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Abstract

The formal link between magnitudes per square arcsecond and luminance is discussed in this paper. Directly
related to the human visual system, luminance is defined in terms of the spectral radiance of the source, weighted
by the CIE V(1) luminous efficiency function, and scaled by the 683 Im/W luminous efficacy constant. In
consequence, any exact and spectrum-independent relationship between luminance and magnitudes per square
arcsecond requires that the latter be measured precisely in the CIE V() band. The luminance value corresponding
to myc=0 (zero-point of the CIE V(1) magnitude scale) depends on the reference source chosen for the definition
of the magnitude system. Using absolute AB magnitudes, the zero-point luminance of the CIE V() photometric
band is 10.96 x 10% cd-m=,
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1. Introduction

The quantitative evaluation of the night sky brightness is a matter of interest for a wide variety of studies,
ranging from the naked-eye visibility of the stars and other celestial bodies to the disruptive effects of the
anthropogenic skyglow on wildlife ecology and on potentially relevant aspects of human physiology. "Night sky
brightness" is used here as a short-hand term for the spectral radiance of the night sky, angularly integrated within
the field of view of the detector, and spectrally integrated over wavelengths, after being weighted by the spectral
transmittance of the filter associated with the photometric band in which the measurements are taken.

The appropriate photometric band depends on the effects being studied: several sets of standard systems are
currently used in astrophysics [1], like the well-known Johnson-Cousins UBVRI [2], whose zero-points can be
defined either by the irradiance of a known physical source (e.g. the star Vega) or in terms of a prescribed spectral
irradiance distribution, as the AB (absolute) magnitude system [3-4]. Environmental studies require the use of a
wide set of specific action spectra and photometric bands [5-12], to account for the variety of physiological and
behavioural processes of the different species sharing an artificially illuminated area. Human visual perception, in
turn, is described using the standard CIE V(1) luminous efficiency function [13-14], which informs us of the
relative sensitivity of the visual system to the different wavelengths of the optical spectrum. The standard CIE V(1)
function is defined as the observer-averaged inverse of the relative radiant power required to elicit a perception of
equal brightness, in foveal vision, of two adjacent (or secuentially presented, in flicker mode) uniform light fields
of different wavelength, one of which is taken as the reference.

Besides in the linear radiance scale of units Wm=2sr~! (or luminance, in cd-m~2, in case the measurement band
coincides strictly with the CIE V(A) one), the night sky brightness can also be expressed in the logarithmic scale
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of magnitudes per square arcsecond, traditionally used in astrophysics. Many practical devices currently used in
light pollution studies provide the output in these units. The all-sky system ASTMON [15], for instance, reports
angularly resolved measurements of the brightness across the celestial hemisphere above the observer, in
magnitudes per square arcsecond in the Johnson-Cousins B, V, and R bands. The widely-used low-cost radiometers
SQM (Unihedron, Canada) [4,16-19] and TESS [20] use device-specific photometric bands. Other popular
detectors, like the DSLR cameras, provide radiance readings in the RGB color space, from which the Johnson V
magnitudes can be approximately estimated. Not infrequently, a loose identification is made for practical purposes
among the Johnson V, the SQM, and the CIE V() bands, in spite of the potentially strong differences between the
brightnesses of the same source reported in each one of them, that have been comprehensively analyzed and
discussed by Cinzano [16], and especially by Sanchez de Miguel et al. [4]. Several approximate expressions can
be found in the literature for transforming magnitudes per square arcsecond measured in the Johnson V, or in the

specific SQM band, into luminance in cdm=2, with zero-point factors in the interval 9.0 — 10.9 x 10* cdm=2. Some
of them are analyzed in Subsection 3.2 below.

The purpose of this communication is to describe the formal relationship between magnitudes per square
arcsecond and luminance, a relationship that can only be established with exact and general (spectrum-independent)
validity if the magnitudes are measured and reported in the CIE V(1) photometric band.

