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ABSTRACT
Artificial light at night (ALAN), producing light pollution (LP), is not a matter restricted to
astronomy anymore. Light is part of modern societies and, as a consequence, the natural cycle
day–night (bright–dark) has been interrupted in a large segment of the global population.

10 There is increasing evidence that exposure to certain types of light at night and beyond
threshold levels may produce hazardous effects to humans and the environment. The concept
of “dark skies reserves” is a step forward in order to preserve the night sky and a means of
enhancing public awareness of the problem of spread of light pollution worldwide. The aim of
this study was to assess the skyglow at two sites in Portugal, the Peneda-Gerês National Park

15 (PNPG) and the region now known as Dark Sky Alqueva Reserve. The latter site was classified
as a “Starlight Tourism Destination“ by the Starlight Foundation (the first in the world to
achieve this classification) following a series of night sky measurements in situ described
herein. The measurements at PNPG also contributed to the new set of regulations concerning
light pollution at this national park. This study presents the first in situ systematic measure-

20 ments of night sky brightness, showing that at the two sites the skies are mostly in levels 3 to
4 of the Bortle 9-level scale (with level 1 being the best achievable). The results indicate that
the sources of light pollution and skyglow can be attributed predominantly to contamination
from nearby urban regions.
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Light pollution (LP) and sky glow increase as a
25 consequence of expansion of urbanized areas

(Walker, 1977) on a scale that depends on the
lighting planning of such areas. The creation of
”dark sky preserves” is not per se sufficient to
maintain the quality of those areas unless other

30 accompanying measures are taken to prevent pro-
pagation of LP within and in the vicinity of those
areas. The assessment of the places of study
regarding sky brightness is then of the utmost
importance in order to preserve and improve

35 dark sky quality. Being recognized as a source of
pollution with effects beyond astronomy including
on human health, a permanent record of the night
sky darkness becomes a necessity to trace the
evolution of LP. This investigation quantified the

40 sky darkness in two large areas of Portugal, shown
in Figure 1, aiming to be a starting point to a
permanent record of LP levels at those locations.
A similar project is underway in Galicia (north of
Spain), where 13 stations are recording on a

45permanent basis the brightness of local night sky
since September 2013 (Bará, 2014).

Light pollution

As artificial light at night (ALAN) increases globally
accompanying demographic growth, this is asso-

50ciated with enhanced night brightness. Due to this
change in the natural environment, various fields of
research recently became involved in the assessment
of observed or inferred effects of ALAN. As of
December 8, 2014, the International Dark-Sky

55Association (IDA) on its website defined light pollu-
tion (LP) as “any adverse effect of artificial light,
including sky glow, glare, light trespass, light clutter,
decreased visibility at night, and energy waste.” Bad
public and private lighting, meaning the use of non-

60shielded streetlights, scenic light projectors directed
upward, and advertising panels, together with mani-
festly excessive artificial light sources, are main
causes of outdoor LP and skyglow. Downward light
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also contributes to skyglow by reflection from build-
65 ings and off the ground. However, Luginbuhl et al.

(2009) found that even a small fraction of direct
upward emission from nonshielded fixtures on
dark skies exerts greater impact on skyglow than
reflection off the ground. The same study showed

70 that “the skyglow increase from the near horizontal
rays is 6 to 160 times as great as that of an equal flux
directed downward and reflected off the ground”
(Luginbuhl et al., 2009). Since public illumination
is necessary and reflection is unavoidable, long-

75 known solutions to minimize skyglow include a
reduction of light emission and use of full cut-off
fixtures (Waldram, 1972).

The growing range of known effects of light
pollution (LP)

80 Residents of large cities are almost totally deprived
from viewing a starry night. The “Declaration in
Defence of the Night Sky and the Right to
Starlight” (stated by the conjoint UNESCO, UN
World Tourism Organization [WTO], and

85 International Astronomical Union [IAU]) consid-
ers that “an unpolluted night sky that allows the
enjoyment and contemplation of the firmament
should be considered an inalienable right

equivalent to all other socio-cultural and environ-
90mental rights. Hence the progressive degradation

of the night sky must be regarded as a fundamen-
tal loss” (Starlight, 2007, p. 456), and that “the
intelligent use of artificial lighting that minimizes
sky glow and avoids obtrusive visual impact on

95both humans and wildlife needs to be promoted.
This strategy would involve a more efficient use of
energy so as to meet the wider commitments made
on climate change, and for the protection of the
environment” (Starlight, 2007, p. 457).

