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a b s t r a c t 

We provide radiometric evidence of the relevance of nearby light sources on the artificial brightness of 

the night sky. To obtain the required data we developed a method based on the use of power-regulated 

urban lighting systems, which also provides relevant information on the propagation of light pollution at 

short distances from the sources. A controlled experiment was carried out in the Andalusian municipality 

of Añora (1526 inhab.) in which the radiant power of its regulated public outdoor lighting system was 

modified in a predefined way during the central part of the night while continuously recording the zenith 

sky brightness in the TESS-W photometric band from two separate locations inside the town. We deter- 

mined that the power-regulated streetlight sources contribute a 60–62% to the total zenith sky brightness 

at these observing locations in clear and moonless nights when operated at their maximum power rat- 

ing, being the remaining sky radiance due to constant local sources and sources from neighboring towns. 

These results, in combination with georeferenced information on the sources’ location and properties, im- 

pose some constraints on the functional form of the effective point-spread functions (PSF) of the zenith 

sky brightness at short distances from the sources. For the conditions of our experiment we have found 

that the expected exponents of power-law PSFs are close to -1. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Light pollution is a research topic of growing interest. The in- 

roduction of anthropogenic light particles in the nighttime envi- 

onment [11] has been recognized as a form of atmospheric pollu- 

ion in international treaties [59 , 60] , and its detrimental effects on 

iodiversity, scientific and cultural heritage, and public health are 

rogressively better known (see e.g. [1,14,15,19,31–33,42,56,57] . 

One of the most conspicuous manifestations of light pollution is 

he artificial night sky brightness due to the scattering of artificial 

ight in the terrestrial atmosphere. Although the word ’sky’ might 

uggest to the casual reader that the detected photons are pro- 

uced only at high altitudes above ground, these scattering events 

ake place along the whole line-of-sight, starting in the very first 

illimeter from the observer eye or the detector entrance aper- 
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ure, and comprising all elementary atmospheric volumes illumi- 

ated directly or indirectly (after reflections or previous scattering 

vents) by artificial sources. Here we use the word ’brightness’ as a 

onvenient shortcut for the in-band radiance, spectrally weighted 

y the detector passband and angularly averaged over its field of 

iew. 

Whereas the propagation of the artificial radiance over dis- 

ances from a few hundred meters to tens and even hundreds of 

m from the sources has received considerable attention in the 

ast years, the behavior of the artificial sky brightness at short dis- 

ances has been much less studied. Anecdotal observation and nu- 

erical modeling suggest, however, that the contribution of nearby 

ight sources to the detected sky radiance may be far from negligi- 

le in urban settings, where slight displacements of the observer 

of order of tens to hundreds of meters) may result in remark- 

ble changes of the brightness of the night sky. Modeling the ar- 

ificial night sky brightness at medium to long distances from the 

ources is nowadays accomplished by using different point-spread 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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unctions (PSF) that describe the artificial brightness dependence 

n the source and detector properties, the state of the atmosphere, 

nd the distance to the observer. The interested reader may con- 

ult among others the works of Aubé [2] , Aubé and Simoneau [3] , 

ará et al. [4 , 5 , 9] , Cinzano et al. [16] , Cinzano and Falchi [17 , 18] ,

uriscoe [20] , Falchi et al. [24] , Falchi and Bará [26] , Garstang [28–

0] , Kocifaj [35–37] , and Simoneau et al. [54] for further details. 

he basic information about the spatial distribution of the sources 

nd some of their emission properties is available in repositories 

f nighttime satellite imagery [38–41] as e.g. those of the VIIRS- 

NB radiometers onboard the Suomi-NPP and NOAA-20 satellites 

 21–23 , 51 , 58] , the Luojia-01 [34] , and the Crew Earth Observation

rogram of the International Space Station [52 , 53 , 55] . 

Most of the PSFs traditionally reported in the literature, how- 

ver, were not explicitly calculated for distances smaller than a 

ew hundred meters from the source, and scarce experimental data 

ave been collected and reported regarding the behavior of the 

rtificial sky brightness under these circumstances. A theoretical 

odel encompassing all distances from the sources has been re- 

ently developed and applied to calculate the expected zenith sky 

rightness at short and medium distances (see [12] , this same spe- 

ial issue). 