2. Luminance and AB magnitudes per square arcsecond in the CIE V(L) band

Astronomical magnitudes are a relative negative logarithmic scale commonly used in astrophysics for reporting
the irradiance [Wm=2] in any predefined photometric band. Denoting by T(l) the spectral weighting function

(filter) characteristic of that band, the magnitude m of a source is defined as:
m=-2.5log mPf-OT(A)E(i)d 4 } 1)
[ioT(2)Ep(2)d 2
where E(ﬂ) [Wm~2nm™1] is the spectral irradiance produced by the source at the entrance plane of the filter, and
EO(/l) is a spectral irradiance distribution chosen as the reference for determining the origin (zero-point) of the

m magnitude scale. According to Eq.(1) the overall filter-weighted irradiance in the T band,

Er= jf:OT(/l)E(/l)dﬂ, can be expressed in terms of the reference one, Eq 1 = jf:OT(/l)Eo(ﬂ)d/l, using the well-
known formula

Er=E,x10-04m, (2

Magnitudes per square arcsecond, in turn, are a non-Sl scale for reporting the filter-weighted radiance

[Wm-2sr-1] iincident on the detector. Let us remind that, by definition, the spectral irradiance E(/l) and the

spectral radiance L(ﬂ;a) [Wm-2sr-tnm1] are related through the equation [21]
dE(4)=L(2;0)cos0dw, 3)
where d E(/l) is the elementary irradiance produced by a beam of radiance L(ﬂ;a) incident on the detector

from an infinitesimal cone of directions dw (elementary solid angle) around the direction e, which forms an
angle @ with the normal to the detector surface. If directions in space are described using spherical coordinates,

then a=(¢,0), being ¢ theazimuthand @ the polar angle,and dw=sin@dédg.
If the angular size of the source, Aw, is small and the detector is pointing directly towards it (& = 0), then
L(4;a)=L(4) and cos@=1, and hence L(2)= AE(2)/Aw. This finite angular approximation can be safely

applied to compute the spectral radiance of one square arcsecond patch of the sky, since 1 arcsec?=2.3504 x 107
Sr.
The statement that a uniform extended source has a brightness of mr magnitudes per square arcsecond in the T

band is equivalent to the statement that the filter-weighted irradiance AE produced at the detector plane by one
square arcsecond patch of that source is equal to the filter-weighted irradiance E; that would be produced at
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the same plane by a point source of magnitude m=my , acording to Eq.(2). Hence the radiance Lt
corresponding to a brightness of mr magnitudes per square arcsecond in the T band is

Ly = (%OLJ x10-04mr = |y 1 x10—04m; [Wm2sr] 4)
@0

with Awg=2.3504x 10~ sr.

The above expressions can be particularized for the the CIE V() measurement band, by substituting V(ﬂ)
for T(/l) and the subindex "VC" for "T" where appropriate. In this case (and only in this case) the irradiance
Eyc in Eq.(2) can be equivalently expressed as an illuminance E'yc, in Sl visual units Ix=Im/m?, and the
radiance Lyc inEq.(4) can be expressed as a luminance L'yc , in units cdm=2, or their equivalent, Ix-sr2. This
is achieved by multiplying both expressions by the standard luminous efficacy scaling factor 683 Im/W. The
luminance L'y is then given by

L've = 683 [ImW ] (EAOV_CJ x10-04myc = L' yo x10-04Mc  [cdm?] (5)
@q
with a zero-point, in luminous units,
, 683[Imw —1| _
Love = % 7oV (2Eqg(2)d 2 [cdm?] (6)
0

The precise value of L'y yc is contingent upon the choice of the spectral irradiance distribution Eo(ﬂ) that

will be used as a reference to set the zero-point of the magnitude scale. A possible choice is the spectral irradiance
of the AOV type star Vega (« Lyr), of effective temperature T,=9550 K and Johnson V-band magnitude +0.03 [22],
with null Johnson color indices U-B=B—V=0. An alternative to this choice, not tied to any particular reference
star, is the AB (absolute) magnitude scaling [3-4], whereby the reference spectral irradiance, per unit frequency

interval, is set to a constant value of Eo(v) =3631 Jansky (Jy) throughout the whole spectral domain (1 Jy = 10-%
Wm~2Hz?). Taking into account that EO(/I)d A= Eo(v)dv, where dv is the frequency spectral interval (in Hz)

corresponding to the wavelength interval dA (inm), and that v =c/4,sothat dv = (— c//lz)d A, the reference
AB spectral irradiance per unit wavelength interval is given by