100Although lighting design and road traffic
plans generally take LP into account, the pri-
mary reason to study LP on the type of
human-made skyglow was initially motivated
by the needs of both professional and amateur

105astronomers. However, other undisclosed LP
effects started to emerge. A resolution passed
by the American Medical Association (AMA)
on June 2012 stated that “pervasive use of night-
time lighting . . . creates potentially harmful

110health effects and/or hazardous situations with
varying degrees of harm” (AMA 2012). Recent
investigations in animals and humans showed
that “light at night triggers daytime biology,
disrupting sleep, hormone regulation, and meta-

115bolism, and abolishes the darkness essential for

Figure 1. Map of the artificial night sky brightness of the Iberian Peninsula. The areas of study lie inside the two boxes superimposed
on the map (PNPG, box at top left; Alqueva, box at bottom left). Darker areas represent darker skies. White areas represent the
brightest skies, followed by red and orange. (Adapted from Cinzano et al., 2001).
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regulating our circadian clock” (Stevens et al.
2013). Although there is still debate on the
effects of LP on health, some studies demon-
strated modifications of circadian rhythm

120 (Stevens, 2006) with implications on obesity
(Wyse et al. 2011) and observed malignant
growth in tumor models (Filipski et al., 2006).
Other recent studies suggested that LP is a risk
factor for human breast and prostate cancer

125 (Haim and Portnov, 2013) or colorectal tumors
among women working on rotating night shifts
(Schernhammer et al., 2003).

Melatonin is a known antioxidant and a free-
radical scavenger hormone produced predomi-

130 nantly by the pineal gland that regulates the circa-
dian cycle in humans and animals and is also
present in plants (Tan et al., 1993). Reduction in
production of melatonin attributed to exposure to
artificial light at night is currently under investiga-

135 tion as a possible cause of malignant effects (Jasser
et al., 2006; Bullough et al., 2006; Navara and
Nelson, 2007; Liang et al. 2011; Proietti et al.
2013). Since the effects of exposure to light at
night are dependent on factors such as light inten-

140 sity, wavelength, concentration, and the sensitivity
of the exposed individual, the consequences on
human health still remain to be determined. An
extensive compilation and analysis of the studies
carried to assess the impact of light on health was

145 published by the International Agency for
Research on Cancer (IARC) (IARC, 2010). That
was the first time the IARC included the evalua-
tion of shift-work as a potential carcinogenic risk
factor.

150 Since wasted light is also wasted energy, indirect
effects of LP include a supplementary consump-
tion of natural resources and consequent increase
in air pollution, known to be potentially hazardous
to health (Costa, 2004; Krzyzanowski, 2008; Costa

155 et al., 2014). It is currently well accepted that air
pollution derived from fossil fuels combustion,
which is one of the major forms of energy produc-
tion, “causes a spectrum of health effects from eye
irritation to death” (Cohen et al., 2005).

160 Investigations on LP-mediated effects on biodiver-
sity is also emerging, such as on nocturnal fauna
(Longcore and Rich, 2006, p. 415) or the disorien-
tation of migratory birds (Gauthreaux and Belser,
2006, p. 86).

165Currently, there is still debate on the impacts of
artificial light at night on the environment. After
millions of years of evolution under natural light–
dark cycles, species are facing a new aspect in their
environment. The effects of LP on some species

170might in some cases be positive, as on the prey rate
intake rise in gray plovers (Pluvialis squatarola)
(Santos et al., 2010). However, predominant obser-
vations indicate either deleterious or unanticipated
effects occurring (for a comprehensive review of

175effects of LP on the environment see Gaston et al.,
2013).