In the present paper we report observational data gathered in 

 controlled emissions experiment, in which the night sky bright- 

ess was continuously monitored while the emitted radiant flux of 

he sources was modified in a predefined way. The experiment was 

arried out on April 2022 in the municipality of Añora, located in 

ndalusia (Spain), whose public streetlight system was almost fully 

onverted to LED-based luminaires whose emissions can be varied 

t will from the command center with negligible time constants. 

his work was made possible through a collaborative action of the 

echnical services of the municipality, who programmed the con- 

rol sequence of the public lights emissions and set up a measure- 

ent sensor, amateur astronomers in charge of another measure- 

ent station, and professional scientists in charge of experiment 

esign, data processing, and interpretation. Using already existing 

ower-regulated lighting infrastructures avoids the need of build- 

ng specific experimental installations and provides a realistic sce- 

ario for evaluating city lights emissions. The continued and close 

ollaboration between local authorities, citizen scientists and pro- 

essional light pollution researchers allows to qualify Añora as an 

ptimum urban lighting laboratory, where high quality data on the 

ffects of public lighting can be acquired in dedicated experiments 

erformed in the central hours of the night across the whole year. 

. Methods 

.1. Ground light emissions and artificial sky brightness 

At the usual levels of irradiance of outdoor lighting systems, 

he artificial sky brightness depends linearly on the emission of 

he sources. As a particular realization, this means that the artifi- 

ial zenith spectral radiance L λ( x o ) measured in the location x o at

avelength λ can be written as 

 λ( x o ) = 

∫ 
S 

�
(
x o , x , λ;β

)
L s 

(
x ;λ;β0 

)
d 

2 x , (1) 

here L s ( x ; λ; β0 ) is the spectral radiance of the artificial sources

ocated at x (units [ L s ] = W · m 

−2 · sr −1 · nm 

−1 ), d 

2 x is the element

f surface in the territory S (units [d 

2 x ] = m 

2 ), and �( x o , x , λ; β) is

he PSF describing the propagation of light pollution, whose units 

re in this case [ �] = m 

−2 . The units of the PSFs are dependent on

he choice of inputs and outputs in the linear system formulation 

f the light propagation problem. Since in this case the choice for 

oth is a spectral radiance, the PSF units are those that make its 

roduct by d 

2 x dimensionless. The symbol β= { β , β , βatm 

} repre- 
0 d 

2 
ents a set of several parameter vectors characterizing the prop- 

rties of source, β0 (altitude above ground, angular emission pat- 

ern), the observer, βd (altitude above ground, angular sensitivity 

f the field-of-view of the instrument), and the state of the atmo- 

phere, βatm 

(aerosol concentration profile, optical depth, albedo, 

symmetry parameter, etc.), respectively, several of which may also 

epend on λ. 

After an additional integration of L λ( x o ) over the spectral pass- 

and of the detector, T ( λ), and assuming factorable sources for 

hich the emitted radiance can be expressed as the product of a 

osition-dependent emission amplitude, L s ( x ), and a spectral and 

ngular emission term L 2 ( λ; β0 ), that is, L s ( x ; λ; β0 ) = L s ( x ) L 2 ( λ;

0 ), the detected in-band radiance L ( x o ) can be expressed as a 

urely spatial integral over the sources’ amplitudes: 

 ( x o ) = 

∫ 
S 

K ( x o , x ) L s ( x ) d 

2 x (2) 

hose kernel K ( x o , x ), or spatial PSF, is given by: 

 ( x o , x ) ≡
∫ 
λ

T ( λ) �
(
x o , x , λ;β

)
L 2 

(
λ;β0 

)
d λ (3) 

 ( x o , x ) depends on the parameter set β, whose symbol is not ex-

licitly indicated but shall be kept in mind. More formal and de- 

ailed derivations of these equations, as well as additional discus- 

ions on their meaning and range of applicability can be found in 

ará and Lima [5] , Bará et al. [8 , 13] , and Falchi and Bará [25] . 

Let us now discretize the sources’ territory S in a set of k = 1, …,

 S spatial pixels of area �k (units [ �k ] = m 

2 ). The discrete version

f Eq. (2) is then: 

 ( x o ) = 

N S ∑ 

k =1 

K ( x o , x k ) L s ( x k ) �k (4) 

If the sources within each pixel can be controlled in such 

 way that they may adjust their emitted radiance to a time- 

ependent fraction ηk ( t ) (0 ≤ ηk ( t ) ≤ 1) of their maximum emis-

ion value L s ( x k ), the detected artificial radiance in each moment 

f the night will be: 

 ( x o , t ) = 

N S ∑ 

k =1 

ηk ( t ) K ( x o , x k ) L s ( x k ) �k (5) 

In a controlled urban emissions experiment, a subset of street- 

ights may typically regulate their power following the same time 

rotocol, ηk ( t ) ≡ η( t ), k = 1, …, N R , while the remaining ones emit

t a constant level ηk ′ ( t ) ≡ ηk ′ , k 
′ = 1, …, N NR , where N R + N NR = N S .

