving as a reference, since its response is well known. The radiation from a tungsten lamp serving as the source is decomposed by a monochromator so that
wavelength measurements can be obtained in the visible light range.
The values obtained at each passing of the monochromator allow variations observed with
7 Some

enthusiasts have developed an alternative firmware to the official one that avoids these problems.
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Figure 3.5: Probability distribution of noise in a Nikon D3S camera. The red line
corresponds to the best fit. It is the sum of a Gaussian and an exponential distribution. The jaggedness of the distribution is interpreted as a rounding error in the
digital analogue conversion, being performed by a TOP OR BOTTOM procedure
instead of a true rounding.

the camera and the photodiode to be established with the light intensity wavelength. Since the
photodiode’s response is known, the spectrum of the source can be determined, followed by
that of the camera’s response.
This calibration process has been done for the Nikon D3, D3S, and D2X cameras. As
shown in Figure 3.8, the curves are similar. However, there are differences between them and
with the Johnson BVR standard astronomical photometric bands, which is why a correction has
been made to account for these differences, using synthetic photometry.
The complete camera system includes, in addition to the sensor, the lens. This optical
element influences the camera’s spectral response so a more elaborate study would involve the
whole calibration process for each of the lenses used at the ISS. The characterization that has
been adopted was performed using a NiKKOR 50 mm f/1.4D lens. The final absolute calibration
with star fields has allowed us to consider these second order effects.
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Figure 3.6: Image of the optical bench where the spectral characterization has been performed. From left to right you can see a camera,
collimator, monochromator, the filter wheels, and the lamp. Sometimes
the integrating sphere plus a photodiode are used as a control.

3.4

Photometric Calibration

3.4.1

Introduction

The first tests that showed the ability to obtain scientific quality data from photographs obtained from the ISS were images of star fields taken as RAW files that were provided by NASA
(Zamorano et al. 2011a)The stars were visually identified in those images (see Fig. 3.7) and
their fluxes were measured and later the stars’ standard magnitudes were shared. It was found
that there was good agreement between the Johnson V-band and G channel measurements from
which fits in other channels could be obtained in terms of colour (Fig. 3.9).
Currently, the NASA repository (Heydorn et al. 2014) links the RAW files so that a huge
number of images can be accessed that can be used as calibration references. Some of them
may not be used either because they are overexposed, have mistracking, or for other reasons.
To perform photometric calibration of the camera we have chosen 5 images taken from
the space station in which star fields can be seen (see 3.1). The 5 images have been taken
with the Nikkor 50mm f/1.4D lens. This lens is regularly being implemented to map from the
ISS at night. The comparative analyses of images taken at different times and with different
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Figure 3.7: Star field in the image ISS029E035676 with the identification of the
brightest stars and the lines corresponding to recorded constellations (Lyra, Hercules, Draco, Bootes, and Ursa Maior). Vega is the brightest star in the field and is
saturated in this exposure. .

sensitivities and exposure times have revealed the system stability that is necessary for applying
the calibration to the rest of the images.
We have chosen to calibrate images taken with the Nikkor 50mm f/1.4D lens because it is
a prime lens (meaning that it retains the plate scale across all images), being one of the brightest
of the set used at the ISS (it allows short exposures that are not usually blurry) and there are
also many images from different missions. Moreover, we have the advantage of already owning
the same model lens, which allows us to characterize it in our laboratories.

3.4.2

Lighting Correction

Even high quality lenses suffer from optical vignetting, in which the edges of images receive
less light than the centre. An important step in image calibration is correcting this optical loss
of radial sensitivity or spatial variation in lighting. To correct vignetting, you must obtain an
image of a uniform illumination field to measure this effect.
An integrating sphere was used to obtain a flat field. As shown in Figure 3.10, the gradient
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Figure 3.8: Spectral response for the D3 and D3S cameras. You can see how both
cameras’ curves are very similar, except for a small scaling factor due to the cameras’ different quantum efficiencies.

is very important, reaching a transmission of 30% in the corners. Making a flat field had to be
done in an average-sized integrating sphere (8 inches in diameter), as the area covered by the
camera is 39.9o × 26.5o , with a plate scale of 67.1 arcsec/px.

3.4.3

Astrometric Calibration

Photometric calibration is obtained by comparing the measured fluxes in images with magnitude
values obtained from literature. As such, the stars that appear in the images analysed of star
fields need to be known. This task is easier when the astrometric calibration of the image
has already been done that transforms positions (X,Y) of pixels in the image array to celestial
coordinates (RA,DEC). As an additional supplement, the distortions introduced by the optical
system can be determined.
n the first tests performed, stars were selected manually by visual exploration of images
and comparison with star maps (see Fig. 3.7).Then, IRAF routines are used to obtain calibrated
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Figure 3.9: Calibration fit between Johnson V-band and G channel of Nikon D3S
with stars in the image ISS029E035676. (Sánchez de Miguel et al. 2013b)

images that contain the WCS (World Coordinate System) descriptors in the FITS header. A
much more effective method is to use the Astrometry.net tool (Lang et al. 2010)as a first step.
This tool automatically finds the targeted field, orientation and the plate scale quickly, providing
astrometric calibration without user intervention.
Fine adjustment is then performed with the IRAF routimes ccmap and ccsetwcs (Wallace
1994)employing the Hipparcos catalog I239hip main (Perryman et al. 1997) and the Tycho
catalog I259tyc2 (Høg et al. 2000). Cross correlation of limited samples in magnitude using
Topcat (Clifton et al. 2004)and Aladin (Bonnarel et al. 2000). have been performed for the
identification of sources for astrometric calibration. The detection of sources has been done
with the Sextractor program (Bertin & Arnouts 1996).

3.4.4

Photometric Measures

Astrometric calibration allows for the automatic identification and measurement of stars from
images. The stars that have been used for photometric calibration are the sources from Tycho
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Figure 3.10: Image of vignette correction or flat field image, commonly called
FlatField, for a Nikkor 50 mm f1.4D
lens. The image was taken in the 8-inch
integrating sphere in the instrumentation laboratory of the Institute for Space
Science of the Freie Universitat Berlin.
Each isophote corresponds to a transmission 5% less than its predecessor,
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with the first transmission being 95%.

Figure 3.11: Identification of sources performed by Astrometry.net for the image
iss037e009482B4F.fits.

catalogues I259tyc2 and II237 (Ducati 2002). These catalogues have been chosen because they
are the only ones available with fluxes for stars with magnitudes of between 3 and 8 for Johnson
B-, V-, and R-bands, which are the ones that the stars appearing in images used for photometric
calibration. Other brighter stars usually appear saturated and cannot be used. From Sextractor’s
options, we have chosen the BEST option as the stars’ flux. Given that the number of stars in
each field that are in the Ducati (2002) catalogue II/237 is small, data for the 5 images on star
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fields have been joined in order to perform photometric calibration. Because they are images
obtained with the same equipment but different configurations, measurements for stars in a
broader range of magnitudes are available.

Synthetic Photometry

(a)
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3.4.5

(b)

(c)

Figure 3.12: Relationships obtained via synthetic photometry from the Gunn & Stryker (1983)
library of stellar spectra. (a) Relationship between the colour Johnson B-V and Nikon B-G.
The red line is the 1:1 relationship and the green line is the linear best fit. (b) Relationship
between the colour Johnson R-V and Nikon R-G. The red line is the 1:1 relationship and the
green line is the linear best fit. (c) Relationship between the colour Johnson B-V and Johnson
V minus Nikon G. The green line is the linear best fit. It can be seen that the slope is much less
than in the other relationships (0.13 versus 0.59 and 0.61) because the filters differ less than the
corresponding filter in the Johnson system.
One should not overlook the fact that the Nikon D3S camera with the Nikkor 50mm
F/1.4D lens is being characterized as an instrument for star photometry.
Similarly to how a photometric study is performed with a telescope-filter-sensor system,
the transformations to the standard system containing the magnitudes of the stars must be determined.
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The transformations to the standard system can be performed by comparing the instrumental magnitudes and colours in the camera system (R, G and B channels) as well as in the
Johnson system (B, V and R). This method functions correctly for the G channel, which is very
similar to the Johnson V-band (without the need for colour terms) and also for the other terms
using colour terms. The results for an image from the ISS can be seen in Figure 3.9.
A more refined method consists of characterizing the camera’s photometric system using
the synthetic photometric technique. In the reference article (Fukugita et al. 1995) the technique
is described in detail. Only the fundamentals of the process are presented here. Basically it
is about predicting the magnitudes of stars of different spectral types that would be obtained
by observing the system studied. For this technique, the spectra of the stars and the already
available spectral characterization of the system are needed.
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mAB = −2.5[log

Z

dλ R(λ ) fλ − log

Z

dλ R(λ ) fλ (AB)]

(3.2)

Where R(λ ) is the response from the filter used, fλ , the spectrum problem and fλ (AB) AB
reference curve, defined as the zero point for any constant flux density source of 3631 Janskys.
The Gunn & Stryker (1983) has been used to finally obtain synthetic variables (AB magnitudes) in the bands corresponding to the R, G and B channels of the Nikon D3S. This specific
library was chosen because, compared to other stellar libraries, it has increased spectral coverage (up to 10,000 Å,), especially for the Johnson R-band and the DMSP/OLS (other stellar
libraries such as Jacoby et al. (1984), for example, only goes up to 7,000 Å, or Vazdekis et al.
(2012) up to 9,000 Å).
The results (relationship between colours in the two photometric systems) are shown in
Figure 3.12. Since there are no measures with Nikon’s Bayer array filters, we must resort to a
transformation between the magnitudes in the Johnson photometric system and Nikon’s filters.
Luckily the filters are different but not excessively so, and the relationships between them are
smooth except for the cold spectral type stars, in which emission lines may appear in Hα. The
index of correlation R2 in all cases exceeds 0.98. In this way we can theoretically estimate what
the flux that we are going to measure in our filters compared to standard astronomical filters.
The transformation equations between the Nikon D3S system and the Johnson system are:

where B

N

BN = GN + 0.6123(7) × (BV ) − 0.0340(6)

(3.3)

Rn = GN + 0.0262(3) + 0.5880(5) × (RV )

(3.4)

GN = V + 0.1291(2) × (BV ) − 0.0051(2)

(3.5)

is the magnitude of the star in Nikon band B, R

N

is the magnitude of the star in

Nikon band R. The correction in band G is much less, due to the similarity between the Nikon
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G filters and Johnson V filters.
From here on out, Nikon’s photometric system has been used instead of Johnson’s because
this is the real band of observation and because city lamps are dominated by source emission
lines, the calibration is more robust in the observation band itself than in other fictitious ones.
The photometric system defined for the Nikon camera via synthetic photometry allows
the determination of fluxes in units erg · s−1 cm−2 Å−1 of the light sources observed in night time
images of the Earth.
We must warn the reader that these colour relationships are only valid for stellar spectra
and are to be used for calibration using standard stars. We do not recommend using them in any
other type of sources such as discharge lamps, LEDs or other spectral energy distributions that
have not been considered.
However, if you have the source’s spectrum, you can establish the same type of conversion
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by using the same synthetic photometry procedure.

3.4.6

Transmission of the Observation Windows

The images, for obvious reasons, are taken through the various windows of the space station.
The most important window is the Cupola (Estes 2002), which was installed in the ISS in 2010
by the European Space Agency (ESA). However, there are 14 other windows in the Russian unit
Zvezda (ROSCOSMOS) and in NASA’s WORF (Window Observational Research Facility), in
addition to one observation window in the Columbus and Kibo units.
The thickness of each window is different, which is why the transmissions and reflections
are as well (see Fig. 3.13, description of each window). On the other hand, there is no information in the file on which images have been taken through which window. You can only assume,
based on the inclination, which window is the most likely (the side panels have an inclination of
30◦ ). In addition, the optical thickness is clearly different from one window to the next, totally
independent of the thickness of the material of which it is made. That is easy to prove because
for some of the images, the automatically calculated exposure times for the same source are
different in one window than in another. That alone is explained by some windows being darker
than others.
We know for sure that pictures taken before 2010 were taken in either the Zvezda or
WORF windows.
CUPOLA The Cupola is composed of a 71 cm circular window and 6 trapezoidal windows
around the circular window. They have ”window coverings” or shutters that protect the windows
from the possibility of impact from micrometeorites or remains of space debris. Each window is
made of high-quality borosilicate plus an internal protective panel. This panel can be removed
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in order to take high-quality images. The Cupola’s orientation is such that it always points
towards the nadir. The diameter of the circular window is 70.6 cm and it is 20.8 cm thick. The
dimensions of the trapezoidal windows are 40.5 cm × 40.0 - 64.4 cm and they are 18.50 cm
thick. On the other side are the window’s optical elements.

Glass materials and thickness (Hatton 2011) The optical elements of the Cupola are
described below.
Pressure panes (primary and redundant)[Pressure panes]:
• Quartz glass with an anti-reflective coating.
• 1.45 in. (3.68 cm) thickness for the main window, 1.0 in (2.54 cm) thickness for the
trapezoidal windows.
• Borosilicate glass (SCHOTT BK7)
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Scratch-resistant panes [Scratch pane]:
• 0.44 in (1.12 cm) thickness for circular and trapezoidal windows.
• Anti-chip film: The face of the glass facing the cabin was treated with a scratch-resistant
and anti-glare covering.
• Anti-glare conductive coating (ITO) acts as a surface heater for glass facing space.
• Removing this pane can be considered in exceptional cases to improve the windows’
optical performance.
Anti-debris panels [Debris pane]:
• Silicon glass with anti-glare coating.
• 0.37 in (0.97 cm) thickness for circular and trapezoidal windows.

Nightpod

is a motorized mount that compensates the ISS’ movement to take higher

resolution images (Sabbatini & Esposito 2011). This instrument was developed as a technology
demonstration with a view to future technical developments, but without any data processing
unit. The fixed position of the mount makes the images taken with the Nightpod have a characteristic tilt towards the latitude of Europe. This instrument has increased the resolution and
dynamic range to allow for longer exposures with lower ISOs. In Figure 3.14 you can see its location in the Cupola. This instrument has been fundamental in obtaining high-resolution images
such as those in Section 3.6.3.

WORF The Window Observational Research Facility was installed in the Destiny unit in
2001. It is designed for Earth observation. WORF uses the Rack of the EXpedite the PRocessing of Experiments to Space Stations (ESPRESS) and, therefore, it is ready to install various
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Figure 3.13: In the first graph, transmission of the WORF window. Next, transmis-
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sion of the scratch-resistant panes, the pressure panes, and the debris panes, Source:
(Hatton 2011)

Figure 3.14: Image of the Nightpod in the Cupola. The image is oriented so that up
is north. Source: ESA
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optical devices such as the EarthKAM (Dodson et al. 2000). Its orientation is Nadir and Its
orientation is Nadir and it has a diameter of 50.8 cm.
The window’s optical elements are:
• Two 3.2 cm panes.
• One 1 cm exterior pane.
• One 1.7 cm scratch-resistant pane.
• The scratch-resistant pane may be removed if necessary.

Zvezda’s Windows The next most important window is the #9 of the Zvezda unit, which is
40 cm in diameter. We know that it is transparent to ultraviolet, but Roscosmos has not provided
information about its thickness or composition. This window faces the nadir. There are 13 other
and it probably will not be used for Earth observation.
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windows in Zvezda with varying orientations, but their characteristics have not been published

Transmission Correction of the Optical Elements
We can almost certainly ensure that the images of stars were taken from the Cupola’s trapezoidal
windows as they are tinted observation windows that do not face the nadir. However, we do not
know (it is not document) if the scratch-resistant panes were removed to take these images.
The same problem exists for the other windows, although we do know that these panes were
frequently removed when the Nightpod was used with the 85 mm and 50 mm lenses. It was
found that the calibration adjusts perfectly using the expected values from the VIIRS/DNB
images, and therefore, it is possible to estimate the deviation with respect to a calibration or a
reference image. Therefore, reference sources (differential photometry) are used for comparing
intensity distributions. The differential photometry method is identical to the one we used in
Section 2.3.1 We will apply it to the comparison of the intensity distribution in Section 3.6.2.
These techniques are not only useful for correcting the effect of different transmission
of the ISS’ windows, but also for correcting other effects. For example, the TIPA (Technical
Image Press Association) permits differences of up to 15% in lens transmission for the same f
stop focal relationship 8 . This effect has subsequently been verified in LICA with the Nikon 50
mm f/1.4D, 50 mm f/1.8G, 180 mm f/2.8D, and 80-200 mm f/2.8 lenses. It has not yet been
possible to locate technical data accrediting it, although the experience with these lenses does
certify it de facto. Therefore, when the calibration has shown its validity, it is essential to verify
its validity in each case.
8 Professor

Pedro Saura, Professor of Photography in the Department of Fine Arts (UCM), private correspon-

dence
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Transmission of the various types of glass is very different. Comparing images, it is found
that by removing the scratch-resistant pane from the Cupola, the images have up to 50-35%
more signal. The images taken at the WORT window have between 25-10% more signal than
the reference (image VIIRS2014). However, the large number of lenses used (5 were primarily
used), the 7 possible configurations and a host of other parameters such as image tilt or the ISO
used, make it impossible to give a correction value for each configuration at this time. In this
case as in others, we hope to access replicas of the elements mounted in the ISS to characterize
them in the future.
In view of the results found. It would be advisable to perform a series of observations with
different lenses and through the ISS’ different windows in order to attain a complete photometric
calibration.
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3.4.7

Photometric Calibration

Following the previously mentioned steps, it is now ready to perform the absolute photometric
calibration. The transformation of counts (ADUs) in the image to magnitudes depends on the
camera configuration at the time of exposure. In particular, this depends on the ISO sensitivity
(what modifies the sensor’s gain), the aperture of the lens, and the exposure time. Fortunately,
the recorded signal linearly depends on these factors, so it is easy to calibrate images obtained
with different configurations.
To join the measurements of the stars from the different calibrated images selected, the
recorded values have been increased to what would have been measured in conditions of ISO100,
exposure time of 1 s, and a completely open lens (F/1.4). For example, if the image was obtained
with ISO400 sensitivity and 3 s exposure times, the average values should be scaled, dividing
by a factor 12. This standardization of the settings that we call nominal has been maintained
throughout the study. In the future, we hope to be able to correct between different lenses, but
it would require the same model of the lens used by the astronauts, since the lighting correction
effect is very important in these very bright lenses. In addition, the Nikon D3S’s A/D converter
operates so that images recorded in 14-bit RAW format present double the number of counts
than the analogous 12-bit format. We have taken the 12-bit ones as reference.

Corr = value × 100/ISO × 12/BitsPreSampe × 1/T.exp[s] × ( f /N)2 /1.42

(3.6)

In Figures 3.15 and 3.16, the measurements of the 5 images used are presented in the same
graphs, corrected for the effects of the settings configuration. It is noted that there is a continuity
in the relationship and how the colours corresponding to different images overlap. It can also be
seen that they have different exposures and, therefore, for example, the image iss030e101856
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Figure 3.15: Measurements of flux observed in Nikon’s G-band (y-axis) compared
to the calibrated flux (x-axis) in the Tycho catalogue. The image iss030e101856 is
shown in red points, iss037e009482 in green points, iss037e005930 in red circles,
iss037e010614 in black stars, and iss038e039834 in blue points.

(red points) is deeper than iss037e009482 (green points) and more than iss038e039834 (blue
points). This is what is expected from the camera settings in 3.1.
Obviously, when we try to automatically identify objects near the detection limit, a very
significant amount of outliers appear due to misidentification or the presence of cosmic rays or
noise in the vicinity of the object. Besides, other objects of varying brightness may appear in
the sample. However, it is clear that there is a limit beyond which there is no sufficient noise
signal to guarantee detection. The iss037e005930 image has the highest gain and exposure time
but, by using such a high gain, the noise increases, and weaker objects tend to be confused
with noise. At the top, it is seen that the non-linearity of the sensor is made clear due to the
anti-blooming system, which we will talk about in Section 3.5.
In order to make a homogeneous and quality calibration, the Ducati (2002) catalogue
of bright stars was chosen, because despite its lack of stars, it has data in all three bands of
interest. It also has information on the variability of the selected stars. These variable stares
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Image

Time

Bits

Exposure

Per Sample

0.5

iss038e039834

14

6400

0.8

iss037e010614

12

4000

0.8

iss037e009482

14

5000

1

14

10 000

iss030e101856

12

8000

iss037e005930
0.8

ISO

Table 3.1: D3S settings in calibration images.

were removed from the calibration. Another positive point is that it has stars from magnitude
note that the magnitudes in this catalogue are in the Vega photometric system and have been
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4 to 9, a magnitude range that is not common in astronomical catalogues. It is important to
corrected to the AB photometric system using the corrections published by Frei & Gunn (1994)
(Table 2).

3.4.8

Effect of termination

Atmospheric extinction is one of the effects that modify the brightness of the stars seen from
Earth’s surface. Similarly, we can estimate the decline in brightness of light pollution sources
that travel the same optical path, but in reverse.
Theoretically, the components that explain astronomic extinction are aerosol content, together with Rayleigh scattering in the atmosphere, and ozone extinction (Henden & Kaitchuck
1982).

m = m0 + k/cosz
m − m0 = −2.5logF/F0
F/F0 = 10−0.4m0 × 10k/cosz

(3.7)
(3.8)
(3.9)

F/F0 = K × 10−0.4m0

(3.10)

K = Er + Aaer + Aoz

(3.11)

Aaer (λ , h) = A0 λ −α exp(−H/H)
Aoz (λ ) = 1.11Toz koz (λ )

(3.12)
(3.13)

 4 



1
(n − 1)λ
−h
ARay (λ , h) = 9.4977 × 10−3
× exp
λ
(n − 1)λ =1
7996
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Figure 3.16: Brightness settings in instrumental magnitudes, compared with magnitudes derived for the observed band, using the Ducati (2002) catalogue and the
colour terms calculated in Figures 3.12, 3.12 and 3.12 using synthetic photometry.

from (Hayes & Latham 1975), where m is a star’s apparent brightness in magnitudes. m0 is a
star’s brightness outside the atmosphere. F is Flux observed and F0 is Flux measured outside
the atmosphere. z is the angle of inclination. n is the refraction index, h is the altitude and M
is a fixed reference altitude of 1.5 km. α is a parameter that together with A0 characterize the
behavior of aerosols (Green 1992).
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Figure 3.17: The points correspond to different extinctions and heights. The point closest to the
upper left corner corresponds to the colour in laboratory, the next one of= 0.3kB , kV = 0.15 and
kR = 0.08 (a.k.a. low extinction) with inclination of 0 degrees, the next with equal extinction
but inclination of 60 degrees. The next points with extinctions of kB = 0.81, kV = 0.41 and
kR = 0.2 (a.k.a. high extinction) with inclination of 0 degrees, and the next with equal extinction
but inclination of 60 degrees. The points correspond to the application of the values shown in
Table 2.3. and the spectra from Table 2.3. It is noted that except for the extreme case of high
extinction and high inclination, the colours of the sources remain in the area marked by the red
lines defining regions in which we classify lamps in Section 3.36.

Band

B

V

R

0.3

0.4

0.63

0.81

0.2

0.15

0.32

0.41

0.08

0.16

0.1

0.2

0

0.76

0.69

0.56

0.47

0.87

0.83

0.75

0.69

0.93

0.91

0.86

0.83

10

0.76

0.69

0.55

0.47

0.87

0.83

0.74

0.68

0.93

0.91

0.86

0.83

20

0.75

0.68

0.54

0.45

0.86

0.82

0.73

0.67

0.93

0.91

0.86

0.82

30

0.73

0.65

0.51

0.42

0.85

0.81

0.71

0.65

0.92

0.84

0.81

0.9

40

0.7

0.62

0.47

0.38

0.83

0.79

0.68

0.61

0.91

0.89

0.83

0.78

50

0.65

0.56

0.4

0.31

0.81

0.75

0.63

0.56

0.87

0.9

0.8

0.75

60

0.58

0.48

0.31

0.22

0.76

0.69

0.56

0.47

0.87

0.83

0.75

0.69

δθ

Table 3.2: Transmission of the atmosphere for several values of extinction in B, V, and R
bands.The extinction is expressed in magnitudes.
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These parameters are also measured by the researchers of Atmospheric Sciences, however, the measurements for aerosol content is typically done in the daytime by observing sunlight (Holben et al. 1998; Dubovik & King 2000) or by satellite measurements (Herman et al.
1997) measuring the entire atmospheric column, not specifically in mountains. However, the
measures of extinction in astronomy are done at night at elevated observatories. Therefore,
Hsu et al. (1999) found a linear relationship between aerosols measured by satellites and those
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measured from Earth by solar observation.

Figure 3.18: Measurements of flux observed in Nikon’s G band (y-axis) compared
to flux calibrated (x-axis) in the Tycho catalogue. The density of the points corresponds to the objects in the iss030e101856 image. The red line and green points
correspond to the settings in figure 3.16

In general, you should not extrapolate the extinction observed from satellites to all places,
since for some extreme situations, there could be correlation between the two factors (Siher
et al. 2004). This is generally not true for places as special and with such micro climates as
astronomical observatories (Varela et al. 2004).
A separate issue is the in-situ measurement of aerosols, Aubé et al. (2005)and Jones et
al. (2014) do, in fact, suggest using sky brightness for the night time measurement of aerosol
70

content due to light pollution in the first case and the Moon in the second.
In the future, the measuring station of the UCM Observatory may be used to characterize
this effect more accurately, because in less than one square kilometre there is an astronomical
observatory, an aerosol measuring station using light contaminating spectra (SAND-UCM), a
conventional AERONET aerosol measuring station that uses solar observation, and a LIDAR
station (Sicard et al. 2011).
With the AERONET data and the AstMon-UCM camera from 2012, a brief study of skyglow with the quantity of daytime aerosols (Sánchez de Miguel 2013) was conducted, finding a
positive correlation.
It should be noted that extinction mainly influences the absorbed radiation. However,
dependence on the inclination is less marked. Therefore, it appears that the loss of light to the V
band in a change in extinction of 0.15 to 0.4 is 18%, whereas, for extinction of 0.15 magnitudes,
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observing the nadir at 60 degrees, only 11% of the light is lost, or 22% in the extreme case of
extinction 0.41 magnitudes. These orders of magnitude are similar to those that produce the
different transmissions of the ISS’ windows, therefore, as noted, until it is not possible to obtain
the inclination and the quantity of aerosols, it will not be possible to restrict this parameter.
The total extinction that radiation suffers depends on the extinction coefficient at the moment of observation and the air mass (amount of atmosphere travelled). These tables serve to
show how they influence the variation of extinction between different nights and the inclination
with which the Earth is observed to have from space. For example, the same total extinction
in band V (0.69) is found for nights of great extinction (Kv=0.41) and observation at nadir on
typical extinction nights (Kv=0.2) but observed with great inclination (60 degrees).
Furthermore, the different extinction in the selected bands makes objects slightly change
their colour as shown in Figure 3.17.