Eol1)=3631[dy]x(c/2?), [Wm-2m] (7)
with c= 299,792,458 ms™ and A in m. Note that the right-hand side of Eq.(7) shall be multiplied by 10~ in case
EO(/l) is expressed in Wm=2nmL. The minus sign in the expression relating dv and dA cancels out, since the

change from the frequency to the wavelength domain involves a change of the integration limits in Egs.(1) and
(6) that introduces an additional sign reversal. Eq. (6) becomes then:

L'g.ve = 683 [ImW ~1]x 3631 [Jy]x —— x of iﬁ)dz . (8)
Awg ;20 4
Computing numerically the integral in Eq.(8) we get the zero-point:
L'o.ve =10.96x10%, [cd-m?] (9)
so that, finally,
L'yc =10.96x10%x10 - 04myc . [cd-m?] (10)

Other constants of interest for the AB magnitude scale in the CIE V(A) band are listed in Table 1. They were
computed using the CIE 2° photopic luminosity curve (1924) V(1) numeric values from [23], linearly interpolated
with 1 nm resolution. The integrations were performed in the interval 340-780 nm.

Table 1. Constants of the AB magnitude scale in the CIE V(L) band

Constant Symbol Value Units
Zero-point irradiance Eowvc 3.77x107° Wm~
Zero-point radiance E'ove 160.42 Wm2sr?
Zero-point iluminance Lovc 2.58 x 10 Ix
Zero-point luminance L'ove 10.96 x 10* cd-m2
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3. Discussion
3.1. Additional remarks

The previous section provides a simple deduction of the relationship between luminance, in cdm, and
magnitudes per square arcsecond. This relationship is accurate and has general validity if -and only if- the
magnitudes are measured in the CIE V() band that is at the root of the luminance definition. The choice of the
zero-point of the magnitude scale is however arbitrary, and several options can be chosen to specify the reference
spectral irradiance. In this work we have used the AB magnitude system, based on the specification of a constant
spectral irradiance of 3631 Jy throughout the whole spectral range. This choice presents the advantages of being
absolute and not tied to the measurement of the spectral irradiance of any reference source, as, e.g. the star Vega
(e Lyr) or the Sun.

Note that the use of the CIE V(L) band is a requirement in order to be consistent with the accepted definition
of luminance. Luminance is a standard photometric magnitude closely related to the human perception of
brightness in foveal vision. The V(&) function for a 2° field of view basically expresses the combined spectral
response of the foveal L and M cones, with a small contribution from the (mainly extrafoveal) S cone
photoreceptors. Several modifications of the classical V() function have been developped by Judd and Vos [24],
and Sharpe and Stockmann [25], motivated in part for the need of correcting the too-low value of the CIE V(1)
function at the short wavelength range of the visible spectrum (datasets available in [23]). The V(1) function for
extended fields of view (10°) [23] may also be utilised to overcome this drawback. A recent model proposed by
Rea et al. [26] introduces a linear combination of the V(L) and the S(A) cone sensitivity for describing the wide-
field perception of brightness, as opossed to the foveal one. Besides, the spectral response of the human eye also
depends on its state of adaptation to the prevailing luminance level. For dark-adapted eyes the CIE 1951 V'(A)
scotopic sensitivity function [27] should be used instead of the photopic V() one. For intermediate luminance
adaptation levels, several mesopic sensitivity functions have been proposed [28-29]. None of these functions have
been used here, to be consistent with the classical luminance definition. Further studies, however, may suggest
the use of any of them as the band of choice for better characterizing the human perception of brightness of the
night sky.

Note also that the definition of the magnitude system can be made using spectral energy densities, as in Eq.(1)
above, or spectral photon number densities, as in Eq.(9) of [30]. Both definitions, although not strictly equivalent,
only differ by minor amounts for most practical situations.