n that case the detected radiance behaves as: 

 ( x o , t ) = 

N NR ∑ 

k ′ =1 

ηk ′ K ( x o , x k ′ ) L s ( x k ′ ) �k ′ 

+ η( t ) 

N R ∑ 

k =1 

K ( x o , x k ) L s ( x k ) �k (6) 

here it has been implicitly assumed that the atmospheric con- 

itions do not change significantly during the experiment, so that 

he βk parameters are independent of time and so are the PSFs 

 ( x o , x k ). The detected zenith brightness is then the sum of a con-

tant part (due to the not-regulated sources) plus a variable one, 

ependent on η( t ). 

Equation (6) provides the framework for studying the contribu- 

ion of a subset of sources to the total sky brightness at a given 

lace, x o . To achieve this, a controlled experiment can be made 

n which the sky radiance is measured while the emission frac- 

ion η( t ) is varied following a pre-defined protocol, in time inter- 

als long enough as to allow acquiring sufficient individual mea- 

urements in each power emission level to obtain a good signal- 

o-noise ratio, and short enough as to consider that the remain- 
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ng sources and the atmospheric conditions do not change signif- 

cantly during the experiment, something that may be reasonably 

chieved in the central hours of the night. Denoting by L ( η) the 

ky radiance measured as a function of the emission fraction η, by 

 0 the sky radiance due of the sources that do not modify their 

ower, and by L 1 the sky radiance due to the sources whose con- 

ribution to the total sky brightness we wish to assess, we may 

ewrite Eq. (6) as 

 ( η) = L 0 + ηL 1 (7) 

rom which the fractional contribution of the regulated sources to 

he total sky brightness at the observation place x o is, for every 

evel of η: 

f ( η) = 

ηL 1 
L 0 + ηL 1 

(8) 

Equation (6) also provides a way of experimentally studying 

ome analytical properties of the spatial PSFs, K ( x o , x k ). One of

hese possibilities is establishing some constraints on the expo- 

ents of hypothetical power-laws describing the dependence of 

 ( x o , x ) on the distance to the sources. If the PSF are shift-invariant

nd azimuthally symmetric, then K ( x o , x k ) = K ( D ok ), where D ok is

he horizontal distance between x o and x k , given by the norm of 

he vector difference D ok = ‖ x o − x k ‖ . For a hypothetical power law

ith exponent α (this exponent is expected to be negative because 

he PSF should not increase with the distance) the dependence 

ould be K( D ok ) = c ok D 

α
ok 

, being c ok a constant characteristic of

ach pixel, dependent on the set of parameters βk , which include 

he spectral and angular emission patterns of the sources and the 

tmospheric conditions. In this case the slope of L ( x o , η) with re-

pect to η is, according to Eq. (6) : 

∂L ( x o , η) 

∂η
= 

N R ∑ 

k =1 

c 0 k L k �k D 

α
ok (9) 

here we use the simplified notation L s ( x k ) = L k . 

In a general case, the values of the constants c 0 k should be in- 

ividually determined for each pixel of the territory and moment 

f the night (if the atmospheric conditions did change). The emis- 

ion properties of the territory pixels may be different, because of 

ifferent spectral composition of the sources, spectral reflectance 

f the neighboring surfaces, source elevations or source angular 

mission patterns. In the Añora municipality, however, all regu- 

ated power sources are LED lamps of essentially equivalent spec- 

ra (CCT 30 0 0 K), and with negligible direct emissions to the upper

emisphere so that the most relevant effective source producing 

he power-regulated part of the artificial sky brightness is the light 

eflected from the pavements located beneath the streetlights. As- 

uming the average spectral reflectance of the pixels has the same 

unctional form in the streets of the urban nucleus (the area where 

he power-regulated streetlights used in our experiment are lo- 

ated), the c 0 k coefficients can be considered approximately inde- 

endent from the source and observer locations such that c 0 k = c . 

dditionally, the area of the pixels used to discretize the territory 

an be taken uniform, �k = �. 

Now, if two detectors A and B are located in different places, 

he ratio γ of the derivatives with respect to η of the zenith radi- 

nces L ( x A , η) and L ( x B , η) measured at both locations is 

= 

∂ L ( x A , η) /∂ η

∂ L ( x B , η) /∂ η
= 

∑ N R 
k =1 

L k D 

α
Ak ∑ N R 

k =1 
L k D 

α
Bk 

(10) 

here D Ak and D Bk are the distances from the power-regulated 

ource pixels to the detectors and where the constants c and �

ancel out. Since the values of the radiance L k emitted from each 

ixel of the town can be estimated from the radiant power of the 

amps, their heights above ground and the ground reflectance, and 
3 
ince the distances to the detectors are known, the modelled value 

f γ for every exponent α can be directly calculated using Eq. (10) . 

hese modeled values can be compared with the ratio γ exp ob- 

ained experimentally from measurements of L ( x A , η) and L ( x B , η)

s a function of η. This comparison is expected to provide some 

seful constraints on the compatible values of the power-law ex- 

onent α ( Section 3.2 ). 

