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ABSTRACT

The Sky Quality Meter (SQM) has become the most common device used to track the evolution
of the brightness of the sky from polluted regions to first-class astronomical observatories. A
vast database of SQM measurements already exists for many places in the world. Unfortu-
nately, the SQM operates over a wide spectral band and its spectral response interacts with the
sky’s spectrum in a complex manner. This is why the optical signals are difficult to interpret
when the data are recorded in regions with different sources of artificial light. The brightness
of the night sky is linked in a complex way to ground-based light emissions, while taking
into account atmospheric-induced optical distortion as well as spectral transformation from
the underlying ground surfaces. While the spectral modulation of the sky’s radiance has been
recognized, it still remains poorly characterized and quantified. The impact of the SQM’s
spectral characteristics on sky-brightness measurements is analysed here for different light
sources, including low- and high-pressure sodium lamps, PC-amber and white LEDs, metal
halide and mercury lamps. We show that a routine conversion of radiance to magnitude is
difficult, or rather impossible, because the average wavelength depends on actual atmospheric
and environment conditions, the spectrum of the source and device-specific properties. We
correlate SQM readings with both the Johnson astronomical photometry bands and the hu-
man system of visual perception, assuming different lighting technologies. These findings
have direct implications for the processing of SQM data and for their improvement and/or
remediation.

Key words: atmospheric effects – instrumentation: miscellaneous – instrumentation: pho-
tometers – light pollution – methods: data analysis – techniques: spectroscopic.

1 IN T RO D U C T I O N

The Sky Quality Meter (SQM) has been widely used in studies
related to light pollution (Falchi 2011; Kyba et al. 2012, 2015;
Pun & So 2012; Puschnig, Posch & Uttenthaler 2014). Most re-
search has been done over a period of time characterized by a very
slow change in illumination technologies and their spectra. With
the massive arrival of light-emitting diodes (LED) in street lighting,
the situation is changing very rapidly. We can expect an exponential
growth in the replacement of incandescent lamps by LED lamps, as
happened in the 1970s (Riegel 1973). This projection is confirmed
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by the International Space Station (ISS) observations (Sanchez de
Miguel 2015b) and the market projections for indoor illumination
(Danish Energy Agency, Energy Piano & CLASP European Pro-
gramme 2015; Katona, Pattison & Paolini 2016). The change in the
colour of the sky during the night was detected for the first time
by Kyba et al. (2012). The authors used SQMs with special filters
to monitor the change of colour. At that time, no link between the
colour of the sky and the change in lamp spectra had been estab-
lished. Sánchez de Miguel (2015a) outlined a change in the spectra
of the sky based on analysis with an all-sky CCD camera with
Johnson’s filters. To monitor this change correctly, we must have
detectors with minimal spectral capabilities, like radiometers with
colour filters, colour cameras or even spectrometers. However, such
instrumentation is relatively expensive and thus cannot easily be
spread all over the world. On the other hand, the SQM is very cheap
and easy to use, making it a nice instrument for creating global
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measuring networks. This type of instrument is useful to track tem-
poral and geographical variations in sky brightness (SB), but without
any colour information. In this article, we want to outline how the
broad-band spectral response of the SQM reacts to variations in the
spectrum of the source for a variety of lighting technologies and
for the combination of some other sources of natural origin (e.g.
scattered moonlight, background stars, natural airglow).

In the short-term, the spectrum of the zenith sky changes slightly
with changes in atmospheric aerosol content, but more impor-
tantly because of clouds. The extinction of ornamental lights and
office windows, car headlights (traffic), the phase of the moon
and the angle of its altitude in the sky also play an important role.
The coordinates of the zenith in the Galactic coordinate system and
the geographical latitude of solar activity also affect the spectrum
of the sky. Generally, the spectra of street lights do not change sig-
nificantly in the short-term, but on a longer time-scale street lamp
conversion/replacement can also modify the spectrum of the sky
significantly. Currently, the world is experiencing a massive transi-
tion in lighting technology, in which entire cities can change from
classical high-intensity discharge (HID) lamps (e.g. high-pressure
sodium or HPS) to white LEDs. Under such important natural and
human-made changes, how can we prove that the temporal varia-
tions in SB as detected by a broad-band instrument like the SQM are
representative of the variations in SB that should be detected by the
human eye? Moreover, how can we analyse the human-made varia-
tion of the SB, excluding the natural variations of the SB? In order to
provide basic quantitative tools to improve the tracking of human-
made or artificial SB, we will analyse the impact of each variable
component on the reading of the SQM by simulating the detected
signal of the SQM. To accomplish this simulation, we multiply the
different source spectra by the spectral response of the SQM-L. Us-
ing many analyses, we infer the relationship between SQM readings
with human-eye sensitivity under the scotopic and photopic regimes
for different lighting technologies and we compare the relationship
of the SQM readings with the Johnson V astronomical photometry
band.

2 T H E C H A R AC T E R I S T I C S O F T H E SQ M

The SQM is a simple and portable device intended to facilitate the
measurement of SB by non-highly qualified personnel. Up to now,
there have been two generations of this device and soon a new one
will be released. The system is composed of a silicon photodiode as
detector (ams-TAOS TSL237S), partly covered by a near-infrared
rejection filter. The spectral response of the device tries to mimic
that of the human eye under the photopic regime. The device also has
a light-to-frequency converter with a significant response up to the
near-infrared. The spectral sensitivity of the photodiode, combined
with the transmission of the HOYA CM-500 near-infrared cut-off
filter, provides a final spectral response overlapping the Johnson B

and V bands used in astronomical photometry (wavelength range
320–720 nm: Johnson & Morgan 1953). Although it is very user-
friendly (aim the photometer to the zenith, push the button and read
the data on the display), it is nevertheless accurate enough to perform
scientific research (Cinzano 2005). The SQM photometers have a
quoted systematic uncertainty of 10 per cent (0.1 mag arcsec−2).
Its use has become very popular among researchers and amateur
astronomers, along with interested members of associations that
fight against light pollution.

The SQM-L model, the simplest one, is a hand-held photometer
intended for gathering data in the field. When used with a photo-
graphic tripod, one can measure at different angles and build a map

Figure 1. SQM angular response from two SQMs in magnitude scale.

Figure 2. SQM angular response from two SQMs in intensity scale.

of the all-sky brightness (Zamorano et al. 2013). For mapping a
geographical area, one can move to selected locations of a grid,
taking the measurements one by one (Biggs et al. 2012; Falchi
et al. 2016; Zamorano et al. 2016). The SQM-LU and SQM-LE
units should be linked to a computer by means of USB or ethernet
connection, respectively. These models are designed to be used at a
fixed monitoring station to take and register data continually. These
connected devices could also be used to map extended areas using
a vehicle and GPS information.