Light pollution effects are not solely related to
the luminous emittance but also depend upon
spectral distribution. The same quantity of light

180emitted by a low-pressure sodium (Na) vapor
streetlamp affects the environment differently
than an equivalent mercury (Hg) vapor lamp.
The former has a narrow spectrum, which is
more readily filtered (for astronomical purposes)

185in comparison to the latter. The spectral bluish
component (short-wavelength emission) present
in Hg vapor lamps or light-emitting diodes
(LED) sources affects sleep (Falchi et al., 2011)
and biodiversity (Stone et al., 2012), and their

190broader spectra is more difficult to supress.
Some data indicate that even at “low ambient
light levels (c. 40 lux), light can impact directly
upon sleep EEG characteristics” (Chellappa
et al., 2013).

195Light pollution effects on the skyglow may be
considered as instantaneous and reversible, since
the effects end the moment the lights are shut off.
Humans “conquered” the night by illuminating it,
and our societies are increasingly more dependent

200on electrical energy. Therefore, a return to a pris-
tine sky is not expected to occur in many light-
polluted regions. However, there are solutions to
diminish the quantity of LP in the environment,
such as full shielding the luminaries, limiting the

205area of lighting, reducing the luminous flux to
achieve lower levels of illuminance, shutting off
lights when not in use, and limiting growth of
installed lighting (Falchi et al., 2011). The major
challenge to limiting the impacts of ALAN might

210in fact be the “trade-off between economic costs
and perceived social costs associated with imple-
menting these different strategies to managing
ALAN” (Gaston et al. 2014).
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Dark skies reserves as a safeguard of the
215 night sky

The creation of dark-skies protected areas is one
mechanism to preserve the night sky of some regions,
keeping its good dark skies from deteriorating. It is
also a way to draw the attention of the public and

220 stakeholders to this growing problem. More than a
local effect of large urban centers, LP propagates in the
formof skyglow contaminating regions that are tens of
kilometers away from those populated regions, affect-
ing locations that originally possessed a good night sky

225 quality just a couple of years ago.
The first International Dark Sky Park was the

Natural Bridges National Monument Dark Sky Park
(Utah), established in 2007 by the International Dark-
Sky Association (IDA). Today, there are approxi-

230 mately 30 such preserves classified by the IDA as
parks or reserves depending on their characteristics
(the specifics are beyond the scope of this study but
can be obtained at the IDA website, http://www.
darksky.org/international-dark-sky-places/about-ids-

235 places). Other reserves classified by different entities
are also being established worldwide revealing grow-
ing interest in this subject.

Two regions in Portugal that still have good dark
skies are the Peneda-GerêsNational Park (PNPG) and

240Alqueva, located in the north and south of the country,
respectively. The sky brightness at these locations has
not beenmeasured thus far. However, it is noteworthy
that generally the public, amateur astronomers, and
tourism promoters have recognized these locales as

245dark skies sites, suitable for astronomical observations
and stargazing. The localization of the areas of study
and surrounding regions over a nighttime composite
satellite image (VIIRS DNB Cloud Free Composite) is
shown in Figure 2.

250Materials and methods

Regions of study

Alqueva
The region of theAlquevaDark SkyReserve, shown in
Figure 3, has a large area of approximately 3 000 km2

255and a low population density. The mean population
density of Portugal is 114.3 inhabitants/km2 (inh./km2

hereafter), whereas in Alqueva it is in the range 5–50
inh./km2 (Instituto Nacional de Estatística [INE],
2012), which is one of the lowest densities in

260Portugal. The residents are concentrated mainly in
small towns and hamlets or in isolated and familiar
farms (the “Montes”). The closest city to the reserve is
Évora, with approximately 50,000 inhabitants (INE,