As deduced from the previous paragraphs, and has been thoroughly analyzed by Sanchez de Miguel et al. [4],
it is not possible to define an exact, general (spectrum-independent), and unambiguous transformation between
luminance and magnitudes per square arcsecond if the magnitudes are measured in bands different from the CIE
V()1). Any particular conversion attempt shall specify the offset between the measured magnitudes and the V(L)
ones. This offset turns out to be spectrum-dependent, so that only by knowing the spectral distribution of the
source is it possible to compute it with accuracy. That being said, for light pollution studies under well-
characterized circumstances one may get reasonably good estimations of the conversion factor, since the spectral
distributions of the main types of artificial lighting sources are relatively well-known and belong to a restricted
set of technologies.

3.2. Some notes on previously published formulae
Several formulae can be found in the literature relating the luminance of an extended source to its brightness

in magnitudes per square arcsecond in the Johnson V band, that will henceforth be denoted by my,; in order to

avoid confusion with the CIE V(L) my, . As it is evident from the above section and from previously published
works [3-4], these conversion formulae must be considered only approximate, since sources with the same my;

will generally have different myc , and consequently will give rise to different luminances, depending on their

particular spectral composition.
An expression of this kind frequently used in light pollution studies (see, e.g. [31-35]) is

L'ye 210.8x10*x10~04my; = [y o x10 - 04my,; [cd-m7]. (11)
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There has been some discussion about the precise origin and range of validity of this formula. Several recent
[36] and classical [37-38] works quote the following expression by Garstang [39] to transform the so-called "visual
magnitude” of the sky, V, given in Johnson magnitudes per square second (my,; , in our notation), to brightness

(b) expressed in nanolamberts (1 nL = 10-°/x cd-m2):

b=3408 exp(20.7233 — 092104 V) [nL]. (12)
Transforming the base-e exponentials into base-10, and expressing the nL in cd-m2, Eq.(12) can be rewritten in
the form of Eq.(11) with a zero-point luminance E'o,vc =10.85x10%cd-m=2. In ref [39], Eq. (12) is said to be
based on the conversion given by Allen in p. 26 of [40], that establishes the value of the luminance of "one m,=0
star per square degree outside the atmosphere” as 2.63x 10~ lambert (L), with no further indication about its
derivation. Transforming the lamberts to cd-m~ and the square degrees to square arcseconds, this value gives an
Allen’s zero-point luminance |:'0.vc =10.89x10* cd-m2 in agreement with the value 10.9x10* cd-m2

quoted by Slychter [41].
In a different section of Allen's book, the "illuminance of one my=0 star outside the atmosphere" is quoted as

é'o.vc =2.54x10-6 Ix ([40] p. 197). For small angular sources this illuminance corresponds to a zero-point

luminance E'O,VC =10.81x10% cd-m2. No detailed explanations are given about the precise origin of this value
of the extra-atmospheric zero-point illuminance for a my,; =0 star, but, as a matter of fact, it is consistent with
the expected illuminance produced by a m,,; =0 star with a Vega-like spectral distribution, if the original Johnson
V zero-point irradiance is rescaled such that the m,; magnitude of Vega is precisely +0.00. The original
absolute calibration of the Johnson V band [42] was made by setting the Sun magnitude to my,; =-26.74 (+/-

0.05), and computing the absolute V band weighted irradiance of the Sun using Allen's solar spectral irradiance
distribution provided in p. 172 of [40], which is an adaptation of the Labs and Neckel classical Sun spectral dataset

[43]. This original calibration gives Eg,y; =3.30x10-9Wm=2and Lg,,; =140.6 Wm=2sr for the radiometric
zero-point constants of the Johnson V band. In this system the Vega magnitude is m,,; = +0.03. If the above

constants are rescaled such that m,,; (Vega)=0.00 (this amounts to multiplying their values by 10-04x003),
the new zero-point constants become Eg,yj =3.21x10-9 Wm? and Ly,;=136.8 Wmsr. A Vega-like
source characterized by a 9550 K blackbody spectrum [22] and this value of the Eg,; irradiance would give

rise to a CIE V()) illuminance é'oyw =2.55x10-6 Ix and an associated luminance I:‘O,VJ =10.84x104

cd-m~2, in overall agreement with Allen's value and with the one in Eq.(11). This equation can then be applied for
transforming magnitudes to luminance, provided that the source has a blackbody spectral radiance distribution
with effective temperature 9550 K, and the magnitudes are measured in the Johnson V band with a zero-point
defined by m,;; (Vega)=0.00. However, the zero-point luminance shall be modified if the source is a blackbody

of different temperature, reaching a value of I:‘O,VJ =12.25x10% cd-m2 for 2500 K sources. For other types of

spectra the corresponding corrections can be deduced from the results of Sanchez de Miguel et al [4].