All the models described above share the same characteristics.
The full width at half-maximum (FWHM) of the angular sensitivity
is ∼20◦ (Cinzano 2007). The sensitivity to a point source ∼19◦ off-
axis is a factor of 10 lower than that on-axis. A point source 20◦ and
40◦ off-axis would register 3.0 and 5.0 astronomical magnitudes
fainter, respectively (Unihedron SQM-L manual).

We found a high variability in the shape of the angular response
of the SQM. However, the FWHM remains constant at around ∼20◦

(see Figs 1 and 2).
The source of this variability comes from inproper alignment of

the optics of the SQM (den Outer et al. 2011, 2015; Bará et al. 2015).
The AB magnitudes for any photometric band are determined by

equation (1) (Fukugita, Shimasaku & Ichikawa 1995):

mAB = −2.5 log10

∫ ∞

0 T (λ) φ(λ) dλ
∫ ∞

0 T (λ) φAB(λ) dλ
, (1)

where T(λ) is the spectral sensitivity of the observation band, φ(λ)
is the spectrum of the source and φAB(λ) is the reference spectrum,
defined for a source of constant spectral density flux of 3631 Jy over
the entire spectral range of the band.
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The conversion from AB magnitudes (Oke & Gunn 1983), an
astronomical magnitude system, to radiance (R) can be done using
the following relationship (this work):

mAB = −2.5 log(R) − 5 log λ̄ − 2.41, (2)

where R is expressed in erg s−1 cm−2 Å−1 and λ̄ is the average
wavelength of the band. The average wavelength is defined by the
following equation:

λ̄ =

∫ ∞

0 T (λ)λ dλ
∫ ∞

0 T (λ) dλ
, (3)

where T(λ) is the spectral sensitivity of the observation band (in-
cluding the detector response).

Using equations (1) and (2), we can create synthetic photometry
measurements from any spectral source and any spectral band.

The SQM calibration is made using the manufacturer reference
lamp.1 To convert SQM magnitudes to astronomical V Johnson mag-
nitudes, we need to apply a shift of 0.35 mag (Cinzano 2005). How-
ever, Cinzano (2005) has used the Vega magnitudes, which produces
problems for converting into SI units, so we will use the AB magni-
tude system, which does not have that problem. We thus only need
to use the transformation (SQM − V)AB = (SQM − V)Vega − 0.04,
based on equation (3). Hence, the SQM offset between the
(SQMO − V)Vega = (SQM − V)Vega − 0.35 = (SQM − V)AB − 0.31,
where SQMO represents magSQM from the readings of the SQM de-
vices. This should be considered as a first-order correction, because
a correct relationship needs to take into consideration the spectra of
the source. In this article, we will write SQMAB to express the SQM
reading using the AB magnitude definition and SQMO to express the
SQM readings with the instrument factory calibration as performed
by Unihedron. Knowing this, we can convert easily from SQMO to
radiance units with equation (2) by

SQMO + 0.31 = SQMAB = −2.5 log(R) − 5 log 5418 Å − 2.41.

(4)

From this equation is possible to obtain, through basic opera-
tions,

R′ = 0.0270 038 × 10−0.4 SQMO , (5)

where R is in units of erg s−1 cm−2 Å−1 arcsec−2, R′ is in units of
W cm−2 sr−1, SQMO is in units of magSQM arcsec−2 and 5418 Å is
the effective wavelength of the SQM band.

We have combined the spectral tranfer functions of the optical
parts of the SQM photometers to build the theoretical or expected
response of the device. Instead of using the manufacturer’s infor-
mation, we have measured the spectral response of the detector and
the transmission curve of the filter. The window, infrared rejection
filter (Hoya 500) and lens assembly of one SQM photometer were
removed to determine the spectral response of the TSL237 detector
itself (see Fig. 3). The light beam from a monochromator was fed
to an integrating sphere, with the SQM detector observing through
one other port of the sphere.

The measured SQM total response should be the same as the spec-
tral response that we have determined by combining the measured
responses for each optical component. Our experiment shows that
important differences arise in the form of a prominent infrared tail
(see Figs 3 and 4) in the total SQM response. We had similar results
for three SQM units that we had in hand (SQM-LU, SQM-LE and

1 Anthony Tekatch, Unihedron, personal communication.

Figure 3. Spectral response of some optics components of the SQM.

Figure 4. SQM spectral response. The dashed line corresponds to the com-
bination of all the spectral response/transmission values of the components,
while the black line is the total measured response.

SQM-DL). This unexpected near-infrared response is caused by the
fact that the infrared rejection filter does not cover the optical path
fully. The Hoya 500 filter can be recognized as a square blue glass lo-
cated behind the lens assembly. Also, there is a lack of sensitivity in
the UV part, probably because of the transmittance of the lens used.

2.1 SQM readings versus photopic, scotopic vision

and Johnson photometric systems

Ever since Johnson & Morgan (1953) defined the first astronomical
photometric system, the sky brightness has been measured by as-
tronomers. Magnitudes in the AB system can be converted to other
systems. However, because all magnitude systems involve integra-
tion of some assumed source spectrum over some assumed spectral
range or band, such conversions are not necessarily trivial to de-
termine. Various authors have computed conversions for standard
situations. Johnson & Morgan (1953) clearly explained that, even if
the colour of the Vj filter is yellow, it does not mean that the Vj is rep-
resentative of the human vision response. In fact, the Vj band peaks
at the central point of daylight human vision but the bandwidth is
not broad enough to represent all contributions to human vision. The
accepted daylight human light curve, dominated by the cones, was
set by CIE 1931 (Smith & Guild 1931) as the V(λ) curve, also known
as photopic vision. Low light level vision, dominated by the rods,
has a different response and is called scotopic vision (Judd 1951).
Now the CIE has recently approved an intermediate vision regime
based on Rea et al. (2004) and Eloholma & Halonen (2006), the
so-called ‘mesopic vision’. Mesopic vision involves both cones and
rods, with various proportions depending on the light level.
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Figure 5. Colour–colour diagram of the SQM minus Vj Johnson band ver-
sus the Johnson Bj minus Vj colour index for different spectra of typical
street lights. The right scale of the figure is offset by 0.35 mag from the left
scale, because of a hardware offset associated with the SQM (Cinzano 2005).
The red stars correspond to low-pressure sodium lamps, pure amber LEDs
and others; the black down-pointing triangles are standard high-pressure
sodium lamps; the yellow left-pointing triangles are high-pressure lamps
without Hg, high-pressure lamps with phosphor, very warm ceramic metal
halide and PC-amber lamps (CCT < 2200 K); the green squares corre-
spond to mercury lamps; the cyan circles correspond to warm white LEDs
(CCT 2200–3500 K) and normal warm ceramic metal halide; the blue right-
pointing triangles correspond to cool white LEDs (CCT 3500–9000 K),
standard metal halide and ceramic metal halide. The error bars correspond
to the most extreme values of each category. [A colour version of this figure
is available in the online version.]

