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We proceeded to the modelling of the night sky brightness of Montsec area (north-east of Spain), an
astronomical protected area certified as a Starlight Reserve. We have used the hyperspectral version of
ILLUMINA, an artificial sky brightness model. Ground based measurements for Montsec and other areas
of Catalonia [15,16], including both photometric and spectroscopic data, has been used to fit and evaluate
the input parameters of the model. In this first modelling attempt, Lleida, the biggest city in the area,
has been considered as the unique source of light pollution. In 2014 there was an update of the lighting
infrastructure in Lleida. A detailed comparison of the sky brightness before and after the change is shown
in order to measure the effects that different kind of lamps can produce. This information could be used
to plan for future updates and improvements of the lighting systems in the area.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Light pollution was already a noticeable problem for astronomy
in the second half of the twentieth century when trying to find
new locations for astronomical observatories [17,19,20].

The first attempts to derive a propagation law for artificial
night-sky illumination came soon after. Bertiau et al. [6] and Tre-
anor [18] presented simplified models that estimates the contribu-
tion of aerosol scattering to the zenith brightness due to light com-
ing from nearby cities. The artificial zenith brightness was modeled
by the population-brightness function F(D) and the brightness-
distance function Q(D) of the surrounding cities. Berry [5] modified
the brightness-population function in agreement with the work of
Normandin [14] in the province of Québec, to better fit the data
obtained from Southern Ontario. Walker [21] described new F(P)
and Q(D) using measurements from California.

A major step towards a more complete model was proposed by
Garstang (1986). In Garstang’s model, cities were not considered
as point sources but as circular uniform surfaces; the amount of
aerosols was an adjustable parameters and different scale heights
for molecules and aerosols were established. It also accounted for
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ground reflectance and the percentage of light emitted above the
horizontal with a prescribed angular emission function.

Nowadays, there are two prominent light pollution models:
MSNsRy, [12], and ILLUMINA [3]. Both models accept the hetero-
geneity of ground-based light sources (spectra and light output an-
gle distribution). MSNsR,, takes into account first order scatter-
ing only, which is suited for optically thin atmospheres and ob-
servers relatively close to cities and for low elevation angles. ILLU-
MINA on the other hand includes first and second order scatter-
ing that allows experiments in any direction and distance. Taking
into account second order scattering makes ILLUMINA very time
consuming with respect MSNsRy,. For that reason MSNsRy, is bet-
ter suited for experiments involving a large number of grid point
(large geographical domain with high spacial resolution). However,
Aubé [2] showed that the second-order relative contribution rises
with distance from city limits and may contribute up to 66 percent
of the total zenith radiance for remote sites, therefore experiments
with observer’s location far from cities should take into account
second order scattering.

The present work is based on ILLUMINA because of the low
number of lighted grid points and the large distance between the
observer and the sources. Our aim is to better understand what
kind of sources produces light pollution and how they affect astro-
nomical observations. The output of ILLUMINA is converted to as-
tronomical magnitudes to build all-sky maps comparable with the
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Fig. 1. Scheme of the model used by ILLUMINA to compute the flux received in
each direction. S, source of light; O, observer’s location; n, any 3D cell in the line
of sight of the observer; m, cells that scatter light to n; Iy, first order scattering
path; I, second order scattering path; I, reflection and first order scattering path;
I;2, reflection and second order scattering path; r, reflection on the ground; MRR,
maximum radius taken into account for the reflection. Image from [3].

ones obtained with ground based measurements. We focus on the
effect of light pollution in the Johnson-Cousins photometric sys-
tem visual filters B, V and R [7,10,11] in any line of sight from the
observer.

The main goal is to evaluate the light pollution that Parc As-
tronomic Montsec (PAM) is receiving from Lleida, the biggest city
in the area, located approximately 50 km south from PAM. Montsec
is an astronomical protected area in the Northeast of Spain, labeled
as reference point accordint to law 6/2001 of government of Cat-
alonia due to its pristine conditions and also certified as Starlight
Reserve. This case of study is interesting not only for the relevance
of the PAM but to compare the effects of two different city lighting
systems. In 2014 Lleida updated its light source inventory mostly
by replacing mercury vapor and some metal halide lights by LEDs.

The paper is organized as follow. In Section 2 we introduce
the methodology, describing briefly ILLUMINA and how its output
is converted to astronomical magnitudes. In Section 3 we charac-
terize the parameters of the study: location, atmosphere, lines of
sight, inventory of lights, etc. In Section 4 the results are presented
in the form of sky brightness all-sky maps. Finally the results are
discussed in Section 5.