.2. The Añora public lighting system 

Añora (38 °24 ′ 44 ′′ N, 4 °53 ′ 51 ′′ W) is a municipality of the au-

onomous community of Andalusia (Spain), having 1526 inhabi- 

ants (2021) and a total extent of 112.57 km 

2 . It is located in a

elatively sparse populated area, at 60 km from the city of Cór- 

oba (322 0 0 0 inhab.) and 150 km from Seville (684 0 0 0 inhab.).

ts public streetlight and outdoor sports lighting system was re- 

ewed in the last years by substituting most of the legacy gas- 

ischarge lamps by LED. It is presently composed of 1033 lumi- 

aires ( Fig 1 ), of which 737 are fitted with LED lamps of 30 0 0 K

orrelated color temperature (CCT) and powers ranging from 5 to 

18 W, 168 with high pressure sodium vapor (HPS, 70–250 W), 75 

ith metal halide (MH, 70–400 W), and 53 with fluorescent (FL, 

5–30 W) lamps. These luminaires are controlled by eleven inde- 

endent lighting command panels. While MH and FL lamps oper- 

te at a constant luminous flux, most HPS lamps may reduce their 

missions in discrete steps to a given fraction of the maximum. 

ll LED lamps can vary their luminous flux in a continuous way, 

ollowing a programmed protocol, by means of the corresponding 

ommand unit. 

.3. TESS-W radiometers 

Two STARS4ALL Night Sky Brightness Photometers TESS-W 

6,27,45,61] , labeled Stars9 and Stars793, are permanently installed 

n the locations shown in Fig. 1 at 11 and 8 m above ground, re-

pectively, pointing towards the zenith. Their readings can be ac- 

essed in real time through the STARS4ALL TESS-W global net- 

ork website ( https://tess.dashboards.stars4all.eu ). The TESS-W ra- 

iometers are based on an irradiance to RF frequency converter fit- 

ed with optics to limit the field of view to an approximately Gaus- 

ian region of FWHM 17 ° Its spectral passband spans the range 

00–750 nm. The TESS-W devices provide the sky radiance in units 

f astronomical magnitudes per square arcsecond, mag TESS /arcsec 2 . 

ig. 2 shows the ’hourglass diagram’ of the zenith sky brightness 

ecorded by the radiometer Stars9 in the period 2017–2022. 

. Results 

.1. Dependence of the zenith sky brightness on the artificial light 

missions 

To investigate the dependence of the zenith sky brightness on 

he outdoor lighting emissions a dedicated experiment was carried 

ut in Añora, on the night of April 1st to 2nd, 2022 (daylight sav- 

ngs period, official time CEST = UTC + 2), under new Moon and with 

table and clear atmospheric conditions. The experiment consisted 

n monitoring the evolution of the zenith sky brightness as the lu- 

inous flux emitted by the streetlights varied in a predefined way. 

 total of 766 luminaires controlled by eight CMA command panels 

all panels, excepting CMA-04, CMA-08, and CMA-09) varied syn- 

hronously their emissions during the central part of the night ac- 

ording to the protocol shown in the first two columns of Table 1 .

he corresponding evolution of the raw zenith sky brightness de- 

ected by the two TESS-W sensors is shown in Fig. 3 , and its mean

alues (and associated standard deviation of the samples) are listed 

n columns three to six of Table 1 . 

https://tess.dashboards.stars4all.eu
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Fig. 1. Layout of the public streetlight system of Añora municipality. Different colors (online) correspond to the sets of luminaires controlled by different command panels. 

The locations of the detectors TESS-W Stars9 (triangle) and Stars793 (diamond) are also shown. 

Fig. 2. ’Hourglass diagram’ of the zenith sky brightness recorded by the radiometer Stars9 in the town of Añora during the period 2017–2022. Each vertical column corre- 

sponds to an individual night. The vertical axis indicates the hour, centered at midnight UTC. The sky brightness is expressed in mag TESS /arcsec 2 using a color scale. White 

columns represent data not available. The time zone of Añora is UTC + 1 (CET), switching to UTC + 2 (CEST) during the annual daily savings time period. 