In order to show the systematic differences in this section, we
are going to compare the different results the SQM gives when it
receives direct light from sample street lights and also compare
these results with the real problem that the SQM would ideally
solve, which is the stars’ visibility for humans.

In Fig. 5, we can see how SQMAB − Vj depends on the
Bj–Vj colour. Excluding the effect of the natural spectrum of the
sky (i.e. the case in which the sky brightness is dominated by light
pollution), ignoring the lamp spectra results in a span of values as
large as 0.55 mag along the SQMAB − Vj axis (∼0.25 to ∼0.8).
Even if we know the technology of the lamp (e.g. as illustrated by
the symbols in Fig. 5), we observe a large span of SQMAB − Vj

values for the same technology class. The span of SQMAB − Vj

values can increase up to 0.35 mag for lamps that include more blue
light (blue right-pointing triangles in Fig. 5), 0.32 mag for whitish
lamps (cyan circles in Fig. 5) and even 0.25 mag for yellowish lamps
(yellow left-pointing triangles in Fig. 5). Almost all the lamps are
concentrated in the region SQMAB − Vj = 0.55 ± 0.20.

It is possible to see that there is an important difference between
Figs 5 and 6. The latter shows the SQMAB − V(λ) colour diagram.
Indeed, the dispersion of values along the vertical axis is larger when
expressed with the V(λ) curve compared with use of the V Johnson
band (0.72 versus 0.55). It is also interesting to see that, for the
category of white lamps (cyan circles), the lamp population appears
to be split into two subclasses in both figures. Another striking

Figure 6. Colour–colour diagram of the SQM − V(λ) CIE 1931 photopic
curve versus the colour Johnson Bj − Vj for different spectra of typical street
lights. Same colour code and symbols as in Fig. 5.

feature of the plots is the important differences in vertical axis
values between each technology/colour. There is also a systematic
offset in the vertical axis values between the two plots. For greenish
lamps, we have an offset of 0.05, while it is 0.15 with whitish lamps,
i.e. the higher values obtained in Fig. 6.

The SQM has a spectral sensitivity that is in between the Bj and
Vj bands. It is assumed by the manufacturer that it is a better tracer
of scotopic vision than the Vj band. It is noticeable from Fig. 6
that, if one does not know the kind of lamp/colour, an error as large
as 1.2 mag can be made when using SQM to estimate the scotopic
magnitude V(λ). With the SQM, the sky appears brighter for reddish
lamps in comparison with the photopic perception.

Fig. 7, which gives the SQM reading in reference to the scotopic
system, shows that the relationship goes in the opposite direction
from that in Fig. 6. The figure shows that if we use the SQM to
evaluate perception in the scotopic regime, the sky appears darker
for reddish lamps. The large dispersion of sodium-like lamps is
noticeable in Fig. 7, with more than 0.2 mag of dispersion. Figs 6
and 7 show clear correlations with the Bj − Vj colour index. This
means that it is more accurate to measure the colour to estimate
SQM − V(λ) or SQM − V′(λ) than to just guess it from a technology-
based averaged value. In other words, if a correction is going to be
made to the SQM readings, to consider the technology of the lamp
is not accurate enough, but using the Bj − Vj colour it is possible to
correct the measurements of an SQM properly. Therefore, if using
a colour-sensitive instrument like a digital single-lens reflex camera
(DSLR) is possible, to obtain an estimation of the typical Bj − Vj

colour of the light pollution of a place, an accurate correction can
be applied, although a lot of scatter will remain.

On the light-polluted site of the Universidad Complutense de
Madrid (UCM) observatory (40◦27′04′′N, 03◦43′34′′W), where we
can have a sky brightness measurement in clear conditions of SQMO

= 18, the light pollution was originally dominated by HPS lamps,
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Figure 7. Colour–colour diagram of SQM − V′(λ) CIE 1951 scotopic vision
versus the colour index Bj − Vj for different spectra of typical street lights.
In this Figure there is no offset between the calculated and instrumental
magnitudes. Same colour code and symbols as in Fig. 5.

so that the photopic magnitude was 17.15 (18 − 0.85)2 but the
scotopic magnitude was 18.6 (18 + 0.6). Since then, the street
lights have been gradually changed to blueish lights, but the SQM
measurements have still maintained the same readings. The new
photopic magnitude assuming pure blueish lamps should be 17.5
(18 − 0.5), so it should look darker than before, but with adapted
vision we get a scotopic magnitude of 18 (18 + 0), so it should look
brighter. We need to be aware of this effect when we are trying to
track the final visual perception of the sky brightness.

2.1.1 Simulation of SQM readings of a realistic sky spectrum

In the previous subsection, we have shown how the SQM readings
can be compared with the direct incident light from lamps. A realis-
tic simulation of the SQM response to a variety of spectra needs to
take into consideration several factors, for example the contribution
of the natural sky, Rayleigh and Mie scattering by air molecules
and aerosols. Therefore, to simulate a more realistic scenario, we
have added the scattered light from different lamp spectra at var-
ious distances (3,3 6, 15, 30, 60 and 100 km). Also, we applied
the Kocifaj model (MNRAS: Aubé & Kocifaj 2012) using the con-
stants from Aubé, Roby & Kocifaj (2013) and combined this with
natural component spectra from the Montsec Observatory acquired
with the Spectrophotometer for Aerosol Night Detection (SAND)
spectrograph.

In both Figs 5 and 8, a comparison is made between the SQM
and V Johnson colour and the B Johnson and V Johnson colour of
the street lamp spectrum. Fig. 8 concerns scattered light produced
by a large city at a distance of 3 km and Fig. 5 concerns direct
light. The data show clearly that, when light sources have a redder
colour, the scattering does not cause a significant change between

2 These values should be read as sky brightness in the band (SQMO ±

correction).
3 City edge.

Figure 8. Colour–colour diagram of SQM − Vj Johnson band versus John-
son Bj − Vj colour index for different spectra of typical street lights scat-
tered by the atmosphere at 3 km. The right scale of the figure is offset by
0.35 mag from the left scale, because of a hardware offset associated with
the SQM (Cinzano 2005). The red stars correspond to low-pressure sodium
lamps, pure amber LEDs and others; the black down-pointing triangles are
standard high-pressure sodium lamps; the yellow left-pointing triangles are
high-pressure lamps without Hg, high-pressure lamps with phosphor, very
warm ceramic metal halide and PC-amber lamps; the green squares corre-
spond to mercury lamps and cyan circles to warm white LEDs and normal
warm ceramic metal halide; the blue right-pointing triangles correspond to
cool white LEDs, standard metal halide and ceramic metal halide. The error
bars correspond to the most extreme values of each category.

the SQM band readings and the V Johnson band values. In the
same two figures, it becomes evident that bluer coloured lamps
cause two significant changes. First, lamps with significant infrared
emission have a completely different behaviour from pure visible
light emission, due to the low atmospheric scattering in the infrared.
Secondly, in Fig. 5 the colour difference between the redder and
bluer lamps is ∼0.5 mag, while in Fig. 8 this has increased to
∼0.7 mag. It is important to mention that in Fig. 8 the more extreme
values up to 1.5 mag are not caused by redder or bluer lights, but by
lamps with more infrared emission as well as bluer lamps without
infrared emission.