The numerical values in this section have been obtained using the Johnson V weighting function given by
Bessel in Table 2 of [44], interpolated to 1 nm resolution. Integrations were carrried out in the interval 340-780
nm.

4, Conclusions and recommendations

The formal relationship between luminance and magnitudes per square arcsecond in the CIE V(L) band is
described in this work, specifying the zero-point radiometric and photometric constants of this band in the AB
magnitude scale. This relationship provides an accurate and general (spectrum-independent) link between the
linear Sl visual luminous scale and the magnitude one.

This conversion holds provided that the magnitudes are measured precisely in the CIE V(1) band. Magnitudes
per square arcsecond measured in other photometric bands, as is widely known, cannot be unambiguously
converted into luminances if the spectral radiance distribution of the source is unknown. Notwithstanding that,
for many applications in light pollution research the visual brightness of the night sky must be measured and
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reported, even if only approximately, using the detectors at hand. Whereas specific low-cost high-sensitivity
radiometers operating in the CIE V(L) band will not be generally available, the use of magnitudes measured in
other photometric bands (Johnson V or device-specific ones) may allow, using approximate conversion formulae,
to get some insight into the visual brightness of the night sky, with expected deviations below a few tens percent.

For quantitative light pollution studies, however, absolute radiometric values should also be reported when
practicable. Many detector devices provide raw data that are directly convertible to band-weighted irradiances or
radiances after a suitable absolute calibration: these radiometric values have a direct physical significance, an
unambiguous meaning, and should ideally be disclosed in research publications. Equivalently, if magnitudes per
square arcsecond are the units of choice, the radiometric constants of the zero-point of the magnitude scale, in Sl
units Wm=2 or Wm~2sr~2, should be explicitly given.

Acknowledgements
This work was partially developed within the framework of the Spanish Network for Light Pollution Studies
(AYA2015-71542-REDT).

References

[1] Bessell, M. S. (2005). Standard photometric systems. Annual Review of Astronomy and Astrophysics, 43,
293-336.

[2] Bessell, M. S. (1979). UBVRI photometry I1: the Cousins VRI system, its temperature and absolute flux
calibration, and relevance for two-dimensional photometry. Publications of the Astronomical Society of the
Pacific, 91(543), 589.

[3] Oke, J. B. & Gunn, J. E. (1983). Secondary standard stars for absolute spectrophotometry. The Astrophysical
Journal, 266, 713-717.

[4] Sanchez de Miguel, A., Aubé, M., Zamorano, J., Kocifaj, M., Roby, J. & Tapia, C. (2017). Sky Quality Meter
measurements in a colour-changing world. Monthly Notices of the Royal Astronomical Society, 467(3), 2966—
2979. DOI: 10.1093/mnras/stx145

[5] Menzel, R. (1975). Colour receptors in insects, in The compound eye and vision of insects. G.A. Horridge
(ed), Oxford: Clarendon Press, pp. 120-153.

[6] Menzel, R. (1979). Spectral sensitivity and colour vision in invertebrates, in Handbook of Sensory
Physiology, Vol. VII/6A Comparative Physiology and Ecolution of Vision in Invertebrates. H. Autrum, ed.,
Berlin: Springer, pp. 503-580.

[7] Menzel R., and Greggers U. (1985). Natural phototaxis and its relationship to colour vision in honeybees.
Journal of Comparative Physiology A: Sensory, Neural, and Behavioral Physiology, 157, 311-321.

[8] Briscoe A.D., and Chittka L. (2001). The evolution of color vision in insects. Annual Review of Entomology,
46, 471-510.