3.4.9

Verification of the Quality of the Calibration

There are several different ways to verify the quality of the calibration. In our case, independent
verifications have been done. The first comparing the colours observed in the stars with the
expected colours. The second, comparing our results with other calibrated data from Earth such
as data published in the study phase for NOAA. These data correspond to observations from the
SUOMI-NPP and its VIIRS/DNB camera.
Checking the colours of stars In Figure 3.18, it can be seen that there is a reasonable agreement (compatibility with errors of 91%, even higher than expected as per the catalogue data)
between the colours that most of the stars had (red points) and the observed data (black asterisks). This shows that at least the relative calibration between channels is correct. Yet there is
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Figure 3.19: (left panel) Colours expected from stars according the calibration of
Figure 3.16 zero point values: B=12.7(0.1), G=12.67(0.07) and R=11.71(0.15). It
can be seen that there is a general shift in the black points (observed) regarding
those points calculated synthetically (red) or measured in the Ducati (2002) catalogue (green). The solid green points have been corrected with a first or second
order colour term. (right panel) Idem, with zero point values: B=12.75, G=12.63
(0.07) and R=11.8. The same figure that had slightly shifted the points making them
coincide with the general trend (red points), varying the zero points of the Red and
Blue channels within the margins of error.

a dispersion of up to 0.4 magnitudes in G-R and 0.2 magnitudes in B-G between the observed
values and the ones that we deduced from the catalogue values. Much of this indeterminacy
is because we do not know some stars’ exact spectral type and because of the catalogue’s low
photometric accuracy.
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Checking with sources calibrated on Earth To check if the absolute value calculated with
the calibration is the right order of magnitude, we have compared the measures obtained by
the SUOMI-NPP satellite and its VIIRS/DNB camera (Liao et al. (2013), Mills et al. (2010),
Baugh et al. (2013), Mills (2010)). This satellite provides calibrated data (Mills et al. 2010).
At the time of writing this report, there are 5 global mosaics published of the whole world at
different times. Three of them correspond to data from one month, and another corresponds to
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two months (Table 3.3).
mosaic type

Dates

Monthly

05/2014

Monthly

01/2013

Monthly

10/2012

Monthly

04/2012

Bimonthly

18-26 / 04/2012
11-23 / 10/2012

Table 3.3: Mosaics available imaging VIIRS

The DNB (Day/Night Band) observation band is a ∼ 3750Å broadband with a width from
∼ 0.5 microns to ∼ 0.9 microns (see Fig. 3.20). However, the effective width of the filter is 3302
Å with an effective wavelength of 6930 Å. This simple system of one very wide band has been
designed to record night time human activity and, therefore, covers the main emission lines for
the most used discharge lamps as can be seen in Fig. 3.20. The most common lamps are Low
Pressure Sodium lamps (LPS), High Pressure Sodium lamps (HPS), Mercury Vapour lamps
(MV) and Metal Halide lamps (MH). The DNB band signal indicates the presence of emission
sources but cannot distinguish between types of lighting, as it is a single-band photometric
system. Therefore, the radiance value is averaged over the whole band and it is impossible to
distinguish between different spectral characteristics.
Calibrating using the measurements of an area with mixed lighting whose spectrum is the
result of combining the spectra of different types of lamps is very difficult because VIIRS/DNB
does not allow one to obtain spectral information. To facilitate the study, it has been chosen to
work with data from the island of La Palma (see Figures 3.22 and 3.23) where according to Aubé
& Kocifaj (2012), between 80% and 90% of the flux emitted corresponds to LPS lamps 9 . These
Low Pressure Sodium lamps can be considered monochromatic because the emission in the
doublet at 589.0 and 589.9 nm accounts for 99 % of the spectrum in the VIIRS/DNB band. This
9 Private

Communication Javier Diaz Castro, OTPC
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Figure 3.20: Spectra of lamps used in street and ornamental lighting with the answers from all of the photometric systems mentioned above. DMSP/OLS response
curve by Elvidge et al. (1999), VIIRS/DNB response curve Liao et al. (20013), and
the Nikon D3S response curve.

test reduces the free parameters since it can be assumed that all of the emissions are performed
to the sodium doublet’s wavelength. The flux that is measured with VIIRS/DNP corresponds to
what was emitted by the lamps multiplied by the transmission of the filter in that wavelength.
If, in addition, we want to transform our monochromatic fluxes into the panchromatic band, we
must multiply by VIIRS/DNB’s bandwidth.
Data from the VIIRS/DNB images are distributed as nW / cm 2 / sr. To convert from mag
/ arcsec 2 to radiance units, the surface brightness first has to be transformed into units of energy
using the AB magnitudes definition:
AB = −2.5 log10 ( f lux) − 5 log10 (w)2401 Flux [W · cm−2 arcsec−2 Å−1 ]
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Figure 3.21: Spectral response of the Nikon D3S’ RGB channels and of the night
time bands of the space missions DMSP/OLS and VIIRS and of the SQM photometer.

For the transformation from arcsec 2 sr (steradian) is multiply by 4.254517 1012 . The transmission of the VIIRS/DNB bad at the wavelength of the emission of the low pressure sodium lamp
is 80.6%.
For low pressure sodium lamps, the G filter transmission divided by its width is equal to
the same operation as with the DNB band response of the VIIRS (97%). This incident makes
radiance values obtained with the filter G be extremely similar for this type of lap to those
provided by the VIIRS/DNB if we multiply the flux obtained in the G band by the width of the
VIIRS/DNB band.
The measurement of the cumulative radiance in the marked regions of the image has been
performed. Region #15 has been used to measure the sky background (Fig. 3.23). In Figure
3.24, the quantitative analysis of the comparison between the ISS data and the data from the
VIIRS/DNB camera is detailed.
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Figure 3.22: Comparison of images from the island of La Palma obtained in calibration for the G band (right) with the 2013 VIIRS/DNB image as a reference (left).
The scale is common to both images and is nW · cm−2 · sr−1 .

3.5

Linearity Correction: Anti-blooming Effect

The anti-blooming or anti-spillage system is a system for extending the dynamic range of the
solid state sensors at the expense of the loss of linearity in a given range. The system is common
in commercial digital reflex cameras both with CCD and CMOS chips. To correct this effect,
using the same assembly as in Figure 3.6, flat field images were taken with the full range of
exposure times at one-third steps for two ISO values, 200 and 1600. It has been observed that
the linearity is preserved at 14-bit practically from 100 to 10,000 counts for all of the ISO. The
part that is lower than 100 counts presents problems arising from the noise reduction system
as discussed in Section 3.3.1, since at very low exposure times, phenomena such as source
flickering, the clock frequency of the clock, or vignetting by the shutter (Zissell 2000).
Nikon does not provide the characteristics for their sensors, but other manufactures do,
such as, for example, Texas Instruments. You can see how after reaching a certain level of
counts, the camera stops being strictly linear. But it is not entirely non-linear, it just changes the
slope of the camera’s response (see Figures 3.26 and 3.27). That slope varies with the gain/ISO.
This explains the different behaviour of cameras in the anti-booming system with different ISOs
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Figure 3.23: Regions studied on the island of La Palma. Region #15 corresponds to
an area without lighting used as a background sample and region #14 corresponds
to the entire island. The other regions correspond to the main lighting nuclei on the
island.

(Texas Instruments 1991). In short, from a certain signal, the camera has a different gain. Other
manufacturers do provide this type of information, as seen in Figure 3.25. A similar result is
found by Park et al. (2015) for the linearity of another camera (EOS 550D with infrared cut
filter removed).

3.6

Classification of Light Pollution Sources via Colour Diagrams

In this section, the ability to classify via colour diagrams of the type of colour in the source
that produce light pollution is discussed. The classification of light sources using multispectral
images from the ISS was already addressed by Metcalf (2012), however, it failed to take into
account the actual spectral response of the Nikon D3S camera, but rather the Nikon D3 (Cao et
al. 2009).
There is a significant discrepancy between Fig. 1 from Cao et al. and Fig. Fig. 3.8of this
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Figure 3.24: Relationship between the cumulative radiance compared between the
image on the right from ISS and the one on the left from VIIRS (Fig. 3.22).The effect of different resolution has been fixed. The red line corresponds to the 1:1 slope.
The difference between them is compatible with a different method for background
subtraction, with the uncertainty in the calibration and the sources lit at the different
times of the shots. This indicates that the calibration has been done correctly.

work. Apparently this discrepancy may be due to the failure to correct for the sensor’s spectral
response. In addition, Metcalf (2012)seems to have not taken the non-linearity above a certain
threshold into account, and most of the sample image used (ISS026E006241) is in that system.
No calibrations were done with independent sources, something that has been done for this
thesis, and therefore, Metcalf (2012) could not determine whether or not the synthetic colours
were correct. This can be clearly seen in Metcalf’s Figure 29 (2012), where the center of the
nucleus is saturated and is not considered, the adjacent zone is in the non-linear system and is
incorrectly identified, and only in the outer parts, where the image is not saturated, the lamp is
correctly identified. This is identified by Metcalf (2012) in Fig. 30, but he does not propose any
solution.
This section addresses a different methodology, not as ambitious as Metcalf (2012)in78

Figure 3.25: Example of information about the anti-booming behavior from (Texas Instruments
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1991).

Figure 3.26: In this figure, we can
observe the way in which the signal received by the camera for
a flat field of constant illumination varies. The signal clearly increases with exposure time. Two
distinct systems can be seen in the
camera’s response to a flat field.
Two lines have been fit.

Figure 3.27: Taking Figure 3.26
as a reference, it is considered
that signal correction to a certain value is not necessary, and
if it is necessary, it can be done
later. To correct this effect, we
have adjusted the linearity correction in two stretches with a
three-parameter function using the
numpy.optimize.leastsq function.
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tended to uniquely identify the type of source for each pixel. To avoid pixel by pixel confusion,
all of the flux in a region has been integrated in the first application. In the second application,
a 5 × 5 median filter was applied to each pixel in the second application before establishing the
final classification.

3.6.1

Application to the Island of La Palma

The island of La Palma is one of the most privileged places in the world for astronomical
observation. That is why it the Roque de los Muchachos Observatory, part of the European
Northern Observatory (ENO) is located there. The exceptional conditions of this site were
highlighted by Muñoz-Tunón et al. (1997)and confirmed by Benn & Ellison (1999). To protect
the observatory, a law protecting the skies above the island of La Palma and part of the island of
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Tenerife 10 was approved. This law bans the use of Metal Halide (MH), Mercury Vapour (MV),
LED, and High Pressure Sodium lamps after 24:00. Therefore, the detection and classification
of such types of sources is of great importance on this island.
The image used in our study (ISS037-E-51739) was taken prior to 24:00, hence why
at that time these lighting sources are still allowed. Therefore, we can use this to see which
abundant ones are these types of sources. In other images, we could determine other colours.
In Figure 3.28, black points and red arrows represent the values of the G/R and B/G ratios
corresponding to the regions measured in Figure 3.23. It is necessary that these ratios be from
calibrated data so that they can match the colours synthesized from spectra (the green stars).
For the 5 regions with red arrows, it is highly probably that the low pressure sodium lighting
sources will dominate (5, 12, 11, 13 and 14). For all other black points except 6 (Puerto Naos
and Hotel Sol), there seems to be more or less a mixture of LPS and HPS sources. This is
especially notable for 10 and 12, corresponding to Santa Cruz de la Palma and Los Llanos
de Eridane, which are the most important towns of La Palma. Point 6 is clearly segregated
from the rest. Although there are high-power High Pressure Sodium lamps that can provide
these colours (HPS-C1 and HPS-CT correspond to the powerful lights on the Madrid’s Metro
Depot), it is most likely that it is a combination of MH and HPS or LPS. In addition, a thorough
inspection on Google Maps shows us how this place belongs to a hotel chain and has tennis
courts.
After examining Figure 3.28, one can conclude that most regions present colours compatible with the dominant sources being LPS, as expected. However, the brightest areas of the
island like regions 2, 10, 8 and 6, show a significant deviation in the expected photometry for
LPS lamps. Therefore, they are areas to monitor. The flux contribution corresponding to these
10 25332

LAW 31/1988
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areas represents 49% of the island’s total flux. As such, we can consider whether or not this
supports Aubé & Kocifaj (2012)claim that before 24:00, 80% of lighting is LPS. Additionally,
by private written communication, Javier Diaz Castro (OTPC 11 ), indicates that sometimes the
change is not made in some areas, which is why this effect may be greater than what is expected
after 24:00. However, region #14’s colour, encompassing the entire island, does fit in with the
possibility that LPS laps dominate on the island, except in the places cited above. To elucidate this question, it is necessary to have images with more noise signal, which have already
been requested by the European Space Agency. This technique can, therefore, be used to verify
compliance with the Canary Islands Sky Law.

3.6.2

Application to the Metropolitan Area of Madrid
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Madrid is, by far, the province with the largest population and consumption in street lighting
in Spain. It also has the highest emissions. If we compare the capital and its metropolitan area
with the rest of its region of influence, the first emits 1.08 GW/sr (∼ 30km)compared to the 0.58
GW / sr emitted by the outer are (∼ 100km), despite the fact that they are in that outer circle of
influence, province capitals like Guadalajara and other important cities like Segovia and Toledo
(see Figure 3.32).
The image in Figure 3.29corresponds to the shoot on July 26, 2014, at 23:59:553.4 UT
compared with the bimonthly mosaic from VIIRS from 2012 (∼ 1 : 30 TU.). A calibration
was performed as described in the previous case and a group of images was subsequently
chosen to make a high dynamic range (HDR) composition (Fig. 3.30). The images used are
ISS040E081262 and ISS040E081258. As shown in Figure 3.31, these two images have been
chosen because they are the images with the most photometric covering. Image 58 was taken
with the Nikkor 85 mmm f/1.4D IF lens, with an exposure tie of 1/8 s. Image 62 was taken with
identical settings except for the exposure time (1/100 s). This difference in exposure time allows
us to choose the region with the best noise signal, but that is not saturated, from each image. It
is noted that, as with all the images, there is a significant part of the image that exceeds 10,000
counts in the central region of Madrid. Therefore, these areas are in the non-linear region. This
is true for all images except ISS040E081262. However, in general, the unlit areas of Madrid
(Casa de Campo, Monte de El Pardo, and undeveloped areas) have poor signal except for in
the image ISS040E081258. Therefore, we have made these two images with different exposure
times to increase the dynamic range. Once the images’ settings are adjusted with equation 3.6the
G channel (Fig. 3.19) and the VIIRS/DNB bandwidth (3302 Å)can be calibrated. To make the
composition, a pixel selection mask was performed around 0.6 nW /cm2/sr/ Å. Previously the
11 Office

Technique for Quality Protection Heaven
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Figure 3.28: Ratios between the G/R and B/G channels for the regions shown in
Fig. 3.23 appear in black. The theoretical values of the spectra calculated using
synthetic photometry of real spectra are shown in green. The red arrows indicate
points in which there is not enough signal in the blue channel to estimate the real
value of the B/G ration. Spectra taken from Tapia Ayuga et al. (2015).

linear composition had perform an image rectification using checkpoints as described in Section
4.3.2, bilinear interpolation has been chosen for image resampling. Because the images were
taken within a short period of time, there is little difference in the angle between them and the
overlap is almost perfect (only some small shadows are visible on the north-east side of some
municipalities in Fig. 3.30).
In Figure 3.29, it is noticeable that the diffuse part of the image has a broader scope than
the VIIRS/DNB image. This is because the aerosol content was high on that date compared
82
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Figure 3.29: Image Madrid and surroundings from VIIRS (izqa.) And ISS (r.).

with the aerosol content when the VIIRS/DNB 2014 images were taken (0.3 Aerosol Optical
Thickness 26-27/07 vs 0.05-0.1 3 and 31/05). This is shown in Fig. 3.33,, where the bright
part corresponding to 0.7-2.5 log ([nW cm2 /sr]) passes through the 1:1 line, but from 0.3-0.7
log ([nW cm2 /sr]) he relationship is shifted upwards 0.5 log ([nW cm2 /sr]) in the case of the ISS
due to the increased concentration of aerosols. From 0.3 log ([nW cm2 /sr]), the image does not
have enough noise signal to trace the effect of diffuse visible light in VIIRS/DNB.
The same exercise was performed for the images ISS030E188208 and 10. In this case,
these images were taken on March 28, 2012, at 1:58:27 UT, with the same lens, but with an
aperture of 1.6 and exposition of 1/15 s and 1/4 s, respectively. The difference in exposure times
is less because the dynamic range is also lower. Moreover, in this case, the image was more
zenith and, therefore, had less field. The aerosol content was 0.1 Aerosol Optical Thickness, so
it was much more similar to that of the VIIRS/DNB image. This is evident in Figure 3.34.
After verifying the validity of the calibration process, one can apply the selection by
colour diagrams to the different images of Madrid that are available. We have proven to make
a categorization using algorithms by “clustering” or separating populations. It has been tested
to perform automatic classification using the algorithm Logistic Regression 3-class Classifier
from Pedregosa et al. (2011)with reference to three areas characteristic to that zone (Fig. 3.35)
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Figure 3.30: Composition of HDR images of Madrid and it surroundings from ISS.

in the areas described in Table 3.4. It is noted that although we do not have spectra that have a
B/G ratio higher than 0.55 (see Figure 3.28), Figure 3.35shows points with B/G up to 2. This is
because of saturation and non-linearity. By saturating channel B at a lower level than channel
G, this channel does not suffer from these effects. When we calibrate, the effects are offset and
high B/G values are displayed. This effect is also seen in G/R, but it is less pronounced. This
method provides some areas that we can empirically assume correspond to HPS, MH, and MV,
but we also observe that there are a lot of mixing areas. To avoid bias in areas, we need to have
higher resolution images, like those that can be obtained using the techniques described in the
chapter.
Considering the effect of extinction studied in Section 3.4.8, some areas of the B/G vs
G/R diagram have been visually defined as corresponding to HPS, MV and MH lamps (Fig.
3.36). These areas correspond to HPS with G/R < 0.45 and B / G < 0.4, MV G / R > 0.5
and B / G < 0.4; and MH with G / R > 0.5 and B / G > 0.4. The result of this classification
is shown in Figure 3.37. It is observed that 65 % of illuminated areas correspond to HPS, 26
% to MH and 9 % a MV. This value is not fixed, because Madrid is changing its night time
lighting. This change is reflected both in Figure 3.39 and in skyglow as we will see in Section
84
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Figure 3.31: Histogram for images of the series ISS40E081256-64.

7.2. Much of this change is due to the shutdown of ornamental lighting in accordance with
Ordinance Regulating Outdoor Advertising ANM 2009 212 which establishes that in the period
from November 1 to March 30, such lighting can be on until 12 pm, and in the period from
April 1 to October 31, until 1 in the morning or 2:30 on Fridays, Saturdays and public holidays
(see Figures 3.38 and 3.39).
In addition to lighting that can be detected in the images, it is important to consider that
light can also escape through the windows of homes, car headlights, shop windows, and other
12 http://www.madrid.es/UnidadWeb/UGNormativas/Normativa/2009/ficheros/ANM2009_2.pdf

Region

Coordinates
Latitude

Longitude

MV

Campus Somosaguas

40.4303911

-3.7897374

HPS

Valdecarros

40.3578424

-3.58146

MH

Airport T4S

40.4934997

-3.5639584

Table 3.4: Reference regions for automatic classification.
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Figure 3.32: Detail of the crown regions and outer ring used in the measurement.
They are the same as in Table 2.2.

outdoor lighting from businesses, all of which contributes to the amount of light emitted.

Rivas-Vaciamadrid is a municipality in the metropolitan area of Madrid located south east
of the capital. The town is of special interest since its public lighting was recently modified
(summer of 2014) to white LEDs

13 .

An analysis was performed of the last images obtained

by astronauts and the conclusion has been reached that Rivas has increased the amount of G
band light emitted by between 20-30% after the change. For this, besides the previously mentioned correction by comparing with VIIRS, the neighbouring municipality of Velilla de San
Antonio has been measured as a control (see Figures 3.40and 3.41). Since no measurements
are currently available at street level, it might be assumed that the change was made so that the
number of lumens in the street remained the same, and the increase is due only to the change in
lamp spectra. However, the observation band is the same with respect to the lumens and the G
channel, so an increase in the G channel is necessarily an increase in lumens.
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Figure 3.33: Comparison of intensities between VIIRS/DNB 03-31/05/2014 and ISS040E081258+62 27/07/2014. The white line marks the 1:1 line. It appears as the brightest part (Fig. 3.30)
passing right through the 1:1 line. However, the weakest part has shifted upwards, parallel to
the 1:1 line with a difference of 0.5, due to the increased concentration of aerosols on July 27,
2014. The unfilled red circles represent the mean distribution and the small red points represent
the quartiles.

Figure 3.34: Comparison of intensities between VIIRS/DNB 03-31/05/2014 and ISS030E188208+10 28/03/2012. The white line marks the 1:1 line. One can see that the dynamic range is
87
lower, but the intensity distribution passes right through the 1:1 line.

Figure 3.35: Classification of colour images based on the type of spectrum. The

classification was performed using the algorithm Logistic Regression 3-class Clas-

sifier from Pedregosa et al. (2011).

88

Cite as: Sánchez de Miguel, A.(2015).

(Doctoral dissertation, PhD thesis,
Universidad Complutense de Madrid)
DOI: 10.13140/RG.2.1.2233.7127

de la contaminación lumı́nica y sus fuentes:
Metodologı́a y resultados

Variación espacial, temporal y espectral

Figure 3.36: Areas selected from the diagram for classifying lamps. On the left are
those classified as blue. Those in the centre are orange and to those to the right
vapour, the second graph corresponds to high pressure sodium, and the third to very
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are classified as green. The first graph relates mainly to metal halides and mercury
old sodium vapour. In green, those with a high content of green, but not blue (old
MV, gas with mantel, and the transition from old to new mercury). In red, sodium
lamps (HPS, LPS) gas without mantel and similar sources.

3.6.3

Application to 6 European Capitals

Once the tools for analysis are developed and the quality of the calibration is confirmed, this
section presents the differences between six European capitals: Madrid, Paris, London, Berlin,
Warsaw and Amsterdam (Kyba et al. 2014a). They have chosen these cities that were photographed by astronauts Don Pettit and Andre Kuipers during the mission with the Nighpod
ISS030. These cities were chosen because they were photographed by the astronauts Don Pettit
and Andre Kuipers during the ISS030 mission with the Nightpod. These six images were taken
on the same night and have identical settings (Texp. 1/50, Lens. 180 mm 2.8, ISO 1600, etc.).
The only difference is that they were taken in different countries, so the local time is different
in each city as can be seen in Table 3.5.

Berlin is the capital of Germany and 80% of it was destroyed in World War II. After that, it
was divided in four zones by the four defeating powers. By 1949, it was divided into “only”
two zones. This division produced the isolation of the west side. In order to maintain higher
energy independence, the west side used gas street lighting for a long time, while the east side
modernized its street lighting to employ high pressure sodium. During the last 70 years, Berlin
13 http://www.lighting.philips.es/projects/rivas-vaciamadrid.wpd
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has updated its street lighting in the west side, and currently uses five lighting technologies:
LED, fluorescents, mercury vapour, gas and high pressure sodium. Only the sodium lamps are
warm-coloured; the rest are cool-coloured. The gas lamps in Berlin deserve special mention.
Berlin holds more than 50% of the remaining gas lanterns in the world, some 40,000 lanterns.
The people of Berlin have defended them as part of their culture and, despite the high cost of
one of their components, the gas mantle, studies promoted by the citizens indicate that it is not
cost-effective to replace them 14 and have shown that there is no more crime in those streets.
In residential areas, they have been replaced mainly by mercury vapour lights. The most
important roadways are illuminated by fluorescent or high-pressure sodium lights. At the beginning, the fluorescent system was double, with the goal of reducing lighting in the second
part of the night. However, the sudden turn-off of the lighting produced more accidents than
constantly having less lighting, which is why it is permanently functioning in eco-mode. The
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level of lighting is notably less than in other European capitals. The ring roads and highways
are not illuminated despite the fact that there is no speed limit. Berlin’s festival of lights is one
of the most important ones in Europe.
Amsterdam is the capital of the Netherlands and is a city in which the canals take up more
area than the streets. In the city, different lighting technologies coexist such as high-pressure
sodium and others. Amsterdam’s festival of lights is also very well known. The city has had
lights since the eighteenth century.
Warsaw

is the capital of Poland. Following the end of the Cold War, Warsaw has experienced

significant economic growth since joining the EU in 2004. High-pressure sodium lighting prevails, although antique mercury vapour lighting still exists.
Paris is the capital of France and according to Wikipedia:
Paris has many nicknames, with the most famous being “the City of Light” (la
Ville lumiére), a name that refers to its fame as a centre of arts and education, but
also (maybe for the same reasons) to its early adoption of urban lighting (1818).
High-pressure sodium lighting dominates in Paris and a huge street lighting reform has been
carried out in the last 15 years, reducing its consumption by 10%, from 162 GWh to 145 GWh
between 1993 and 2006. Paris’ street lighting was provided by EDF for 55 years and the agreement ended in 2009. Several lighting changes were made modifying their historic lanterns in
order to obtain net-zero energy emissions, except for the presence of crystals and diffusers.
14 http://www.gaslicht-kultur.de/argumente_EN.html
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London is the historic capital of the United Kingdom, however, the current administrative division dates back to 1968 when several municipalities were unified in Greater London. Today’s
London encompasses the ancient city of London, Westminster, and many other municipalities
with less historical importance. It was the first city to have gas street lighting in 1807 that continues to operate in places like the area of the Buckingham Palace and Hyde Park. The city of
Westminster and some other regions are illuminated with metal-halide technologies. In contract, the suburbs are illuminated with high-pressure sodium. The level of lighting in the central
streets is quite low due to the large quantity of ornamental lighting. In England’s lighting history, it gives one of the most curious cases of so-called “confirmation bias”. In the eighteenth
century, London was renovated, but the citizens of the city of Birmingham thought that their
rate of crime was lower than that of London because of their darker streets (Jane Box en Meier
et al. (2014)). . In this case, there would be the same case as that of the city of Berlin. All
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indications are that lighting does not have any real, significant effect on public safety (Paredes
Gil 2009).

Madrid is the capital of Spain. The city kept some gas lamps until 1971 when the “Lighting
Operation” removed the last remaining gas lamps from the capital. Since Philip II made the
city the capital, there are records of regulations on street lighting, especially oil lamps. In the
times of Charles III, tallow candles began being used for public maintenance, and in 1832,
under the reign of Ferdinand VII, the first gas street lighting was implemented in the Puerta del
Sol (hence the name fernandino lamps). In 1878, again in the Puerta del Sol, the first electric
light bulbs were introduced. However, in Madrid, electricity does not surpass gas until 1929.
In 1935, the first sodium and mercury lights were installed15 . In 1982 Madrid was considered
one of the “best” lighted cities in Europe 16 with more than 126,000 points of light. Between
1982 and 1997, there was a slow transition in which the mercury vapour lights little by little
were removed from the city. Beginning in 1997, media pressure from the Dark Skies Group
of the Agrupación Astronómica de Madrid (Amateur Astronomy Club of Madrid), have caused
mercury vapour lights in street lights to disappear depending on the local government, and
start bringing awareness to the problem of light pollution. The paradox is made that even by
improving the type of street lights used in the city, neither energy expenditure nor sky brightness
are reduced. This is due to the demographic explosion around Madrid and because there is no
power reduction, which makes clear balloons give rise to semi-opaque balloons that, in practice,
emit more light than clear ones. Since 2007, they had begun to install, on a significant scale, new
fernandino lamps without emissions to the upper hemisphere. However, in December 2014, the
15 http://hemeroteca.abc.es/nav/Navigate.exe/hemeroteca/madrid/abc/1971/01/16/011.html
16 http://elpais.com/diario/1982/02/12/ultima/382316403_850215.html
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management of street lighting was transferred into private hands, causing a move towards LED
lighting. Another paradox is that in 1982, Madrid with 3.158 billion inhabitants was considered
a well-lit city with 126,000 points of light, and that in 2015, with 3.155 billion inhabitants, it
already has 225,000 points of light. This fact is a good clue as to why Madrid is, according to
satellite images, the most lit capital in Europe (Kyba et al. 2014a).