The comparison between Figs 6 and 9 is a similar case to the
comparison between Figs 5 and 8. Fig. 10 depicts a different sit-
uation, as the data of SQM readings against scotopic magnitudes
do not diverge from one another. Although the data in Fig. 10 are
more dispersed, this figure still leads to the same conclusion as
Fig. 7: mainly that lamps with bluer light cause more sky bright-
ness than lamps with redder light. It is important to highlight that,
unlike lamps with yellower lights, all lamps with white lights, in-
cluding LEDs and regardless of their technology, systematically
create brighter skies by 0.4 mag according to the SQM readings.
Keep in mind that SQM readings vary from actual scotopic vision,
even if for cool lamps they produce the right values, because the
SQM is unable to detect variations in colour and this may lead to
misinterpretations.
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Figure 9. Colour–colour diagram of the SQM − V(λ) CIE 1931 photopic
curve versus the colour Johnson Bj − Vj for different spectra of sky polluted
by at 3 km of the source by typical street lights. Same colour code and
symbols as in Fig. 5.

Figure 10. Colour–colour diagram of SQM − V′(λ) CIE 1951 scotopic
vision versus the colour index Bj − Vj for different spectra of sky polluted
by at 3 km of the source by typical street lights (city edge). In this case,
there is no offset between the calculated and instrumental magnitudes. Same
colour code and symbols as in Fig. 5.

3 E F F E C T O F D I F E R E N T I L L U M I NAT I O N

T E C H N O L O G I E S O N S K Y B R I G H T N E S S

A N D I T S IM PAC T O N SQ M M O N I TO R I N G

As we explained in the Introduction, we are living during a time of
revolution when it comes to illumination technology. With synthetic
photometry, we are able to simulate how the scattering and spectra

Figure 11. SQM readings simulation from a realistic polluted sky by at
3 km of the source by typical street lights. Same colour code and symbols
as in Fig. 5.

of new lighting systems impact sky brightness. Similarly to our
method in the previous section, we created a realistic simulation of
the sky spectrum. In the experiment we will be discussing now, we
have normalized the spectra to the same lumens emission before
applying the scattering process and adding the natural component.
In Fig. 11 we see that, for the same lumens, bluer lamps create much
brighter SQM readings, but, even so, we have to keep in mind that
the SQM is not giving us the right scotopic magnitudes. Therefore,
if we measure a SB of SQMO = 18.2 in a high-pressure sodium-
dominant place at 3 km distance from the main source, the real
scotopic brightness is 19 according to Fig. 9. If the illumination is
changed suddenly to a bluer LED, our SQM will measure SQMO =

17–17.5 and the scotopic magnitude will remain the same. This
means that, according to the SQM readings, we obtained a brighter
sky by 0.7–1.2 mag, but in reality we obtain a brighter sky by 1.5–
2 mag for human eyes when we change from orange light to white
light with a content of blue light.

This effect is less pronounced when we go further away from
the source: the absorption of blue light means that yellowish light
can go further. This explains why, in Fig. 12, the SQM readings
of 0.4 mag are lower than before. The new illumination technolo-
gies are impacting the zenith and this affects the SQM readings.
When we compared old illumination technologies with new illumi-
nation technologies and combined both with a fixed amount of light
emitted into the atmosphere as well as fixed illumination levels,
we were able to conclude that the newer illumination technology
with more blue content creates brighter skies. Even in the case in
Kolláth et al. (2016), where the previous street lighting had large
Upper Light Output Ratio (ULOR) and no blocking effect, the new
illumination compensates for the better photometry owing to the
more contaminant effect of blue light.

This example shows how, even in places far removed from the pol-
luting source, the effect of a change of illumination is still significant
when it concerns SQM readings. This visible effect is easier to ob-
serve when the light pollution is stronger. The real effects of the two
methods currently used to reduce both light emission into the upper
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Figure 12. SQM readings simulation from a realistic polluted sky by at
60 km of the source by typical street lights. Same colour code and symbols
as in Fig. 5.

hemisphere and the illumination levels of new LED lighting systems
cannot be simulated fully in this article, because of their complexity.
The main goal of this article is to create awareness in SQM users and
to inform them that, when the SQM readings are lower due to less
light emitted upwards or lower illumination levels, this does not nec-
essarily mean that the sky brightness quality has improved. In reality,
the sky brightness quality may even have deteriorated. It is therefore
vital that the effect of the SQM spectral response, as explained in this
article, should be considered before interpreting low SQM readings.
To help with future diagnostics of SQM data, we have created an ex-
tra sample of simulations that can be found as additional information
to this article.

3.1 Application to a practical case: Madrid and Milan

In order to reduce energy consumption and light pollution, the city
of Madrid has recently replaced most of its midsize high-pressure
sodium street lamps with LED 3000 K lamps. These midsize street
lamps account for 40 per cent of the total amount of street lamps in

the city. There is a current plan to replace the remaining 60 per cent
of street lamps sometime in the near future. Meanwhile, the city of
Milan has recently replaced its old street lights with LED lamps of
4000 K. But are these new lamps really reducing light pollution, as
has been claimed?

In Table 1, it is evident that the new replacement lamps increase
the sky brightness for adapted human vision by 1.04 mag in the case
of the 3000 K lamps and 1.25 mag in the case of 4000 K lamps. On
a linear scale, the sky brightness for the LED 3000 K increases by
161 per cent and that for the LED 4000 K by 216 per cent.

The current retrofits, both in Madrid and Milan, are focus-
ing solely on replacing the lamp and not the full illumination
system. The most typical street luminaire used on the roads of
Madrid is the cobra head with 5 per cent ULOR, but there are
alternative luminaires available that emit 0 per cent ULOR. The
next model considers the light emitted upwards and the horizon-
tal emission that is blocked by surrounding buildings. It does
not take into account any other objects that may block emis-
sion, such as trees. Also, in this section we will refer to the real
sky brightness as the sky seen by a human with scotopic vision,
because it is the kind of vision that the humans really use to
observe the sky.

When we change not only the lamps but also the luminaire to
a type that emits 0 per cent ULOR, the light emission towards the
street will automatically increase. As a result, the energy output can
be decreased to compensate for this emission increase, thus saving
on energy consumption. If the albedo value of the ground was 0.2,
for example, the new total emission towards the sky would be just
80 per cent of the current emission.