Table 1 

Synoptic results of the experiment shown in Fig.3 . m -values in mag TESS /arcsec 2 . 

Time (UT) η m S 9 mean m S 9 std m S 793 mean m S 793 std m 

∗
S9 mean 

23:00 - 00:00 1.0 20.103 0.0117 20.125 0.0146 19.946 

00:30 - 01:00 0.8 20.252 0.0097 20.279 0.0033 20.095 

01:00 - 01:30 0.6 20.412 0.0109 20.433 0.0045 20.255 

01:30 - 02:00 0.4 20.621 0.0166 20.630 0.0133 20.464 

02:00 - 03:00 0.8 20.297 0.0064 20.330 0.0021 20.140 

t

L

w

p

t  

e

m

a

t

a

i

The TESS-W in-band radiance L (W · m 

−2 · sr −1 ) corresponding 

o m mag TESS /arcsec 2 is 

 = C × 10 

−0 . 4 m (11) 

here the factor C , with units of radiance, is the radiometric zero- 

oint of the device. It is so called because it defines the zero of 

he scale of the magnitude system, attained when L = C . Eq. (11) is
4 
quivalent to 

 = −2 . 5 log 10 

(
L 

C 

)
(12) 

Whereas the zero-point of a metrological magnitude per square 

rcsecond scale is unambiguously defined, its practical implemen- 

ation in different physical sensors may lead to small differences 

mong devices, due to slight variations in the sensor sensitiv- 

ty, transmittance of the optical components or other unavoid- 
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Fig. 3. Time evolution of the raw values of the zenith sky brightness (including the natural and artificial components) recorded by the TESS-W sensors Stars9 and Stars793 in 

the municipality of Añora, in the night of April 1st to 2nd, 2022. Time in UT, sky brightness expressed in the negative logarithmic scale mag TESS /arcsec 2 . Values in% indicate 

the fraction ( η) of the maximum power at which the regulated streetlights were operating in each time slot. 
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Fig. 4. Radiances of the zenith sky, in units C 793 , measured by the detectors Stars9 

and Stars793 in the experiment shown in Fig. 3 ., versus the power fraction η at 

which the regulated streetlights were operating. 
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ble manufacturing factors. Another factor potentially affecting the 

eadings is the different aging of the detectors depending on their 

umulative exposure to outdoor conditions, something that has not 

een reported for the TESS-W units but is known to affect the 

idely used SQM sensors [10] . In our case, the Stars9 has been in-

talled in its present location since the summer of 2016, whereas 

he Stars793 was purposely installed for these experiments, hav- 

ng had its "first light" a few days before the measurements here 

eported were taken. For the science issues addressed in this pa- 

er the exact value of the C factors is of little concern, as long as

t could be ensured that they are equal for both TESS-W devices. 

he reason is that the main results we are looking for are related 

ith the percent contribution of the power-regulated streetlight 

ystem to the total brightness of the zenith sky, f ( η) in Eq. (8) ,

s well as with the hypothetical power-law dependence of the 

ight pollution PSFs on the distances from the sources, studied by 

omparing experimental radiance η-slope ratios against the pre- 

icted γ values in Eq. (10) . In both calculations the detector con- 

tants C 9 and C 793 cancel out when taking the ratios, provided that 

 9 = C 793 . 

A calibration procedure must be implemented to ensure that 

he data provided by both detectors are reported using the same 

 zero point. In our case the most practical choice was to use the 

wilight sky as a calibration source, following the clever method 

eveloped by Puschnig et al. [50] . This method is based on the 

act that, for fixed atmospheric conditions, the twilight zenith sky 

rightness depends deterministically on the Sun angle below the 

orizon [46] . Since the sky brightness at the end of the civil twi- 

ight and beginning of the nautical one (e.g. with the Sun altitudes 

n the range –6 ° to –7 °) is considerably higher than the one due to

treetlights while it is still within the measurement range of most 

enith sky radiance sensors, the twilight sky offers a very useful 

alibration candle. This calibration can be applied in real time or 

o historical datasets, without the need of removing the sensors to 

nalyze them in the laboratory. For the usual application of this 

ethod, especially if it involves sensors located at distant places, 

t is advisable to filter out cloudy nights. In our case, however, the 

rocedure is highly simplified due to the fact that both TESS-W 

nits are located a short distance from each other (484 m), such 

hat the natural twilight sky brightness can be considered practi- 

ally the same at both locations even in cloudy days, excepting per- 

aps for periods of fragmented clouds or very low altitude cloud 

ayers. 
5 
For the twilight calibration we selected the data acquired by 

oth sensors when the Sun altitude was in the range [–6 °, –

 °], in the period from March 30th to June 25th, 2022, result- 

ng in a total of 732 useful records per sensor. Most of the read- 

ngs at these Sun depression angles were in the range (13.0, 

5.5) mag TESS /arcsec 2 , with only three outliers above the upper 

imit of this interval. The average bias between the two detectors 

as found to be 〈 m S793 − m S9 〉 [ −−6 ◦, −−7 ◦] = −0 . 157 ( SD : 0 . 070 ) 

ag TESS /arcsec 2 , where SD is the standard deviation of the data. 