Comparative analysis The metropolitan and urban populations of these cities clearly differ
from one to the next. It is important to note that in cases such as Paris or London, where there
is a continuum between the municipality and the metropolitan area, it is almost impossible to
distinguish them from the city itself. In contrast, Madrid and Berlin have a clear separation from
the metropolitan area, but with important cities within it. Conversely, Warsaw and Amsterdam
population density. In Sánchez de Miguel & Zamorano (2010) , the importance of population
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are smaller cities with a more distributed metropolitan population. Another important factor is
density in the amount of lighting was already highlighted. In the case of these capitals, a slight
trend in the same direction can be seen, since Madrid has a higher population density than the
rest. However, this is a point that should be studied in detail (see Table 3.5).
The images have been corrected for the effect of the windows as per what was stated in
Section 3.4.6.In Table 3.6, the average brightness values are detailed in nW /cm2/sr for the
regions shown in Figure 3.46. First, the VIIRS 2014 image was taken as a reference without
taking the spectral distribution of the sources into consideration. By doing this, the images
are scaled to what the VIIRS measures for each of the cities, reducing the spatial resolution of
the ISS image in 20 pixels with a Gaussian filter. The same is done with the VIIRS image in
5. The second case, the city of Madrid has been taken as a reference because it has a higher
quantity of sodium lights, as determined in the analysis in Table 3.6, now using a 5 pixel filter
for both images. The offset is calculated as the difference between the VIIRS intensity and the
ISS intensity for 80 nW /cm2/sr. Given the wide dispersion in the density distribution, it is
estimated using a linear through the RANSAC algorithm (Fischler & Bolles 1981). Below, the
difference found in Madrid is applied to all of the images.
In Figure 3.45, the difference between the offset for Madrid and that for Berlin can been
seen. The reason for this huge disparity is explained by the difference in intensity and spectral
distribution of their lights. According to Table 2.3, the predominant lights in Berlin west, which
are gas lights, mercury vapour and fluorescents, would make the VIIRS images be between 1.33
and 1.58 times weaker. If this is added to the difference in the image of Madrid (1.43), we get
a difference of 1.9-2.3, which is closer to the calculated 2.8. However, this is not sufficient
to fully explain the difference. The rest is probably doe to inherent differences in the VIIRS
image, the extinction or shooting angle of the image, or other effects not considered.
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Since all the images were taken on the same night and with the Nightpod, we consider
that it is more convenient to use the correction based on the ISS. The use of one over another
is important because in the extreme cases of Madrid and Berlin, we would be talking about
changing from a Madrid being 6.6 times brighter than Berlin to being “only” 3.4 times brighter.
The large difference in the distribution of types of lighting technology detected in the
images is notable (Figure 3.43). It is clearly seen that in the cities of Madrid, Paris, London and
Warsaw, the use of sodium lights dominates. In Madrid, metal halides are mainly used in the
airport (top right) and in private residential areas (top). In London, however, the centre of the
city is the area that uses this type of lighting, mainly for monuments, but also for streets. This
effect is seen, but to a much smaller scale, in Warsaw and Paris, although in these cities this
type of lighting is mainly used for monuments. Paris attracts attention for its heterogeneity and
the significant presence of Mercury lights (Figure 3.47). In the case of Berlin, the difference
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between the East and the West is already iconic, where the West uses mainly gas, fluorescent and
mercury vapour lights and the East uses sodium lights. Amsterdam has a more extreme case than
Paris, in which sodium, mercury vapour and metal halide lights are interlaced almost randomly.
This can be seen in the images available on the Internet (Figure 3.49) where a downtown street
can use sodium, and where many green areas can be seen.
Ideally, these results should be compared with the lighting inventories. However, it has
not been possible to obtain any reliable inventories for these cities, except for Madrid. The
Madrid City Council indicates that of the 234,203 points of light in the capital, 100% of them
are high-pressure sodium as of December 31, 2013.17 . This is only valid for lighting managed
by the city, since there are still some mercury vapour lamps in Ciudad Universitaria, for example. It is therefore understood that the rest of the mercury vapour and others are either from
bordering municipalities (La Moraleja/Alcobendas, Las Lomas/Boadilla del Monte, Majadahonda, Monte-rozas/Las Rozas) or from the airport. In the near future, it will be possible to use
Madrid as a test site, as it is currently undergoing a conversion to LED technology 18 .
There is a clear connection between the abundance of sodium and the relative intensity
of each city. This can be explained by the greater efficiency of sodium for light emission, or
because this technology is new and despite its efficiency, it produces greater emission (Kyba
et al. 2014b). One could also speculate on the effect of mesopic vision to explain this phe17 http://www.madrid.es/portales/munimadrid/es/Inicio/Ayuntamiento/

Estadistica/Areas-de-informacion-estadistica/Energia-gas-y-electricidad/
Electricidad/Alumbrado-Publico?vgnextfmt=detNavegacion&vgnextoid=
7255786b10a59210VgnVCM2000000c205a0aRCRD&vgnextchannel=c40a8131dd22a210VgnVCM1000000b205a0aRCRD&
pk=5729708
18 http://www.newscenter.philips.com/main/standard/news/press/2014/
20141219-madrid-upgrades-city-infrastructure-with-philips-lighting.wpd#.VKDMrAD1I
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nomenon(Fotios & Cheal 2011), since due to reduced lighting in this part of the city, mesopic
vision would come into play which is more efficient in blue. This statement is commonly used
by the industry to justify how good blue lighting is, but we believe that it is not applicable
in this case because the glare from produced by directly viewing the lights prevents the eye
from reaching the mesopic region. Even considering this, the comparison between East Berlin
(mainly uses high-pressure sodium) and Madrid indicates that this phenomenon, if it exists, is
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of second order.
Cities

Urb. Pop. (1)

Met. Pop. (2)

Image

LT

Pop. Dens.

Offset

Berlin

3.4

5.95

iss030-e-085815

22:36:00

3837

2.78

Amsterdam

1.1

2.16

iss030-e-085908

00:11:00

4926

1.77

London

8.4

13.6

iss030-e-085899

23:10:00

5354

1.41

Paris

2.2

12.3

iss030-e-21347085

22:35:00

807

1.56

Warsaw

1.7

5.13

iss030-e-085827

22:38:00

3309

1.53

Madrid

3.1

6.6

iss030-e-082053

3:23:00

5500-7081 (3)

1.43

Table 3.5: Data from the images used. (1) Urban Population in Millions of Inhabitants. (2)
Metropolitan Population in Millions of Inhabitants. (3) Density without including Monte del
Pardo [inhabitants/km2 ].

VIIRS ref

ISS ref

Colour Illumination

Abs Abs

Rel

Rel

Blue

Orange

Green

Berlin

23.5

35.7

1.0

1.0

48 %

28 %

23 %

Amsterdam

58.4

78.6

2.5

2.2

51 %

26 %

23 %

London

84.9

74.2

3.6

2.1

31 %

51 %

18 %

Paris

90.0

87.8

3.8

2.5

24 %

53 %

22 %

Warsaw

85.0

89.8

3.6

2.5

30 %

54 %

17 %

Madrid

155.0

120.0

6.6

3.4

26 %

61 %

13 %

Table 3.6: Comparing the intensity of six European capitals and the illuminated surface percentages for different types of spectra.

3.7

Uses of ISS Night time Images

From this chapter, we can conclude that night time images taken from the International Space
Station can be calibrated for use, provided that it is done with the corresponding precautions,
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namely:
• Knowing the spectral response of the camera and the target lighting correction.
• Not exceeding the linear range of a pixel count of 10,000 (in 14-bit) 19 .
• Verifying the consistency of the calibration with VIIRS..
• Verifying the consistency of the calibration with VIIRS.
With these precautions, photometric measurements can be made with precision equal to
or higher than that of VIIRS/DNB, with the possibility of making multispectral information and
greater spatial resolution available.
Since the ISS images are taken at any time, it is possible to estimate the temporal evolution
of the total energy injected into the atmosphere. At the same time, thanks to its three bands, we
can distinguish between different types of lights and study where and when they are used. In
the application section, it has been shown how it is possible to identify conflictive points in the
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application of the Canary Sky Law (Puerto Naos and Hotel Sol), as well as verifying that the
island of La Palma collectively complies with the Sky Law.
In the analysis of Madrid, it has been shown that we can measure the change in ornamental
lighting that represents approximately 45% of the light pollution produced by the city centre.
In the case of Madrid, it has been possible to combine several images and create a composition
of High dynamic range that allows us to study the diffuse visible emission in the DMSP/OLS
and VIIRS/DNB. It can be seen that this diffuse emission is greatly affected by the aerosol
content, as expected, and a very interesting line of research is opened. The presence of different
lighting technologies has been determined using colour charts and it has been established that
Madrid has 65% sodium vapour lighting in its metropolitan area, compared to 100% of the
street lighting indicated in the statistics from the city council.
These same techniques can be exported to other regions, as shown for six European capitals where we have been able to study the diversity of lighting strategies (Madrid vs. Paris vs.
London), historical differences (Berlin), and differences in technology use (Berlin/Madrid). In
short, we can determine all the parameters that are linked to the study of light pollution with
much greater spectral-temporal-spatial resolution. However, this is not an easy task and at this
time we need:
• A better understanding of the optical properties of the ISS’ windows.
• Improved knowledge about the non-linear range of the D3S camera and its successors.
• To contrast the ground measurement method for lighting.
• To implement the correction of extinction from the actual position of the ISS.
All of these difficulties have appeared as a result of the analysis. So far, they have been
studied superficially because of the lack of information but should be processed in depth in the
19 calibration

process in order to use the upper range up to 32,000 accounts saturation.
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future. Despite this, the result is to open a new window to study light pollution and the use of
lighting.

3.8

Results

• The first absolute calibrations of the ISS/D3S images have been done using photometry
with stars and ground sources.
• The calibrated images allow them to be scientifically exploited for measuring radiance.
The procedure has been applied to the cases of the Community of Madrid and the Island
of La Palma, obtaining similar results to those provided by the VIIRS/DNB satellite.
• The different lighting techniques in ISS images have been successfully classified for the
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first time with colour-colour diagrams using the R, G, and B channels of the cameras.
This multispectral capacity of the ISS/D3S allows us to evaluate changes in the type of
lighting for those for which single panchromatic band satellites are not prepared.
• 6 European capitals have been studied with images from the ISS, showing that Madrid
is the most polluting of the capitals (up to 6.6 times brighter than Berlin) and the one
that uses the most high-pressure sodium lighting (61% of the total area of the lighting,
compared to the 100% estimated by the city council in street lighting).
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Figure 3.37: Top, general map of Madrid, classified by the type of lighting according to its position on the colour-colour diagram. Lights corresponding to high
colour temperature spectra (MH, CMH, new MV, etc.) are marked in blue. You can
be assured that there is no gas lighting in Madrid because HPS are shown in red,
old MV in green, and MV, CMH or new MV in blue. Below, some of the areas in
the north-west that have unique lighting are highlighted. In Las Lomas, an affluent
residential area, a mix of old and new mercury vapour lighting is most common.
In Majadahonda, there is a large number of sodium, white sodium, and mercury
vapour lighting. On the Somosaguas campus, extremely old mercury vapour lamps
dominate.
97

Cite as: Sánchez de Miguel, A.(2015).

(Doctoral dissertation, PhD thesis,
Universidad Complutense de Madrid)
DOI: 10.13140/RG.2.1.2233.7127

de la contaminación lumı́nica y sus fuentes:
Metodologı́a y resultados

Variación espacial, temporal y espectral

Figure 3.38: Evolution in the centre of Madrid over time using images taken at the

ISS between the years of 2012 and 2014. The hour is in local time.

Figure 3.39: Graph of the evolution using the same images as the figure above.
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Figure 3.40: Detail of the images ISS040E081262 (left) and ISS026E026495 (right)
in the G channel, taken in 2014 and 2011, respectively. The regions used as control
and the background above and below Rivas, in the centre, are marked.

Figure 3.41: Classification of light sources in Rivas-Vaciamadrid and the surrounding area in 2014 (left) and 2011 (right), in the images mentioned above. The change
in colour in Rivas from sodium lighting to white LED lighting is clearly visible.
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Figure 3.42: Unprocessed images of the European capitals studied. The dif-

ference in intensity and colour in the cities is clearly visible.

Figure 3.43: Distribution of colours in the European capitals compared.
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Figure 3.44: Percentages of different types of lighting for the cities studied.

Figure 3.45: Relationship between the radiances measured with ISS/D3S and VIIRS/DNB for the cities of Madrid (left) and Berlin (right). The 1:1 line offset is
explained by the different predominance of some types of lighting in one city from
the other, the different spectral response of each instrument, and other factors such
as extinction and the inclination of the camera when the image was taken.
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Figure 3.46: Comparison of intensities between European capitals. From top to

bottom and right to left: Madrid, Paris, Berlin, Warsaw, London, and Amsterdam.

The first figure, ISS was used as the reference, and VIIRS was used in the second.
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Figure 3.47: Paris at night. Taken from the Maine-Momparnasse tower. The different colours of Paris’ streets can clearly be seen. Photographer: Benh Lieu Song.
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License GFDL/Wikipedia.

Figure 3.48: Madrid at night. Taken from Torrespaña. It can be seen that all of
the streets are lit by high-pressure sodium lights. However, it can be seen that
monuments and private areas are lit with mercury vapour and other types of lighting.

Figure 3.49: Image of the outskirts of Amsterdam. A mix of technologies is observed, with clear green parts that could be mercury vapour. Photographer: Philip
Hens. Used with permission.
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Catalogue of Multispectral ISS Images
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4.1

Introduction

Until the year 2003, there were no night time images of the Earth in more than one visible
band range. The astronaut Don Pettit (Pettit 2008)tried a movement compensation system in
the space shuttle to try to capture images with a digital camera with a long enough exposure
to capture the lights from cities. The improved sensitivity of digital SLR cameras allowed for
images to continue to be taken but, in 2010, the Cupola module was installed in the station that
allowed for greater capacity of Earth observation. In 2011, the special Nightpod tripod was
brought up (Sabbatini & Esposito 2011), as an improved version of the mechanism developed
by Pettit. In the period from 2003 to 2010, 35,995 night time images were taken; 423,520 had
been taken between 01/01/2011 and 11/26/2014. This exponential growth prevented astronauts’
image storage service, The Gateway to Astronaut Photography of Earth, from being able to deal
with the huge task of classifying them.
In this image database or repository, all of the images obtained by astronauts from the
different space agencies that participate in the International Space Station are collected. This
service has been profoundly revamped in recent years. Some of the improvements in the service have been made at the request of the members of our team. From the Gateway to Astronaut
Photography of Earth portal, technical information is provided for each image about its acquisition (metadata), JPEG images, link to the original RAW file and, since 2013, an estimation of
the Nadir of the ISS at the time when the image was taken. If this time, which is synchronized
manually by astronauts1 , is incorrect, the location is also incorrect.
The website provides several image search tools. One can search for images within those
that are already catalogued by mission number, film roll number, and frame number (MissionRoll-Frame) or by using the search tool for uncatalogued image search tool (Uncatalogued
1 Private

Communication William L. Stefanov 24.10.2014
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ESC). All of these tools provide dynamic tables that allow access to some database fields, but
there is no way to perform direct SQL searches. The tables allow a thumbnail preview of the
original image. Each image has a tag with information about it: a sample of the metadata for
the capture (EXIF), the focal length used, the capture time, image access in medium and high
resolution in JPG format. The original data in RAW(2012) or an estimation of the position
of the ISS(2013) may also be obtained from these tags, in addition to a tool for the estimated
calculation of the footprint.
On the same website, there are other useful tools such as one for calculating the position
of the ISS at a given time (usefully for when the time is incorrect but can be estimated using
other methods) and at what time the ISS passed by a given location. This is especially useful
for planning observations.
Cataloguing night time images is a very important first step. It enables us, for example, to
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find images of specific areas of particular interest. More interesting still, it allows us to retrieve
series of images of the same place taken at different times or on different dates and to study
the change of light pollution over time. This part of the thesis has been instrumental in its
development and a lot of effort has been dedicated to it. The assistance provided by students
and other volunteer researchers has been very useful. In this chapter, the strategies followed for
cataloguing images of scientific interests will be shown.

4.2

Catalogue of the Manual and Semi-manual Selection

Manual Classification

Until the year 2013, NASA did not provide information about the

location of images taken by its astronauts except for those that had been catalogued by its team,
a small fraction of the total lot. Of the night time images that are of interest to this study,
only those corresponding to large cities were catalogued by NASA and others were found after
being published on the internet by enthusiasts who searched for them in the repository. For
example, Peter Challupner (@PC0101) put us on the trail of a very skewed picture of Madrid
IISS016-E-26126) taken on 01/30/2009 when in 03/2010 we began to request via Twitter that
the JAXA astronaut Soichi Noguchi (@Astro_Soichi) point the camera towards Madrid to aid
in the study of light pollution. In 04/2010, Soichi Noguchi took the first useful night time image
of Madrid (ISS023-E-29556).
The student Alicia González (Community Excellence in Madrid grant holder at UCM)
completed a systematic search of NASA’s repository in search of night time images of Madrid,
finding a dozen images taken since 2003 with adverse meteorological conditions (http://
guaix.fis.ucm.es/node/1448). Later (between 2009 and 2013), other students from UCM
such as Marian López Cayuela (as a continuation of her Academically Directed Work) and
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Guillermo Martı́n Martı́nez helped with the visual classification of images by visually inspecting the new images (over 100,000 images). Additionally, Peter Challupner has been providing
interesting images and a great deal of information about the status of the ISS as well as information about taking images that has been highly useful.
Finally, the most relevant images were localized and catalogued using the images’ metadata. To estimate the position of the International Space Station, the website www.calsky.com
was used (Roth & Roth 2009). . This website provides ephemeris of the space station in a
two-year range within the Satellites/ISS/Groundtrack menu. Over 1695 images were classified using this procedure. These images are a part of the initial catalogue of the CitiesAtNight
project (Sánchez de Miguel et al. 2014a), which we will talk about in the next section. This
catalogue is available at the address http://www.nightcitiesiss.org.
After confirming that the some of the images showed easily-recognized star fields, the
(Doctoral dissertation, PhD thesis,
Universidad Complutense de Madrid)
DOI: 10.13140/RG.2.1.2233.7127

de la contaminación lumı́nica y sus fuentes:
Metodologı́a y resultados

Cite as: Sánchez de Miguel, A.(2015).

Variación espacial, temporal y espectral

original RAW files of some of the images were formally requested from those responsible for
the repository. Their analysis allowed us to confirm that they were photometrically calibrated
(see Section 3.4.7). A technical report was conducted with recommendations on observation
techniques, such as bracketing when taking images, which was sent to NASAZamorano et al.
(2011a). Many of the recommendations were applied in following years, but we cannot guarantee that they resulted from this report.

Semiautomatic Classification Manual classification was improved with help from José Gómez
Castaño who designed an embryo of the CitiesAtNight project, following the technical specifications agreed by the team. The procedure had access to features that have now become obsolete
following the new information provided by NASA’s database. The first step prior to the classification of NASA’s entire archive is to filter the potentially interesting images. However, at that
time, it was impossible to know in advance whether an image was a daytime or night time image
2.

Therefore, a method was used in which an image’s histogram was analysed in order to select

the night time images, since those typically show histograms with very low values, below 11
ADU. In contrast, daytime images tended to have very high values, above 90 ADU (Sánchez de
Miguel et al. 2014b). This method required additional human supervision because it generates
many false positives that had to be manually discarded. About 5,000 images were classified
using this software. This version of the catalogue is not accessible at this time, although there
is a copy. Work in this direction was not continued because it has already been completed by
the Cities at Night volunteers.
2 Today

is trivial since in the form of images are not listed can be obtained only display the images in the Sun’s

altitude is less than 0 degrees above the horizon.
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4.3

Citizen Science Program: Cities at Night

As we have seen in the introduction, one of the most important aspects in the detection of
sources of light pollution is determining its nature from its spectra. However, we only have
access to a small portion of the Earth from the available multispectral or hyperspectral images
taken from the sky, which is why we are restricted to the catalogues from local authorities or
case studies such as the VITO report Van Tichelen et al. (2007) to estimate the predominant
type of lighting in very specific regions of the planet. The archive of images taken from the
International Space Station makes over 120,000 night time images available that were taken
with 40 mm to 999 mm lenses, and is the largest multispectral satellite image database that
exists today.
The first step for the archive to be useful in the light pollution study is to sort through
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it and categorize the images, because among those images there are not only data for images
of cities, but also images of stars, clouds, storms, sunsets, images of the interior of the space
station and poor quality images.
Second, the images are useless unless we know their location. Initially, the NASA archive
provides data from the International Space Station’s nadir at the time at which the image was
taken, based on the camera’s clock. However, the nadir may be hundreds of kilometres from
the photographed object because the astronaut points the camera at the subject of interest. That
is why each image must be inspected in search of its point of origin.
Third, the tilt of the images prevents the use of original images. This tilt must be corrected.
To avoid this problem, we must georeference the images using control points (Habib et al. 2006).
Once georeferenced, the images must be processed in order to photometrically calibrate
them, as described in Chapter 3.
This task cannot be handled by a single person, but the citizen science programs enable
the distributed analysis of complex information. Therefore, for the preparation of this catalogue,
a Citizen Science program has been created called Cities at Night. The project’s homepage is
www.citiesatnight.org and it has been designed in collaboration with MediaLAB-Prado.
This type of procedure is common in mass data processing, which requires human intervention, such as GalaxyZoo (Lintott et al. 2008, 2011; Bamford et al. 2009; Skibba et al. 2009;
Schawinski et al. 2010, 2009; Darg et al. 2010) or Clickworkers (Szpir 2002)and has been
widely discussed in publications on scientific methodology (Cheshire & Antin 2008; Haythornthwaite 2009).
To archive our project, we have created three web applications on the www.crowdcrafiting.
orgplatform. The three applications attempt to cover the first three phases of calibration.
Screening/ classification is done in the DarkSkies application. The Lost at Night application
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is used for image location. Georeferencing is done using NightCitiesISS. The photometric
calibration can be done automatically once the photometric parameters of the camera and the
corresponding adjustments and the lens are known, for which no application has been made for
that phase. Below we describe what application consists of as well as their provisional results.
The conceptual plan and coordination of the whole program has been carried about by
Alejandro Sánchez de Miguel, as well as the analysis of the results and the quality tests, and
the programming of the Dark Skies program from the draft prepared by Daniel Lombraña. José
Gómez Castaño has done the programming for the Lost at Night and Night Cities applications in
additional to actively collaborating in all aspects of the project. Daniel Lombraña has provided
the “Crowdcrafting” platform, developed the first draft of the Dark Skies project and assisted
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with advisory and support.

The Crowdcrafting.org Platform

Crowdcrafting is a citizen science platform that uses the PyBossa free software (Lombraña
González et al. 2015). This platform promotes open science by sharing the source code of
technology, in addition to data and its analysis 3 One of the most interesting characteristics of
Crowdcrafting and its technology is that it provides templates for resolving problems such as:
pattern recognition in images, audio and video, transcription of PDF documents, geolocation.
Crowdcrafting and PyBossa also have an ecosystem of tools and applications that facilitate a researcher’s analysis and work on his/her project. Two of these tools are: (i) pbs and
(ii) enki. The pbs tool allows a project to be managed using two commands, allowing one to
add, update or remove a project’s tasks using very simple commands. Pbs imports tasks directly
from CSV or JSON files, facilitating collaboration with other researchers, since these formats
are de facto standards for data storage.
On the other hand, enki allows a researcher to simply analyse a project’s results. For
data classification projects, enki performs and analysis in just a few lines of code, thanks to its
integration with the numerical analysis package Pandas and the iPython notebooks.
Integration with iPython allows sharing the analyses performed on the internet using a
web navigator, sharing not only the results, but also the methodology used. This feature makes
the PyBossa ecosystem especially powerful, given that a project developed using this technology enables to whole process to be shared -data, source code and methodology- so that other
researchers can repeat the experiment and validate the results.
In summary, the Crowdcrafting platform and its technology have allowed us to analyse
one-hundred thousand images in less than a month and thanks to its tools we have been able to
3 Crowdcrafting:

http://crowdcrafting.org/. Pybossa: http://pybossa.com/
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simply and efficiently perform an analysis, as shown in this thesis.
Each of the projects created in Crowdcrafting are described below.

4.3.2

Web Applications
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Image Classification: Dark Skies ISS

Figure 4.1: Screenshot of the Dark Skies application. It is an interface of icons
that represent the different classification options. The icons were designed by Juan
Rodrigo Solera Sánchez-Seco and Marta Vela Ibañez, volunteers in the “Madrid
Urban Laboratory” workshop held in MediaLab-Prado.