2. Methodology

The methodology used to compute sky brightness above the ob-
server is divided in two main blocks.

The first one is based on the ILLUMINA project [3,4], an open
source code that produces several outputs. We will exclusively use
the sky spectral radiance output. The second block is the post-
processing, which consists in the conversion of ILLUMINA spectral
radiance to proper astronomic magnitudes and displaying them in
all-sky maps. Such conversion will allow to proceed to comparison
with images obtained by measurements on the ground.

2.1. ILLUMINA

ILLUMINA is a sophisticated light propagation numerical model
able to simulate with precision the human induced sky radiance. It
takes into account first and second order scattering both direct and
after reflecting on the ground (see Fig. 1). Light sources, as cities
and towns, are considered as combination of many circular areas
each having its homogeneous spectral behaviour, its light output
angle distribution respect to the vertical plane, its lamp height re-
spective to the ground and its obstacles size and distance. These
properties are computed by defining a detailed inventory of the
lighting systems for each light source considered. The intensity of
the light is computed in each point using satellite data and, in gen-
eral, it is not uniform over the city area.

It also takes into account of the geographical characteristics of
the environment (elevation and reflectivity of the ground) by using
a digital elevation model and satellite spectral albedo information,
it also uses multiple parameters to define the atmosphere.

To compute the sky brightness in a given direction, ILLUMINA
divides the atmosphere in 3D cells and takes the sum over the cells
along the line of sight (n in Fig. 1) to integrate the total light scat-
tered towards the observer in that direction. The model assume
that the total flux is mainly explained by the combination of the
first-order scattering (I; and I,; in Fig. 1) and the second-order
scattering (I, and I, in Fig. 1).

Light extinction arising during various light paths between the
light source and the observer is also computed. To enable this
computation, it is assumed that the vertical profiles of the molec-
ular and aerosol concentrations follow exponentially decreasing
functions. It is also assumed that aerosol and molecular concentra-
tion profiles are uniform over the modelling domain. For further
details see [3].
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Fig. 2. Normalized transmittances of the B, V, R Johnson-Cousins filters.
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Fig. 3. Location of the Parc Astronomic Montsec.

2.2. Conversion to astronomical magnitudes

ILLUMINA was designed to simulate the light scattered back to
a spectrometer, so the output is spectral radiance in W nm~1 sr-1,
The model only simulates the contribution of artificial light to
the night-sky glow. Contributions from moonlight, stars, the Milky
Way, auroras and any other celestial objects are not taken into ac-
count.

We aim to do a direct comparison of the model output with
the all-sky images taken with an ASTMON instrumentation. The
All-Sky Transmission Monitor (ASTMON) is based on a f =4.5 mm
fisheye lens and an integrated astronomical CCD camera. It mea-
sures the luminance of the all night sky in several wavelength
bands. The system is designed to perform a continuous monitor-
ing of the surface brightness of the night sky background in a fully
robotic mode. In addition to the sky background brightness, AST-
MON can provide atmospheric extinction and cloud coverage esti-
mates for the entire sky surface at the same time (see [1,8]).

The spectral radiance is not commonly used in astronomical
measurements. To compare with ASTMON images we need to con-

Table 1
Apparent magnitudes of Vega and natural sky brightness at zenith.

Johnson filter ~ Vega (magnitudes)  Natural sky (magnitudes/arcsec?)

B —-0.023 22.7
\4 —-0.023 218
R —-0.023 20.9

vert the output of ILLUMINA to astronomical magnitudes in the
visible B, V, R Johnson-Cousins filters taking into account the natu-
ral brightness of night sky. The Johnson-Cousins photometric sys-
tem consists in several pass-bands that covers a spectral range
from the ultraviolet to the near infrared. For the purposes of this
study, only those that covers the visual range will be used: B, V and
R, which stands for Blue, Visual and Red respectively (see Fig. 2).

In astronomy, the apparent magnitude (m) of a celestial body is
defined from its flux (F), through the expression:

F
m=mr9f2.5log1o(Fref> (1)
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Table 2

Lleida inventory of lights. HPSV: High Pressure Sodium Vapor, MH: Metal Halide, MV:

Mercury Vapor.