If the city of Madrid were to change the current luminaires, the
new luminaries would have 0 per cent ULOR, combined with the
new LED 3000 K lamps. Would this reduce light pollution? And
how accurately would Madrid’s SQM station be able to measure
these changes? As was discussed earlier in this article, the SQM
is unable to track real adapted human vision and this means that
SQM readings do not always reflect reality. For example, in the
case of the 3000 K lamp, the SQM will indicate no increase of
sky brightness (SQM band) when in reality there is an increase of
111 per cent and in the case of the 4000 K lamps, the SQM will
indicate an increase of 14 per cent (SQM band) when in reality
it is 153 per cent.

In the case of Madrid, the emission of the LEDs can be easily
adjusted with a regulation system. If the possibility of regulating
the emission down to 60 per cent of the original illumination level is
combined with the use of luminaires of 0 per cent ULOR, the 3000 K

Table 1. This table summarizes the results of the predicted sky brightess in three observation bands: photopic, scotopic and SQM. This
simulation considers the sky brightness measured at 3 km from the centre of a city like Madrid (city edge). Also is included as reference
is the change of signal that each band will receive on a linear scale relative to a sodium high-pressure lamp with 5 per cent. In the last
four cases, the light emission levels (amount of lumens needed to produce a given illumination level) have been reduced to try to find
the ‘break even’ point where the blue light effect is compensated by reduction of the illumination level.

Lamp SQM (mag) SQM Photo (mag) Photo Scoto (mag) Scoto

HPS ULOR 5 per cent 18.32 1 17.53 1 19.26 1
LED 3000 K ULOR 5 per cent 18.15 1.17 17.49 1.04 18.22 2.61
LED 4000 K ULOR 5 per cent 17.95 1.41 17.46 1.07 18.01 3.16
LED 3000 K ULOR 0 per cent 18.39 0.94 17.73 0.83 18.45 2.11
LED 4000 K ULOR 0 per cent 18.18 1.14 17.71 0.86 18.25 2.54
LED 3000 K ULOR 0 per cent L. Level 60 per cent 18.95 0.56 18.25 0.52 18.98 1.29
LED 4000 K ULOR 0 per cent L. Level 60 per cent 18.71 0.69 18.23 0.52 18.78 1.56
LED 3000 K ULOR 0 per cent L. Level 42 per cent 19.41 0.37 18.74 0.33 19.43 0.86
LED 4000 K ULOR 0 per cent L. Level 42 per cent 19.22 0.44 18.74 0.33 19.27 0.99
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lamps would appear to have a 45 per cent reduction according to
the SQM, but in reality there is an emission increase of 29 per cent.
In the case of the 4000 K lamps, the SQM would show a reduction
of 30 per cent when in reality there is an emission increase by
56 per cent.

We can conclude from the previously discussed measurements
that light pollution has increased due to the new LED lamps. With
current numbers, it is safe to say that 3000 K and 4000 K lamps
would only reduce light pollution if they were to be switched off or
dimmed down to an extremely low intensity. To be more specific, if
changing HPS lamps to LED 3000 K lamps were meant to reduce
light pollution, it would be necessary to reduce street illumination
to below 42 per cent of the original level. Such low illumination
levels could cause certain streets and places to become so dark that
citizens would no longer experience a sense of safety and security.
This happened in Madrid, according to the Madrid city council. That
is why 60 per cent is the dimmest level used in Madrid nowadays.
This claim is not shared by scientific community, but nevertheless
is commonly used by technicians.

4 DATA B I A S FRO M T H E B ROA D - BA N D

SENSITIVITY O F THE SQM

The spectral composition of night-sky light varies with the meteo-
rological conditions and typically undergoes large changes during
the passage of a front, but it can also appear unstable in a de-
veloping air mass or even in calm air, due to fluctuations in the
local aerosol system. Turbulent mixing, rising humidity, a change
in the direction of the wind or the surrounding terrain, as well
as the origin of the air mass, have a direct impact on the actual
optical properties of the aerosol (Bukowiecki et al. 2002), which,
in turn, modifies the light field near the ground. Light emissions
from ground-based sources predetermine the spectral properties of
diffuse light. However, aerosols, dust particles, water droplets and
other atmospheric constituents change this picture, depending on
the weighted contributions of the individual atmospheric compo-
nents. For instance, maritime aerosol is dominated by water or
sea salt, both being slightly absorbing or non-absorbing materials,
while urban aerosol typically originates from anthropogenic sources
and thus may contain carbonaceous species. Therefore, maritime
aerosols can act as efficient scatterers and thus intensify the night-
sky radiance. In contrast, urban aerosols may cause an intensity
decay, due to enhanced absorption of upward light emissions. The
total effect of aerosol particles is often parametrized through the
Ångström exponent, α (see e.g. Esposito, Pavese & Serio 2001),
which is used to model the spectral behaviour of the aerosol
optical depth (AOD):

AOD(λ) = AOD(500)

(

λ

500

)−α

. (6)

The wavelength λ introduced above is measured in nanometres
(nm). Cachorro et al. (2000) have shown that α can range from −0.5
to more than 2, while Rayleigh theory dictates that the optical depth
of the gaseous constituents (excluding absorption) is proportional to
λ−4.09 (Fröhlich & Shaw 1980). To make things even more complex,
a cloud layer has rather a neutral effect on the initial spectra, because
the water droplets dispersed in the clouds are large enough to scatter
in the geometrical optics regime.

The above effects combine with the average spectral sensitivity
of the SQM device, T(λ), thus the signal recorded at the ground is

SSQM =

∫ λ2

λ1
T (λ) φ0(λ) dλ, (7)

where φ0 is the initial spectral signal (e.g. the sky radiance) and the
integration interval λ1 →λ2 covers the SQM operating wavelengths.
It has been shown by Cinzano (2005) that T(λ) varies with the angle
of incidence of the beam, θ , and thus a general functional form
for T(θ , λ) should be considered in data processing, except for e.g.
SQM-L, which has a small field of view (Cinzano 2007). As a
consequence, the error margin of the approximation T(θ , λ) → T(λ)
is expected to be low for an SQM-L device.

4.1 Lamp spectral distributions considered in this research

The Lamp Spectral Power Distribution Database (LSPDD) is avail-
able online4 and is maintained by the Light Pollution Group of
Cégep de Sherbrooke. This dataset aims to provide independent in-
formation about the spectral characteristics of commercial lamp
products. Each lamp has its associated datasheet providing the
lamp’s characteristics, like the spectral power distribution (SPD),
correlated colour temperature, percentage of blue light and the im-
pact indices introduced in Aubé et al. (2013). The LSPDD dis-
tributes SPDs in ASCII text format (273–900 nm, every 0.5 nm),
allowing any other researcher to easily use the data for their own
research. The LSPDD is released under the Creative Commons BY-
NC-ND license. The data file is available in each lamp datasheet.
All the SPD data are measured with the same spectrometer model
(the Black Comet model from Stellarnet Inc.), factory calibrated ac-
cording to National Institute of Standards and Technology (NIST).