In order to classify night time images taken from the International Space Station, uncatalogued images from the archive began to be filtered. In the first phase of the experiment, a
sample of images taken during Mission 30 of the International Space Station were processed
due to the presence of the Nightpod. However, due to the success of the program, all of the
uncatalogued images from the archive have been classified that met the following conditions:
lens focal length of between 40 mm and 999 mm and the altitude of the Sun at the time of taking
the picture of 0.
The application is a simple interface in which the image to be classified is shown. The
user is prompted to place the image into one of eight categories at the discretion of the volunteer.
These categories are:
110

Black / Black Where users can categorize completely dark images that will be useful for the
characterization of the camera’s noise at different settings.
City / Town This category is the one our project is most interested in and includes the images
in which the main object is a city. In that case, it is requested that the volunteer evaluate:
Cloud Cover and Focus

These are classified by three icons in which there is the image

of a city without clouds, another with clouds, and a third in which the city is completely covered.
The degree of focus in the image should be evaluated in the same way.
Stars/Estrellas The volunteers mark the images with stellar fields preferably composed of
stars. However, some images of the Sun, the Moon, planets and objects such as fishing boats
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have also been included. The classification of this subgroup can be performed automatically
using Astrometry.net Lang et al. (2010).
Aurora/Aurora In this category, the volunteers have mainly identified images with airglow,
auroras and other atmospheric phenomena that are not of interest in this thesis. However, there
may of interest to other studies.
Astronaut/Astronauta Astronauts rarely appear in the images in the archive, so it is difficult
to find them. Therefore, for purely recreational purposes, we include this category. It has also
been used by the volunteers to identify important parts of the space station or any image of the
ship’s interior.
None of these/Ninguno de estos

On occasion, the captured object cannot be entered into

any of the above categories. Sometimes, it is due to the camera’s clock, and therefore, the
approximate location being erroneous; other times, it is due to a sunset, a failure when taking the
picture, reflections in the glass, etc. Therefore, this category is for the volunteers to catalogue
the object in this miscellaneous section even if they know what it is.
No Photo/No hay foto Sometimes, there is a NASA server failure or a failure in the configuration of the task and the task appears without any associated image. This category includes
those cases.
I Don’t Know/No lo sé Lastly, we created a section for those images that people were not
able to identify.
111

Analysis and Results

The cataloguing process is performed independently by several vol-

unteers to maintain a minimum quality for the data. Given the very high number of tasks to
perform (some 120,000 night time images with focal lengths of between 40 mm and 999 mm)
it is necessary to reach an agreement between the reception factor and the efficiency of the
classification.
In order to estimate which is the best repetition factor, the first 6000 tasks were completed
with a repetition factor below 30. After, we checked which had been the classification with the
lowest repetition factor. Therefore, in Figure 4.2 we can see that for the repetition factor, 5 is
the best, because only 10% of the images are classified in a different category. Having inspected
the images corresponding to the 10% that differ, we observed that they are large-field images
that the volunteers cannot clearly determine which category is the most appropriate.
To check the final quality, we have compared the results from some of the volunteers that
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have performed a significant number of the over 7000 tasks that we performed to constitute a
control group.
After applying a median filter to the volunteers’ answers, we have selected images classified as cities.
Location of Images: Lost at Night
This is the step that is performed once it is known with certainty that the image corresponds to
a city. It is necessary because we do not know the location of most of the images and only the
nadir of the ISS is known to guide us as to where in the world the image was taken.
The application shows the problem image with the ability to rotate the image and zoom
in on it. Beside it, we have a screen with three possible maps. Google Maps, daytime satellite
image from Google Maps, and Open Street Map. At the far right, we have the Earth at Night
2012 NOAA image. Above this last image, there is a red dot indicating the nadir of the ISS.
The volunteers mark an image position that they can recognized and the corresponding
position on the map. As such, up to 5 volunteers review each image and we obtain the place’s
coordinates. Users can visualize the image’s coordinates and geographic coordinates of the
place selected in the upper right section.
Analysis The tasks are currently performed with a repetition factor of one. The answers are
given in Json format, in which each answer is identified by an ID, time, coordinate, user, etc.
They are processed using a Python script.
Results Of the 6857 images processed as of November 27, 2014, a median filter has been
applied to the positions and the images that have at least three answers have been selected. As
112
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Figure 4.2: The percentage of differences in the classification according to the number of repetitions in the classification. It can be seen that as the number of volunteers
who inspect an image increases, the number of “errors” decreases. Finally, it was
decided to agree that 5 would be the minimum number of volunteers who would
inspect each image because only when 15 volunteers inspected the image did the
percent “error” drop below 10%.

such, we obtained the location of 2300 images.

Georeferencing Images: Night Cities ISS
With the same interface as in the previous application, but in this case, an image of a known
city or region is applied, the user must identify common regions in the image and on the map.
Therefore, points of control are established that can be subsequently used for georeferencing.
The only variation in the interface from that of the previous application is that the number of
points that the user can enter is higher. The recommended minimum number is 3 points. The
large number of repetition of tasks in this phase (30) means that there are images with a great
number of points.
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Figure 4.3: Screenshot of the Lost at Night application. The problem image is
shown and to its right, there is a map with several layers. In addition, a night time
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map is added.

Figure 4.4: Screenshot of the NightCities application. The interface is identical
to that of LostAtNight with a difference in that more points can be marked on the
image for georeferencing.

Analysis As in the previous case, a Python procedure is used for the extraction of data. Then
a GCP file is created with the points of control. They are automatically rectified using Gdal
(Zhao et al. 2011), creating a geotiff image that contains all of the geographic information.
In the future, when images of flat fields are available for all lenses, they may be added for
processing.
Results More than 700 images have been georeferenced and a sample of these is available to
researchers in the Google Maps Gallery. After its closure, they have been temporarily trans114

ferred to the GUAIX server 4 . We are working on the complete publication, in collaboration
with the company Cartodb.

4.3.3

Disclosure of the Results and Recruiting Volunteers

The above applications are not useful without the participation of the volunteers who use them.
Therefore, we were aware that it was essential to create an attractive website that motivated
volunteers to participate in the program and that disclosed some of the reasons why this investigation is interesting. To perform this task with quality, we decided to participate in the
“MediaLab-Prado Urban Workshop”. Within the workshop, we decided to use the Bootstrap
framework (http://getbootstrap.com/)or html5 in order to make the website visible on
icons for the DarkSkies application, which were made by Juan Rodrigo Solera Sánchez-Seco
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mobile devices and computers. In the workshop, we received support for making the interface
and Marta Vela Ibañez. The website was designed by the student advised by Beatriz Fernández
(CSS support) and Pablo Ripollés (html5 support), participants in the Medialab-Prado workshop. Finally, the website was published on the domain www.citiesatnight.org, hosted on
the server http://guaix.fis.ucm.es, administered by Sergio Pascual.

Press releases sent by the Complutense University in Madrid in July 2014 (GDirección de Comunicación
(2014)) and NASA in August of the same year have had an uneven effect on the recruitment
of volunteers. The first campaign brought in only 49,000 users, of which 50% came from the
United States, 17% from Spain, 4.7% from Canada, 4.5% from the United Kingdom, 3.8% from
Brazil, and the rest from 157 other countries. Only 6000 tasks were completed before August
14, 2014. The major sources of traffic for this period were in the newspaper The Atlantic (35%)
and El Mundo (5%). Also noteworthy are visits via Facebook (8%). We had news coverage
from the official Twitter accounts of the ESA, CSA-ASC and the official Facebook page of the
ISS (controlled by the JSC).
After August 14 and the publication of the NASA Gaskill (2014), the impact was global
and went viral. More than twice as many users visited the applications (106,000 as of September
16, 2014) and the impact was greater in many countries that previously had no impact. 31.39%
came from the United States, 11% from Germany, 6.9% from New Zealand, 4.5% from Italy,
4.5% from the United Kingdom, 4.2% from Canada, 3.5% from Spain, 3.4% from Lithuania,
3.1% from Latvia, 3.1% from Denmark, 2.18% from Australia, and 25.2% from other countries
(176). These volunteers were much more efficient and have generated more than 103,000 tasks.
These circumstances explain the evolution graph of the tasks (Figure 4.5).
4 http://guaix.fis.ucm.es/gallerycitiesatnight
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Figure 4.5: Evolution of the number of answers in the DarkSkies application. On
answers per day. The official launch date of the applications and the date of the
launch of NASA’s press release are highlighted.

4.4

Results

• A Citizen Science platform has been created for the classification, cataloguing and georeferencing of the ISS/D3S images from NASA’s repository.
• To date, more than 130,000 images from the archive have been tagged, more than 2300
images have been located, and more than 700 have been georeferenced. This database is
currently the largest multispectral night time database in the world, in which more than
15,000 volunteers have participated.
• The final products will allow a global map of light pollution to be made as seen from
space with higher spatial resolution that what is provided by current satellites and with
colour information in three bands.
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Figure 4.6: Example of the images georeferenced by Cities at Night volunteers.

Source: http://www.darkskyiss.org/.
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Chapter 5
Aerial Remote Sensing Techniques for
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Sources of Light Pollution
5.1

Introduction

Other previously tested observation techniques have been studied to compare them with the
detection and measurement methods of light pollution sources that have been described. The
results of this section are derived from the current state of various works in progress, for which
the scientific analysis of data has not yet been concluded. However, the current state of that
analysis allows us to know the advantages and limitations of these methods. At the end of this
chapter, we will provide a comparison to orient future exploration towards the most appropriate
remote sensing method for each type of study.
Because it can only be seen at night, light pollution is more difficult to detect than traditional objects of study with remote sensing, usually using flights and special cameras. Therefore, it is necessary to adapt the instruments to the low-light conditions. Added to this difficulty
is the problem of having a sufficient dynamic range for performing the various studies. We can
deduce from the VIIRS/DNB images that, for example, in the vicinity of Madrid, sources were
detected from 0.2 to 300 nW /cm2/sr, but much more intense sources of 4500 nW /cm2/sr were
registered in the ISS images, i.e. there is a difference of four orders of magnitude.
Furthermore, spatial resolution is crucial in some studies. For example, Kuechly et al.
(2012)discusses the influence of different spatial resolutions when automatically determining
ground uses. They found that from a 50 m resolution there is a 17% difference between the
value calculated for the estimated flux for the street lighting compared with a study with 1 m
of resolution, while up to 20 m the discrepancy is only 6 %. It should be remembered that
it is necessary to perform measurements with a separation of 1.5 m in accordance with the
Regulation for energy efficiency in external lighting installations (RD 1890/2008), which is
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why it is impossible to estimate the distribution of light in a road with a resolution of 20 m.
Data from the ISS/D3S have a certain temporal resolution because they are obtained at
different times at night according to the orbit of the ISS and the availability of astronauts. However, it only has 3 channels available, so it is impossible to distinguish spectral lines. For light
pollution studies it would be desirable to increase the temporal, spectral, and spatial resolution
that, as described below, would significantly increase costs.

5.2

Aerial Images with Hyperspectral Cameras

Hyperspectral cameras are commonly used in daytime remote sensing. They tend to be scanning
radiometers that obtain information in multiple bands. Different systems provide from dozens
image. This technique and its application to light pollution are discussed in numerous publica(Doctoral dissertation, PhD thesis,
Universidad Complutense de Madrid)
DOI: 10.13140/RG.2.1.2233.7127

de la contaminación lumı́nica y sus fuentes:
Metodologı́a y resultados

Cite as: Sánchez de Miguel, A.(2015).

Variación espacial, temporal y espectral

to hundreds of channels that are equivalent to low-resolution spectroscopy for each point in the
tions (Barducci et al. 2003, 2006; Elvidge & Green 2005; Tardà et al. 2011). In general, these
sensors are not sensitive enough to measure street lighting. However, Metcalf (2012)demonstrated that it is possible to successfully identify sources of light pollution using hyperspectral
imaging. In the following sections, an analysis of hyperspectral data from dedicated flights
over Madrid that have been performed to date that are useful for the study of light pollution is
described: (Moreno Burgos et al. 2010)(Sobrino et al. 2009b). For the first (Moreno Burgos et
al. 2010)two flights were performed, one on 3/04/2008 over the capital of Madrid and the other
on 07/16/2008 over the East and West areas bordering the capital. For the second, two passes
perpendicular to each other were done over the capital.

5.2.1

Flights to Madrid

One of the most important means that we have are flights with the AHS hyperspectral camera as
part of the instrumented aircraft of the National Institute for Aerospace Technology - Esteban
Terradas (INTA, as per the Spanish acronym) 1 .
The general characteristics of the instrument can be found in Rejas et al. (2004).The data
studied include 20 channels, each of which is approximately 0.03 µm wide in the range of 0.43
to 1,030 microns (example in Figure 5.11). The FOV of the instrument is 90 ◦ . This causes the
acceptance angle at the ends to be almost 45 ◦ and, therefore, the same kind of shielding as cited
in Section 2.3 is produced when flying in its standard configuration at an altitude of 1376 m. In
addition to analysing the images, it concludes that the majority of streets have a radiance that is
almost at the detection limit. However, this instrument is ideal for the study of hot spots. These
1 http://www.inta.es/grandesInstalaciones.aspx?ID=2&SubId=9
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hot spots are places with very saturated ornamental lighting that saturates the ISS’ images. In
these cases, there is enough signal and, therefore, the low-resolution spectrum of the source can
be obtained and the source can easily be classified.
Reduction and Inspection of the INDRA-INTA-AHS Mosaic
In the year 2009, two flights were completed (on 03/04/2008 and 07/16/2008) corresponding to
Moreno Burgos et al. (2010) The flight, data acquisition, and the pre-reduction were completed
by INTA at the request of the company INDRA as part of the “Urban Environmental Quality”
project financed by the Community of Madrid. The General Directorate for the Economy,
Statistics and Technological Innovation has agreed to the release of these data for scientific use.
The data are provided by INTA with a pre-reduction. However, as can be observed in
this effect, a mask was created with which the flux was normalized and the noise from channel
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Figure 5.1, the sum of the different passes causes overexposure in the overlap zones. To correct
#1 was deducted from it to minimize the systematic error present in the left image. In Figure
5.2, the final result can be seen compared to the city’s major streets and highways.

Figure 5.1: Left. Pre-reduced image. Right. Reduced image. Result compared to
data reduction from the day 03/04/2008.).
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Figure 5.2: Above. Mosaic of AHS-INDRA images. Below. The same image with
spatial references.

Unfortunately, apart from the visual information that the images provide, their signal/noise
ratio is so low that the photometric analysis has not been performed. In conclusion, the ADH
instrument is idea for tracing the most intense sources but not the streets due to its low sensitivity.
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5.2.2

Calibration of ISS/DS3 Using INTA-AHS DESIREX 2008 Radiances

INTA-AHS Data from the DESIREX 2008 Project
The Desirex-2008 project was a project to characterize the heat island in Madrid. For this,
daytime and night time measurements were taken in the city of Madrid, both on the ground and
from the sky2 . In this section, we will use the data obtained by INTA-AHS that corresponds to
the night time flights from July 2008. These flights were completed perpendicularly over the
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centre of the city. One of the flights can be seen in Figure 5.3.

Figure 5.3: Classification of albedo and surfaces in the east-west flight (AHS flight
P01I1, July 4th at 11:16 UTC)

Within the ESA-Desirex2008 flights INTA project on Madrid recorded night time images
in the visible bands corresponding to rWithin the ESA-Desirex2008 project, the INTA flights
over Madrid registered night time images in visible bands in the spectral region corresponding
to the red, green and blue channels (RGB) of the digital cameras aboard the ISS and, therefore,
are comparable. Since the AHS images are calibrated (AHS imagery at-sensor radiance, in
nW /cm2/sr/nm) a calibration of the images can be observed from ISS using this information.
As such, we combine images with absolute calibration and better resolution (INTA-AHS) with
2 http://www.uv.es/desirex/Fieldc.htm
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images that cover all of Madrid at a lower resolution so as to observe an estimation of flux
radiated into space in the metropolitan area of Madrid. Following conversations with the INTA
experts, the data were requested from ESA. The images are in ENVI format and have been read
with Python using the Spectral Python (Spy) package.
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Selecting the Area to Be Calibrated

Figure 5.4: Daytime image detail of the Deposit 12 area (Valdecarros) with the posts
that support the lights being studied marked using red circles.

The night time AHS images in visible bands have little signal. But with the aid of the
infrared bands and daytime images, it is easy to identify the areas. It has not been necessary to
georeference the images for the purposes of this calibration. In the AHS 080625 2215Z P01I2 L10020 PT12
image, six isolated points were detected corresponding to large lights in a service area of the
City of Madrid close to La Gavia (Deposit number 12, Vadecarros, see Figure 5.7), This location is ideal for calibration because it is an isolated area, with a noisy signal and without the
presence of tall buildings.
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Figure 5.5: Night time detail image of the Deposit 12 area (Valdecarros) from ISS.

Verification of the Calibration
From the multispectral AHS image, the first five channels have been selected and added corresponding to band names = Ch#1, Ch#2, Ch#3, Ch#4, Ch#5 centred on wavelengths 0.456700,
0.483550, 0.512650, 0.542600, 0.571650 (in microns) that are relevant for comparing with the
G band of the Nikon D3S camera of the ISS. The total width of the synthesized band is approximately 144 nm. The measurements taken are detailed in Table 5.1 for light #6 and in Table 5.2
for the other lights.
From the resulting synthetic image, the corresponding counts were measured (using the
astronomical processing software IRAF) in openings (in pixels of the image in the table) encompassing each light’s light patch. It is observed that there is a dispersion in the measurements
except for the lights marked #3 and #4. Assuming that the lights are similar, the difference
should be the result of different ground reflectivity of the ground below them. It is easy to observe in the box in Figure 5.4 that light #6 sits on a ground of grey cement with higher albedo
than light #2, while others sit on darker surfaces. Light #6 has been used from this point forward with an average of 35.97 counts/pixel on lit ground and we assume that it receives light
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Channel

Wavelength

Lum. No. 6

[ 16: 31,67: 80]

All

[ 10: 71,18: 79]

[ 68: 98.68: 98]

1

0.456700

2.646

2.304

1.703

1.848

1.485

2

0.483550

2.882

2.277

1.216

1.319

1.399

3

0.512650

2.778

2.107

1.309

1.486

0.847

4

0.542600

2.39

1.920

0.977

1.061

0.767

5

0.571650

25.54

18.05

3.018

6.014

1.019

6

0.600300

43.35

30.57

4.287

9.164

1.070

7

0.629150

16.28

11.59

2.034

3.822

0.702

8

0.658550

6.465

5.054

1.675

2.147

1.403

9

0.687550

4.139

3.504

1.467

1.862

1.224

10

0.716450

2.694

1.661

1.232

1.221

0.938

11

0.745500

2.569

1.746

1.157

1.276

0.983

12

0.774200

2.882

2.634

1.559

1.676

1.446

13

0.803450

7.611

5.781

1.912

2.418

1.525

14

0.833400

13.42

9.866

2.367

3.495

1.720

15

0.863550

2.028

1.906

1.564

1.666

1.494

Table 5.1: Measures in the different channels for light #6. The units are . The fourth, sixth and
seventh columns are background measurements and the fifth is the average of the previous ones.
vertically and that the observation is overhead (θ angle of incidence on the detector is zero).
The radiance of a surface is equal to the irradiance multiplied by the reflectivity of the
material (albedo) and a geometric factor because we assume that the surface acts like a diffuser
that emits equally in all directions. In this case the surface is a concrete-like material in the light
areas and asphalt or soot in dark areas.
L = η · I/π

(5.1)

Spectral Radiance:L = 35.97nW /(cm2 · sr · nm)

(5.2)

Conversely, irradiance is equal to the flux received per unit area:
I = F/A

(5.3)

F: (W) radiant flux or emitted power, A: (m2 ) emitting area. We determine the scale of the
images using Google Earth. In the image, the lights (5) and (6) are 28 pixels apart. The distance
is 118 meters, using IBERPIX version 2, the latest from IGN.
Scale = 118/28 = 4.214m/pixel
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(5.4)

AHS 080625 2215Z P01I2 L10020 PT12
(Channels # 1 - # 5) Average value pixel
opening 12x10x10

12

1

24.16

19.60

2

28.51

23.74

3

27.15

22.76

4

27.16

22.28

5

37.99

30.33

6

45.94

35.97

Opening of 12x12 pixels → 12 pix 4,214 m / pixel = 51 m approximately.
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Table 5.2: Measures images of selected luminaries.

A = 51 · 51 = 2601m2

(5.5)

The images are calibrated so that a count unit is nW /(cm2 · sr · nm)
nW /(cm2 · sr · nm) = 10−9W /(cm2 · sr · nm) = 10−5W /(m2 · sr · nm) (SI units).

Spectral average radiance:L = 36 · 10−5W /(m2 srnm) = 3.6 · 10−4W /(m2 srnm)

(5.6)

Spectral irradiance:I = Π l/η = 3.1416 · 3.6 10−4/1 = 0.00113W /(m2 · nm)(5.7)
Spectral radiance flux:F = I · A = 0.00113W /(m2 · nm) · 2601m2 = 2.94W /nm (5.8)
Total radiance flux flux:F = 2.94W /nm 100nm = 294W

(5.9)

If in place of albedo η = 1, use η = 0.20 valid for asphalt (see the information table in
Sobrino et al. (2009a)) 3 :
Spectral Irradiance:I = π l/η = 3.1416 · 3.6 10−4/0.2 = 0.00377W /(m2 · nm)
(5.10)
Spectral radiance flux:F = I · A = 0.00377 · 2601 = 9.81W /nm
Total radiance flux:F = 9.81W /nm 100nm = 981W

(5.11)
(5.12)

The same counts for light #1 provide the same result with albedo 0.19, which is very
reasonable. To summarize these calculations: for light #6 (which appears as the brightest), we
measured with AHS L = 35.97nW /(cm2 · sr · nm) in a band of 100 nm entered at band G and
3 In

the Google Earth image, it can be seen how the pavement has reflectivity similar to that of the adjoining

street. That is why we chose that reflectivity. Although the ground is composed of dark rocks and gravel and not
concrete or asphalt.
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we determined a total radiance flux of 294 W, which is equivalent to having 981 W of electric
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power.

Figure 5.6: Vista IZL-C60 lamp model. Similar to the one used in Deposit 12.

It will later be seen that we actually have to add more AHS channels to cover the response
of the G channel of the Nikon D3S camera. In situ observations (from outside the facility)
suggest that each post or light has six 1000W proyectors (see Figure 5.8). In that case:
TotalEnergy Power : 6000W
Light output : 6000 × [0.22to012] = [1320 − 720]W 4
Power to ground: : 1056 − 676W (FHI 80 % 5 )
Registered power: : 981 − 535W (Registered light cone 92 %)

(5.13)
(5.14)
(5.15)
(5.16)

These calculations are very difficult to delimit because of the number of unknown parameters and should only be taken as validation of orders of magnitude. In particular, these
calculations should be reviewed taking into account that the pessimistic calculations of our
group have been kept with factors of 80% and 75%. An albedo of η = 0.35 valid for dry concrete has also been used (see Figure 5.3), but this number and the measurements of flux must
be calculated in situ. Metro has not yet authorized entry into the facility. (Tables on page 100
of Desirex2008 final report (Sobrino et al. 2009a)). For 500 nm the cement has a reflectivity of
0.2 and the asphalt has a reflectivity of 0.1, although this depends on the type.
In figures 5.11and 5.12, it can be seen how using synthetic photometry it is possible to
reproduce the colours observed by AHS in the source and those observed with the Nikon D3S
camera. From the measurements, we estimate that the power of the lights was 930 W.
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Figure 5.7: Detail of the areas measured in the lights in Deposit 12. Sum of AHS
channels #1-5.

Conclusions The AHS images have a consistent calibration with the data that is available
to us regarding the power of the lights. These data may be used for the calibration of ISS
images. However, no such operation has been conducted for the low noise signal in the rest of
the image as described in the previous section. In the future, this approach should be explored
to characterize hot or saturated spots in images from the ISS.

5.3

Aerial Images with Multispectral Cameras

In the previous section we have seen that hyperspectral cameras allow much more detail in
the spectral resolution, providing an average spatial resolution, although they are not sensitive enough to have signal in the streets. To increase the spatial resolution and improve the
signal/noise ratio, two-dimensional radiometers or previously characterized digital cameras
mounted on aircraft are required. This observational method provides deeper and more de129
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Figure 5.8: Detail of the lights in Deposit 12 (Valdecarros) in the AHS-Desirex
image.

Figure 5.9: Night time image of the lights in the garages of the Madrid Metro. It
can be seen that the lights are aimed straight downward, so they are an ideal source
for performing a calibration.
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Figure 5.10: The lamp in the lights, Valdecarros garage. Information provided by
the area of Institutional Relations. Source: Office of External Relations, Madrid
Metro.

tailed images. Hale et al. (2013)successfully applied this technique, which allows the sources
to be more precisely distinguished in the case of the ISS/D3S, since higher spatial resolution
reduces the confusion of sources. The maximum spatial resolution is mainly limited by the
number of passes required to cover the measurement area.
Hale et al. (2013)conducted a subsequent calibration using ground measurements and
mixed information from the 3 bands. The work presented in this section will generate maps
calibrated in the 3 RGB bands in the future.

5.3.1

Flight over the City of Berlin

Between September and December 2013, we conducted a measurement campaign of several
kinds in the city of Berlin. The flight over Berlin in the Laboratory for Airborne Remote Sensing
Instruments and Applications (LARISA) was an extension of the flight already performed by
Kuechly et al. (2012), but this time using a Nikon D3 digital camera. The normalized spectral
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Figure 5.11: Results INTA Night Flight (ESA-Desirex2008) in the AHS bands
shown in the figure (black). Measures (black circles) correspond to luminaries high
pressure sodium (HPS) Valdecarros station (Madrid). A spectrum of similar 1000
W lamp and expected values (red) is shown.

response of the camera is virtually identical to that of the Nikon D3S used by the astronauts in
the ISS. For this reason, a calibrated image of Berlin could easily be used for the calibration of
images taken from the ISS.
The flight took place on October 18, 2013, at around 10:45 UTC+2 at a nominal altitude
of 3000m. A Nikon 50mm f/1.8 G lens was used at maximum aperture and preset exposure time
and gain/ISO (Exp. Time = 1/50s and ISO = 1600). The images were recorded in native NEF
format and geolocated using GPS positions with the Phottix Geo One GPS supplement. The
camera was mounted on a stabilized platform and shot images in a programmed way controlled
by a computer. The software used was Nikon Capture NX2, since other programs used such as
DigiCamControl had image data recording rates of every 6 seconds or Gphoto2 every 10 seconds, allowing the Nikon Capture NX2 to be recorded. The passes were calculated to span 30%
with the program Global Mapper 14 (see Figure 5.13). A preliminary mosaic of unscientific
quality has been made with all of the images. The composition was made with the software
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Figure 5.12: Results of the night time INTA flight (ESA-Desirex2008) in the AHS
bands shown in the figure (black). The measurements (black circles) correspond
to the High-Pressure Sodium Lamps (HPS) of the Valdecarros station (Madrid). A
spectrum for a lamp similar to 1000 W and the expected values (in red) are shown.

AutopanoGiga. The final resolution of the mosaic is 1.65m/px, while the original images had
twice the resolution (see Figures 5.16 and 5.17).
In addition to the Nikon D3 camera, a spectrograph and an infrared camera were installed
by the Freie Universitat Berlin (FU). A Watec 902H2 camera was also installed to record the
flight, see Figure 5.14. In addition, a Nikon D300, Lumix LX7, GoPro 3 Black, and GoPro 2
cameras were used to document the flight (Sánchez de Miguel 2013a).

Conclusions DSLR Images with air allow very high resolution and sensitivity compared to
other remote sensing systems. That enables it possible to trace the level of street lighting. The
map will now calibrated for light level of the streets of Berlin and compare with other colour
maps like Brimingham (Hale et al. 2013).
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Figure 5.13: Photographic flight plan over Berlin.

5.3.2

Flights over the City of Madrid

By way of demonstration, other methods have been explored which are less expensive than
chartering an aircraft for taking images of light pollution.
Sounding Balloon
In the case of Madrid, we did not use an aircraft flight because the flight would be restricted to
being over the capital and due to a lack of means. In order to complete the sounding balloon
flight, we installed a LUMIX LX7 camera (White 2013). his camera was, at the time of the
experiment, the camera with the best weight to luminosity ratio on the market, being the only
one with an f/1.4 lens and that took pictures in RAW format.
Images were taken using a sounding balloon flying at a great height. Given that the camera
could automatically take up to 60 images, it was programmed to start capturing images after an
hour of flight. Unfortunately, it was partially cloudy, so only some shots were taken between
clouds. To date, no photometric calibration has been completed, although this calibration is
possible. It was not possible to identify the flying height because of a malfunction with the
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Figure 5.14: Cameras used during the flight. Top left. Nikon D3 + 50mm 1.8G. Top
right. Watec 902h2. Bottom left. Spectrograph. Bottom right. Infrared camera.