HPSV  MH  LED 4000 K
(%) (%) (%)

2015 65 6 15

2013 71 19 0

MV  Other  # Lamps  Total power
(% (%) (kW)

4 25,208 1934.4

3 23,004 3006.4

NSB at OAdM Observatory
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Fig. 4. All-sky map over the PAM in V filter. Measurements taken with ASTMON
instrumentation (All-Sky Transmition MONitor).

M is the magnitude of a reference source with a flux Fs. The
equation above can be used to define the magnitude for a given
filter, just considering the total flux in the filter’s band.

As Eq. (1) shows, magnitudes scale is logarithmic. It is defined
in such a way that a difference of 5 magnitudes means a factor
100 in flux. On the other hand, a larger flux means a smaller value
of the magnitude.

In our case the source will be the artificial light plus natural sky
brightness, and the reference object chosen is Vega star, because of
its well-known spectrum [13]. Taking into account that the sky is
not a point-like source, the sky brightness in a given direction is
measured in units of magnitudes/arcsec?, i.e. the magnitude equiv-
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alent to the flux received from a region of the sky, in the given di-
rection, which area is equal to 1 arcsec?, computed through Eq. (1).
Table 1 lists the natural night sky (at zenith) and Vega’s apparent
magnitudes in each filter.

To compute the flux (i.e. artificial light Fy, and Vega Fyy) in
each of the filters we define both the flux function (in units of
W/nm) and the filter transmission function by the same step, mul-
tiply them and integrate the result for the filter domain.

Once known Vega's flux in each of the filter's bands we can
compute the contribution of the natural night sky Fyys using the
magnitudes tabulated in Table 1 and using Eq. (1) in the form:

Fyns = E/egalo_0'4(mNN5_mVegu) @)

After converting sky radiance computed by ILLUMINA to flux in
each filter, we finally add it to Fyys in order to compare the results
with measurements with ASTMON instrumentation:

Fa + FNNS)

FVega (3)

M = Myegq — 2.510g10<

3. Case of study: Parc Astronomic Montsec

Parc Astronomic Montsec (PAM) is located in the North-East of
Spain (Fig. 3). Scientific studies certified this location as ideal for
astronomic purposes due to its low level of rainfall and humidity,
the high ratio of clear nights and its elevation (1600 m above sea
level).

The sky above the PAM is considered as free from light pollu-
tion and hence it is protected by the local legal framework. Only
some bright sky areas close to the horizon are detected. However,
there are some cities and towns around the PAM that are actually
affecting astronomical measurements.

In particular Lleida, the biggest city in the area, is thought to be
one of the major stakeholders polluting the sky above PAM. It is a
middle-sized city with almost 140,000 inhabitants, with an exten-
sion of approximately 220 km?, located at 47 km around 190° in
azimuth (0° pointing to the North). Its lighting system is affecting

10

12 Distance (km)

Fig. 5. Light power emission in Lleida vs location.
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Fig. 6. Ground reflectance satellite image of project framework.
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Fig. 15. All-sky difference map of sky brightness in V and R between 2015 and 2013
(2015-2013).

the measurements taken from the PAM in lines of sight close to
its location and its sky-glow (defined as the dome of light over a
city) is visible to the naked eye from the observatory, as shown in
Fig. 4.

Beyond the significance of studying how the city is affecting the
sky over the observatory, it is relevant due to an update of the
lighting systems of the city that took place in 2014. This allows to
study the resulting modifications in sky brightness and validate the
model in both scenarios.

We had access to an accurate inventory of public light systems
before and after 2014 courtesy by the city council of Lleida and the
company Citelum. The information provided for each light source
included: consumed power, kind and height of light source, per-
centage of light emitted upwards and location in coordinates.

In order to define Lleida as a light source in the way ILLUMINA
requires we computed a 3D plot to know how the emitted power
is distributed over the city. As can be seen in Fig. 5 there is a cen-
tral zone where most of the power emitted is concentrated and
two small concentrations far from the biggest one. A more detailed
analysis shows that 97.5% of the emitted power is concentrated in
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Fig. 16. Comparison of emitted flux by Lleida in several spectral ranges between 2013 and 2015, only taking into account the different spectral behaviour of the lights. The
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a radius of 6km. Therefore, we adopt this radius as the size of the
ILLUMINA light source zone.

3.1. Inventory of lights

There are several kind of lighting systems in both 2013 and
2015 inventories of Lleida. However, in each case there are 3 kind
of lamps responsible for more than 95% of the emitted power
(Table 2). It is accurate enough though just to take into account
the three dominant lamps in each case.