Figure 2. Localization of the areas of study within Portugal and the Iberian Peninsula. The smaller box encompasses the PNPG and
all North of Portugal. The brightest patch represents the region known as Grande (Greater) Porto. The larger box encompasses both
the Alqueva region and, at the left, the region known as Grande (Greater) Lisboa. The large white patch in the centre of the satellite
photograph is Madrid, Spain. (Adapted from: Earth Observation Group, NOAA National Geophysical Data Center. VIIRS DNB Cloud
Free Composites).
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2012), at a distance of 30 km from the west boundary
265 of the Dark Sky Reserve. For comparison, the largest

city in the country is Lisbon, 135 km away from the
Reserve,with an estimated populationof 547,773.1 It is
mainly a low-altitude plain region. The climate is of
the type-Csa (Koppen), “temperate (mesothermal)

270 with rainy winters, and dry (Mediterranean) and hot
summers” (Miranda et al., 1995), resulting in a high
number of clear nights. Based on a series of studies
that began in 2009, including themeasurements of sky
brightness by Lima (2010), the site has been certified as

275 a “Starlight Tourism Destination,” the first site in the
world to achieve this certification (December 2011),
attributed to the UNTWO and the Starlight
Foundation (Starlight, 2011).

The peneda-gerês national park (PNPG)
280 Although there are 13 natural parks in Portugal,

the Peneda-Gerês Park (PNPG) is the only
national park in the country. The distance from
the top to the bottom of the park (contour shown
in Figure 4) is approximately 45 km. The PNPG

285 has an average population density of 11.15 inh./
km2, ranging between 2.36 inh./km2 and 63.93
inh./km2, with median 9.77 inh./km2, computed
from INE data (INE, 2012), and an estimated
population of less than 10,000 today (9071

290inhabitants in 2011; INE, 2012) distributed mainly
in small villages and hamlets spreading over an
area of approximately 710 km2. This distribution
is not uniform since there are large uninhabited
areas. The park contains a smaller natural reserve:

295the Baixa Límia-Serra do Xurés Natural Park,
Galicia (Spain), which has approximately 293
km2. Both constitute therefore a large area under
environmental protection inside a wider region
(approximately 2680 km2) classified by UNESCO

300as the Gerês/Xurés Transboundary Biosphere
Reserve (Portugal/Spain) (UNESCO, 2009).
Contrary to Alqueva, the PNPG is a mountainous
territory with its highest peak (Nevosa) reaching
an altitude of 1 546 m. The climate is also

305Mediterranean, although more influenced by the
Atlantic than in Alqueva. Some regions of the park
have the highest rainfall rates of the country, with
a mean annual precipitation above 2800 mm
(Santos et al., 2010). The PAN Parks Foundation

310named the park a Wilderness area in 2008
(Insituto da Conservação da Natureza e das
Florestas [ICNF], 2014), mainly for its deep inter-
ior areas that are unoccupied. Therefore, LP
sources are minimal within the park’s most inter-

315ior regions, with the borders being where the
major sources of LP are present. As noted from

Figure 3. The Dark Sky® Alqueva Reserve and its localization in the south of the country. The right border of the Reserve coincides
with the political frontier of Portugal with Spain. Greater Lisboa is represented as Lisboa for the sake of commodity. The grey patch
in the middle of the Reserve represents the artificial lake known as Great Lake Alqueva. (Adapted from: Earth Observation Group,
NOAA National Geophysical Data Center. VIIRS DNB Cloud Free Composites).

1However, the surrounding area known as Grande Lisboa (Greater Lisbon) has an estimated population of 2,031,170, as of 2013 (PORDATA, 2014).
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the satellite image shown in Figure 4, the south
and the southwest areas are clearly more affected
by light originating from the large LP regions out-

320 side the park.

Equipment

For the purpose of measuring how dark the sky of
the aforementioned regions might get under clear
conditions, measurements were taken at the zenith

325 on moonless nights between the end of astronom-
ical twilights at dusk and beginning of astronom-
ical twilights at dawn (astronomical night) to
minimize natural light contribution and guarantee
that only ALAN contribution was being measured

330 against natural dark sky brightness. A portable
Unihedron Sky Quality Meter-L (serial number:
3840, firmware version 2.17) and an Apple
iPhone unit with a global positioning system
(GPS) application (Fullpower Technologies

335 MotionX-GPS v21.1) were used for georeferentia-
tion, mostly along the roads that cross both
regions. The atmospheric conditions on each mea-
surement were annotated. An outdoor thermo-
meter indicated the approximate local

340temperatures. The temperature readings provided
by the SQM-L unit were not used since the time
spent on each data collection was not sufficient for
the SQM-L, which was inside the car between
stops, to accurately measure the outdoor tempera-

345ture. The campaigns started in 2010 and the last
campaign ended on the summer of 2014. Local
humidity data was requested from the Portuguese
Institute for the Atmosphere and the Sea (IPMA)
for all the campaign dates.