[9] Vorobyev, M., Marshall, J., Osorio, D., Hempel de Ibarra, N. & Menzel, R. (2001). Colourful objects
through animal eyes. Color Research & Applications, 26, S214-S217. DOI: 10.1002/1520-
6378(2001)26:1+<::AID-COL45>3.0.CO;2-A

[10] Rich C, Longcore T. (eds). (2006). Ecological consequences of artificial night lighting. Washington, D.C.:
Island Press.

[11] Kelber A., and Osorio, D. (2010). From spectral information to animal colour vision: experiments and
concepts. Proceedings of the Royal Society B, 277, 1617-1625. DOI:10.1098/rspb.2009.2118

[12] van Grunsven, R.H.A., Donners, M., Boekee, K., Tichelaar, I., van Geffen, K.G., Groenendijk, D.,
Berendse, F. & Veenendaal, E.M. (2014). Spectral composition of light sources and insect phototaxis, with an
evaluation of existing spectral response models. Journal of Insect Conservation, 18(2), 225-231.

[13] CIE, Commision Internationale de I'Eclairage. (1926). Commission Internationale de I’Eclairage
Proceedings, 1924. Cambridge: Cambridge University Press.

[14] CIE, Commision Internationale de I'Eclairage. (1990). CIE 1988 2° Spectral Luminous Efficiency Function
for Photopic Vision. Vienna: Bureau Central de la CIE.

[15] Aceituno, J., Sanchez, S.F., Aceituno, F.J., Galadi-Enriquez, D., Negro, J.J., Soriguer, R.C. & Sanchez-
Gbmez, G. (2001). An all-sky transmission monitor: ASTMON. Publications of the Astronomical Society of
the Pacific, 123, 1076-1086. DOI:10.1086/661918

109



Bara, S. /International Journal of Sustainable Lighting 1JSL (2017) 104-111

[16] Cinzano, P. (2005). Night Sky Photometry with Sky Quality Meter. Internal Report No.9, v.1.4. Istituto di
Scienza e Tecnologia dell'Inquinamento Luminoso (ISTIL).

[17] Pravettoni, M., Strepparava, D., Cereghetti, N., Klett, S., Andretta, M. & Steiger, M. (2016). Indoor
calibration of Sky Quality Meters: Linearity, spectral responsivity and uncertainty analysis. Journal of
Quantitative Spectroscopy & Radiative Transfer, 181, 74-86.

[18] Puschnig, J., Posch, T. & Uttenthaler, S. (2014). Night sky photometry and spectroscopy performed at the
Vienna University Observatory. Journal of Quantitative Spectroscopy & Radiative Transfer, 139, 64—75.

[19] Puschnig, J., Schwope, A., Posch, T. & Schwarz, R. (2014). The night sky brightness at Potsdam-
Babelsberg including overcast and moonlit conditions. Journal of Quantitative Spectroscopy & Radiative
Transfer, 139, 76-81.

[20] Zamorano, J., Garcia, C., Gonzdlez, R., Tapia, C., Sdnchez de Miguel, A., Pascual, S., Gallego, J.,
Gonzélez, E., Picazo, P., 1zquierdo, J., Nievas, M., Garcia, L., Corcho, O. & The STARS4ALL consortium.
(2016). STARS4ALL night sky brightness photometer. International Journal of Sustainable Lighting, 35, 49-
54. DOI: 10.22644/ijs1.2016.35.1.049

[21] McCluney, W.R. (2014). Introduction to Radiometry and Photometry, 2nd ed. Norwood: Artech House. p.
16.

[22] Bohlin, R.C., and Gilliland, R.L. (2004). Hubble Space Telescope Absolute Spectrophotometry of Vega
from the Far-Ultraviolet to the Infrared. The Astronomical Journal, 127(6), 3508-3515. DOI: 10.1086/420715

[23] Luminous Efficiency, Datafile vI1924e_1.csv. Colour & Vision Research laboratory, Institute of
Ophthalmology, Unversity College London. Retrieved from http://www.cvrl.org/ . Last accessed August 7th,
2017.

[24] Vos, J. J. (1978). Colorimetric and photometric properties of a 2-deg fundamental observer. Color Research
and Application, 3, 125-128.

