
Introducing the “Dark Sky Unit” for multi-spectral measurement of the
night sky quality with commercial digital cameras
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aELTE BDPK, Department of Physics, Szombathely, Hungary
bDefence Science & Technology Group Australia

cLeibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin, Germany
dGFZ German Research Centre for Geosciences, Potsdam, Germany

eHungarian Meteorological Service, Budapest, Hungary

Abstract

Multi-spectral imaging radiometry of the night sky provides essential information on light pollution (skyglow) and
sky quality. However, due to the different spectral sensitivity of the devices used for light pollution measurement, the
comparison of different surveys is not always trivial. In addition to the differences between measurement approaches,
there is a strong variation in natural sky radiance due to the changes of airglow. Thus, especially at dark locations, the
classical measurement methods (such as Sky Quality Meters) fail to provide consistent results. In this paper, we show
how to make better use of the multi-spectral capabilities of commercial digital cameras and show their application for
airglow analysis. We further recommend a novel sky quality metric the ”Dark Sky Unit”, based on an easily usable and
SI traceable unit. This unit is a natural choice for consistent, digital camera-based measurements. We also present
our camera system calibration methodology for use with the introduced metrics.
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1. Introduction

Light pollution is a form of environmental pollution
that is growing exponentially in area and brightness [1]
that requires reliable techniques for monitoring [2]. Mod-
ern commercial digital single lens reflex (DSLR) and mirror-
less (MILC) cameras provide a viable opportunity to mon-
itor the quality of the night sky and light pollution [2].
Cameras that are able to save images in raw for-
mat can be calibrated to measure the radiance of
the sky, and the image converted to false colour
that represents the distribution of sky brightness
[3, 4, 5, 6]. These imaging devices are superior to other
techniques such as widely used single channel devices e.g.
the Sky Quality Meter (SQM). However, there are still sev-
eral drawbacks for imaging systems used in light pollution
monitoring:

• limited spatial resolution, particularly near the hori-
zon,

• limited multi-spectral functionality,

• a missing SI traceable unit for dark skies.

Most of the results presented in the recent liter-
ature are based on all-sky measurements obtained
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with fish-eye lenses. Usually, these lenses provide
the necessary resolution for most of the sky, par-
ticularly near zenith. Unfortunately, a single all-
sky image lacks the resolution and precision close
to the horizon, the region of the sky that is nor-
mally most interesting for light pollution research.
A simple compromise is to take two or multiple
fish-eye images in the vertical plane [7]. However,
for the highest precision at dark locations and at
clear sky conditions it is preferable to rather use a
robotic panorama head with a rectilinear lens on
a digital camera. For example, a 24 mm lens on
a 35 mm full-frame camera covers the whole sky
and some of the ground and environment with 28
individual images taken at different pointing direc-
tions with high spatial resolution. Since the large
aperture lenses and the sensitivity of the camera
make it possible to use 6-10 second exposure times,
it is possible to perform all the measurements for
a whole sky image in 10-15 minutes at a given lo-
cation. This procedure provides a very high spa-
tial resolution together with high accuracy and ef-
ficiency.

The existing imaging measurements methods are cali-
brated by different methods and by different reference tar-
gets. Therefore the metric and units used by different
groups are quite different. Moreover, the units introduced
by most of the applications are not necessarily fully com-
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patible with the standard definitions. It is common to
use a standard source or a calibration device with spectral
characteristics which differ from the spectral response of
the measurement device. DSLR cameras are calibrated by
astronomical or standard CIE photometry [8]. The com-
mercial software ”Sky Quality Camera” (Euromix, Ljubl-
jana, Slovenia) is calibrated by standard stars, thus relying
on the astronomical ”V” band (see e.g. [9]). The earlier
versions of DiCaLum [5] use calibration data obtained in
a laboratory and using photopic luminance measurements.
Although the two systems match each other within an ac-
curacy of a few percent, the mismatch of the camera green
channel and the spectral sensitivity defined in the photo-
metric systems can result in discrepancies. Both solutions
do not yet fully exploit the multi-spectral capabilities of
commercial digital cameras.

The Sky Quality Meter (SQM) (e.g. [10]) has a cus-
tom filter that does not exactly match any astronomical
or photopic band, but has an extra sensitivity at blue
wavelengths. Here the filter mismatch related differences
compared to other systems is larger and sometimes unpre-
dictable. In addition, the displayed unit is not compatible
with the standard astronomical definition of magnitude,
since the reference is given by a stellar spectrum which has
a different level at different wavelengths. This discrepancy
is discussed later in the paper. In the larger surveys, the
only consistent measurement method is the CCD camera-
based system of the US National Park Service [11]. They
used a standard astronomical V filter, and the camera was
calibrated based on the same photometric system.

There are an increasing number of digital camera mea-
surements available for scientific research. Therefore it is
essential to set up a common standard that is compati-
ble with standards definitions and traceable to SI units.
In this paper, we provide a novel recommendation for the
metric and the unit to measure night sky brightness and
show how to utilize the RGB colour information at dark
sites and under the presence of airglow.