350Selection of the time and dates of the
observations

The measurements were all made during astro-
nomical night. The dates were chosen in the calen-
dar between the last quarter and first quarter

355moon phases, thus maximizing the number of
moonless hours per night. Some campaigns were
aborted due to weather conditions, either after
checking the weather predictions from National
Meteorological Institute (Instituto Português do

360Mar e da Atmosfera, IPMA) or due to the presence
of fog. Those circumstances caused sometimes the
postponing of measurements for 1 or more
months, particularly during the colder seasons.

Figure 4. The Peneda-Gerês National Park (PNPG) frontier and its localization in the north of the country. The left border of the “C”
of the Park also marks part of the political frontier with Galicia, Spain. Greater Porto is represented as Porto for the sake of
commodity. The brightest patch SW of the Park is Braga, the largest city nearby. (Adapted from: Earth Observation Group, NOAA
National Geophysical Data Center. VIIRS DNB Cloud Free Composites).
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Selection of the observation spots

365 To reduce fluctuations in measuring conditions
between consecutive data collections, the observa-
tions were taken at stops along the roads at 174
points (Alqueva) and 45 points (PNPG) that were
selected based upon the following criteria: (i) visual

370 inspection of the night sky and the vicinity; (ii)
located 1.5 km to 3 km apart, although the distance
was dependent on having a safe roadside place; (iii)
sky dome near the zenith not covered by any obsta-
cles; and (iv) absence of disturbing streetlights in the

375 area, to avoid stray light entering the sensor.

Visual inspection of the night sky and of the
vicinity

A trained observer is able to judge qualitatively
and, to some extent, quantitatively (Globe At

380 Night, 2006) a night sky, by looking at the con-
stellations or the aspect of the Milky Way.
However, this judgement is not fully reliable.
Even admitting that the eyes of an observer are
calibrated from night to night, it is well known

385 that exposure to street lamps or to any other head-
lights interferes with sensitivity of the eyes after
such an exposure. Hence, the presence of panel
lights and illumination from the front lights of the
car confer an adaptation of the eyes. Some stops

390 were selected in places where there were sudden
apparent differences in the sky quality from the
previous stop, for example, due to a light dome
over a nearby village.

Distance between measurements

395 Since there are few artificial light sources at both
sites (PNPG and Alqueva), the sky brightness
changes slowly along short distances except in
the proximity of illuminated places (villages, cross-
roads), where light intensity varies rapidly and

400 consequently so does the brightness of the sky.
Therefore, distances between measurements were
chosen in a way such that the values could be
considered as representative of the vicinity. A
measurement was taken whenever a difference

405 was suspected, regardless of the distance from the
previous location, provided the other conditions
here listed were met.

Sky dome uncovered

Points having treetops, power lines, and, more
410generally, places where a completely clear zone

around the zenith was not available were avoided,
eventually selecting a location just a few dozen
meters away. Treetops covering the roads are fre-
quent in PNPG, but a rare condition in Alqueva.

415Absence of streetlights in sight

The SQM-L has a full width half maximum (FWHM,
i.e., the viewing angle at half of its maximal sensitivity)
of approximately 20° (manufacturer data).
Nevertheless, to prevent glare and internal reflection,

420streetlights were avoided whenever possible. In a few
exceptions where streetlights were unavoidable, the
SQM-L was covered laterally with a dark cloth block-
ing stray light that could be caught by the lens. Only
data obtained under controlled conditions were con-

425sidered in the analysis. Data from places where light
from streetlights could not be fully avoided was
rejected.