An example of the SPD for a white LED with CCT ≃ 4000 K
from the LSPDD dataset and a screenshot of the web interface is
shown in Fig. 13.

The LSPDD is based mainly on lab tests and on new lamps.
However, many of the lamps change their spectra with time,
therefore we have also used the Laboratorio de Instrumentación
Cientı́fica Avanzada (LICA)-UCM (Tapia Ayuga, Sánchez de
Miguel & Zamorano Calvo 2015), because it is based on street
measurements. All the spectra used are normalized to equal lumi-
nance on the pavement surface.

4.2 Effect of SQM spectral sensitivity on cloud brightening

factor measurements

It has been pointed out in previous sections that the spectral sensi-
tivity of a SQM device combines with atmospheric optical effects,
while both form an output signal that is consequently used to charac-
terize the diffuse light of a night sky. A synergy effect is a distortion
of the original spectra, which makes the data interpretation partly
uncertain. The light beams emitted from distant parts of an urban
area propagate over longer optical paths and are attenuated (and
scattered) more efficiently than those emitted from illumination
elements surrounding the measuring point. The zenith spectral ra-
diance can therefore change with position even if the measurements
are made within the territory of a city. The same is true for overcast
skies. The brightening factor may vary with time and position and
of course with wavelength (Aubé et al. 2016).

In order to simulate this effect, we can use synthetic photometry,
explained in Section 2, and we only need to multiply our source
spectrum by the amplification monochromatic curve of Aubé et al.
(2016). A typical result is shown in Fig. 14, in which SQMCB is the
SQM reading with the SQM under a cloudy sky and the original
measurements without clouds are denoted by SQM.

4 www.lspdd.com
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Figure 13. Screenshot of the web interface of the LSPDD. This window
shows an example of a Philips LED 4000 K street light.

The SQM reading sensitivity drops quickly for wavelengths
above 600 nm, thus the sky appears artificially dimmer for these
wavelengths. The effects of reddening are difficult to identify be-
cause the spectral response of the SQM is higher at short wave-
lengths. This is why the measured amplification factors (AF) tend
to be lower than those numerically computed for the whole visible
spectrum (see Fig. 15). Namely, the theoretical values of AF in-
crease steeply from blue to red, but the normalized response of the
SQM is far below unity at wavelengths above 600 nm.

Fig. 15 shows how the cloud AF varys with the lighting tech-
nology and, in turn, the colour of the lamps. This plot is for the
specific case of a stratus cloud with cloud base height of 500 m
and a low aerosol loading characterized by an AOD of 0.1 in
all cases. The lamp upward light output ratio (ULOR) was set to
5 per cent. The line is the theoretical monochromatic amplification
calculated by Aubé et al. (2016). The wavelength associated with
each lamp (points in the figure) corresponds to the average emis-
sion wavelength of the lamp. The average emission wavelength is
calculated using equation (3), where T(λ) must be replaced by φ(λ),
the emission spectrum of the lamp. This plot shows that the SQM
amplification factor is higher for redder lamps. The large point
with error bars corresponds to the maximum emission wavelength
of the averaged spectrum of all lamps in a given lamp group or
technology. In summary, this plot shows that the observed ampli-
fication factor when using an SQM is underestimated by about 10
per cent for most of the lamps, but this percentage depends strongly

Figure 14. Change of the cloud brightening factor in synthetic photometry
(see Section 2), where SQM′ represents the SQM reading with clouds,
and SQM that without clouds. This differential amplification is compared
with the colour index Bj − Vj in order to distinguish the different lighting
technologies. The error bars represent the maximum range of possible values
in each lamp category according to the SPD data available. This plot is for
stratus clouds with cloud base height of 0.5 km, street lights with 5 per cent
ULOR and an AOD of 0.1.

Figure 15. Change in amplification by the clouds in synthetic photometry
(see Section 2), where SQMCB represents the SQM reading with clouds,
and SQM that without clouds. Same plot as Fig. 14 but, for comparison,
the different technologies use the effective wavelength of each spectrum
(King 1952). The error bars represent the maximum range of possible values
in each lamp category according to the SPD data available. The blue line
represents the monochromatic amplification by the clouds; to interpret this
curve, use the right axis. The amplification factors are for stratus clouds
with cloud base height of 0.5 km, street lights with 5 per cent ULOR and an
AOD of 0.1.
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on the specific lamp used. This effect is produced mainly for the
non-monochromatic emission of these lamps.

4.3 Effect of natural sources on SQM readings

In this section, we evaluate the impact of having different natural
sources entering the field of view (FOV) of the SQM. The impact
of each source is driven by both the angular sensitivity curve and
the spectral response. In this article, we choose to focus mainly on
the spectral response effect.

4.3.1 Effect of the field of view angular sensitivity

Another source of error may be the natural sources of light present
in the SQM field of view. By way of example, we have made an
analysis of the effect of the Moon on the measurements of a SQM.

We characterized the SQM FOV used for this study as shown in
Fig. 1. The sensitivity drops very rapidly with angle, but if a very
bright source lies at a large angle, it can contribute significantly to
the total signal measured, even if the sensitivity is very low at that
angle. As an example, we will estimate the impact of the full Moon at
50◦ elevation, i.e. at 40◦ from the centre of the FOV. The sensitivity
at that angle is ∼1 per cent of the central value. Assuming a Moon
magnitude of −12.74 (Williams 2010), when attenuated to 1 per
cent (+5 magnitude) it gives an equivalent magnitude of −7.74. In
other words, having the Moon at 40◦ produces the same signal at
the SQM as having an object of mag −7.74 at zenith. In highly light
polluted cities like Madrid, the SQM zenith sky brightness in very
clear sky is around 18.5 mag arcsec−2 (Sánchez de Miguel 2015a),
while in the most pristine skies it is about 21.9 mag arcsec−2 (Benn
& Ellison 1998). To get a crude estimate of the comparative order of
magnitude between the Moon at 40◦ and the sky brightness, let us
determine the magnitude of the equivalent point source at zenith that
would yield the same signal that the SQM reads from the sky. We
can calculate the equivalent magnitude of the sky from its surface
brightness (mag arcsec−2) with the equation below:

mSQM = SB − 2.5 log

(

πD2

4

)

, (8)

where SB is the surface brightness in mag arcsec−2 and D is the
angular FOV of the SQM (FWHM = 20◦) in arcsec.

For the Madrid sky, we obtain a magnitude of −5.5, while for a
pristine sky the equivalent magnitude is −2.1. This indicates that
the difference in magnitude between the direct contribution of the
Moon at 50◦ altitude and the contribution of the moonless sky is
�m = −2.24 (5.5–7.74) for Madrid and �m = −5.64 (2.1–7.74) for
a pristine sky. That means that the contribution of the Moon to the
SQM radiance at that specific altitude is ∼ eight times larger than the
moonless sky brightness in Madrid and ∼175 times larger in pristine
skies. Note that this estimate does not consider the contribution of
moonlight scattered by the atmosphere into the FOV.