2. The spectrum of the night sky and night sky
imaging with airglow

A spectral radiance measurement by a spectroradiome-
ter provides complete information about night sky quality
at a given direction on the sky. However, spectroradiome-
ters sensitive enough for night sky measurements at dark
sky locations are expensive and complicated to operate in
field experiments. In addition, it is not yet feasible to col-
lect spectral information for the whole sky in an acceptable
time frame. We use these devices for calibration purposes
and testing the camera measurements and to provide ad-
ditional data to whole sky images.

Figure 1 displays the night sky spectrum taken
in the Zselic Starry Sky Park in Hungary (coor-
dinates: 46.2366◦ 17.7653◦, Feb 28/29 2020, West,
40◦ above horizon). The two dominant lines at 558
and 630 nm are the airglow oxygen lines and traces

Figure 1: Typical night sky spectrum at the Zselic Dark Sky Park
and its decomposition. The Continuous part is the sum of the zo-
diacal light, scattered starlight and the residual continuum of the
airglow. The ALAN part is the sum of the separately fitted blue and
orange part of a white LED spectrum, high-pressure sodium lamp
and Compact fluorescent lamp.

of compact fluorescent lamps and LED’s are also
visible. A fit with the components of the natural
sky spectrum and the typical artificial light sources
(blue and orange components of white LED, com-
pact fluorescent lamp, and high-pressure sodium
lamp) model well the observed spectrum. The
components of the natural spectrum are based on
the ”Advanced Cerro Paranal Sky Model” [12].
Figure 1 displays the fit and its major compo-
nents. The continuous part, which consists of the
zodiacal light, scattered starlight and the residual
continuum of the airglow, is an approximately flat
curve at 2 nW/m2/sr/nm. We estimated the ra-
diance of the oxygen, sodium and airglow by fit-
ting the airglow models to the two lines. The fit-
ted curve represents well the spectral resolution of
the spectroradiometer. The radiance of the lines
are L558 = 27 nW/m2/sr, L590 = 14 nW/m2/sr and
L630 = 16 nW/m2/sr. The long wavelength OH
components sum to LOH ≈ 190 nW/m2/sr, which
is large compared to the other lines, but has less
effect on the digital camera measurements. Dur-
ing the last two years, we have taken several spec-
tral measurements at locations with similar con-
ditions in the Zselic region and these are typical
values of the oxygen radiance. A major conclusion
from the spectral decomposition is that the con-
tinuous part of the natural sky has a flat curve at
2 nW/m2/sr/nm.

Night sky imaging data at dark locations can be severely
affected by airglow. Figure 2 displays a night sky with
very low to no airglow activity obtained in Ontario Canada
(coordinates: 48.4745◦ -81.7577◦, Aug 24/25 2019). The
four boxes show the whole sky image (top left) and the
R,G,B band-averaged radiance maps on the same false
colour scale. In contrast, during recent measurements in
a light pollution-free environment (Cosmic Campground
Dark Sky Sanctuary and Gila Cliff Dwellings National
Monument in New Mexico, USA), we experienced an in-
tense airglow event. The green and oxygen and orange
sodium emissions are clearly visible in the images (see Fig.
4). However, if one measures the sky brightness only with
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(a)

(b)

Figure 2: Real colour image of the natural night sky at a location
in Canada with negligible airglow (top left) and the false colour ra-
diance maps of the RGB channels. The variation of Lx along a line
indicated at the top left image is displayed on the lower panel.

a monochrome or panchromatic device (e.g. Sky Quality
Meter), only the increased level of sky radiance is recog-
nised. Similarly, a naked-eye inspection of the sky showed
an increase in background level. Therefore it is neces-
sary to develop measurement methods to determine the
real sky quality in the presence of increased airglow. We
demonstrate in this paper that digital camera measure-
ments provide an optimal way for this task.

3. What metric and unit(s) to use?

If the spectral response (Sx(λ)) of a measuring device
in a given band ’x’ is known, then a well-defined quantity
is the band-averaged (spectral) radiance:

Lx =

∫
Sx(λ)

L(λ)dλ∫
Sx(λ)dλ

; (1)

where L(λ) is the spectral radiance of the sky at a given
direction. If L(λ) is a flat (or constant) curve, then the
band-averaged radiance is equal to the spectral radiance.
Let us denote the output of the measurement device by ηx
in the given spectral band ’x’. Then a calibrated (absolute)

spectral response curve (Ŝx(λ)) is defined by the following
integral:

ηx =

∫
Ŝx(λ)L(λ)dλ; (2)

where ηx is the exposure corrected camera raw pixel value.
We selected ηx as:

ηx(k, j) =
DN(k, j) −DNblack

DNsatu −DNblack

6400 × Aperture2

ISO × Exposure
; (3)

Where DN(k, j) is the digital number of the (k, j) pixel,
DNblack and DNsatu are the digital numbers of the black
and the saturation values of the camera, respectively. Please
note that the black level can be replaced by the
removal of (multiple, averaged) dark frames, how-
ever, according to our experience, the dark frame
removal does not increase the precision of the mea-
surements with the modern cameras. Actually,
the removal of only a single dark frame increases
the noise. For a given sky radiance, ηx has the
same order for different cameras - since the cam-
eras are calibrated for correct exposure time. The
constant (6400) in the definition of ηx is selected
to set the range of the value between zero and
the unit, with our standard measurement settings
(ISO=3200-6400, the aperture in the order of F/1.4-
F/1.8, exposure time a few 1-10 seconds).