Limitations

There were some limitations concerning the places
430to visit in the territories. The territory of Alqueva

is constituted by large private properties.
Therefore, except for a few exceptions where per-
mission was granted to measure inside the proper-
ties, this study was limited to measuring the

435skyglow along the roads. Those estates are mainly
fields with no lights except for a few exterior lamps
at sparse family houses. There is consequently an
insignificant contribution to skyglow even if glare
might be relevant close to a house. In PNPG,

440although permission to visit all spots with no lim-
itations was granted from the park, it was only
possible to measure along the main roads given
that our vehicle was not an all-terrain vehicle and
due to difficulty of walking at night through the

445mountains.

Using the SQM-L

Each data point is in fact the average of an array of
12 consecutive readings of the SQM-L pointing to
the zenith. Between partial readings the device was
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450 rotated around its vertical axis, thus completing a
full turn, in order to account for any anisotropy of
the SQM-L. Further, the first measurement taken
at each spot was rejected, according to the recom-
mendations of the manufacturer, given that the

455 first measurement is generally higher than subse-
quent values.

Analysis

The results were treated statistically and plotted
using the MATLAB built-in functions meshz.m,

460 TriScatteredInterp.m, and countour.m. For sky
brightness, magnitudes per squared arc second
(mag/arcsec2), were used as provided by the
SQM-L and as a luminance unit commonly
used by several investigators (Kyba et al.,

465 2013; Luginbuhl et al., 2014; Bará et al., 2014;
Aubé et al., 2014). The conversion to naked eye
limiting V magnitude (NELM) is (Unihedron,
2006)

I NELM½ � ¼ 7:93� 5 log 104:316�I0=5 þ 1
� �

with I’ in mag/arcsec2.
470 The results were also compared to the 9-level

Bortle (2001) scale, where class 1 is the best
achievable on Earth’s surface and class 9 corre-
sponds to a strongly light-polluted site. Class 3 is
equivalent to a NELM of 6.6 to 7.0 (rural sky);

475 class 4 is equivalent to a NELM of 6.1 to 6.5 (rural/
suburban transition); and class 5 is equivalent to a
NELM of 5.6 to 6.0 (suburban sky). Class 9 is
equivalent to a NELM of 4 (inner-city sky). The
guidelines of the International Dark-Sky

480 Association (IDA) were used to compare the
values obtained to the IDA Dark Sky Parks’ classi-
fication (IDA, 2013, p. 6) (Table 1).

Results

The data sets were measured mostly in the period
485 from 2009 to 2014, for Alqueva and PNPG. The

complete data set (list of coordinates, dates, and

SQM readings) is available upon request. For the
sake of comparison, some measurements of the
sky brightness in two locations inside the city of

490Porto (northern Portugal) were conducted on var-
ious occasions during the same period (2009–
2014), giving values ranging from 17.63 mag/
arcsec2 (NELM of 3.65, indicating that only the
stars brighter than 3.65 are visible at the zenith) to

49518.01 mag/arcsec2 (NELM of 3.97), corresponding
to class 9 on the Bortle scale. The normal NELM
in clear and unpolluted skies varies from 6 to 7,
approximately, depending on the observer.

Alqueva

500In this study the sky brightness at 174 locations
was determined at some of sites more than once in
different years and seasons. Some places had an
excellent sky quality reaching a maximum of 21.88
mag/arcsec2 at one of the locations. Averaging the

505readings obtained in the different seasons and
years, the territory of the Reserve Dark Sky
Alqueva had a mean value of 21.43 mag/arcsec2

and a median also of 21.43 mag/arcsec2 with a
standard deviation of 0.24 mag/arcsec2.

510Only two regions were found to have values
below 21 mag/arcsec2 equivalent to a sky with a
NELM of 6.1. One of those regions falls within the
range of distances of 1.2 to 4 km from the center
of Reguengos de Monsaraz—set to avoid street-

515lights. The other was at an open car park in
Monsaraz, chosen for comparison with the vici-
nity, where a value of 20.6 mag/arcsec2 was found.
Actions to reduce the light pollution in Monsaraz
were taken following our campaign. A measuring

520campaign in the near future to assess the improve-
ments is being planned.