Figure 5.15: Left. Image of the student in the operation position during the test
flight . Right. The aircraft, pilot, chief laboratory engineer and operator.

sounding balloon. However, the recovery device worked properly and the sounding balloon
could be followed in real time and could be recovered, despite the fact that the GPS tracker did
not work due to being in an area without GSM coverage in Soria. The approximate resolution
of the images is 2m/px. See Figures 5.18 and 5.19.
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Figure 5.16: Image composition of central Berlin created with 3000 individual images taken with the Nikon D3 camera.

Drone Measurements
Tests were also carried out with a GOPRO Hero 3+ camera (Hetrick 2013) fixed to a stabilized
DJI Phantom 2 Drone. The tests were performed at the Madrid University Campus. The lens
deformation was partially corrected using the ImageMagick software (ImageMagick Studio
2008)using the LICA optical table as the pattern. The final mosaic has been created using the
AutopanoGiga software. The resolution of the current map is 10cm/px. See Figure 5.20 and the
comparison in Figure 5.23.

5.4

Comparison of Remote Sensing Techniques for Sources
of Light Pollution

In both this chapter and in the previous chapters, we have studied and tested almost all of the
currently available remote sensing techniques and we have innovated introducing the use of
sounding balloons as a remote sensing platform. The only relevant aspect that we have not
studies have been the data from the EROS-B satellite, given that no data is publicly available
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Figure 5.17: Individual image corresponding to the Postdamer platz area and the

Brandenburg Gate. The north is to the left. The resolution of the image is 0.5m/px.

Figure 5.18: Mosaic night time images taken from balloon with a camera LUMIX

LX7.
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Figure 5.19: Detail of one of the images taken from the sounding balloon compared with a daytime image taken by the DigitalGlobe satellite (Google Earth). The
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community shown is Loranca, located in the city of Fuenlabrada.

Figure 5.20: Mosaic of images taken with the DJI Phantom 2 Drone and the Hero
3+ GoPro.

for it, but according to the literature, some notes about the data have been included in this
section. In this section, we are going to discuss the pros and cons of each of them by making a
comparison. For a comparison of the technical details and a summary, see Table 5.3.
DMSP/OLS Images The main advantage of the DMSP images is their global coverage and
that there are data from 1992 to 2012. However, there are no natively calibrated data and all
data was calibrated a posteriori. Their resolution is 5 km/px and they have a panchromatic band.
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DMSPS images only correspond to the first part of the night.
This instrument allows for studies to be conducted at global, national and regional levels.
It is not useful for local data. It cannot be used to detect light sources.
SNPP/VIIRS/DNB Images Currently, VIIRS data are being processed and continue to be
developed. The instrument is first calibrated in the laboratory and there is a calibration unit in
the satellite itself. The coverage is global and the data correspond to 1:30 local solar time. Data
are available from 2012 and they have a panchromatic band. A resolution of 750 m/pixel which,
after the reprojection, produces a PSF of 2 pixels in the longitudinal direction and a little more
than a pixel in the transversal. This instrument allows for studies to be conducted at global,
national, regional and local levels. It has a limited capacity for detecting hot spots.
Although we have not had access to data from this satellite, it has been

included for completeness and in reference to the indications found in literature. Levin et al.
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Pictures EROS-B

(2014) showed that the EROS-B commercial satellite can be used to study the sources of light
pollution. However, its calibration is complicated and it only has a single band of observation.
Additionally, it is relatively expensive. It seems that an a priori calibration is not possible, and
that only a posteriori calibration can be made.
This satellite allows for studies to be conducted on a local scale. It cannot be used to
detect light sources. It has a limited capacity for determining lighting levels.
ISS/Nikon D3S Images

This camera allows for a variety of resolutions (see Table 5.3), bands

and images at any time of the day. The main drawback is the difficulty in calibration (which is
one of the chapters within this thesis). It is the largest source of multispectral images.
This camera allows for studies to be conducted nationally, regionally and locally. It has
a good capacity for determining hot spots. It can provide information regarding different light
sources. It can only be used to determine lighting levels at maximum resolution.
INTA-AHS Aerial Hyperspectral Images In this thesis, we have analysed the possibilities
of night time images taken during the DESIREX project (Sobrino et al. 2009b) and during the
exploration conducted by INDRA financed by the Community of Madrid in 2008. The AHS
provides us with low-resolution spectra of each point, which leads to the immediate identification of each light source, but it has a very low signal in lit areas. Its counterpart, CASI, has been
used by Tardà et al. (2011), although these data are not publicly available.
This instrument allows for the local study of more intense areas. It permits unambiguous
classification of light sources. It is ideal for the characterization of hot points. It is very limited
for determining lighting levels.
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NIKON/D2x/D3/D3S Aerial Multispectral Image

This technique has recently been used

by Kuechly et al. (2012)and Hale et al. (2013). In this thesis, we have dedicated a section to
presenting the extension of the work done by Kuechly et al. (2012). Its high resolution and
multiple channels make it the ideal technique for covering large areas with higher resolution.
However, only one city can be studied at a time because it is very costly. It is necessary to use
a stabilized platform, control the position of the apparatus, etc.
This instrument allows for large, local studies to be conducted and for the unambiguous
classification of light sources. It is ideal for characterizing hot spots and is good for determining
lighting levels.
Sounding Balloon A pioneer sounding balloon flight using a compact camera has been completed. It presents the same difficulties as the previous instrument, but the resolution is lower
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when flying higher.
It allows for large, local studies to be conducted and for the unambiguous classification of
light sources. It is ideal for characterizing hot spots and is good for determining lighting levels.
Dron Images have been taken for the first time with a small drone and a GoPro camera. This
technique allows very high resolution data to be recorded, but we still have not been able to
calibrate the images. Once calibrated, this will be the ideal method for determining lighting
levels. Only local studies can be conducted and it seems that studies regarding source types
may be possible.

5.5

Results

• It has been shown that no technique is capable of performing a complete study of the
problem, therefore, the techniques complement each other.
• Current satellite images regularly monitor the whole planet, but they provide panchromatic data. They are idea for studies over time and have a long series of data.
• ISS/D3S images improve the spatial resolution of the satellites and provide data in three
spectral bands. The con is that images are not obtained in an organized way and do not
have global coverage.
• Multispectral cameras mounted in aircraft have the advantage of higher spatial and spectral resolution but have low sensitivity and studies are limited to small areas.
• Other low-cost techniques have been demonstrated such as cameras mounted on drones
and sounding balloons can be low-cost alternatives for detailed studies in concrete areas.
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Table 5.3: Comparison between different measurement systems for sources of light pollution.1
All the values are the Airy disk diameter. 2 Sensitivity limit at .10−10Watt/cm2/sr. 3 Detection
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limit in the image of La Palma. Higher sensitivity is possible with other configurations.4 This
includes approximately 1,000 e of material and 600 e in launch material.

5

This includes

1,800 e in material and 800 e in training. Given that the legislation is still unclear, this may
vary.*Currently unavailable.

Figure 5.21: Images from the calle José Prat region. Top left, daytime image. Bottom left, image of AHS channels 04, 05 and 06. Top right, image from ISS/D3S.
Bottom right, image taken from Sounding Balloon/LUMIX LX7.
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Figure 5.22: From top to bottom, images of the T4S terminal of the Barajas airport

from INTA-AHS, Sounding Balloon/Lumix LX7 and ISS/D3S.
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Figure 5.23: From top to bottom, images of the Madrid University Campus from

INTA-AHS, DJI Phantom 2/ GoPro 3+ and ISS/D3S.
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Chapter 6
Sky Brightness in the Community of
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Madrid
6.1

Introduction

6.1.1

Historic Development of the Study of sky brightness

Skyglow is a complex phenomenon influenced by numerous factors among which are natural
and artificial, and terrestrial and celestial. In order to carry out a scientific study of the phenomenon, the importance of each of these factors must be taken into account. The problem is
compounded by not only the confluence of several factors, but also the variability of their influence. Therefore, this chapter describes their study from a comprehensive perspective from the
observational point of view that includes the study of phenomenon with the highest temporal,
spatial and spectral resolution available at present.
Night time sky brightness is first affected by astronomical sources, especially by the
Moon (V = −12.94). Sky brightness even exists outside of the atmosphere (Dressel 2012)
due to the zodiacal light and Earth shine (equivalent to planet shine but for the Earth, V =∼
22.1mag/arcsec2 ). A major source of skyglow is the Milky Way (V =∼ 21mag/arcsec2 ), and
so, for example, in order to measure the anthropogenic component of light pollution, Duriscoe
(2013)used a model of the Milky Way calculated by themselves and using Hoffmann et al.
(1998). Currently, there are other explorations of surface brightness measurement of the Milky
Way such as that of Mellinger (2009). Other less significant contributions are those that correspond to the auroral lines that make up airglow, or a glow in the night sky (Benn & Ellison
1999)that can be seen as an extensive and highly variable source with both solar and terrestrial
geomagnetic activity (Garstang 1989; Leinert et al. 1998). These components are very important in international astronomical observations that are largely free of sources of light pollution.
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Cinzano et al. (2001b)showed how skyglow in such important observatories as Cerro Tololo and
El Roque de los Muchachos would have much higher sky brightness if they were at sea level.
The construction of new observatories in less isolated and higher areas and, therefore, with a
higher volume of atmosphere, are regaining interest in the study of the effects of light pollution
on night time skyglow.
Man-made artificial light emitted into the atmosphere undergoes all of the effects of
Rayleigh and Mie scattering (Garstang 1984; Cinzano & Falchi 2012). Rayleigh scattering
is produced by air molecules and by small-sized aerosols. When the aerosols and/or particles
in suspension exceed one tenth of the dispersion wavelength, they follow the theory of Mie
scattering. Therefore, the limit for visible light is at around 30-80 nm 1 . In principle, there are
no natural sources of light on Earth except for the presence of sunlight and moonlight, which
is why other factors dominate. When there are other sources of light, such as the moon, both
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types of scattering come into play and increase the sky brightness (Krisciunas & Schaefer 1991;
Jones et al. 2013b,a).
And up until less than 200 years ago, it would not have been necessary to study more effects for the characterization of skyglow. However, since the development of street lighting and
its expansion, linked to technological development, population growth, and poor management
of resources, possible, the most important source of skyglow does not come from the sky, but
rather is generated on Earth.
Various models have attempted to explain the spectral and spatial distribution of light
pollution. The first empirical model was Walker (1970). Subsequently, those measurements
were refined until the publication of Walker (1977), which was a model of skyglow based on
the size of the population of the city/emission source and the observation distance from it. The
next models continued complicating that model with the inclusion of dispersion effects (Treanor
1973). However, these models were essentially empirical. It was not until Garstang (1984)that
models began to be based on the main components of the atmosphere, such as aerosols and
molecules, as well as the fact that a city is not a point, but rather a large body. However,
Garstang’s models continued to base input on a certain brightness per inhabitant. As the ratio
between light emitted and population varies depending on the environment and even on the culture, it would be difficult to use the model in different places. Cinzano & Elvidge (2004) adapted
Garstang’s model to one based on radiance using data from the DMSP/OLS. The ILUMINA 2
model developed by Aubé et al. (2005)us now a third generation of light pollution models that
takes into account that there is not only direct scattering, but also superior orders of scattering,
as well as the effect of the emission profile of the city that depends on numerous factors such
1 This

is the reason why air pollution with aerosols notably influences light pollution.
~aubema/index.php/Prof/IllumPhys

2 http://cegepsherbrooke.qc.ca/
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as shielding by buildings or the light flow emitted in the upper hemisphere by the street lights.
In addition, this model is supported by spectroscopic data using the SAND instrument (Aubé
et al. 2009). In contrast, Kocifaj (2007)developed another model more focused on weather
conditions. In (Luginbuhl et al. 2009)an improvement was made to Garstang (1984)using data
from the US Naval Observatory Flagstaff, improving the function of the emission using a comprehensive inventory of the surrounding populations. Finally, (Cinzano & Falchi 2012)have
updated their model also based on Garstang (1984)but including many improvements including
the absorption by the ozone, Earth’s curvature, spectral and orographic dependence, etc.
At present, there are various initiatives to verify the reliability of these models. In Aubé
& Kocifaj (2012), the island of La Palma was used to test their models. However, the island of
La Palma is too special of an environment to be generalized to places with high levels of light
pollution. Kyba et al. (2013)used SQM measurements and the citizen science program Globe
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at Night to verify the validity of the first map of skyglow Cinzano et al. (2001a). One of the
conclusions of Kyba et al. (2013) is that there is great divergence between the skyglow in highly
contaminated areas. Another model is the one developed by (Garcı́a Gil et al. 2012) that is still
being tested.
Currently, all models of skyglow are based on satellite data with panchromatic information from DMSP/OLS and/or VIIRS/DNB. In contrast, although some of the models taken into
account the quantity of aerosols, due to the fact that DMSP/OLS images are averages from
a whole year and have calibration problems, real cases cannot generally be studied without
means.
Therefore, this thesis focuses on enriching the sky brightness measurements and the entries that correspond to sources of light pollution. At present, we have collaborated with Martin
Aubé, Christofer Kyba and Fabio Falchi regarding data for these theses for the calibration and
testing of the models discussed herein. In the following sections, the works that cover the
ground measurements necessary for the calibration and testing of the Aubé/Kocifaj and Cinzano/Falchi models are concisely presented.

6.1.2

Astronomical Importance of Light Pollution in Madrid

The study of skyglow in the Community of Madrid is strategic, given that the city of Madrid is
the brightest European capital and one of the ones with the most populated metropolitan area.
This makes the dynamic range of sky brightness in the environment cover as much as possible, from the highly contaminated brightness of the capital to the almost neutral skies of the
Caballeros National Park. Additionally, historical reasons also come into play as motivation
for this study, which is not only meant to be an academic study, but also an assessment of the
region’s historical / scientific / cultural heritage situation. The most prominent symbols of the
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city of Madrid and, therefore, of the Community, are Ursa Major or Ursa Minor. This is attested
to the chronicles of the “Compendido histórico de las grandezas de España” [“Historical Summary of the Grandeur of Spain”] (Álvarez et al 1786) which states:(Álvarez et al. 1786)which
states:
In the year 1212, Madrid used no other Weapons besides a Bear [...] which had
within its body the seven Stars, as seen in the shied that still the Illustrious Cabildo
Ecclesiasticus.
And from this clear allusion to the astronomical origin, we arrive at the declaration of
Amón & Novillo (1984) on the design of the Flag of the Community:
These seven white stars, from the coat of arms of the capital, are also made likely
legends that give them origin, disposition, and shape.
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to be extended to the rest of the Autonomous Community, regarding all of the two

However, its status as the capital and its urban growth have long made Madrid both the
spearhead of astronomical research and the main source of light pollution in the country. Madrid
has had lighting regulations since 1678 3 . Despite this fact, astronomy was developed very
significantly in Madrid, as in other European capitals. Within the institutions of Madrid in the
oldest and most prominent are undoubtedly, the Complutense University of Madrid, heir of
the former Central University and previously the Imperial College of Madrid (1608) and the
University of Alcala (1508), as well as the Royal Astronomical Observatory of Madrid (1790).
The Royal Astronomical Observatory of Madrid performed work in astronomical observation in the capital until the 1970s. However, due to light pollution, it had to cease its observational activity at its Atocha location and create an observation station at Calar Alto (Almerı́a)
and another in Yebes (Guadalajara).
Conversely, on the University Campus, the original project included the construction of
an astronomical observatory in Cerro de las Balas since the time of the Republic (Navarro
1986). However, this observatory was never built and instead, some prefabricated domes were
installed on top of the Faculty of Sciences building that currently houses the Faculty of Physical
Sciences. Years later, this observatory was established, and is currently catalogued as the UCM
Observatory under the code IAU-MCP I86. One of the main reasons why the great observatory
projected at the University Campus was never constructed was that the city’s light pollution
disqualified it from performing most of the leading research, even though its construction was
rejected in the 1970s. At that time, they were developing new telescopes at Calar Alto and at the
Teide Observatory, the latter was mainly driven by Professor José Marı́a Torroja, Professor of
3 http://hemeroteca.abc.es/nav/Navigate.exe/hemeroteca/madrid/abc/1971/01/16/010.html
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Astronomy at the Complutense University (Martı́n 2009). A factor that could have influenced
the acceleration of these developments could have been the so-called “Lighting Operation” that
modernized all street lighting in the capital in the 1970s.
At present, the existence of the UCM Observatory, an observatory focused on teaching
Astrophysics, is a unique platform in the world for the study of light pollution, since it is an
urban observatory heavily polluted with light emitted in its surrounds. We have already commented that in observatories throughout the world, other effects dominate in night time skyglow.
Besides observatories, Madrid has always been the birthplace of a fondness for astronomy,
hosting the first amateur astronomical “club” at the Ateneo de Madrid (1834).
All of this makes the study of skyglow in Madrid and the surrounding area does not
involve just one research project, but rather the recognition of the astronomical culture symbolic
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of the region.

6.1.3

Madrid and the UCM Observatory as a Point of Reference

In addition to the historical reasons, the region of Madrid and, in particular, the UCM Observatory are strategically located for measuring light pollution. At the UCM Observatory, there
are astronomical instruments dedicated to the measurement and monitoring of sky brightness.
Two photometers, Sky Quality Meter SQM (Cinzano 2005) and Lightmeter (Müller et al. 2011),
optical telescopes photoelectric photometer OPTEC SSP-3, CCD SBIG ST-9E and ST-10XME
C2 Cameras, and some instruments developed by students and personnel of the University like
MECO4 . Among them is an all-sky camera that is used to measure the astronomical quality
of the night sky using AstMon astronomical absolute photometry techniques (Aceituno et al.
2011). With this sky monitor, sky brightness is determined in three bands (Johnson B, V, and
R), as well as the atmospheric extinction coefficients. Since 1994, several projects related to
light pollution have been completed, such as:
• Measuring skyglow with chemical camera, C. Garcı́a Miró (1994) (1994) *
• Student practice in astronomical instrumentation subjects (Various subjects) (since 1994)*
• Sky background brightness at UCM, Luis Alejandro Ramı́rez (2001) 5
• Photometric constant of the UCM observatory, F.J. Sánchez Muñoz (2001)6
• Light pollution study at UCM, A. Sánchez de Miguel et al. (2003)7
• Photometric constants of the UCM observatory, Ángel Ruiz Camuñas (2004)8
4 http://guaix.fis.ucm.es/

~jaz/Documentos/Ramirez_MeCO_2001.pdf
~jaz/Documentos/Ramirez_MeCO_2001.pdf
6 http://guaix.fis.ucm.es/ jaz/Documentos/Sanchez_FotometriaUCM_2001.pdf
~
7 https://picasaweb.google.com/108630352597748862036/ContaminacionLuminica#
5 http://guaix.fis.ucm.es/

5021555658112454738
8 http://guaix.fis.ucm.es/ jaz/Documentos/ARuiz_ConstantesFotomUCM_2004.pdf
~
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• Sky background monitor at UCM, Bogdana Kozlovska (2006)9
• Sky background monitor at UCM, Garcı́a (2008)
• Light pollution map at UCM, Pablo Cepero (2008)10
• Light pollution observed with satellite images, Garcı́a Valverde & Ayesa Blanco (2009)
• Light pollution at UCM I. Evolution of the lighting at UCM, Rodrı́guez Herranz (2010)
• Light pollution at UCM II. Lighting map at UCM, Ruiz Carmona (2010)
• Calibration of SQM-L photometers for the NixNox project, Zamorano & Muñoz Marı́n
(2010)
• Map of sky background brightness of the Community of Madrid, Pila Dı́ez (2010)
• Map of sky background brightness of the Community of Madrid, Alberto Fernandez
(2011) *
• Skyglow with AstMon-UCM, Ramı́rez Moreta (2011)
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• Hot spots of light pollution on Madrid, Carlos Larrodera (2012) *
• Study of light pollution through satellite imagery, Marı́a Ángeles López Cayuela (2012)
*
• Absolute photometry and Night Skyglow with all-sky cameras, Nievas Rosillo (2013)
• Sky Quality Meter cross-calibration for the NixNox project, Zamorano & Ruiz Carmona
(2013)
• Variation of the sky background brightness at the zenith with the moon phase and height,
Sánchez de Miguel (2013) . . .
* Unpublished projects.
There are two meteorological stations of interest for light pollution in the vicinity of the
Observatory. The first is the AEMET daytime aerosol measurement station 11 a distance of just
500 m. This station is part of the AERONET (Holben et al. 1998)(Aerosol Robotic Network)
and a weather station 12 .There is also a station for measuring night time aerosols at CIEMAT,
located a similar disThis refers to the data available in the vicinity of the Madrid University
Campus, not belonging to the observatory.
The percentage of clear nights at the UCM observatory is relatively high compared with
other urban observatories on the European continent 13 .
Apart from the favourable weather and the available instrumentation, Madrid has some
desirable features for these kinds of studies. Being an intense source of contamination, virtually
isolated from other big cities, it facilitates analysis. The effect of light pollution on sky bright9 http://guaix.fis.ucm.es/

~jaz/Documentos/bogdana_informe_v1.19.doc
~jaz/Documentos/TAD2009_ContaminacionLuminicaUCM.pdf
11 http://aeronet.gsfc.nasa.gov/new_Web/photo_db/Madrid.html
12 http://www.aemet.es/es/eltiempo/observacion/ultimosdatos?l = 3194U
13 http://home.cc.umanitoba.ca/ jander/clouds/globalclouds.html
~
10 http://guaix.fis.ucm.es/
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ness can be measured in radial directions that progressively move away from the urban nucleus
without coming into contact with other intense sources. Other features that help are the existence of ring roads without lighting, not having tall mountains nearby, and the great uniformity
in the type of lighting (80% is high-pressure sodium). Also interesting is the presence of large
unlit areas very close to the city, such as Casa de Campo or Monte del Pardo. Unfortunately,
there are many small municipalities and medium-sized cities in the metropolitan area that make
analysis more difficult, often producing confusion of sources.

6.2

Instruments for Measuring Sky Brightness
SQM Photometers

The Sky Quality Meter (SQM) is a portable device designed to provide measurements of lu(Doctoral dissertation, PhD thesis,
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6.2.1

minance or brightness per unit area (although it is commonly assumed that all measurements
of sky brightness are always given per unit area due to it being a large object) and in astronomy, magnitudes per square arc second (mag/arcsec2 )are commonly used as a unit. This unit
has a logarithmic relationship with the flux and five magnitudes is the equivalent of a 100-flux
change in luminance. The surface brightness of is equal to in mag/arcsec2 is equivalent to
−10−2.5 log10 B+C ,where B is the surface brightness in photons s−1 m−2Hz−1 arcsec−2 and C the
scale factor. The conversion to and other lighting units in engineering was tabled by Crawford
(1997). For example, a very dark sky presents a Johnshon magnitude V = 21.9 mag arcsec−2
corresponding to 0.00019 cd/m2 . However, we note that while the definition of magnitude is
defined for any passband (Fukugita et al. (1995)), the candels is only defined for the photopic
curve of the human eye.
Therefore, the SQM photometer measures sky brightness in SQM magnitudes, defined
by the device’s response curve. Initially, it is calibrated so that the spectral distribution of the
Moon SQM - V = 0. But this relationship changes with the spectral distribution of the source
(Cinzano 2005).
The photosensitive element is a photodiode (TAOS TSL237S) light-to-frequency converter covered with a HOYA CM-500 filter with a response that includes the Johnson B and V
filters used in astronomy (wavelengths in the range of 320 to 720 nm). However, assembly is
simple and very easy to use. Simply, you should hold the meter vertically in your hand, press
the button, and read the measurement on the display. This device has proven to be accurate
enough for it to be used in scientific research (Cinzano 2005; Birriel & Adkins 2010; Kyba et
al. 2012; Posudin 2014). Even so, its use is not free of difficulties when trying to make measurements with as much accuracy as the device allows, as it presents a systematic error 10 % (0.10
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mag / arcsec2) and abnormal behaviour without that 10% due to temperature changes (Schnitt
et al. 2013). The use of this device is widespread among researchers, amateur astronomers, and
activists against light pollution (Zamorano et al. 2011b; Kyba et al. 2013).
For this study, we have used three models of this photometer. The SQM-L version, the
simplest version, which is ready to collect field data, and can be used either by hand or with
a tripod (Zamorano et al. 2013b)or automatically (Fernández Sánchez et al. 2014). In order to
make a map, you should move within a grid of points and measure them one by one.
The SQM-LU and SQM-LE models are controlled and read using a computer connection,
either using a USB cable or LAN connection, respectively. These models have been prepared
for use in continuous monitoring stations with the fixed photometer. They both have the same
characteristics. The angular sensitivity has a full width at half maximum (FWHM) of about
20%. The sensitivity of a point at ∼ 19◦ off-axis is a factor of 10 lower than on the axis. A
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source point between ∼ 20◦ and ∼ 40◦ off-axis would be registered as 3.0 and 5.0 astronomical
magnitudes weaker, respectively.
It is important to keep in mind that the SQM-LE photometers have problems quantifying
sky brightness above 17 mag/arcsec2 for those devices that have firmware older than version 9.
Some data presented in this study have this problem.
SQM photometers are calibrated at the factory and the difference between each device’s
point zero should be no higher than 0.1 mag / arcsec2 14 . Photometers can be cross-calibrated
as described in (Zamorano Calvo, and Jaime Ruiz Carmona, Roque (2013) Sky Quality Meter cross-calibration for the NixNox project. http://eprints.ucm.es/18015/) Zamorano
Calvo, and Jaime Munoz, Victor Manuel (2010) Calibration of SQM-L photometers for the
NixNox Project http://eprints.ucm.es/12262/) for the NixNox project. For continuous
monitoring in which series of measurements from the same photometer area analysed, the accuracy is better because the response is stable. However, it must be considered that the electronics
of the SQM correct the measurements according to the system’s temperature because the detector’s response varies with temperature (Schnitt et al. 2013).

6.2.2

AstMon All Sky Transmission Monitor

The traditional determination of sky background brightness is performed using the method of
absolute photometry which requires dedicating a lot of time to observation. Observations include the observation of standard star fields of known magnitudes in different positions in the
sky using photometers or cameras with solid state sensors coupled to telescopes. The AstMon
14 The

experience of several employees is that it is not uncommon for this value is exceeded. S. Bará private

communication.
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Figure 6.1: Image of a SQM-L on a tripod for use in the NIX-NOX project
(Zamorano et al. 2014).