Pun et al. (2014) used a model to evaluate the moonlight scat-
tered to the zenith for many Moon altitudes and Moon phases for
a given V-band extinction coefficient of k = 0.58 mag airmass−1.
In particular, their fig. 7 shows that, at 50◦ altitude, the contri-
bution of zenith light scattered from the Moon reduces the sky
brightness of 21.2 mag arcsec−2 (site Astropark Hong Kong) by
∼3.5 mag arcsec−2. If we apply equation (8) to this sky bright-
ness, we obtain an equivalent magnitude of −2.82, which leads to
a magnitude difference with an equivalent magnitude of the direct
light of the Moon attenuated for the angle of 40◦ from the FOV

Figure 16. Observed zenith radiance in UCM during new Moon (2015 June
3) and full Moon (2015 June 16) at around 23h50 UTC.

Figure 17. Observed zenith radiance in Montsec during new Moon (2015
June 3) and full Moon (2015 June 16) at around 23h50 UTC.

centre of �m = 2.82 − 7.74 = −4.92. The difference in magnitude
between the direct moonlight at 40◦ of the centre FOV and the scat-
tered moonlight is �m = 3.5 − 4.92 = −1.42 mag (i.e. a factor of
3.7 times on a radiance linear scale).

4.3.2 Effect of the SQM spectral response

The spectral impact of the different natural contributions to zenith
SQM readings requires access to a measured spectral database of
night-sky radiance. We extracted this information from our archives;
it was acquired with the SAND-4 spectrometers (Aubé 2007, 2015)
for two extreme sites: an urban site located at UCM and a rural
site located in the Montsec astronomical park in Cataluña, Spain
(42◦01′28′′N, 00◦44′10′′E). We combined information from the dif-
ferent sources present or absent from different spectra (e.g. with or
without the Moon). Actually, we used the full Moon night of 2015
June 3–4 and the new Moon night of 2015 June 16–17 (Figs 16
and 17). For both sites, we used data taken around the same time
of night (∼23h50) to remove the effect of variation of sky bright-
ness through the night. For the first night, the altitude of the Moon
was 27◦ and the illumination of the Moon 98 per cent, whereas it
was 0 per cent for the second night. Among other operations, the
SAND-4 analysis software removes the continuous spectrum as its
last step. This is done by fitting a low-order polynomial on a set of
wavelengths that do not show any contamination from HID lamps,
natural airglow or Fraunhofer lines.

We used a multi-Gaussian fitting algorithm to approximate the
line spectrum as a combination of many Gaussian lines (actually
30 Gaussian profiles). In that process, we locked the FWHM of the
lines to a constant value, so that this parameter is determined by
the optics of SAND-4. The retained FWHM for the UCM instru-
ment was 1.5 nm, while it was 1.25 nm for the Montsec instrument.
With detailed knowledge of the contribution of the spectral lines to
the spectrum, it was then possible to evaluate separately the con-
tribution of lines associated with human activities and the natural
airglow. The artificial and natural contributions to the continuous
spectrum (e.g. car headlights, halogen and incandescent, LEDs, star
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Figure 18. Zenith radiance from artificial and natural airglow in UCM
extracted from Figs 16 and 17.

Figure 19. Zenith radiance from artificial and natural airglow in Montsec
extracted from Figs 16 and 17.

Figure 20. Scattered moonlight and star background zenith radiance ex-
tracted from Figs 16 and 17.

background) were obtained by subtracting the spectral lines fitted
from the new Moon observations (Figs 18 and 19). To estimate the
typical star background contribution, we assumed that the contin-
uous spectrum of the new Moon in Montsec is dominated by the
star background (Fig. 20). To estimate the artificial part of the con-
tinuous spectrum, we started from the new Moon measurement in
Madrid and subtracted the spectral lines fitted along with the star
background previously found with the Montsec measurement. Fi-
nally, the artificial portion of the continuous spectrum in Montsec
was estimated by re-scaling the artificial continuous spectrum found
for Madrid using the averaged ratio of the artificial line spectra for
the two sites. By doing this, we then assumed that the proportion
of the artificial line radiance to the artificial continuous radiance is
more or less the same for both sites. Lastly, to determine the con-
tribution of the scattered moonlight, we subtracted the new Moon
spectrum from the full Moon spectrum (Fig. 20). Note that we took
care to acquire the spectrum at the same time of night for both
nights, to exclude the effect of the decrease in light levels through
the night. At the end of that process, we had the following basic
spectra: (1) the artificial line and artificial continuous spectrum at
UCM; (2) the artificial line and artificial continuous spectrum at
Montsec; (3) the natural sky glow; (4) the star background; and (5)
the full Moon scattered moonlight at 27◦ of Moon altitude.

Figure 21. SQM − Vj colour versus Bj − Vj colour for different sky
radiance components, where 0 = A + N + S + SM in Montsec, 1 is
A + N + S + SM in UCM, 2 is A + N + S in Montsec, 3 is A + N + S

in UCM, 4 is A + N in Montsec, 5 is A + N in UCM, 6 is A in Montsec,
7 is A in UCM, 8 = Vega spectrum. Legend: A = artificial radiance, N =

natural sky lines radiance, S = star background radiance, SM = scattered
moonlight.

The objective when measuring the sky brightness of a given site
is in most cases to follow up with a determination of the artificial
contribution to the sky brightness. However, it is not obvious how
to know what fraction of the SQM measurement is really of human
origin. To get a good idea of this, we combine the basic spectra
to mimic realistic situations and compare this with what the SQM
should detect without any natural sky brightness (i.e. only the ar-
tificial brightness). The retained combinations are as follows: (1)
artificial and natural airglow spectrum; (2) artificial, natural airglow
and star background; and (3) artificial, natural airglow, star back-
ground and full Moon scattered moonlight at 27◦ of Moon altitude.
Table 2 shows the shift in sky brightness (magSQM arcsec−2) of the
retained combination in relation to the artificial SB alone. To re-
trieve the artificial SB from the measured SQM SB, one must add
�SB to the SQM measurement. The table also indicates the per-
centage increase in observed radiance compared with the artificial
radiance for the given source combination and site. If one wants
to determine the percentage of a specific natural source, it is pos-
sible to substract ‘added to artificial per cent’ from the previous
line in the table. As an example, if one wants to know the per-
centage contribution from stars, it is given, in the case of Madrid,
by 7 per cent − 0.7 per cent = 6.3 per cent. We can see that, for an
urban site like Madrid, the natural airglow contribution to the SQM
radiance is very weak (less than 1 per cent). Fig. 21 shows the
SQM − Vj colour versus Bj − Vj colour diagram for different sky
radiance components as listed in Table 2 for Madrid and Montsec.
Even the star background contribution is relatively small (less than
10 per cent) but, as expected, the full Moon contribution is more
important: actually, almost as much as the artificial radiance itself
(83 per cent − 7 per cent − 0.7 per cent ≃ 75 per cent). The results
are completely different for a dark site like Montsec. In such a case,
the natural airglow is approximately half the radiance of artificial
origin. The star background in that case is approximately four times
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Table 2. Impact of natural sources on the SQM measurement in comparison with a pure artificial sky brightness
under clear-sky conditions.