y applying this correction to the raw readings of detector Stars9 

n Table 1 we get the readings referred to the same scale as the 

tars793 (column m 

∗
S9 

mean). 

The resulting radiances, in a homogeneous scale with zero- 

oint C 793 for both detectors, are shown in Fig. 4 , as well as their

iner regressions fits. The radiances in linear units C 793 are ob- 

ained as 10 −0.4 m ( Eq. (11) ), with m standing for m S 793 or m 

∗
S9 , de-

ending on the detector. 
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Fig. 5. Illustrating the estimated relative street irradiance produced by the power- 

regulated luminaires in Añora town, from the data available in the municipality 

lighting inventory. The locations of the detectors Star9 (triangle) and Stars793 (dia- 

mond) are also shown. 
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The linear fits of the radiances (in units C 793 ) versus the power 

raction η are: 

L 9 ( η) = 6 . 455 × 10 

−9 
(
SD : 4 . 445 × 10 

−10 
)

η

+ 3 . 929 × 10 

−9 
(
SD : 3 . 326 × 10 

−10 
)

 793 ( η) = 5 . 327 × 10 

−9 
(
SD : 4 . 604 × 10 

−10 
)

η

+ 3 . 432 × 10 

−9 
(
SD : 3 . 445 × 10 

−10 
)

This means that the fractional contribution of the power- 

egulated streetlights to the total zenith sky brightness recorded 

t the central hours of the night at the locations of the detec- 

ors, when the sources are operating at maximum power ( η = 1) is, 

ccording to Eq. (8) f 9 (1) = 62.2% and f 793 (1) = 60.8%, respectively.

he remaining zenith sky brightness is due to light sources whose 

missions did not change significantly during this experiment, in- 

luding local ones (not-regulated streetlights and other local light 

ources), streetlights from roadways and neighboring population 

uclei and, also, the natural sky, whose contribution to our exper- 

ment is significantly lower than that of artificial light [43 , 44] . 

The ratio of the experimental derivatives with respect to η, 

hich is of interest for studying the hypotetical power-law of the 

ropagation of light pollution at short distances from the sources, 

ee Eq.(10) and next subsection, is then 

exp = 

d L 793 ( η) /d η

d L 9 ( η) /d η
= 0 . 825 ( SD : 0 . 091 ) (13) 

.2. Constraining the exponents of PSF power-laws 

The data gathered in this experiment permit to obtain some 

reliminary insights about the power-law dependence of the 

enith sky brightness on the distance to the sources, in the short- 

o mid-distances range. To that end we can compare the ratio γ exp 

btained experimentally, Eq. (13) , with the γ that could be ex- 

ected from different exponents α in the power-law model Eq. 

10) . For applying Eq.(10) we shall carry out a summation over the 

ource radiances, L k , weighted by the α-powers of the distances to 

he detectors. It shall be kept in mind that the detectors are in- 

talled on building roofs, above the street level, and that the air 

olumn above them is not directly illuminated by the street lamps, 

ut rather by the light reflected from the pavements (and, up to a 

ertain height, from the buildings façades). Each small portion of 

he streets (pixel k ), illuminated by the lamp(s) above it with an 

rradiance E k [W · m 

−2 ] can be considered as an approximate Lam- 

ertian emitter, whose radiance is L k = ( ρk / π ) E k [W · m 

−2 · sr −1 ],

here ρk is the reflectance of the ground. 