All Sky Transmission Monitor (Aceituno et al. 2011) the same method of absolute photometry with reference stars across the whole sky but uses a single exposure that covers the entire
sky. The most immediate advantage is its ability to generate a complete map of visible sky
brightness.
AstMon-UCM is used in the UCM Observatory (see Figure XX, on the roof near the
astronomical domes) to measure the quality of the night sky (coefficients of extinction and
sky brightness) in the B, V, and R bands in the Johnson photometric system. The launch and
initial observations of the camera were performed by Ramı́rez Moreta (2011), for which the
settings, functionalities and particularities are thoroughly detailed. AstMon-UCM essentially
consists of a QSI 583ws camera with an 8.3 megapixel CCD KODAK KAF chip. The lens used
is a Sigma 4.5 mm F2.8 EX DC HSM (fish eye) lens. The camera also incorporates a filter
wheel for taking pictures in the above-mentioned photometric bands. The control system and
electronics are housed in a metal box topped with a dome that protects the lens from severe
weather. The optional distortions caused by the dome are barely significant, although some
undesired reflections do appear. Although rain cleans the dome of dust (which reduces its
153

transmission), manual cleaning is periodically performed.
A detailed description of the quality of the camera calibration techniques using absolute
photometry techniques can be read in Nievas Rosillo (2012, 2013). The images may be calibrated either using AstMon’s own software or PyASB, developed at the UCM Nievas Rosillo
(2012, 2013).
AstMon-UCM was installed on July 14, 2010 and since then has been providing sky
brightness maps for the area above the UCM observatory in B, V and R Johnson bands throughout the night. Its measurements have been used, for example, for the calibration of SQM photometers and serve as a reference for the measurements taken in the area of Madrid and its
surroundings (see Section 6.5). The full analysis of the series of observations is beyond the
scope of this paper, but partial results have been analysed to understand the temporal variation
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of the colour in the skyglow in Madrid (see Section 6.3.1).

6.2.3

SAND Spectrograph

n July 2012, the UCM observatory installed a spectrograph to characterize skyglow and its components. This station is part of the SAND spectrograph network around the world established by
researcher Martin Aubé 15 . The instrument is composed of a DSS-7 SBIG spectrograph that is
fitted with a Nikkor 28mm lens. Additionally, it has a high sensitivity webcam for simultaneous
shooting. The detailed list of the components can be found on Professor Aubé’s website16 .
The spectrograph provides calibrated flow spectra, with a resolution of 5.4 angstroms per
pixel in the range of 4,000 to 8,000 angstroms. The selection of the UCM Observatory as the
hub of the SAND spectrograph network was motivated by the special features of this urban
astronomical observatory and the existence of other instruments dedicated to measuring the
quality of the sky.
The sky spectrum of Madrid shows, as in other places with light pollution, a spectrum with
numerous emission lines corresponding to the lamps used in ornamental and street lighting that
are easily identifiable (see Figure 6.3).

6.3

Sky brightness in the City of Madrid

The UCM Observatory (IAU-MPC I86) is located within the city of Madrid at an altitude of
640 m and at the following coordinates, latitude: 40o 270 0400 north, longitude: 03o 430 3400 west.
Its location 5km from Puerta del Sol, which is considered to be the centre of Madrid, makes it
one of the most light-polluted active Observatories in the world.
15 http://cegepsherbrooke.qc.ca/

~aubema/index.php/Prof/Descreseau
~aubema/index.php/Prof/Sand-4-components

16 http://cegepsherbrooke.qc.ca/
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Figure 6.2: Visible in this image are the AstMon-UCM, SAND-4 UCM, two SQM
sensors, the AEMET (daytime aerosol measurement station) and Ciemat (night time
aerosol station).

Figure 6.3: SAND Spectrum. The lines of some elements identified are visible.
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6.3.1

Temporal Variation

The study of the variation of skyglow in the capital city of Madrid was performed using the
series of measurements recorded with the two SQM photometers located at the UCM Observatory operating with the pySQM software developed at the UCM. More information about
this program that registers sky brightness stored in the standard format (International Dark Sky
Association (IDA) NSBM Community Standards for Reporting Skyglow Observations) and the
graphs were made using the software developed in (Nievas Rosillo & Zamorano 2014)17 .
Data are available from October 2012 (SQM-LE) and from October 2013 (SQM-LU).
This second photometer was installed to study the differences between the measurements of
two similar photometers but with different electronics. The measurements are expressed in the
photometric system of the photometer or in SQM magnitudes.
is presented in Figure 6.4In this figure, it can be seen how after dusk, sky brightness decreases
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The night time variation on a clear night that may be considered typical skyglow in Madrid
rapidly (more elevated SQM magnitudes), after one cubit, the sky brightness gradually decreases until 00h, at which time there is a jump. The decrease continues until 6h when it begins
to increase. This clear trend in the change in sky brightness is seen every night: the first half of
the night is clearly brighter than the second half. This is what would be expected of the change
given the emission that is seen in Figure 3.39. However, you can see that the change in sky
brightness decreases all night long. This could be explained by the cleanness of the atmosphere
that occurs at night and by the decreased human activity that slowly decreases throughout the
night.
In Figure 6.5, all of the measurements recorded to date are represented in a density format
of values that lets us see the values recorded at the UCM Observatory at a glance. The typical
sky brightness during the first part of the night is 17.6 ± 0.1 which means that it is some 43
times brighter than the value of a place with natural light (21.7 mag/arcsec2 Cinzano & Falchi
(2000)). For the second part of the night, the typical values are 18.4 ± 0.1. The range of variation in sky brightness in Madrid is approximately 0.8 magnitudes, between 17.7 magnitudes
typically of the early hours of winter nights and the very exceptional early mornings on summer
nights.
Figure 3.39, it can be seen how in winter, there is first a flat part, which corresponds to the
part of the night with intense human activity. All ornamental lighting is lit, as well as offices,
cars, and others. After 20h UT or 21LT, this activity begins to decrease as stores and offices
close. There is a jump at this hour, probably due to shutting down the Picasso Tower. For the
next hour, there continues to be a smooth decrease until 22h when there is another jump. This is
17 http://eprints.ucm.es/25900/
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Figure 6.4: Graph of the typical change in sky brightness in Madrid. The upper
graph shows the first part of the night as a function of solar altitude in green. In the
bottom graph shows sky brightness according to the time. The period in which the
moon is above the horizon is shaded in, and dotted lines depict astronomical sunset
and sunrise.

clearly seen in Figure 6.12, in which the different components that influence sky brightness are
shown such as human activity (traced here as the overall consumption of electrical energy) and
ornamental light (traced as emissions detected from the ISS). When adequately combined, these
157

two tracers can explain the change in sky brightness. It is interesting to note that the satellite
images do not account for the complexity of the problem.
For a statistical analysis of skyglow, we have created density diagrams, defined by Puschnig
et al. (2014), that graphically show the typical values of sky brightness in one place and its vari-
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ation.

Figure 6.5: Density diagrams for sky brightness at the zenith of the UCM Observatory. On the left, you can see the months closest to the winter solstice. On the right
are the months closest to the summer solstice.

Besides the typical change, it can be seen that in the first part of the night, there is a
group of days that have sky brightness measurements that are significantly lower than average.
The days that correspond to that low brightness were days of December 6, 7 and 8, 2013. On
those days, there was a case of an abnormally low amount of aerosols according to AEMET’s
AERONET, with optical opacity of about 0.02-0.05, when the normal value is 0.1-0.3.
Overall, the outliers are more frequent on summer nights, both for high and low values. In
the summer, there are more dark and clear nights, possible because Madrid shines less because
leaves block the light, but we also see much brighter nights, due to haze, which is more common
in this season.
The effect of the Moon on skyglow in Madrid is barely visible. In Sánchez de Miguel
(2013) , the measurements provided by the images in band V between July 2, 2012 at 21:36:56
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UT and August 1, 2012 at 03:34:38 UT were analysed in detail. The images were classified
visually, discarding those that had cirrus or haze, and images from clean and clear nights were
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used. At the end, of the 32 nights, only 15 were clear (see Table 6.1).

Figure 6.6: Image of the AstMon-UCM on the roof of the UCM Observatory.

The calibration of the camera provided by Nievas Rosillo (2012, 2013) assumed, was used
and the instrumental constant and the extinction derived by Nievas Rosillo (2012) in Section
2.5.6. With these parameters, in equation 6.1 is used to calculate the sky brightness in the
image.
SB = Cλ + 2.5 log10 (Fsky (c/s)/Å)

(6.1)

Where Fsky are the counts per second (c/s) in the pixel indicated, Cλ is the instrumental
159

Table 6.1: Classification of nights studied in Sánchez de Miguel (2013)
Type

Clean

Cirrus

Dust

Clouds

Errors

Nights / Images

05,06,07,08,09,11,12,13

02,21,22

27,28,29

03.04

10.08 / 0803071

14 , 15,17,18,19,20,24

23,35,27,28

30,31,01

16.26

14 / 031,338.17 / 031 616

Table 6.2: Classification of nights studied in Sánchez de Miguel (2013).

constant, and A is the area, typically measured in seconds of arc per square arc second, corresponding to a camera pixel. In this way, we obtain the Sky Brightness (SB) in magnitudes per
square arc second. The instrumental constant used is 10, 366 ± 0.048 mag. Sometimes, these
magnitudes have been transformed to a multiple of the International System of Units (Jy) by
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using the following equations:
AB = −2.5 log10 fλ − 5 log10 (< λ >) − 2.406

(6.2)

fλ = 10AB+2.406+5 log10 (<λ >)

(6.3)

Where fλ is the flux density and < λ > is the mean wavelength of the observation band.
The reason for using these unites is motivated by the need for comparison with other authors that use linear scales of sky brightness such as Puschnig et al. (2014); Pun et al. (2014)and
the need to make the linear correlations between the lunar phase and reflected flux simpler.
To calculate sky brightness, the square X[1200-1300] Y[1200-1300] was chosen that includes the zenith (at pixel 1227,1271). The measurement area is approximately 8 square degrees. In our case, we take the median of the values of that square as a measurement to avoid
the effect of specific reflections, stars and other reasons given by Nievas Rosillo (2012)on pages
29-30. In addition to these reflections, brightness rings are detected due to reflections on the
methacrylate. In Sánchez de Miguel (2013)is suggested as an alternative method of measurement, the polynomial fit was suggested as an alternative method of measurement for avoiding
such effects. This methodology has been generalized to an adjustment of the entire plane using Zernike polynomials by Bará et al. (2014).The ephemeris used are based on the PyEphem
library (Rhodes 2011)and are automatically calculated from the FITS header.
The results are shown in Figure 6.7where changes occur in the course of a month or an
entire lunar cycle. As can be seen in Figure 6.7, the range of variation of sky brightness during
a lunar cycle in Madrid is related with the phase and height of the moon, but the aerosol content
and other factors such as cloud cover are much more important as explained in Sánchez de
Miguel (2013). We can observe the way in which the sky brightness on day 18 can become
160
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similar to that on day 5 or 6, just because of the increased presence of aerosols.

Figure 6.7: Sky brightness in the UCM Observatory measured with the AstMonUCM camera in the V band.

6.3.2

Variation in Colour

In addition to variation in intensity, the AstMon-UCM sky brightness measurements in thee
photometric bands give us the ability to study variation in the colour of Madrid’s sky, which is
related to variation in the type of lighting throughout the night.
This variation is due to, as proved in the next section, the different contribution of different
types of lamps. In 6.8, it can be seen that as the night progresses, the colour of the city becomes
more reddish. There is a displacement between the SQM measurements and the V and B band
due to the spectral sensitivity of the SQM being between these bands, as can be seen in Figure
3.21.
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Figure 6.8: Change in sky brightness colour in Madrid. The AstMon values are
shown as points and the SQM is shown as a solid line. In the bottom graph, it
can be seen that the change in colour is more visible in B-V than in V-R. This is
because of the shutoff of the ornamental lighting that is more prominent in the blue
component, than in street lighting, which is mostly sodium.

6.3.3

Time Variation of the Spectrum of the Sky

Madrid’s sky brightness allows us to measure the change in the spectrum of the sky throughout
the night, as can be seen in Figure 6.10, where we can observe the change in brightness in
different emission lines. It should be highlighted that a large difference can be detected in
the light spectrum from the first and second parts of the night. As we can see in Figure 6.9,
the lines ScI 531.1 and Hg 546.0 decrease significantly in the second part of the night. This
is because they are important lines for ornamental lighting, in ceramic metal halide, fluoride
and mercury-vapour lamps. We also observed a decrease in the contribution of high-pressure
sodium.
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In the future, it will be possible to establish the exact contribution of each lamp using
spectral synthesis. At present, a simple test has been conducted with six types of lamps that,
as shown in Figure 6.11, the spectrum of the sky can be approximately reproduced with these
lamps. The Hg 435.8 and Ti 451.2 lines are the most complicated to reproduce, because these
types of lines vary with the age of the mercury-vapour lamps and should be adjusted individually. The fact that each manufacturer introduces impurities from different elements into the
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lamps, complicating the spectrum, also makes this task more challenging.

Figure 6.9: Spectrum normalized brightness of sky taken by SAND.
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Figure 6.10: Change of various spectral characteristics throughout the night. 615,
569 and 498 nm belong to NaI. 546 and 435 mm to HgI. It is visible how all of lines
except line 498 are mainly produced by lighting. However, line 498 also present in
the airglow spectrum.

6.4

Temporal Variation of Sky Brightness in the SQM-UCM
Network

Sky brightness varies with the distance of the sources emitting light pollution so in places that
are uncontaminated and far from the centres of large cities, the sky brightness is similar to
that of a natural place. For example, the sporadic measurements in places that are progressively
farther away from Madrid show that its effects can be seen at distances of up to 150 km or more.
However, as has already been described, the night time sky brightness changes significantly in
Madrid during the night. In order to have a complete vision, we need sky brightness data from
fixed stations that routinely record measurements throughout the night.
In this section, we show how variations in Madrid’s light pollution affect sky brightness
at different distances. To study the effect on sky brightness of various sources of light pollution
in Madrid, SQM photometers have been installed at various points in the Community of Madrid
and the surrounding areas, whose positions appear in table 6.3.
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Figure 6.11: Spectral synthesis using individual lamps and SAND’s spectrum of
the sky. Top left, the fit is shown in purple and the observed spectrum in black.
The combination has been completed manually, by trial and error. Bottom, residual
light. To the right, the spectra used for the synthesis. It is important to highlight the
difficulty of adequately fitting the 435.8nm and 451.2nm lines because the intensity
of these vary with the age of the lamp.

With the constant measurements from these stations, it is possible to have a reference
for sky brightness measurements for statistical study with various atmospheric conditions and
emissions. We compare the results with those obtained for the UCM Observatory, which is not
only the reference station, but also the one most affected by light pollution.
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Table 6.3: SQM Measurement Stations
Name

Coordinates

Description

Observatory JIZ-Madrid

40◦ 260 50.600 N 3◦ 390 29.900W

In Madrid (M30 E)

Majadahonda

40◦ 280 800 N 3◦ 510 4800 W

Suburbs, Madrid ∼ 17km

UCM Observatory (Madrid)

40◦ 270 0400 N

Madrid (University City)

The Gurugú

40◦ 260 0200 N 03◦ 170 5600W

Suburbs ∼ 40km of Km0

Yebes Observatory

40◦ 310 2700 N 3◦ 050 2200W

Rural Area to ∼ 70km of Km0

Villaverde of the Duchy

41◦ 000 0500 N 2◦ 290 3100W

Rural area ∼ 130km of Km0

3◦ 430 3400W

Yebes Observatory Below, we will study the sky brightness at the Yebes Astronomical Observatory, which is a part of the National Astronomical Observatory, and is located 65 km from
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Puerta del Sol (Madrid) 18 , in the province of Guadalajara (40o 310 30.7500 N, 003o 050 19.4100 O).
The place is significantly darker than the UCM Observatory, with a sky brightness at
zenith of between 2 and 2.5 times the natural sky brightness. Sky brightness is much less
variable than that of the UCM Observatory, with only 0.3 magnitudes of variation. In the figure
we can observe how the large variation is produced at the start of the night, between 18:30h
and 23:00h UT. This darkness is probably due to the dimming of business and home lights in
the Henares corridor. Because it is not flat light the UCM Observatory, the main component
cannot be attributed to ornamental lighting. There is a depression around 3 UT that we assume
is due to some celestial object passing by the Zenith, because it is the same depression that is
observed in the winter at Villaverde del Ducado (Figure 6.14). This depression, however, occurs
early in Villaverde, at 1 UT. This difference may be due to the orientation of the photometer,
since the SQM has asymmetrical sensitivity (maybe it was Jupiter shining at magnitude -2 and
in opposition in November 2013).
In order to prove that point in the future, it is important to characterize the orientation in
which the meter is placed. This phenomenon is clearly visible when we compare the behaviour
during the summer of Villaverde del Ducado and Yebes. In this case, Yebes is almost flat until
01 UT, which is when the Milky Way enters into its field. However, in Villaverde, the effect
of the Milky Way is evident from the start of the night. This is one of the reasons why having
cameras is qualitatively better than just photometers, because it is easier to distinguish these
effects.

Villaverde del Ducado Meteor Observation Station In Villaverde del Ducado (40.00082 N,
2.491 W), the Department of Astrophysics and Atmospheric Sciences has a meteorite detection
18 Reference

point of radial roads.Kilometro 0(Wikipedia 2014)
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Figure 6.12: Top left: Sky brightness in units of natural brightness. Centre: Power
use in Spain. Top right: Flux measured in ISS Images. Bottom right: Sum of
0.4 Phot. ISS + Total Spain Expenditure * 0.00001 = Total Emission of Madrid.
Bottom left: SB fit vs. Total Emission of Madrid. You can see that the drop in
sky brightness after 23:00 UT is perfectly explained by the drop in activities (cars,
businesses, house windows). The drop before 23:00 UT is explained by the massive
injection of light from ornamental lighting and offices, houses, and traffic).

centre operated by Professor Jaime Zamorano. This station is more than 139 km from Puerta del
Sol in Madrid, and is in a region where in winter, at Zenith, the brightness is 21.5mag/arcsec2
19 ,

which is considered close to natural sky brightness. In summer, it is significantly brighter,

up to 0.2 magnitudes. During the summer, the darkness is such that the effect of the passing of
the Milky Way is clearly visible, as we noted in the comparison with the case of Yebes.
It is worth mentioning that in the winter, maybe due to the effect of snow, bright clouds
can occur, producing sky brightness of up to 17 magnitudes. However, this does not occur in the
summer, because it seems to only be possible with what are known as black clouds. In general,
sky brightness is higher in places polluted with clouds. However, this is not true in this case,
because there are few sources of light pollution in the surrounding area.
19 There

is no consensus on what the value of natural sky brightness in areas not polluted at sea level. While the

commonly accepted range is between 21.5 and 21.7.
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Figure 6.13: Density diagram of the sky brightness at zenith at the Yebes Observatory. On the left, the months close to the winter solstice are shown. On the right,
we can see the months close to the summer solstice.

6.5

Spatial variation of the sky brightness

In this section, the spatial variation of sky brightness in the Autonomous Community of Madrid
(CAM, as per the Spanish acronym) and it surroundings are studied in order to provide a very
comprehensive database that allows atmospheric dispersion models to be applied to the central
region of the Iberian Peninsula. The end result is a map of sky brightness that is typically
recorded in different areas and that can be compared to night time satellite images taken from
space that show light pollution.

6.5.1

Automatic Data Acquisition

SQM models that are connected to a computer can be used for field measurements using laptop
computers Pila Dı́ez (2010) or small computers such as the RasberryPi (Conci 2013). Furthermore, when installing the device atop a moving vehicle, we can obtain sky brightness measurements during the run. While SQM-L models require an integration time of approximately 20
seconds in the darkest places (21.5 mag/arcsec2 ) before giving a reading, the SQM-LU and
SQM-LE devices can give readings every 5 seconds without losing accuracy in dark places.
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Figure 6.14: Density diagram of the sky brightness at zenith at Villaverde del
Ducado. On the left, the months close to the winter solstice are shown. On the
right, we can see the months close to the summer solstice.

Therefore, we can obtain a measurement every 100 m in a vehicle that is moving at a speed of
72 km/h. This procedure allows us to cover a large area with enough space resolution. This
is the data acquisition strategy that has been used for the creation of the map, since individual
measurements with manual photometers are clearly insufficient. For the localization of each
measurement, a commercial GPS (Garmin eTrex Legend HCx) is used that simultaneously
records the run. It is important to have a correct synchronization between the times used by
the computer and those used by the GPS before starting each run, as these times can be used as
a control to link the values obtained in the measurements and the positions. At the end of the
night, it is possible to correlate the positions with the measurements (see Pila Dı́ez (2010)) or
to use a program that simultaneously takes the positions and measurements, such as the RoadRunner program (Rosa Infantes 2011). The procedure described above greatly accelerates data
acquisition, but some precautions should be taken. For a photometer in movement, the sky
brightness obtained is an average of values along the route during the integration time. While
we do not expect significant variations in distances of 100 m, there may be times at which obstacles appear, such as bridges, trees and other things, which may distort concrete measurements.
Several trials have been conducted that consist of repeating the same route several times at dif169
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Figure 6.15: Complete record of the SQM measurements from the UCM Observatory and Villaverde del Ducano. In Villaverde, the lunar cycles are clearly visible,
while they are difficult to distinguish in Madrid readings.

ferent speeds without detecting changes in the values. In any case, the speed can be adjusted
to the spatial resolution of the final map. Both the SQM-ReaderPro and RoadRunner software
have been used for acquisition, since both allow us to control the frequency of acquisition. The
data reading interval is set to 5 seconds, although for darker areas, it was set to 15 seconds.
The procedure described above was first developed by the student Alejandro Sánchez for Pila
Diéz’s project (2010), because at that time there were no methods available for taking measurements on a massive scale. It was necessary to get these kinds of measurements in order to check
whether or not the models that give two-dimensional predictions were correct (Cinzano et al.
2001a). This procedure was presented together with the results of the first campaign at the 19th
Astronomy National Congress in Madrid in October 2010. During that congress, it was found
that there were other groups interested in the methodology (Rosa Infantes 2011) and, since then,
there has been collaboration with such groups.
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Figure 6.16: Automatic assembly measure developed for this research. Whereby a
power sky brightness measurements performed extensively. SQM is a photometer
attached to the vehicle roof and a GPS controlled by a laptop computer. Data is
synchronized either by software or by a timing signal.

6.5.2

Feasibility and Implementation

The data presented in this thesis correspond to sky brightness at zenith. For this purpose, photometers were attached to the roofs of vehicles, so that its position was perpendicular to the
ground. The positioning can be as good as a degree of precision, but we expect different inclinations due to the slope of the road. A stabilized mount could be used to compensate for this
problem, however, most roads are designed to not present inclinations higher than 5.6 % (4.9
degrees), such as on a small part of the climb to Puerto de Navacerrada (Sierra de Guadarrama,
mountains close to Madrid). The maximum allowed inclination is 7% on conventional roads,
and in places with exceptional inclination, 10% is the maximum inclination allowed at a speed
of 40 km/h (Dirección General de Carreteras 2008).
The maps of sky brightness obtained with the same photometers using a tripod and taking
measurements every 30 degrees of azimuth and altitudes of 20, 40, 60, 80, and 90 degrees, show
very small changes around the zenith, i.e. an error of 5 degrees should not cause significant
changes, even in highly polluted areas. For reference, the average value of the Astronomical
Observatory of the Complutense University of Madrid (UCM Observatory) is 17.9 at zenith at
80 degrees (i.e. zenith angle of 10 degrees) after four years of continuous monitoring with an
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astronomical monitor. In addition, the steepest roads often tend to be in darker areas, where this
effect is not as important.
It must be taken into consideration that the SQM-L photometer has an acceptance angle
for the incoming light. Additionally, there is a strong variation in the angular response of the
photometer that drops with the angular distance from the optical axis. It is possible to estimate
the difference between the actual value of sky brightness at a given point in the sky where
the SQM-L is pointing and the value measured by the photometer. For the devices angular
dependence, the results from Cinzano (2005)have been used in the tests of the SQM photometers
and for typical dependence of sky brightness with the distance from the zenith (Table C.1 from
Patat, 2003 using Garstang (1989))
We found that the readings from the SQM-L will be slightly brighter than the actual values
when the zenith angle increases (at low altitudes) for a typical dark sky with an increase of 1
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magnitude per square arc second from the zenith to the horizon. Therefore, we concluded that
the measurements taken with the SQM-L correspond with the average sky brightness of the
region where the device is pointed. For typical polluted skies, where the brightness near the
horizon increases intensely, these differences are more relevant.

Figure 6.17: Comparison of measurements with SQM photometer (green points)
and the real sky brightness values (red points). For dark skies like those at the
Paranal Observatory (left graph), the values coincide. For places with light pollution, like Madrid (right graph), the differences are of the order of 0.1 mag/arcsec2.