Site Madrid Montsec

�SB added to �SB added to
artificial artificial

mag arcsec−2 per cent mag arcsec−2 per cent
Artificial + natural +0.007 0.7 +0.43 49
Artificial + natural + stars +0.07 7 +1.90 475
Artificial + natural + stars + full Moon scat. light +0.66 83 +4.42 5760

the artificial radiance (475 per cent − 49 per cent ≃ 400 per cent).
Finally, it is not surprising to see that the scattered radiance of the full
Moon is very high compared with the artificial radiance (∼50 times,
i.e. 5760 per cent − 475 per cent − 49 per cent ≃ 5200 per cent).

5 D ISCUSSION

SQM photometers have become the reference instrument for mea-
suring night-sky brightness and networks of fixed stations are being
built to monitor the evolution of sky brightness. Due to the single
broad band (monochannel) of the SQM, eventual lower SQM read-
ings will not necessarily translate to proof that the sources of light
pollution that produce less signal on the SQM that the others that
produce more signal, really reduce the light pollution (see Table 1).

Our cities are experiencing a change in their artificial illumina-
tion, in both intensity and technology. This results in a different
colour of the night sky or, more precisely, different night-sky spec-
tra. We have shown that the usual photometric method for correcting
from colour using colour terms or magnitude offsets according to
the type of lamp is imprecise, due to the large scatter in colour
among each lamp type.

To be on the safe side, we recommend using error bars based on
the lighting technology instead of a colour-corrected version when
the spectra, intensities and proportions of the light pollution sources
are unknown.

It is interesting to note that the massive replacement of street
illumination with white LEDs will result in darker SQM readings.
Also, in the case of photopic vision the sky will appear darker due
to the important blue component in LEDs spectra. However the
resulting sky is brighter for human-eye scotopic vision for the same
radiance.

Does this mean that the SQM should not be used? As long as
an improved device is not yet available, we should continue with
the SQM. However, we need to train ourselves to avoid interpre-
tation errors in the data and use it only as complementary data to
colour-sensitive sensors. Another option is to start using astronom-
ical filters, as has already been done by Kyba et al. (2012).

The SQM is the first device that has been able to measure massive
spread and it continues to be a valuable instrument for tracing
variations, as long as the spectra of the sources do not undergo
extreme changes. Nonetheless, it has become clear that the colour of
light should be regarded as a key parameter in light pollution studies.
Therefore, the use of colour-sensitive devices should be promoted,
especially in places where the light spectra are undergoing changes
(Spoelstra 2014; Zamorano et al. 2015). The data already acquired
with SQMs are scientifically valid, as is shown in Falchi et al.
(2016). However, as is explained in this article and also in Falchi
et al. (2016), the lack of colour information with the use of satellites
and the SQM might be hiding an increase in light pollution: an
increase that, in extreme cases, can be as high as 261 per cent.

6 C O N C L U S I O N S

Monitoring light pollution levels has become important in the
last decades because of rapid industrialization and modernization,
especially in densely populated regions. Undoubtedly, the light
emissions upwards and the spatial extent of light pollution are both
increasing functions of the amount of light emitted and the num-
ber of sources. However, an overillumination of the environment
is also somehow correlated with population growth, thus optical
methods of detection are a desirable technology for watching the
effects caused by atmosphere and/or ground-based light sources.
Optical methods are preferred because such technology is rapid, the
components are inexpensive and the techniques can be automated.

The Sky Quality Meter (SQM) is a widely available device that
works properly in the low-intensity regime. Although the SQM is
cheap enough and operated worldwide, the data are far from being
error-free. Specifically, the SQM has a fast readout and an accept-
able dynamic range, but low angular and spectral resolution. This
has a direct impact on the interpretation and comparison of light pol-
lution levels measured under distinct conditions. Note that lighting
technologies and lamp installations may deviate significantly from
case to case. As a result, the same SQM signals might not necessar-
ily mean the same levels of light pollution, because the former can
originate from arbitrarily weighted contributions of different lamp
types. In addition, atmospheric optics makes things more difficult,
mainly due to the non-trivial distortion of optical signals when trav-
elling along different trajectories. In addressing this task, we have
become aware of how little we know of the underlying physics and
variability of SQM signals.

This article addresses this shortcoming directly and is aimed at
a correct understanding of the observed data. It was shown that the
blue light emitted abundantly from artificial sources makes the sky
colour brighter, thanks to low-intensity light vision (scotopic vi-
sion), while the source itself appears darker because it is subject to
photopic vision. The latter is also applicable to the V band. We have
also shown that SQM readings vary with the colour of light pollu-
tion sources, but these data can scarcely be predicted as a simple
average over the technologies applied. Atmospheric effects impose
an additional optical distortion that can change sky colours and
even SQM readings. Clouds are recognized as having the greatest
influence on the ground-reaching signals, while diffusely reflected
light more-or-less mimics the spectrum of artificial sources. This is
why the brightening factor (BF) alters with the spectral features of
artificial lamps which, in turn, are important sources of uncertainty
in SQM readings. This imposes an additional burden on the BF as
determined from SQM data, because different effects are involved
in forming the zenith radiance under cloudy and cloud-free condi-
tions. There is no doubt that a colour-sensitive device is needed in
order to reduce the posible misinterpretation that otherwise arises
from SQM data. The SQM is measuring the sky brightness for the
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SQM band correctly, but it is not representative of human vision
with enough accuracy when the spectra of the sources are more
relevant. Such a device can make sky brightness retrieval more ac-
curate and thus more suitable for monitoring optical effects from
different installations of ground-based light sources. Although the
single measurements of programs like Globe at Night can be very
imprecise, amateur measurements are still fundamental to trace the
real long-term change of sky quality, as human eye physiology is
not expected to change in thousands of years (Kyba et al. 2013;
Falchi et al. 2016).

As a final conclusion, the SQM is a good instrument, but not
good enough to trace the evolution of the change in sky bright-
ness in a colour-changing world. Colour sensors or multiband cam-
eras are needed to trace the real evolution of sky brightness in
this colour-changing world. However, more precise human-based
measurements of sky brightness, like the Naked Eye Limiting
Magnitude IMO’s technique (Rendtel, Arlt & McBeath 1995)
and/or Loss of the Night technique (Kyba 2013), are still funda-
mental to trace the long-term evolution of night sky quality.
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