Since a high-resolution map of the actual radiances of the 

treet pixels L k is still not available, an approximate estimation of 

hese radiances can be made using the municipality lighting in- 

entory, which contains, among other information, the precise lo- 

ation, type, power and height above ground of each streetlight 

n the town. Since we are only interested in the radiance due to 

he power-regulated sources (recall that Eq.(10) applies to the ra- 

io of the derivatives of the radiance L k vs η), an estimate of the

treet radiance can be made by dividing the city raster map in 

mall square pixels of side 0.5 m (area �= 0.25 m 

2 ), and assign-

ng to each pixel an average irradiance proportional to the electric 

ower of the nearest lamp divided by the area of the street illumi- 

ated by that lamp. Using the electrical power as a proxy for the 

amp radiant flux is justified in this experiment, since it involves 

 very homogeneous set of lamps (LED 30 0 0 K) with essentially 

niform luminous efficacy. The area illuminated by each street- 

ight can be approximated by a circle of radius r k = n h k , where

h k is the height of the lamp pole illuminating the pixel k , and n

s the ratio of the average semi-distance of the luminaires to their 
6 
eights, here taken as n = 2.5. The irradiance on the pixel k is then

 k = P k /[ π ( nh k ) 
2 ] and the reflected radiance is L k = ρk P k /( πnh k ) 

2 .

nder the admittedly oversimplifying assumption of uniform re- 

ectance across the town streets, ρk = ρ , the pixel radiances be- 

ome proportional to P k /( nh k ) 
2 . Fig. 5 depicts the relative street ir-

adiance produced by the power-regulated lamps. It applies to any 

level (0 < η ≤ 1) since all regulated lamps used in our experi- 

ent synchronously varied their power following the same proto- 

ol. 

With the estimated values of the radiances L k ( k = 1, …, N R )

nd the horizontal distances from the ground pixels to the detec- 

ors D Ak and D Bk , where A stands for the Stars793 and B for the

tars9, the ratio γ ( α) between the expected slopes of the radiance 

s η can be calculated using Eq.(10) for the hypothetical case of 

 power law with exponent α. Recall that any constant factor af- 

ecting the estimation of the L k cancels out when taking the ratio, 

o the values of P k /( nh k ) 
2 can be used instead of L k as long as our

ssumption about the uniform pixel reflectance holds. Fig. 6 shows 

he results of this calculation, for the positions of our detectors and 

or values of the power-law exponent − 2 ≤ α ≤ 0. 

Estimations for three different values of the ratio semi- 

istance/heigh of the lamposts ( n = 2.0, 2.5 and 3.0) are shown in 

his Figure, to get some insights about the dependence of the re- 

ults on this parameter. Although for a fixed set of pixels this pa- 

ameter cancels out in the numerator and denominator of the ra- 

io, some differences may be expected if n is changed. The rea- 

on is that since the pixel size used in this calculation was very 

mall, �= 0.25 m 

2 , for adequately representing the illuminated ar- 

as near the locations of the detectors (the ratio of power laws 

s very sensitive to the radiances at very short distances D Ak and 

 Bk ), the number of pixels effectively illuminated in certain zones 

f the map may change depending on the radius of the illuminated 

one beneath each lamp, which in turn depends on n . So N R in

q. (19) may depend on the choice of n . The observational value of 

exp , Eq.(13) , obtained in our experiment is shown as an horizontal 

ine with intervals of one standard deviation above and below. It 

an be seen that our experimental result is reasonably compatible 

ith power laws of exponent α ∈ [ − 1.45, − 0.85], if the interval 
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Fig. 6. (Color online) Blue : Slope ratio γ ( α) estimated from the Añora pixel radi- 

ances using the power law in Eq. (10) for the locations of the detectors Stars793 

and Stars9, with n = 2.5 (full line), n = 2.0 (dashed line) and n = 3.0 (dotted line). 

Red : measured value γ exp , Eq. (13) (full line) and intervals of one standard devia- 

tion (dotted lines). 
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f one standard deviation of γ exp is taken as a measure of com- 

atibility. Note however that no sharp conclusions should be taken 

rom this result, since the number of experimental data used to 

alculate γ exp is small and so are the degrees of freedom. Adopt- 

ng a reasonable degree of confidence (e.g. 95%) would lead to very 

arge confidence intervals which would not allow excluding a much 

roader range of exponents. This result is, nevertheless, a reason- 

ble indication that the zenith sky brightness may depend on the 

istance as a power law with exponent close to –1 for observers 

ocated up to several hundred meters from the sources. 

. Discussion 

This work highlights the usefulness of power-regulated outdoor 

ighting systems for obtaining relevant information on the propa- 

ation of the artificial brightness of the night sky. By monitoring 

he evolution of the sky radiance while the luminaire emissions 

re changed in a controlled way it is possible to estimate the con- 

ribution of these luminaires to the total sky brightness as well as 

o put some constraints on the exponents of the power-laws that 

ay describe the propagation of light pollution at short to mid- 

istances from the sources. 