Of the 174 different places examined, 21
(11.8%) showed sky brightness above or equal to
21.75 mag/arcsec2 (classes 3 and 4 on the Bortle

525scale) and 150 (84.3%) of them displayed sky
brightness between 21 mag/arcsec2 and 21.75
mag/arcsec2 (class 4 on the Bortle scale).

Table 1. Dark Sky Park tier designation
Dark Sky Park tier designation Gold Silver Bronze

Unihedron Sky Quality Meter (mag/arcsec2) ≥21.75 [21.75–21.00] [21.00–20.00]

Note. The International Dark-Sky Association Dark Sky Parks’ classification. All values are in mag/arcsec2.

8 R. C. LIMA ET AL.



Consequently, although only places far from stree-
tlamps and without interfering glare were deter-

530 mined, only 7 (3.9%) of the places measured
within Alqueva demonstrated a sky brightness
between 20 mag/arcsec2 and 20.99 mag/arcsec2

(classes 4 and 5 on the Bortle scale) (Table 2).
Some of the results are shown in Figure 5.

535 Peneda-Gerês national park

Of all the 50 measurements for the spots selected
in PNPG, 47 fell in the range 21 mag/arcec2 to
21.75 mag/arcsec2, with a mean of 21.29 mag/
arcsec2 and a median of 21.25 mag/arcsec2, corre-

540 sponding to a NELM of approximately 6.3
(Table 2). Only 3 measurements fell in the range
20 mag/arcsec2 to 20.99 mag/arcsec2, but the sky
had a few clouds on those three determinations,
thus having an expected higher brightness. The

545 standard deviation is 0.19 mag/arcsec2. The worst
measurement was 20.95 mag/arcsec2 (NELM of
6.1) and the best was 21.58 mag/arcsec2 (NELM
of 6.4). The inner parts of the park (not measured)
are expected to display a higher NELM since there

550are no local sources of LP. The results for Alqueva
and PNPG are summarized in Table 2.

Discussion

Concerning the brightness of the night sky, the
results showed that both the regions of Alqueva

555and PNPG may be considered at least on a par
with other global protected regional dark skies.
Examples of International Dark Sky Reserves
with similar values for the night sky brightness
include Brecon Beacons National Park (Wales,

560UK), Rhön International Dark Sky Reserve/
Sternenpark Rhön Hesse (Bavaria and Thuringia,
Germany), and the Exmoor National Park (United
Kingdom), to name just three in Europe that are
designated on an equal tier by the International

565Dark-Sky Association (IDA, 2014). Global sky
glow is gradually increasing due to human-made
lighting of the night sky. Both Alqueva and PNPG
still offer the bright–dark middle latitudes natural
cycle, which is gradually disappearing, attributed

570to more populated regions in Portugal.

Table 2. Summary of results for Alqueva and PNPG.
Alqueva PNPG

Minimum 20.44 20.95
Maximum 21.88 21.58
Median 21.43 21.25
Mean 21.43 21.29
Std. deviation 0.24 0.19

Note. For Alqueva 174 data points and for PNPG 50 data points. All values are in mag/arcsec2.

Figure 5. Sample of results for Alqueva from one of the campaigns superimposed to the NASA Earth City Lights layer of Google
Earth. The brightest patch at upper left is Reguengos de Monsaraz. The bright patch at bottom left is from the city of Moura. All
values are in mag/arcsec2.
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The Dark Sky Alqueva Reserve has a large area
of almost continuous good-quality night sky dark-
ness, negatively affected only at regions close to its
main populated areas, including Reguengos de

575 Monsaraz (population 7261 inhabitants; INE,
2012) (Figure 3). There is an increase in the sky-
glow in the vicinity of the small towns within the
reserve. A few hundred meters away from those
towns, the sky quality improves swiftly. The main