It is interesting to estimate the small variation in sky brightness close to the zenith in
areas with brightness close to natural brightness (∼ 21.5 mag/arcsec2 ). If the SQM-L device
172

is not correctly pointing towards the Zenith and it is pointing with an error of 10 degrees, the
differences between the measured value and the real value are less than 1 %. The same is true
in moderately polluted skies (∼ 20 mag/arcsec2 ). We have obtained images of the entire sky
using DSLR cameras with fish eye lenses at the Yebes Astronomical Observatory, 70 km from
Madrid. The calibrated images of the entire sky produce maps of sky brightness where we can
see their asymmetry, moving the darkest part of the sky from the zenith towards the direction
opposite Madrid and Alcala de Henares (Figure 6.18 sky brightness maps where we can see the
same asymmetry due).
Figure 6.19shows the variation in sky brightness with the zenith angle measured along
the NW-SE line for this map and the expected values using a SQM-L device (the camera’s data
has been made to pass through the angular response of a SQM). Once again, the error due to

However, we must be more careful when taking measurements in highly polluted areas
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inaccurate pointing of the device is of the same order.
( 18 mag/arcsec2 ) since incorrectly pointing the device can yield incorrect sky brightness
values (see Figure 6.17). For a proper study of these sources of error, two SQM photometers
were simultaneously installed on top of the same car pointed at the zenith. The data obtained
during the run between Fuentidueña de Tajo and Tarancón on 01/26/2014 can be seen in 6.21.
There is a difference of around 0.1 mag/arcsec2 between the sky brightness values measured
(the green and red points). It is interesting to note that such displacement is not constant in
the same direction. Our conclusion is that a small alignment error can make the device point
slightly forward and detect prior to the increase in brightness, while the other, which is pointed
more towards the zenith, does not detect it. Another possible explanation is that the photometers
were not aligned in the longitudinal direction, the azimuthal asymmetry of the SQM’s response
causes one photometer to be more sensitive in one direction than the other. Either of the two
effects would explain that when we approached or moved away from a town, photometer A
became brighter or darker contrary to photometer B. For comparison, the plot includes another
night time run (12/29/2013) on month before. The difference between these two runs could be
up to 0.2 mag/arcsec2 , so these differences between the position of the photometers or their
inclination are smaller than the effects produced by the environmental conditions (the same
photometer is used in the previous run).
Another source of problems in automatic data acquisition is pollution by direct light from
street lamps. Due to the wide acceptance angle of the SQM photometer, it is very easy for
pollution to occur from very intense off-axis sources. Although at 40 degrees off-axis, the
SQM’s sensitivity is 100 times less, the street lights are considerably brighter than the sky
(more than four orders of magnitude brighter). Therefore, a careful approach would be to take
measurements only on unlit streets and to not take measurements in urban areas. This procedure
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Figure 6.18: Brightness map of the entire sky, in V band, obtained at the Yebes
Astronomical Observatory using a DSLR camera. The asymmetry is due to the
presence of Madrid to the west of the Observatory. Software used pyABS (Nievas
Rosillo 2012, 2013).

does not require filtering data except in the case of obstacles such as trees, bridges or tunnels.
Moreover, the data obtained in a continuous run present two distinct populations as shown in
Figure 6.21. The bimodality of the histogram is the result of combining the true sky brightness
values with those that are contaminated by street lights, roads, and service stations. In this
case, a reference level can be adopted knowing the expected maximum sky brightness, i.e. the
outskirts of Madrid. Although in the inner city, places can be measured that are as bright as 17.2
(Figure 6.7) , the adopted value as the maximum brightness unaffected by off-axis sources is 18
mag/arcsec2 for the entire run outside of the capital city. This may be a conservative value that
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Figure 6.19: Variation of sky brightness in the NW-SE direction of the map in
Figure 6.18 obtained using a photographic camera and fish eye lens (green points) at
the Yebes Observatory. The red points show the expected values for measurements
with SQM photometer and the blue points are the values obtained on the same night,
pointing the photometer in the selected directions.

rejects actual values, but for highly polluted areas such as inner cities, we recommend using
manual measurement procedures.
Some research groups are using baffle in the photometer to reject the light that directly affects it from high angles. We have calculated the amount of sky brightness that is lost by adding
this supplement. Again using the results from Cinzano (2005)and the typical sky brightness
dependence with distance from the zenith (Table C.1 of Patat, 2003, who used the Garstang
model 1989), we find that the SQM-L can register 98% of the total incident light if the baffle
blocks up to an altitude of 30 degrees (Figure 6.20). We have performed the same test for the
Yebes brightness map close to the horizon and the result is identical. The results of the calculations and the field tests performed indicate that the use of these baffles may be recommend to
up to 30◦ in highly polluted areas. Users of the older SQM models, without lens, have higher
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Figure 6.20: Cumulative response photometer models SQM-L (red line) along the
zenith distance. The magenta top line represents the variation of the brightness
of heaven in linear units relating to the sky Yebes Astronomical Observatory in
azimuth NW, circular spots. A typical sky brightness variation in relative units
using Patat 2003 model Garstang (1989)for a dark sky is shown below in magenta,
square dots. The place is affected by light pollution by the bright horizon. The blue
dots are weighed by the angle of incidence of the measures (Cinzano 2005)and the
black line shows the response of SQM-L. The percentage of total light blocking
protections recorded using angles of 10, 20 and 30 degrees from the zenith.

coverage because the use of this baffle would block 53 % of the light.
It is interesting to determine at what distance it is safe to measure sky brightness without
be affected by point sources. For a 3 m high street light with a mercury bulb, we would obtain
an actual brightness value (18.85 mag/arcsec2 ) at a distance of 25 m from an isolated post. The
recording obtained after driving along lit roads shows a series of peaks and valleys as we had
expected. Some experiments were performed to determine if the values that were between street
lights could represent actual values of sky brightness. For example, on May 16 and 17, 2010,
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Figure 6.21: In this figure, three sequences of measurements collected between the
towns of Fuentidueña de Tajo and Tarancon via the A3 road are shown. The red
and green points were simultaneously taken (01/25/2014) with two different SQM
(1716 and 1738). The blue points were taken with the same SQM device (1716)
as the red ones, but on a different date (12/29/2013). It is observed that between
the red and green points, there are small differences and there is clearly an offset
between them. This offset is due to the different inclination or orientation of the
SQM. However, the difference is much less than the natural dispersion of data from
the effect of aerosols, as can be seen by comparing both series with the blue points.
On 12/29, there was an optical thickness from aerosols at 500 nm of around 0.015,
compared to 0.02 on 001/25.

the northern part of the M-30 ring road around Madrid and the first 30 km of the A-1 and A-2
ring-roads are included. We found that the maximum speed at which sampling can be done is 60
km/h, there is a 50 m gap between each street light, when the photometer takes a measurement
five times per second. This speed is too low for these roads, so we only took measurements in
these areas when the lights were turned off for maintenance or for other reasons (theft of copper
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wire, selective shut-offs, etc.).
The fact that there are many other sources of error that could cause false readings when
automatic measurement methods are used cannot be ignored. Some of these are the previously
mentioned tunnels that normally give brighter values when they are lit or, in some cases, darker
values. The same happens when passing over a bridge when the car’s side lights light up the
walls. On rural roads, trees along the road can present problems depending on how much they
hang over the road. Results can be darker or lighter depending on how much tree cover there
is and whether or not it is illuminated by the headlights. In polluted areas, tree cover can block
light from the sky and give darker values. Under these circumstances, we tend to carefully study
the measurements taken in open areas to be able to discriminate whether or not they are affected
by trees. Therefore, we usually take the precaution of stopping the car in these open places in
order to take them as a reference. In any case, during a run, the trend is monotonous and big
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changes are viewed as a sign of bad detections.
These undesirable data can easily be rejected through careful inspection of the position
and brightness of data thanks to the statistical redundancy of each series. As a result, the
distribution of data has a low dispersion in comparison with those of projects in which there is
no control over the measurement process. For example in the measurements from the Globe at
Night project (Kyba et al. 2013), there is a very bright tail that cannot be explained by anything
other than measurements contaminated by street lights, but due to the nature of the project, even
though all of the measurements were taken manually, because they were taken by inexperienced
personal and sometimes not carefully enough, there is a large number of outliers that cannot be
dismissed without providing an explanation of the source of the error. Moreover, in many
runs, notes have been taken to understand the circumstances of the run, since controlling data
collection significantly improves the results. Although, for safety reasons, the measuring team
is ideally a driver and a person responsible for data collection. However, sometimes this is not
possible, and in these cases, the recording of the run may be a complementary tool, but this
does not improve the safety of the driver who has to pay attention to both tasks (example of
recording http://youtu.be/zesdAUPNuBY).
For the reasons stated in this subsection and the different effect of contamination by trees
and tunnels, it is not possible to establish a purely statistical filtering method. An automatic
filtering system would need to combine knowledge of the lack of obstacles in areas with filtered
high or low pass depending on the level of contamination. The development of such a system is
beyond the scope of this project, but lays the foundation for it.
Quick and efficient data collection from a vehicle must be complimented with manual
measurements taken in places where artificial lighting may contaminate the values or within
towns that are full of light sources. In these cases, one needs to find a dark place and carefully
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take the measurements. The best locations tend to be parks, flat roofs or parking lots where
the lights are turned off after business hours. For taking measurements close to highways, one
needs to exit onto unlit service roads. Ideally measurements would be taken with a photographic
tripod, or in its absence, they can be taken with the SQM facing N, S, E, and W, as was tested
in the LoNNE network inter-comparison meeting in Madrid in July 2014.

6.5.3

Campaigns

The first major grouping of data was done by two undergraduate students during the course of
two directed studies. Berenice Pila Dieź obtained values in 3731 places during ten runs ranging
from 55 to 242 kilometres from Madrid (April to May 2010) totaling 1146km (Pila Dı́ez 2010).
Some roads were repeated in order to verify repeatability (see Section 2.4). Although
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Alberto Domı́nguez completed his runs (April to June 2011) totalling 550 km.
the area covered was sufficient for extracting scientific conclusions, we decided to take more
measurements in other unexplored regions at the end of 2011. Manual acquisition was used for
areas where automatic data collection was complicated. Taking data in the centre of Madrid is
extremely important because the capital comprises a 10 km radius. On two consecutive nights
without moon visibility or cloud cover, 20 measurements were taken at points without lights in
central locations in Madrid. Some of the measurements were taken from rooftops.
During the following years, Carlos Tapia, Francisco Ocaña, Jesús Gallego, Jaime Zamorano
and Alejandro Sánchez de Miguel conducted complementary campaigns greatly broadening the
data collection (see Table 6.4). The scientific objective of these additional explorations was not
only to simply take a significant sample of sky brightness measurements in the Community of
Madrid, but also to cover as large of a dynamic range as possible of sky brightness and to create
the most dense grid possible in our region. The scientific objective of these explorations implied
leaving the Community of Madrid, because within this area there were no places that covered
the dark spectrum of values. Such campaigns have extended from 2012 to present, and during
that period, thirty thousand measurements have been taken, for a total of 6753 km covered.
The current data set around the Community of Madrid covers an area of 5389 km2 (assuming that the different measurements represent 2.2 km2 ), which ∼ 4800 km2 are within the
Community of Madrid. This represents 60 % of the Autonomous Community. The majority
of areas that have not been covered are the Pardo Royal site, being a restricted access area, the
Soto de Villuenlas and other restricted access, mountainous, impractical, or urban areas. Moreover, as discussed in Section 7.1, the measurements already taken may be complementary to the
satellite measurements made with the Suomi-NPP satellite and its VIIRS camera in the DNB
band or with the Nikon D3S camera from the ISS.
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6.5.4

Repeatability

The data were obtained during cloudless nights without moon visibility (first quarter, last quarter with the moon below the horizon or new moon). Data have only been taken on nights of
excellent quality. A cloudless sky is essential because the clouds reflect light pollution (Kyba
et al. 2011), and even clouds or concentrations of aerosols imperceptible to the human eye that
can dramatically increase the sky brightness (Sánchez de Miguel 2013).
The astronomical observatory of the Complutense University of Madrid (UCM Observatory) operates an all-sky camera (AstMon-UCM) as an astronomical sky quality monitor
(Aceituno et al. 2011). This device measures sky brightness in the B, V, and R Johnson photometric bands.
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The spectral response of the SQM photometers covers the B and V Johnson bands as we
have already mentioned (Cinzano 2005). We can determine the impact of clouds on urban sky
brightness at the observatory located just outside of the City of Madrid. The mean value of sky
brightness from August 2010 to July 2011 was 19.20 ± 0.12 and 17.90 ± 0.09 in the B and V
bands, respectively, with the average comprising only clear, cloudless nights. The increase in
brightness on nights with clouds is 2.15 ± 0.33 and 3.69 ± 0.68, i.e. 7.2 and 30 times higher,
respectively.
Obviously, measuring with overcast (or partially overcast) skies would provide us with
higher brightness values, but this brightness would be of a different nature and would be more
difficult to treat. In order see how important this effect is in highly polluted areas, the analysis
of sky brightness in overcast night skies conducted with SQM photometers shows an increase
of 0.3 mag/arcsec2 per 3 oktas of cloud cover, i.e. clouds covering three eighths of the sky
(Kyba et al. (2011)).
SQM photometers have been factory calibrated and the manufacturer claims that the accuracy, differences between instruments (see Table 6.3) and zero point are around mag/arcsec2 .
This is sufficient for the purpose of this investigation, where other sources of error or simple
natural variation in atmospheric conditions are more important than the error of zero. Nevertheless, tests were performed on twelve unites used in the NIX-NOX project (Zamorano et al.
2011b)project.
To estimate the systematic error and the random errors accumulated during the observations, we have repeated several runs on different dates. Even though there might have been
some general evolution of light pollution, the satellite images indicate that the change has not
been significant and, in most cases, has remained the same four years later.
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6.5.5

#

N Series

Type

Users

1

0845

SQM-LE

Pila

2

1716

SQM-LU

Sánchez de Miguel

3

1738

SQM-LU

Doı́nguez, Zamorano

4

5712

SQM-L

Tapia

5

5855

SQM-L

Tapia

6

5884

SQM-L

Gomez-Castaño

Map of Sky Brightness

As a first approximation, a method has been developed based on constant sky brightness cells to
be compared with models. Once the spurious data (electronics failure, passing through tunnels,
direct light from street lights and other sources) has been filtered, it is expected that sky brightness will vary smoothly and monotonously, without steps. Moreover, the extrapolation tests
conducted for unsampled areas are not a simple case (Sánchez de Miguel et al. 2010; Espey &
McCauley 2014). The use of different sized cells enables us to, on the one hand, check how
adjusted the local extrapolation is compared with the reality and, on the other hand, to establish
a natural measurement grid where we try to take measurements as uniformly and without bias
as possible, as different speeds could affect the final average in others.
The results have been grouped into 15, 30 and 60 arcsec cells that correspond to 463, 926
and 1853 meters at the equator, at the latitude of Madrid the cell width is less, 298, 595 and
1190, but the height is the same. It is considered that the sky brightness that we would measure
anywhere in those areas does not vary significantly and is calculated as a mean value (averaging
in flow) of filtered measurements belonging to that cell. In Figure 6.23, a four-cell area is shown
before and after filtering. In Figure 6.22, the complete map is shown at a resolution of 60 arcsec.
In Figure 6.23, we can show how, if the high values are not excluded, the mean value
deviates notably from the most common value of the cell. These values have been eliminated
due to not making sense, physically. To perform this filtering, the notes that were made during
the observations and recordings were taken into consideration20 .

20 Example

recording http://youtu.be/zesdAUPNuBY
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Figure 6.22: Map of sky brightness in the Community of Madrid and bordering

areas, in 60 arcsec cells.

Figure 6.23: The same region of the map with and without filter. The effect on the

mean of the cell can be seen if the outliers are not removed.
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6.6

Results

• At the UCM Observatory and other stations we have observed how sky brightness varies
with the seasons and with the local time. A change in the colour of the sky and in the
spectrum of the sky in Madrid has also been measured.
• It has been found that sky brightness in Madrid (UCM Observatory) presents a typical
temporal variation throughout the night that is measurable in the ISS/D3S images. The
great dependence of sky brightness on the time has been verified, varying in Madrid by
up to 1 mag/arsec2 between the beginning and end of the night.
• This trend is consistent with the change in ornamental lighting and traffic activity seen
from Earth and has same shape as the night time variation in spending on electric power
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in Spain.
• These sources of light pollution that are not traceable using satellite images (cars, residential windows, store windows, and lights from businesses) are reflected in spending on
electric power or in direct photometry in the streets.
• The spectral-spatial-temporal analyses indicate that the night time sky brightness varies
in intensity and spectrum according to the temporal variations of the polluting sources,
but that they also depend largely on atmospheric conditions.
• We have established a causal relationship between the atmosphere’s aerosol content and
the increase in sky brightness. In the case of Madrid, the sky becomes 0.4 magnitudes
darker on days when the aerosol content is reduced (optical thickness of 0.2 versus a
typical optical thickness of 0.09 in 500 nm).
• Although the night time variation in sky brightness is less influenced by light pollution,
as we moved farther away from large population nuclei, its effects could still be observed
from hundreds of kilometres away.
• A map of night time sky brightness has been made for the central region of the Iberian
Peninsula from thousands of observations recorded from a car using a technique developed deliberately.
• The sky brightness measured from Earth has been compared with the radiance measurements taken from space finding a relationship between the sky brightness around the
Community of Madrid and its surroundings that would allow us to create sky brightness
maps based on direct satellite observations, saving a lot of time and resources.
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• The direct study of sources of light pollution from a satellite is 14 times more sensitive
than measuring sky brightness, although the observation instruments must be improved.
Understand it as being more sensitive to the ratio of detectable variations in the sources,
versus the detectable variations in sky brightness.
• The direct study of sources of light pollution from a satellite is 14 times more sensitive
than measuring sky brightness, although the observation instruments must be improved.
Understand it as being more sensitive to the ratio of detectable variations in the sources,
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versus the detectable variations in sky brightness.
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Table 6.5: Log book SQM-CAM.
year

date

serial

name

year

date

serial

name

2010

04-04

845

Pila

2013

01-06

5884

Gómez

04-05

845

Pila

01-14

5855

Tapia

04-07

845

Pila

02-05

1736

Sánchez de Miguel

04-09

845

Pila

02-14

1738

Zamorano

05-05

845

Pila

02-15

1716

Sánchez de Miguel

05-16

845

Pila

04-01

1738

Zamorano

05-17

845

Pila

05-13

1716

Sánchez de Miguel

05-18

845

Pila

06-03

1716

Sánchez de Miguel

01-21

5884

Gómez

06-14

1716

Sánchez de Miguel

01-24

5884

Gómez

06-29

5690

Tapia

01-25

5884

Gómez

07-04

5690

Tapia

02-01

5884

Gómez

11-06

1738

Zamorano

02-03

5884

Gómez

12-03

1738

Zamorano

02-05

5884

Gómez

12-29

1716

Sánchez de Miguel

02-27

5884

Gómez

12-29

1738

Zamorano

04-01

5884

Gómez

02-16

5712

Tapia

04-01

1738

Domı́nguez

01-25

1716

Sánchez de Miguel

04-02

1738

Domı́nguez

01-25

1738

Zamorano

04-08

1738

Domı́nguez

02-02

1716

Sánchez de Miguel

05-07

1738

Domı́nguez

06-29

1716

Sánchez de Miguel

07-07

1738

Domı́nguez

07-18

1738

Zamorano

07-30

1738

Domı́nguez

07-26

1738

Zamorano

11-28

1738

Zamorano

12-19

1738

Zamorano

12-20

1716

Sánchez de Miguel

12-22

1738

Zamorano

11-26

1716

Sánchez de Miguel

11-27

1716

Sánchez de Miguel

11-28

1716

Sánchez de Miguel

02-18

1738

Zamorano

02-20

1716

Sánchez de Miguel

02-23

1716

Sánchez de Miguel

02-24

1738

Zamorano

02-27

1716

Sánchez de Miguel
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2011

2012

2014
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Chapter 7
Relationship between Sky Brightness and
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the Radiance Measured in Satellite Images
7.1

Relationship between the Diffuse Emission in DMSP, VIIRS and ISS Images with Sky Brightness in the Community of Madrid

The existence of a relationship between night time sky brightness and the radiance measured
in satellite images came from Falchi & Cinzano (1998)that were later generalized by Cinzano
et al. (2001a). Cinzano and Falchi created a map of sky brightness based on these models
and using the measurements available to them in the region of Italy. A critical analysis of the
quality of the map was not conducted until ten years later. Kyba et al. (2013)showed how the
map was correct except for the city centres in which sky brightness was slightly overestimated.
However, in this study, it was also indicated that the DMSP images had a high correlation
with the SQM measurements despite being direct measurements of pollution sources. This
result was also detected by our group independent from Kyba et al. (2013)and presented in
Zamorano et al. (2013c). The explanation that Kyba et al. (2013)gives for this fact is that
although the resolution of the DMSP images is 5 × 5 km, a smoothing was performed resulting
in the average of different passes, since each pixel does not fall in the same position on each
pass over. In this way, an improvement was made to the resolution using the super-resolution
technique of oversampling1 . All of these factors (including the natural PSF of the DSMP/OLS
optics) contribute to the good correlation found between sky brightness and the satellite data
Kyba et al. (2013).
Our group speculated in Zamorano et al. (2013c); Sánchez de Miguel et al. (2014c);
1 The

exact algorithm is not described in any article

187

Zamorano et al. (2013a)on the possibility that the diffuse light present in the DMSP images
is not actually the result of the instrument’s PSF, but rather directly the result of light scattered
in the atmosphere. The nature of diffuse emission has been briefly discussed in other works
such as Elvidge et al. (1999)or Townsend & Bruce (2010)However, due to the wide PSF and
blur of the DMSP, it is very difficult to separate the contribution of the atmospheric diffusion
from instrumental effects.
However, for the VIIRS/DNB images, the resolution is much higher (the resolution of
the VIIRS/DNB is 750m, versus the DSMP/OLS’ 5km) and the FWHM of the PSF seems to
be close to the resolution of the instrument as discussed in Section 2.3. This indicates that
the emission that we observed in unlit regions, such as the Royal natural park site of Pardo de
Madrid in the VIIRS/DNB images is really diffuse light coming from light pollution mostly
from the surrounding area. As mentioned in Section 2.3 the VIIRS camera is sensitive enough
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to pick up emission from the whole Earth, detecting the signal of airglow and other sources
of diffuse light yet to be studied. Our observations indicate that there is an extremely strong
relationship between a place’s average sky brightness and its diffuse emission in VIIRS/DNB,
as shown in Figure 7.2.
The most plausible explanation for this strong correlation is that the main contribution to
diffuse emission close to cities is light pollution, and therefore, the diffuse emission observed
from space by VIIRS has the same amplitude and spatial distribution as the emission observed
from the ground with SQM photometers. Given that the measurement bands are so different
from one instrument to another, we hope that this relationship is not kept constant throughout
the whole Earth and that it varies with the spectrum of sources. But if the spectrum of the sky
is dominated by one type of lamp in relatively large areas (200km), this relationship is constant
throughout this whole area. In the future, this relationship will allow sky brightness maps to
be created based on satellite images, although VIIRS data still do not have enough quality to
make global sky maps of sky brightness. Proof of this are the outliers present in the image
of Madrid taken in January 2013, or in the region of Coruña in the images from May 2014.
However, VIIRS is reliable for detecting sources of light pollution for making models 2 that
could be verified with these measurements.
In addition, a possible relationship is detected between the darker places in VIIRS with
the albedo in the region (the typical albedo in a forest is below 0.17 and in fields, it is over 0.17
(Csiszar & Gutman 1999))). This result is not surprising since all atmospheric emissions3 can be
reflected by the same, although its contribution is not visible for values above 0.20 nW /cm2/sr.
This value can first be a threshold to determine if an area of low albedo is affected by light pollu2 Falchi

2015, private communication.
as the auroral lines, brightness of stars, airglow, etc.

3 Understood
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Figure 7.1: Map of sky brightness in the central region of the Iberia Peninsula using
the image HDR ISS040E0812-58+62.

tion or not. For example, the Abufera de Valencia, which presents radiances of 1.7 nW /cm2/sr
or the Royal site of Pardo, with 1.9 nW /cm2/sr , versus the 0.17 that other places with similar albedo present such as the Chera-Sot de Chera, in Valencia or the 0.14 nW /cm2/sr of
the Cabañeros National Park, both of which are relatively close to major sources of pollution,
Valencia and Madrid, respectively.
In figures 7.2and 7.3, and especially in Figure 7.4, we can see how the varying size of
cells affects the quality of the correlation and its dispersion. It is especially noticeable how
a tail appears to the right of the main relationship that indicates the presence of SQM data in
places where brightness in the image is significantly higher than was expected. The bigger the
cell, the higher the number of these points. It has been found that these values correspond to
measurements very close to cities, so by increasing the size of the cells, they appear contaminated by illuminated areas. Instead, the resolution with which the SQM measurements are
taken is of tens of meters (depending on the speed of the car in the run). It is additionally noted
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that the cities are less bright in surface brightness the farther we get from the city 4 , thereby
contributing to the existence of a spurious relationship between sky brightness and the intensity
in the satellite images. This explains the great dispersion found with the DMSP/OLS satellite
by Kyba et al. (2013)and Zamorano et al. (2013c).

7.2

Spectral-Spatial-Temporal Analysis of Nocturnal Emission in the Visible Range in Madrid

Throughout the six previous chapters, we have separately analysed the evolution of light pollution in Madrid, which is our case study. However, Madrid is only one city, one region, and there
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are many different ways to view it.

Historical Evolution The evolution of light pollution in Madrid, from a historical perspective,
can be easily understood in Figure 2.4 in which it can be see how after more than 15 years of
slow growth, in the year 1992 lighting expenditure by the City Council of Madrid had doubled.
This growth can be explained by the increase in the number of light points, from some 126,000
points in 1982, to over 225,000 at present.
However, the growth in the Autonomous Community of Madrid (CAM as per the Spanish
acronym), is gaining speed, doubling in only 10 years. While we do not have satellite images
prior to 1992, statistics indicate that the amount of energy injected into the atmosphere was
half of the current amount in the mid-1990s, and half of that in the 1970s. Therefore, an urban
observatory such as the UCM, whose main source of pollution is the direct diffusion of light in
the first part of the evening, actually measures a sky brightness of SQM=17.8 mag/a rsec2, it
would have had a brightness in 1995 of 18.5 mag/arcsec2 , and in the 1970s, a brightness of
approximately 19.5 mag/arcsec2 .
With the information that we have today, we cannot go farther, but in the future we may
be able to reconstruct the look of Madrid and its surroundings using geographic information
(Zollweg et al. 2012)and combining this information with energy statistics and the light pollution models. Moreover, and in this case, there are factors that are difficult to quantify, because
of legislative changes such as the Municipal Ordinance for Outdoor Lighting, and the start of
switching off the lights of monuments caused by the actions of activists from Celfosc, the Group
for the Protection of the Sky and the Dark Sky Group of the AAM, who have been pushing a
halt of spending on lighting since the late 1990s. The effect of this, however, has been less in
the CAM than in the capital, because the capital cannot continue growing.
4 This

might be due to a lower actual lighting or other effects not taken into account.
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While the so-called “housing bubble” produced a huge development in lighting between
2000 and 2007, since 2007 it has stagnated due to the economic crisis, the change in rates, and
the 2009 decree on outdoor lighting efficiency. From 2012 until the summer of 2014, there
have been no significant changes. However, from that date onward, the massive installation
of LEDs in some areas of the capital and in the entire town of Rivas-Vaciamadrid has been
detected. According to Luginbuhl et al. (2014)even for LEDS whose colour temperature is as
low as 2400 K or FLED (Filtered LED), the sky brightness with scotopic vision at the zenith
could increase by between 48% and 80%. It is therefore essential that this change come not
only with a lower emission of equal upper hemispheric flow, but also with a power reduction.
As we have seen in Section 3.6.2, in the case of Rivas-Vaciamadrid, the installation of LEDs
has not resulted in a decrease in the flux emitted, so the installation of these types of lights so
far translates to a net increase in light pollution.

(Doctoral dissertation, PhD thesis,
Universidad Complutense de Madrid)
DOI: 10.13140/RG.2.1.2233.7127

de la contaminación lumı́nica y sus fuentes:
Metodologı́a y resultados

Cite as: Sánchez de Miguel, A.(2015).

Variación espacial, temporal y espectral

Hope lies in the ownership of LED systems that allow for dimming so that, fortunately,
this is not irreversible, as shown in Section 3.6.3, they could be adopt Berlin’s lighting levels,
decreasing their intensity by 3 and keeping this kind of lamp. This solution would minimize the
cost of replacing already installed fixtures and would lessen their impact, although it may not
be possible to compensate for part of the impact on some natural species.

Time Variation of the Spectrum of Emission in Madrid

In the 3.6.2, it was shown how the

amount of light emitted was changing by using the ISS/D3S images in which we can directly
see that the number of halide-type emission sources was decreasing. Using SQM photometers,
we see how the change in sky brightness, observed from the UCM observatory (Section 6.4) ,
and its evolution matched what was observed from the satellite, but also taking into account the
influence of human activity. We also saw in Section 6.2.2 that, in addition to a relationship of
intensity over time, a change in colour occurred in the sky. In Section 6.2.3, we could see how
this change in intensity was not only reflected in intensity, but also in a change in the spectrum.
These four strategies give us consistent results from a qualitative point of view. AstMon-UCM
observes a reddening of the sky which is precisely what turning off the blue lamps would cause,
a phenomenon that we observed from the ISS, and exactly what we observed with SAND. Moving these relationships to a quantitatively accurate plan for applying an emission and diffusion
model in the atmosphere, which is the subject of ongoing collaboration with Professor Martin
Aubé for the central area of the Iberian Peninsula.
These models are necessary for weighing the effect of dependence with distance from
the sources. Still, we can come to some important conclusions without reaching that level of
detail. Ornamental lighting represents at least 45% of the light pollution produced in the centre
of Madrid in the winter that we detected from satellites. We came to this conclusion because
191

metal halide emission lines are the ones that decrease the most and in the satellite images, they
are the ones that produce the greatest variation. However, it is clear that, whether produced
by the saturation of this type of intense source, or because these sources are not detected from
satellites (windows, cars, businesses), there is a part of the evolution of sky brightness that
cannot be explained by this method. To verify this in the future, time lapses could be done from
remote areas in Madrid. The first tests conducted have showed promising results.
A very important result of our research has been highlighting the importance of our atmosphere’s aerosol content has on increasing sky brightness. By using AstMon-UCM, SQM
photometers, and images from the ISS/D3S, we have found that there is a significant, measurable difference between the sky brightness of nights with low aerosol content and those with
high aerosol content. However, in the previous section, it was shown that we have not been able
to detect a significant variation in the spatial distribution of sky brightness with the amount of
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aerosols, only a variation in intensity. Moreover, the effect of cloud cover is very different, both
in reflectivity and distribution, in comparison with times of clear skies, producing diffusion on
a smaller scale of distance (So 2014; Kyba et al. 2015). This is an issue of utmost importance,
since clear indications have been found that the content of atmospheric pollutants is related
with sky brightness (Pun & So 2012)and that night time lighting could increase the content of
pollutants (Stark et al. 2011). Madrid is one of the best places to see this effect because of its
high intensity and the large number of measuring stations available, but the study of this point
is beyond the scope of this thesis and is left for future studies. Perhaps the main result in view
of the observational evidences is that the measurement of sky brightness at a given time does
not help to characterize the sky brightness of a place. A long series of observations over time
in different atmospheric conditions (clouds, clear, aerosol content, etc.), different times of the
night, and at different stations are needed to precisely statistically characterize the night time
sky brightness of a site. The measures should always be taken at a minimum of two different
times, once at the beginning of the night and another just after 1:00 in the morning, in places
near large sources of light pollution and urban centres.