The update of the lighting system consisted mostly in replacing
all the mercury vapor (MV) and some of the metal halide (MH)
lamps by LEDs (4000 K). The total number of high pressure sodium
vapor (HPSV) is the same in both inventories, the reduction in the
percentage is due to a higher number of total lamps. Although the
total number of light sources increased with the update, the power
emission diminished due to the lower average emitted power of

the lamps installed. The 2015 inventory has shown a total emitted
power reduction of 33%.

3.2. Model parameters

Besides the inventory of lights, ILLUMINA needs a set of param-
eters to perform the computation: satellite data, wavelength do-
main, atmosphere definition, region dimension and lines of sight
of interest.

The satellite data is used to determine several model parame-
ters. VIIRS-DNB data is used to compute the light emitted by each
region (1x1km that is a pixel in the image). MODIS imagery pro-
vides the ground reflectance. Finally, SRTM data allows to create a
digital elevation model of the area. We have used satellite images
from April in both cases (2013 and 2015) because usually in this
month Lleida area is free of fog and other phenomena that could
alter the data.
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The wavelength range defined has its minimum at 350 nm and
a maximum at 830 nm, and it is divided in 16 bins of 30 nm.

The atmosphere characterization is identical for both scenarios
(2013 and 2015) in order to ensure that the results obeys only
to the different light sources. It has been assumed a rural envi-
ronment with a relative humidity of 70%, atmospheric standard
pressure (1013 kPa at sea level) and clear sky (no clouds). Typi-
cal aerosol optical depth (AOD) and angstrom coefficients (AC) are
taken from the data from AERONET (AErosol RObotic NETwork, [9])
for April 2013: AOD 0.074 and AC 0.977.

The dimensions of the region of study are of 466 x 377 km
(Fig. 6). The sky mapping goes from 5° to 90° in elevation with
steps of 5°, and covers all the azimuth range with steps of 5° too.
This grid results in 1225 lines of sight.

4. Results

The first set of figures in this section (Fig. 7) show all-sky AST-
MON images in the Johnson-Cousins filters B, V and R taken in

November 2012 and May 2015. They are used to check the ILLU-
MINA model. All the images represent the sky from the PAM, with
the azimuth’s origin pointing to the North. The elevation starts at
5° in the outer radius and increases as the radius shortens, with
the zenith (h =90°) at the center.

Figs. 8-13 show all-sky results from ILLUMINA for both 2013
and 2015 scenarios. A comparison done by subtracting 2013 mag-
nitudes to 2015 results is also shown. A positive value means that
2015 is fainter than 2013.

We represent also the differences between the (B—V) and
(V —R) colour index for both scenarios (Figs. 14 and 15). A color
index is defined as the difference between the magnitudes in two
filters. Colors index help to analyze the variation of the spectral
distribution of the sky brightness. For instance, the bluer the sky,
the smaller (B —V) value (remember that the value of the magni-
tude decreases as the flux increases).

To see in detail the relation between light sources and spectral
behaviour of artificial light we have compared the spectral radi-
ance (in W nm~! sr=1) emitted in each of the 16 spectral bins in
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2013 and 2015. To do so the only variable parameter is the light
source inventory. All other parameter is fixed for both cases. The
Figs. 16 and 17 just show the azimuth angle of interest where
Lleida is located (145°-235°). The equation used for the compar-
ison is:

Bois — Bors
= f2o15 ~ o3 4
o3 “)

F>015 and F;g13 are the spectral radiance obtained with 2015 and
2013 lighting infrastructure respectively. Positive values mean that
2015 light sources emit more than in 2013 and negative values the
opposite.

5. Discussion

When comparing ILLUMINA results with ASTMON data, we
need to take into account that, as seen in Fig. 4, Lleida is not
the only source of light pollution. There are other directions that
are affected such as 120°, which coincides with the direction to
Barcelona, and 160° that points to Balaguer, a town smaller than
Lleida but much closer. Furthermore, other elements can affect the
measurement, such as the presence of the Milky Way. This makes
difficult to perform an accurate comparison between the model
and the measured all-sky ASTMON data for every line of sight.