We have found that our measurements are compatible with a 

ower-law dependence of the artificial zenith sky brightness on 

he distance to the sources, with exponent close to –1. The choice 

f a constant exponent power-law as a trial function is justified by 

he small range of distances involved in our experiment (no larger 

han ∼ 1 km). It is well-known from the scientific literature that 

he theoretical log-log curves of PSFs vs distance over long dis- 

ance ranges (up to hundreds of km) have a variable slope, which 

ends to become more negative with distance. A single constant 

xponent is then expected to characterize this behavior only over a 

imited distance range, as it was our case. The exponent we found 

s consistent with the one expected from numerical calculations 

ith models like Illumina v2 for this range of distances, see e.g. 

imoneau et al. [54] , and it is also consistent with the exponent 

1 expected from short-distance analytical approximations to the 

cattering integrals [12] . Further field studies should try to reduce 

ven more the uncertainty of the experimental estimates of this 

xponent, to validate the predictions of different theoretical mod- 
7 
ls taking into account the small-scale details of the lighting in- 

tallations. 

The results presented in this paper are contingent on several 

ain assumptions and are affected by some experimental limi- 

ations. One is the assumption of factorability of the spatial and 

ngular-spectral terms of the sources’ radiance used to deduce 

q.(2) . Other is the assumption of equality of the c 0 k coefficients 

hat allows writing the γ ratio in the simplified form shown in 

q. (10) . The assumption that the coefficient c 0 k multiplying the 

ower-law factor of the PSF is the same for all source pixels is 

alid as long as the parameters contained in the vector set βk , 

hich include the spectral and angular emission patterns of the 

ources and the atmospheric conditions, are equal for these pixels. 

he quantitative computation of the expected γ ( α) in Añora for 

everal exponents ( Section 3.2 ) has been made from an approxi- 

ate estimation of the street irradiances based on the municipal 

ighting inventory. A more precise treatment could be made by 

sing actual street radiance data, obtained by means of satellite 

r airborne nocturnal imaging. Another experimental limitation re- 

ards the twilight calibration, typically performed under zenith sky 

rightness in the range 13.0–15.5 mag TESS /arcsec 2 . Although the 

inearity of the detectors reasonably permits to apply the inter- 

evice zero-point calibration factor obtained in these conditions 

o the typical brightnesses recorded in the experiment, close to 

0.0–20.5 mag TESS /arcsec 2 , the different angular distribution of the 

ky brightness patterns of the natural twilight and the artificial 

ights could lead to some uncompensated error, if a slight relative 

isalignment of the centers of the detectors’ fields of view were 

resent in the experiment. 

Not as a limitation of this experiment, but as a general com- 

ent, the percent contribution of a subset of lamps to the to- 

al brightness of the night sky depends on the relative location 

f the lamps and the observer, the time evolution of the remain- 

ng artificial emissions, and the state of the atmosphere. The lat- 

er may significantly vary in timescales from minutes to seasons. 

his underscores the fact that the sky brightness is not a fixed 

umber but a variable quantity that should be statistically handled 

o derive averaged indicators for each site, relatively stable from 

ear to year excepting for variations of the anthropogenic emis- 

ions or inter-annual trends in local climate conditions, see e.g. 

uschnig et al. [4 8 , 4 9] , Posch et al. [47] , Bará et al. [7] . The percent

ontributions f 9 ( η = 1) = 62.2% and f 793 ( η = 1) = 60.8%, obtained in

ection 3.1 shall then be understood as particular realizations of 

hese variables. 

onclusions 

Power-regulated emissions from public outdoor lighting sys- 

ems offer an interesting opportunity for studying relevant aspects 

f the propagation of the artificial night sky brightness. Leveraging 

n the existing public lighting installations to perform the exper- 

ments avoids the need of building additional expensive and en- 

ironmentally unfriendly outdoor testing grounds. The possibility 

f synchronously switching the amount of luminous flux emitted 

y part or the whole streetlight system provides an easy way for 

solating its relative contribution to the total effects, by analyzing 

ts time signature in the recorded brightness. With modern solid- 

tate light sources and control panels the changes in the luminous 

ux can be exceedingly fast in time, only limited in practice by the 

umber of measurements that have to be made in each constant 

ower step in order to achieve a sufficient signal to noise ratio. 

n this study we have found that the contribution of the power- 

egulated streetlights to the total sky brightness in the town of 

ñora is of order 60–62%, at the locations of our detectors. We 

ave also estimated experimentally that the exponent of a power- 

aw describing the dependence of the zenith sky brightness on the 
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istance to the sources, at short distances from them, should fall 

ithin the range [ − 1.45, − 0.85]. This is compatible with theo- 

etical predictions that estimate this exponent to be equal to –1. 

he results presented in this paper also highlight the strong syner- 

ies achievable by joint collaboration of academic researchers, pub- 

ic authorities and citizen scientists. 
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