Spatial Variation of Light Pollution in Madrid and the Region of Influence. In the previous Section (7.1) , it is described how the diffuse emission detected with VIIRS/DNB and
the ISS/D3S camera has the same distribution as the sky brightness detected from Earth in the
exploration conducted with SQM photometers. This implies that light pollution at the zenith
decreases as distance from the sources increases, as predicted by the models. In the case of
Madrid, it is possible to detect its effect more than 70 km away. However, the amplitude of the
variation changes with it, becoming less pronounced as we move away. The application of the
models will allow us to correctly estimate this point, but what is observed in the fixed SQM sta192

tions indicates that the contribution of the Central Almond with its powerful, variable sources,
is much less important than the metropolitan area and fixed street lighting. This result is very
important because, while in order for the citizens of Madrid to regain the right to astronomical
observation it is more important to limit and control ornamental lighting (already regulated by
the Municipal Ordinance for Outdoor Lighting), for the environment and the preservation of
the dark sky in rural areas, it is much more important to control street lighting (not regulated at
the regional level). From a purely observational point of view, it implies that the measurements
of sky brightness near or within the capital should be taken throughout the night, but the measurements in remote areas may be representative of sky brightness of the place, given that the
aerosol content is a typical value for that place.
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7.3

Results

• Sky brightness measured from Earth has been compared with the radiance measurements
from space, and a relationship has been found between the sky brightness around the
Community of Madrid and it surroundings that will allow us to create sky brightness
maps based on direct satellite observations, saving a lot of time and resources.
• The direct study of sources of light pollution from a satellite is 14 times more sensitive
than measuring sky brightness, although the observation instruments must be improved.
Understand it as being more sensitive to the ratio of detectable variations in the sources,
versus the detectable variations in sky brightness.
• The analysis of the relationships allows us to show that diffuse light detected by satellites
detect from space coincides with the radiation caused by light pollution observed from
Earth.
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Figure 7.2: Comparison of SQM VIIRS with different resamplings. Open red points

indicate the bin mean and solid red points indicate quartiles.
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Figure 7.3: Comparison of SQM ISS040E0812-58+62 with different resamplings.

Open red points indicate the bin mean and solid red points indicate quartiles.
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Figure 7.4: Comparison of SQM ISS030E1882-08+10 with different resamplings.

Open red points indicate the bin mean and solid red points indicate quartiles.
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Chapter 8
Conclusions and Future Work
The results from a study on the characterization of light pollution through observations from
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space and from the ground have been presented in this report. The methods developed allow
us to monitor light pollution and follow its evolution. Controlling light pollution will help us
preserve the dark sky for future generations. The main results are summarized below.
1. Radiances using satellite images
We have explored the features and capacities of the cameras aboard the DMSP/OLS and
SNPP/VIIRS/DNB satellites that explore night time emission from Earth. Tools have
been developed for the calibration of radiances using satellite images that allow the study
of the temporal evolution of light pollution.
• There are no significant differences between the VIIRS/DNB and DMSP/OLS satellites for the spectra of different types of lamps despite their different spectral responses.
• The products currently available for the VIIRS/DNB camera cannot be used blindly
and prior revision is needed.
• It is possible to determine changes in street lighting at different scales using different
satellites.
• Consumption in public lighting in Spain has grown steadily between 1992 and 2006.
It may have been stagnant in the last seven years.
• Official data from 1992 to 2006 are unreliable for most provinces, with some exceptions. Data from 2007 are reliable, except for five provinces.
• The countries that have received bailouts, following the higher risk premium, or that
have had highly accelerated growth in recent years, coincide with those with higher
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per capita consumption in lighting. This suggests that there may be a connection between efficiency and control over public spending and public lighting. This extreme
should be carefully analysed in future studies. However, the data do not support that
in the case of Spain, this is due to a cultural issue, since in 1992 there was no excess
of power compared with other European countries and it is understood that cultural
issues take several generations to change.
2. Light pollution with images from the ISS
A new source of data for radiances for light pollution studies has been introduced now that
night time photographs of the Earth taken by astronauts aboard the International Space
Station (ISS/D3S) can be calibrated.
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• It is possible to absolutely calibrate the ISS/D3S images using photometry with stars
and with ground sources.
• It is viable to measure radiances using ISS/D3S images.
• The possibility of distinguishing different types of lighting technologies from colourcolour diagrams using the camera’s R, G and B channels has been shown viable.
• Data from the ISS is the only technology capable of tracing global changes in types
of lighting. The transition to LED lighting is of great importance.
• Madrid is the most polluted

1

capital of those studied, and probably the most pol-

luted capital of the European Union.
• There are big differences between levels of lighting in the different capitals studied,
and also between lighting technologies.
• Apparently, the more modern the lighting technology used, the higher the level of
lighting, although it is also possible that there is a connection between the colors of
the lighting.
• Citizens can significantly contribute to the classification, cataloguing and georeferencing of the ISS/D3S images from the NASA repository.
• Higher resolution images are easier for citizens to classify.
• It will be possible to create a global map of Earth at night in colour thanks to citizen
collaboration.
3. Multispectral and hyperspectral cameras
1 Greater

amount of light output per square meter.
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A comparative study has been conducted on the optimum night time remote sensing techniques for measuring sources of light pollution.
• No technique is able to perform a complete study of the problem, but rather they
complement each other.
• The current satellite images regularly monitor the entire planet and provide panchromatic data. They are ideal for studies of temporal evolution and have long series of
data.
• The ISS/D3S images improve the spatial resolution of satellites and provide data in
three spectral bands. In contrast, the images are not obtained in an organized way
and do not have global coverage.

tral resolution, but they have low sensitivity and their study is limited to small areas.
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• Multispectral cameras aboard aircraft have the advantage of higher spatial and spec-

• Other low-cost techniques such as cameras mounted on drones and sounding balloons can be low-cost alternatives for detailed studies of specific areas.
4. Night time sky brightness
A night time sky brightness study has been conducted in Madrid and its region. For this
purpose, temporary monitoring stations have been installed in areas with different degrees
of light pollution and measurements have been obtained throughout the Community of
Madrid and its surrounding areas. The results do not limit their validity to this area of
study, but rather are exportable to other places and make up an essential database for the
application of atmospheric diffusion models of light emitted by light pollution sources.
• Sky brightness varies in the same way that its sources do. In the case of large
cities like Madrid, it does this on a scale of hours. This variation is in intensity and
spectrum.
• The evolution can be traced using images from the ISS. The largest contribution to
variation comes from ornamental lighting.
• However, it is not possible to completely reproduce the change in sky brightness
with only satellite data. It is necessary to see the evolution of human activity for a
full diagnostic.
• There are sources of light pollution that are not traceable using satellite images (cars,
windows, store windows, and other business lights) that are reflected in spending on
electric power or in direct photometry in the streets.
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• The spectral-spatial-temporal analyses indicate that the night time sky brightness
varies in intensity and spectrum according to the temporal variations of the polluting
sources, but that they also depend largely on atmospheric conditions.
• It is possible to determine the effect on sky brightness by significant variations in
the aerosol content.
• Although the night time variation in sky brightness is less influenced by light pollution, as we moved farther away from large population nuclei, its effects can still be
observed from hundreds of kilometres away.
• It is possible to make maps of sky brightness by automatically taking data.
• There is a direct relationship between sky brightness and the diffuse emission seen in
satellite images, ruling out the possibility that this diffuse emission in the ISS/D3S
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and VIIRS/DNB is due to instrumental effects. We believe that sky brightness and
diffuse emission are exactly the same phenomenon seen from different points of
view.
• The direct study of sources of light pollution from a satellite is 14 times more sensitive than measuring sky brightness, although the observation instruments must be
improved.
5. Final conclusions and future work
An ambitious study of light pollution has been conducted using diverse techniques, some
of which were previously developed, others are new. The combination of radiance observations with images taken from space and sky brightness maps from Earth have allowed
us to find relationships between both sets of data. The spectral, temporal, and spatial
variations of night time sky brightness constitute the fundamental ingredient for testing
models of diffusion of light pollution in the atmosphere, which include the results of this
thesis as the largest and best dataset currently available.
Several lines of research are opened that can now be addressed with the battery of new
tools presented herein. Others arise in light of the conclusions and have only been explored in this paper. We can cite the verification of the light pollution models, the control
of polluting sources, their spectral and seasonal variation, the influence of the content of
aerosols in the atmosphere, remote measurement ant its environmental impact, the development of less expensive techniques for measuring radiance, the impact on human health
or the intensity of inhibition of cleaning free radicals.
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yonder in the heavens and the sun and the moon, for punctually he told us the cris

of the sun and moon.

Quijote, CHAPTER XII
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Annex
This Annex provides additional information in order to clarify the thesis defence with the panel
that took place on 6 July 2015. The title of the thesis is Spatial, Temporal and Spectral Variation
of Light Pollution and its Sources: Methodology and Results and has been written by Alejandro
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Sanchez de Miguel.

8.1

Impact of the Spanish laws concerning night sky protection

During the thesis defence, two members of the panel, Dr. Torra and Dr. Bara indicated that
the thesis did not discuss certain relevant Spanish laws concerning light pollution. The reason
why these specific laws were not discussed in the thesis is because we were unable to detect
any impact of these laws on the local energy consumption. For example, Catalunã, Navarra,
Baleares, Canarias, and Cantabria all have laws to protect the night environment. The following
paragraphs will discuss our analysis of these cases.

8.1.1

Canarias

Light pollution on the Canary islands is regulated by Law 31/1988 of October (The Sky Law)
that intends to restrict the use of less efficient street lights, mainly those that emit a high ratio
of light upwards towards the sky. It was introduced in order to protect the Astronomical Quality of the Instituto de Astrofı́sica de Canarias (IAC) Observatories. Technical regulations are
published in Real Decreto 243/1992, 13 March. The law went into effect in 1992, but did not
apply to already existing street lights. The jurisdiction of the Sky Law does not include the
entire province of Santa Cruz. It only protects the Palma Island and the north part of the Island
of Tenerife.
Data taken from the DMSP/OLS (chapter 2) has allowed us to compare the evolution of
street light emission with the evolution of street light energy consumption. From this data we
have been able to conclude that the law has had some effect on the sky brightness near the
3

main two observatories El Roque de los Muchachos Observatory on La Palma island and Izanã
Observatory on Tenerife.
As shown in figure 8.1, several years after the Sky Law was introduced, street light energy
consumption and street light emission gradually stop following the same trend. As the amount
of street lights increase, the energy consumption grows. But while street lights are on the rise,
the increase of street light emission is no longer increasing as rapidly. As for the delay of several
years, this is most likely explained by the the fact that the law did not apply to existing street
lights at the time the law was introduced. And since the average lifecycle of street lights is
between 10 and 15 years, immediate effects could not have occurred.
As a sidenote, it should be mentioned that while we have been able to measure the speed
of increase of light emission within the province of Santa Cruz, we are not yet able to specify
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the exact location of the emission. Therefore, with the current analysis, we cannot say with
absolute certainty that the diverging trends occur exactly and only within the law protected
areas. Nonetheless, it is reasonable to assume that regulations play a key role when it comes to
the rate of increase of light emission.
As was remarked by Cinzano et al. (2001b), light pollution affecting sky brightness is less
important for high altitude observatories due to their position. Nonetheless, an increase of light
emission within a certain radius can still affect the astronomical quality of these observatories.
And in this case we were able to measure that the increase of light emission did so. The data,
does not tell us, however, specifically how much the observatories were affected.
In order to determine which light sources have the most impact, M. Aubé made a complete
analysis of the night time spectra of the sky surrounding the two main observatories of La Palma
and Tenerife. Aubé then combined this data with a radiative transfer model. As can be seen
in figure 1 of Aubé & Kocifaj (2012) certain light sources impacting the observatories are of
the particular type that has been banned according to the sky law, this means that either the
impacting light sources are situated outside the jurisdiction, in that case the laws’ jurisdiction
needs to be expanded, or the laws are not fully implemented inside its jurisdiction.
In the case of the province Santa Cruz it has been demonstrated how energy consumption
and emission can be regulated by laws that focus on the efficient use of street lighting. Although,
at the moment we can not be sure how much the law has improved the astronomical quality of
observatories in the province of Santa Cruz. It is almost certain that the sky law has slowed
down the increase of light emission. One reason why the sky law has had an impact may have
been because of the implementation support provided by the Sky Quality Protection Technical
Office (OTPC) which has been operating as a kind of regulatory body.
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Figure 8.1: Evolution of street light energy consumption in the province of Tenerife.
In the late 1990s early 2000s the two curves representing street light emission and
street light energy consumption begin to clearly diverge from each other.

8.1.2

Cataluña

Cataluña was the first regon of Spain of get a regulation about light pollution. The law 6/2001, of
the 31 of may, of the ambiental ordenation of the lighting for the protection of the environment
and its’ reglament Decreto 82/2005, of the 3 of may was an example for the other regional
norms.
It can be seen on the figure 8.3, how except the province of Barcelona, where to measure
the changes it is much complicated because of the saturation, the consumption and the estimation through the DMSP/OLS match. As an example, on the province of Gerona/Girona is not
possible to see any deceleration except on the last two years, probably because of the economic
crisis. In the province of Tarragona, it looks like there is a deceleration of the estimation, but
not on the energy consumption through the years 2001 and 2006. It is possible that the law had
some effect, although we keep seeing an important growth later.
However, there are big errors, and we should point that variation is not fully reproduced by
5
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Figure 8.2: Evolution of the energy consumption on street lighting of the province
of Las Palmas. It is clear how, although some of the estimations do not reproduce
all the changes, the main variations follow the trend of the estimation. Neither what
happened on the province of Santa Cruz de Tenerife.

the estimation, so it is difficult to know if the effect is produced by the law or by the presence
of sources of type 2 cited on chapter 2, like the Repsol refinery on this province. At last,
Lérida/Lleida has the same no change region than Tarragona between 2001 and 2006, but after
that time it start to growth again. This can indicate that the law had some real effect on that
time.
We have always to remember that the DMSP/OLS data are very complicated to be analysed, so this conclusions should be compared with other sources of information.

8.1.3

Navarra

The Foral law 10/2005, of 9 of November, of the ambiental ordenation of the lighting for the
protection of the environment and its’ reglament (Decreto Foral 199/2007), correspond to the
Comunidad Foral de Navarra. Although, if we check the evolution on figure 8.6, we can not see
6
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(a)
(c)

(b)

(d)

Figure 8.3: Evolution of the energy consumption on the provinces of Cataluña.
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any effect of it on the evolution.

Figure 8.4: Evolution of the energy consumption on street lighting on the province
of Navarra. It is not possible to find any change due to the law.

8.1.4

Baleares

On the Baleares, the law 3/2005 of 20 of April, of the protection of the night environment of
the Illes Balears is the norm. It can be appreciated on the figure 8.5 how after 2005 the growth
is accelerated but last years can have some deceleration but the errors don’t allow us to be sure
of it.

8.1.5

Cantabria

In the province of Cantabria, the law is Ley de Cantabria 6/2006, of the 9th of June, of Prevention of the Light pollution and it’s reglament (Decreto 48/2010, de 11 de agosto). It is difficult
to see any effect on the years that it has been on going, but maybe was possible to seen an small
8
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Figure 8.5: Evolution of the energy consumption on the province Islas Baleares. It
is not possible to appreciate any effect of the law.

deceleration after 2006. It will be difficult to know if this effect is because of the regulation or
because of the economic crisis.

8.1.6

Other regions

Other regions has regulations about the light pollution are Madrid, Castilla y León, Andalucı́a,
Extremadura. In Madrid the law is the 2/2002, of the 19 of June, about Environmental evaluation, that is systematically not followed, like the cases of Soto del Real, and Rivas-Vaciamadrid.
On the other cases, the laws are so recent, that there will no possible to check their effect on
their energy consumption and the regulation.
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Figure 8.6: Evolution of the energy consumption in the province Cantabria. It is not
possible to appreciate any effect of the law.

8.2

Sensibility to changes of environmental changes

While the defence, was asked about the source of the value of factor 14 on the better sensibility
on the light pollution though the sky brightness measurements versus direct measurements.
This relationship came from the theoretical precision of VIIRS (15%) to the dynamic range of
variation of the sky brightness of Madrid, that can be a factor 2. This greater precision can be
educed if a change on the lamp spectra has happened.

8.3

Discussion about the origin of the differences between
countries in the UE.

Any interdisciplinary work has a risk component, and it to find spurious correlations, not only
because of pure chance or by complicated mechanisms without no cause effect relationship,
that could produce correlations that could take us to discuss no real relationships. One example
10

is what was found by Aldrich (1995) and is clearly illustrated on many web pages 1 .
While the development of this thesis it has been found some “serendipity” that could had
or not some causal relationship with the excess of illumination of some of the European Union.
So, this section should not consider as scientific truth, but like a group of cases that can help to
find the causes, although are more power full as a test to other possible causes proposed already
without any scientific data that could support it’s plausibility (Dorremochea 2011). Many times,
we use to consider that the case of our country is special, but as is said in laws, “Testis unus
testis nullus”, one prove is like no prove.
The most common claim to justify the different level of illumination in Europe is to like
it with the latitude of the place. Assuming that the countries on the south of Europe that have
more sun and night activity, need more light at night. On the Figure 8.7, con be seen that is true
that there are more countries with low latitudes that have more energy use on public lighting.
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A tau Kendal has been applied to this data and the chance that this distribution variables have
some correlation is a 93.3%. Although, it will be more robust to analyse this distribution with
the time, because we can see that there are also many countries on higher latitudes that has
similar consumptions to south countries. Cases like Spain or Portugal, which are the countries
with bigger consumption are in the south group, but just two points are not enough prove. So,
lets compare with other variables to know if this other variables has less or more correlation
than with the latitude.
The corruption level is a difficult parameter to be measured, the accepted approximation
is the Percibided Corruption index(PCI) (Transparency international 2014). There are other
studies that relate similar questions with the relationship between democracies and dictatorships
and the nocturnal illumination (Min 2008).
If we draw the PCI versus energy consumption per capita (figure 8.8) we can see that
there are no correlation. Although, it is already known that the energy consumption is already
correlated with the GDP (Henderson et al. 2009). We know that each country has it’s own
peculiarities, and Europe is one of the more homogenius region of the world on economic
terms. So is possible that effects that can be seen in Europe can not be be appreciated on other
regions.
It is clear that the among of GDP influence on the among of illumination, if there are
not resources to be used to produce electricity and to pay the electrification infrastructure, this
resources are not going to be used, and we will have less light. Although, when the electrification it is not a problem, other factors get involved, if not, Spain will be three times richer than
Germany or France and Germany will have similar illumination levels and its clear that this is
not true, although they have similar latitude and GDP.
1 http://www.tylervigen.com/spurious-correlations
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Figure 8.7: Relation between the energy consumption on street lighting and the
latitude of the European countries.

If we correct by the GDP, we can find that there are a clear separation (Check Figure
8.9), and index, the probability that this variables are correlated is 97.1%. That, means is more
probable that the corruption is related with a bigger energy consumption than the latitude. This
can be interpreted like the countries with higher corruption index spend more on street lighting
according to their economic possibilities.
This relationship could be just casual or spurious, like we can consider the relationship
with the latitude, if it was not because the existence of several corruption cases with a clear
connection with the investments on street lighting2
A possible relationship between the corruption and bigger energy consumption could be
that in countries with bigger transparency in politics it is easier for the citizens to create audits
on energy consumption and other infrastructures. Also could be interpreted like the countries
with more transparency have also bigger awareness about the energy efficiency.
2 Imensa

case, Púnica and mini púnica. http://www.elmundo.es/comunidad-valenciana/2015/01/11/

54b15df0ca4741f3298b4589.html
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Figure 8.8: Relationship between energy consumption on public lighting and the
corruption index.

Other factor that can be correlated with the street lighting is the public debt of the countries. In this case we find that the chance of this variables are correlated is the 96.9%. As can
be seen on the figure 8.10, looks like there are two kind of countries, although countries like
Greece, they have much bigger debt for no that much street lighting in comparison for example
with Spain.
The last case should be a warning. Some times, when we want to find a correlation, we
will find it even if there are not any cause effect or at least not any clear or direct.
It have been studied the investment on R&D budget on the European countries, related
with the energy consumption divided by the GDP we have found a correlation of a 99.3% (check
figure 8.11). From this figure we could deduce that on the countries where the investment on
R&D is higher, the energy efficincy is also higher for the same GDP. Although, this thought can
conduce us to wrong conclusions, because even if there are relationship between the R&D and
the energy efficiency, this is at least a complex relationship.
So, we can conclude, that if we only want to stablish statistical relationships, with or
13
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Figure 8.9: Relationship between the energy consumption on street lighting divided
by the GDP versus the corruption index.

without cause effect relationship, what is more correlated with the mayor energy consumption
is a low investment on R&D (99.3%), then will be the corruption (97.1%), them the public debt
(96.9%) and at last the latitude (93.3%).
This relationships can be spurious or not, but this section tries to demystify some of the
relationships supposedly beneficial and the level of illumination, like the number of sun light
hours and the illumination.
This exercise pretend to motivate a much rigorous study between the ultimate causes that
can produce a bigger energy consumption on street lighting and condemn claims with out data
and without contextualization.
It is impossible not to find spurious correlations, and the duty of a researcher is to be sceptic with this correlations and like Carl Sagan said, “Extraordinary claims require extraordinary
evidence”.
Of course, this researcher can’t more than desired that a mayor investment on R&D will
solve the light pollution problem, but we cannot let us be conduced by our wishes, and we
14
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Figure 8.10: Relationship between street lighting divided by the GDP and the corruption index.

should make a rigorous and independent work. This is the reason why for it is our obligation
to publish both positive and negative aspects that we discover in our research, even if not fully
understand its meaning, and be clear on which cases we can be sure that they are real and maybe
not be real. Although we will fall on self-censorship.

15

Figure 8.11: Relationship between street lighting consumption divided by the GDP

and the investment on R&D(GDP %).
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Coffin D., 2006, Dave coffinś dcraw, URL http://www.cybercom.net/~dcoffin/dcraw/
Comunidad de Madrid, 2013, Gasto de energı́a segun uso, online, URL https:
//www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&
uact=8&ved=0CCEQFjAA&url=http%3A%2F%2Fwww.madrid.org%2Fiestadis%
2Ffijas%2Festructu%2Fgeneral%2Fanuario%2Fdescarga%2Fanu12-2-3.xls&
ei=GUTIVO_qOsarU7jTg9AP&usg=AFQjCNG4XbeIPxVG0VWOkLSVjug1mJd87w&sig2=
2SeeivqwMfFV9kNK716liQ&bvm=bv.84607526,d.d2s
Crawford D.L., 1997, The Observatory, 117, 14
19

Csiszar I., Gutman G., 1999, Journal of Geophysical Research: Atmospheres (1984–2012),
104, 6215
Darg D., Kaviraj S., Lintott C., et al., 2010, Monthly Notices of the Royal Astronomical Society,
401, 1552
Darula S., 2013, In: International Conference on Light Pollution Theory, Modelling and Measurements
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Muñoz-Tunón C., Vernin J., Varela A., 1997, Astronomy and Astrophysics Supplement Series,
125, 183
Navarro P.C., 1986, La ciudad universitaria de Madrid, Editorial Complutense
NETL, 2002, Lighting market characterization vol. 1 national lighting inventory and energy
consumption estimate 9/02., URL http://www.netl.doe.gov/ssl/PDFs/lmc_vol1_
final.pdf
Nievas Rosillo M., 2012, Fotometrı́a absoluta y brillo de fondo de cielo con astmon-ucm, URL
http://eprints.ucm.es/16974/
Nievas Rosillo M., 2013, Absolute photometry and night sky brightness with all-sky cameras,
URL http://eprints.ucm.es/24626/
Nievas Rosillo M., Zamorano J., 2014, Pysqm the ucm open source software to read, plot and
store data from sqm photometers, URL http://eprints.ucm.es/25900/
Pandey B., Joshi P., Seto K.C., 2013, International Journal of Applied Earth Observation and
Geoinformation, 23, 49
Paredes Gil M.A.e.a., 2009, El Lado Oscuro de la luz: Contaminación Lumı́nica, MIEYC
Pawson S., Bader M.F., 2014, Ecological Applications, 24, 1561
26

Pedregosa F., Varoquaux G., Gramfort A., et al., 2011, Journal of Machine Learning Research,
12, 2825
Perryman M., Lindegren L., Kovalevsky J., et al., 1997, Astronomy and Astrophysics, 323, L49
Pettit D., 2008, NASA JSC Houston, TX, 77058, 244
Pila Dı́ez B., 2010, Mapa de brillo de fondo de cielo de la comunidad de madrid, URL http:
//eprints.ucm.es/11364/
Pindar A., Papetti M., 2002, Building, and Replacement Practices Task 4b-PICO Feasibility
Study
Posudin Y., 2014, Methods of Measuring Environmental Parameters, 368–370

(Doctoral dissertation, PhD thesis,
Universidad Complutense de Madrid)
DOI: 10.13140/RG.2.1.2233.7127

de la contaminación lumı́nica y sus fuentes:
Metodologı́a y resultados

Cite as: Sánchez de Miguel, A.(2015).

Variación espacial, temporal y espectral

Pun C.S.J., So C.W., 2012, Environmental monitoring and assessment, 184, 2537
Pun C.S.J., So C.W., Leung W.Y., Wong C.F., 2014, Journal of Quantitative Spectroscopy and
Radiative Transfer, 139, 90
Puschnig J., Posch T., Uttenthaler S., 2014, Journal of Quantitative Spectroscopy and Radiative
Transfer, 139, 64
Ramı́rez Moreta P., 2011, Brillo de fondo de cielo con astmon-ucm, URL http://eprints.
ucm.es/15000/
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