Figs. 8-12 show that, as expected, the most affected lines of
sight are in the direction of Lleida, 175-205° in azimuth. It is also
obvious that the effect is more pronounce for low elevation angles,
up to 20°, in good agreement with the ASTMON images. Measured
and computed light pollution in the direction of Lleida at low el-
evation, differ only slightly and never more than 0.1 magnitudes
(that is a variation of 9% in flux between measured and computed).

On the other hand, images from model show that light pollu-
tion is not uniform among the filters used. Images from 2013 show
that in B there is a brightening of 0.6 mag with respect natural sky
brightness (from 22.7 to 22.1), in V of 1.7 mag (from 21.7 to 20.0)
and in R of 1.4 mag (from 20.8 to 19.4). To see it in a linear scale
(magnitudes are logarithmic) in 2013 the sky over the PAM in the
direction of Lleida was brightened 0.75 times in B, 3.78 times in V
and 2.62 times in R due to Lleida skyglow.

Direct comparison images show a clear reduction of the sky
brightness due to Lleida over the PAM in the 2015. The reduc-
tion is not uniform in different spectral ranges. In B it is around
0.2 magnitudes (17% of flux) at maximum, and around 0.5 (37%) in
the other filters. This is thought to be a result of the shift of the
spectrum emitted to shorter wavelengths due to the installation of
4000 K LEDs. This uneven reduction affects the colour B —V index
in particular.

This effect can be analyzed in more detail with help of
Figs. 16 and 17. They show the comparison between spectral fluxes,
a negative number means that the old lights emit more than the
new ones and vice-versa. Up to 425 nm old lights emit much more
due to emission of mercury vapor lights present only in the old in-
ventory. At 455 nm and 515 nm there is much more emission with
the new lights (up to 50% more) linked with the emission of LED
lights of 4000 K. There is a little more emission of the old lights at
545 nm due to a peak in the spectrum of mercury vapor, removed
in the 2015. At larger wavelength there are barely no differences,
due to the emission is dominated by high pressure sodium vapor
and metal halide lights that are present in both inventories.

As a summary, the model show that, with the new lighting sys-
tems, Lleida has reduced the total amount of emitted power in ev-
ery filter, but it has increased the shorter wavelengths relative con-
tribution due to the introduction of 4000 K LEDs.

6. Conclusions

The methodology presented in this work shows to be suit-
able to study the contribution of artificial light sources to the
sky brightness. In our case of study, Lleida has been detected in
the expected azimuth and elevation. Lleida enlightens the sky of
Montsec, but the light pollution is confined in a set of lines of sight
around 190° in azimuth and up to 25° in elevation. In spite of sim-
plifications as not taking into account natural sources of light, such
as the Milky Way, and other cities around the observer, the results
in the lines of sights affected by Lleida are in good agreement with
measurements.

This study shows also that Lleida is affecting the measurements
of the night-sky made from the PAM in the whole spectrum. The
light system change that took place in 2014 altered the light emis-
sion of Lleida, mostly reducing the total flux emitted in every filter
and shifting some emission from the V filter to the B one (i.e. to
shorter wavelengths). As a matter of fact we observed a remark-
able change in colour index B -V, as it was pointed out by ob-
servers in the PAM.

When isolating the spectral behaviour (Figs. 16 and 17) we ob-
serve reductions up to a factor 0.8 in very short wavelengths, from
365 to 425 nm, and increments up to 0.5 at 455 and close to 0.3 at
515 nm, a wavelength close to the peak of human scotopic sensi-
tivity. This findings are directly related with the emission spectrum
of the light sources present in 2013 and 2015.

It means that a reduction of the total luminous flux emitted by
light sources does not necessarily means a reduction in the amount
of luminous flux emitted in each wavelength. Even if it seems to
the naked eye that there has been a reduction in emission it could
have just only shifted to wavelengths not as sensitive to the eye.

This methodology can be used easily as a first overall estima-
tion of sky brightness changes even with relatively low accurate
inventory of lights and conditions. It could be useful for cities and
towns to help in choosing properly the lighting system to be in-
stalled or replaced to reduce their contribution to light pollution.
To perform more specific studies in which certain wavelength must
be studied carefully the user have to bear in mind that it is re-
quired to obtain an almost perfect spectrum of the lights studied.

This project was a first trial working with ILLUMINA, in the
light of the results obtained and the offered collaboration from in-
stitutions it could be a nice starting point for studying other areas
of interest. As a matter of fact this methodology will be used in the
international and UE financed project “Pyrénées la nuit” to model
the night sky at least in 3 different locations within the Pyrenees.
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