[25] Sharpe, L. T., Stockman, A., Jagla, W. & Jagle, H. (2005). A luminous efficiency function, V*(%), for
daylight adaptation. Journal of Vision, 5, 948-968.

[26] Rea, M.S., Radetsky, L.C. & Bullough, J.D. (2011). Toward a model of outdoor lighting scene brightness.
Lighting Research and Technology, 43, 7-30. DOI: 10.1177/1477153510370821

[27] CIE, Commission Internationale de I’Eclairage. (1951). Proceedings Vol. 1, Sec 4; Vol 3, p. 37. Paris:
Bureau Central de la CIE.

[28] Rea, M.S., Bullough, J.D., Freyssinier-Nova J.P. & Bierman A. (2004). A proposed unified system of
photometry. Lighting Research and Technology, 36(2), 85-111. DOI: 10.1191/1365782804li1140a

[29] Performance based model for mesopic photometry. Report No. 35. Helsinki University of Technology,
Lighting Laboratory (2005). Retrieved from http://www.lightinglab.fi/CIETC1-58/filessMOVE_Report.pdf

[30] Fukugita, M., Shimasaku, K. & Ichikawa, T. (1995). Galaxy colors in various photometric band systems.
Publications of the Astronomical Society of the Pacific, 107, 945-958.

[31] Espey, B., and McCauley, J. (2014). Initial Irish light pollution measurements and a new Sky Quality
Meter-based data logger. Lighting Research and Technology, 46, 67—77. DOI: 10.1177/1477153513515508

[32] Spoelstra, H. (2014). New device for monitoring the colors of the night. Journal of Quantitative
Spectroscopy and Radiative Transfer, 139, 82-89. DOI: /10.1016/j.jgsrt.2014.01.001

[33] Kyba, C.C.M., Tong, K.P, Bennie, J., et al. (2015). Worldwide variations in artificial skyglow. Science
Reports, 5, 8409, 1-6. DOI:10.1038/srep08409

[34] den Outer, P., Lolkema, D., Haaima, M., van der Hoff, R., Spoelstra, H. & Schmidt, W. (2015). Stability of
the Nine Sky Quality Meters in the Dutch Night Sky Brightness Monitoring Network. Sensors, 15, 9466-
9480. DOI:10.3390/5s150409466

[35] Bara S. (2016). Anthropogenic disruption of the night sky darkness in urban and rural areas. Royal Society
Open Science, 3, 160541, 1-14. DOI: 10.1098/rs0s.160541

[36] Pun C.S.J., and So C.W. (2012). Night-sky brightness monitoring in Hong Kong: A city-wide light
pollution assessment. Environmental Monitoring Assessment, 184, 2537-2557. DOI: 10.1007/s10661-011-
2136-1

[37] Krisciunas, K. and Schaefer, B.E. (1991). A model of the brightness of Moonlight. Publications of the
Astronomical Society of the Pacific, 103, 1033-1039.

[38] Garstang, R. H. (1989). Night-sky brightness at observatories and sites. Publications of the Astronomical
Society of the Pacific, 101, 306-329.

[39] Garstang, R. H. (1986). Model for artificial night-sky illumination. Publications of the Astronomical
Society of the Pacific, 98, 364-375.

[40] Allen, C.W. (1973). Astrophysical Quantities. 3rd edition. London: Athlone Press.

110



Bara, S. /International Journal of Sustainable Lighting 1JSL (2017) 104-111

[41] Schlyter, P. (2017). Radiometry and photometry in astronomy. Retrieved from:
http://www.stjarnhimlen.se/comp/radfaq.html

[42] Johnson, H. L. (1965). The Absolute Calibration of the Arizona Photometry. Communications of the Lunar
and Planetary Laboratory, 3(1), 73-77.

[43] Labs, D., and Neckel, H. (1970). Transformation of the absolute solar radiation data into the 'International
Practical Temperature Scale of 1968'". Solar Physics, 15, 79-87.

[44] Bessel, M.S. (1990). UBVRI passbands. Publications of the Astronomical Society of the Pacific, 102, 1181-
1199.

111