580 contribution to the nonnatural skyglow, although
generally weak, arises from more urbanized loca-
tions near the border of the reserve (namely,
Reguengos de Monsaraz) and also from more den-
sely populated regions at distances of tens of kilo-

585 meters from the reserve limits.
The results for the smaller and loosely popu-

lated PNPG demonstrated that it is mostly affected
by LP from outside the park at its south and
southwestern-most areas, as would be expected

590 from inspection of satellite imagery. At the south,
many highly concentrated populated areas prevail
(regions known as Comunidades Intermunicipais
of Alto Minho, Cávado, Alto Tâmega, Ave and
Grande Porto). Therefore, LP contributing to the

595 skyglow here originated predominantly from those
sources at distances ranging from the vicinity of
the park to tens of kilometres, depicted in Figure 6.

In both regions, public lighting comes from
low-pressure sodium vapor (LPS), high-pressure

600 sodium vapor (HPS), Hg, and metal halide lamps
and LED. Although the percentages of streetlights
by type are currently unknown, a primer inspec-
tion in the terrain revealed predominance in both

LPS and HPS lamps. The orange halo from those
605higher wavelengths lights above the populated

places is therefore prevalent.
In both Alqueva and PNPG the contribution

from small towns to the skyglow is almost negli-
gible except from within those towns and in its

610close vicinity, where glare from bad lighting blocks
the vision of all but the brightest stars. A few
hundred meters away from those places the sky
darkness is again of good quality, as the sky bright-
ness diminishes sharply. The LP regulation of the

615PNPG management plan is important, but the
park would benefit from a major plan of LP con-
trol in the surrounding urban areas. The LP reg-
ulation included in the management plan of the
Alqueva Dark Sky Reserve seems sufficient if

620respected, but the region may benefit if better
lighting is used. A reduction of LP from distant
regions would represent a global improvement in
the skyglow in both regions.

The night skies in both Alqueva and Peneda-
625Gerês, albeit regions with different characteristics,

possess good quality that needs to be preserved.
With LP recognized as a growing menace to the
environment and a possible risk factor to human
health, there is emphasis on the necessity of con-

630tinuous monitoring of LP to minimize its impacts,
especially in populated areas both to reduce the
exposed population to ALAN and avoid propaga-
tion of ALAN to well-preserved locations.

Parts of these results were instrumental for clas-
635sification of Alqueva as a “Starlight Tourism

Destination” by the Starlight Foundation

Figure 6. The 50 results for the Peneda-Gerês National Park (green contour) superimposed to the NASA Earth City Lights layer of
Google Earth. All values are in mag/arcsec2.
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(UNESCO/United Nations World Tourism
Organization/Instituto de Astrofisica de
Canarias). The Dark Sky Alqueva Reserve was

640 the first site in the world to achieve such a certi-
fication (December 2011). The first results for
PNPG from this investigation were also used for
regulations concerning LP within the park, which
became effective as part of the park’s last manage-

645 ment plan (DR 2011, 682-(16)).
Preservation depends on several participants,

from energy suppliers to stakeholders and all citi-
zens, to whom it needs to be stressed that LP control
is beneficial to society. Professional astronomy is

650 also a priority in many countries, representing
sometimes a large financial effort. Consequently, it
is of importance to uphold existing dark skies
reserves and promote establishment of new ones.
Since excessive ALAN is recognized as a form of

655 pollution with effects on health and environment,
the key role that health environmentalists may have
as researchers and as interveners on outdoor light
control and regulation is thus stressed.

Conclusions

660 The sky brightness of two regions in Portugal, the
Alqueva and the PNPG Park, known to have good
quality regarding darkness was measured and ana-
lyzed, in order to assess the major sources of LP
affecting those areas. To our knowledge, these are

665 the first determinations of the night sky brightness
obtained from the ground in these regions. The
results from the study of both regions revealed
dark skies comparable to other dark sky protected
areas worldwide. There is increasingly more evi-

670 dence of possible negative effects of ALAN on
health and on the environment. The monitoring
and maintenance of Alqueva and the PNPG as
dark skies sites are therefore critical for current
and future interdisciplinary research including

675 effects on health and on the environment.
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