Once Ŝx(λ) is measured, the camera is calibrated based
on the camera values (ηx(k, j)) the measured band-averaged
radiance is given by:

Lx(k, j) =
ηx(k, j)∫
Ŝx(λ)dλ

. (4)

Please note, that the calibration constant (the denomi-
nator integral) can also be given by the maximum value of
the spectral response (Sx(λ)) and the effective width (Wx)
of the sensitivity curve:∫

Ŝx(λ)dλ = Ŝx(λmax)Wx; (5)

where Wx =
∫
Sx(λ)/Sx(λmax)dλ. Another choice is, es-

pecially when a normalised sensitivity curve is used, to
introduce a camera calibration constant:

∫
Ŝx(λ)dλ =

Cx
∫
Sx(λ)dλ.

It is important to emphasise that the band-averaged
radiance is basically equivalent to spectral density, even if
the used filter has a broad spectral band, but giving a mean
value over that wavelength range. Therefore the range
of the band averaged spectral radiance is independent of
the selected color-band or filter. Thus the order of Lx is
the same as the order of the spectral radiance, as it is a
mean value, independent from the effective width of the
filter. The natural choice for the unit is nW/m2/sr/nm.
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Figure 3: Typical spectral sensitivity curves of commercial digital
cameras with RGB bands. The black line shows the astronomical V
band response for comparison.

The band-averaged radiance of the natural sky has the
order of Lx = 1 − 2 nW/m2/sr/nm. As mentioned above,
similar values are expected for all the filters (e.g. V) in the
visible range. Since this unit provides a convenient choice
as the cloudy sky at a remote location has a band-averaged
radiance about one unit, it is the natural choice for light
pollution measurements. To shorten the notation, in the
following, we will use dsu (Dark Sky Unit) instead of
nW/m2/sr/nm, which is also equivalent to the SI unit of
W/m2/sr/m, although it is not convenient to measure the
wavelength in meters. Please note that NSU (Natural Sky
Unit) [13] is already in use, but that unit has an arbitrary
zero point with no real SI related or physical meaning.
We strongly suggest using our SI traceable unit instead of
NSU in future studies related to light pollution.

4. Calibration

An optimal procedure to measure the spectral response
is to use a monochromator with a wide-band light source
and some high precision (spectro)radiometer, attached to-
gether with the camera to an integrating sphere (see e.g.
[14]). However, this procedure is not always feasible, espe-
cially if one needs to compare a large number of cameras
used by activists in light pollution measurements in field
conditions. We are using a similar procedure to calibrate
selected cameras (details will be published elsewhere). In
this paper, we provide a simplified method to compare a
larger number of cameras and to make it possible to esti-
mate the error due to the mismatch of spectral response
curves.

To provide a quick, but still a reliable comparison of
cameras, we tested a simple method based on a series of
narrow-band LEDs. The camera sensitivity curves for red,
greed and blue (x=R,G,B) channels can be measured in
a laboratory, and based on an already calibrated cam-
era, it can be efficiently estimated with a simple measure-
ment sequence. Figure 3 displays a set of camera sensi-
tivity curves, which are based on a simple measurement
technique: A set of narrow-band colour LEDs illuminated
a white target with a flat colour response (Microcellular
foamed reflector MCPET). At a given measurement, the
target was lit only by one LED, and we allowed enough
time to eliminate any thermal transients after switching

on. The LEDs were driven by a constant DC to avoid any
effect by flickering. A Konica-Minolta CS2000A spectro-
radiometer measured the spectral radiance of the target.
At the same time of the spectral measurements, the tar-
get was photographed by the selected camera. For cam-
era comparison, we used repeated measurements and when
possible, the same lens on different cameras. All the sensi-
tivity curves presented in Figure 3 are based on the above
procedure. We collaborated with a local photography club
to obtain access to different cameras.

If the absolute camera spectral sensitivity curves are
obtained, the camera calibration coefficients can be cal-
culated. However, in some cases, when only the relative
sensitivity curve is obtained or to increase the precision
of the calibration, we use an additional calibration step,
preferably at real measurement conditions (typical light
level, sky spectrum and camera settings). The spectrum
of a spot of the sky where the digital camera image is
taken is measured. Based on the relative spectral sensi-
tivity of the camera, the true (spectroradiometer based)
band-averaged radiance of the sky in the R,G,B band is
calculated and the calibration coefficient is fitted to a set
of measurements.

5. Analysis of airglow at dark locations

5.1. Dark locations in Canada without and USA with air-
glow

Here, we compare the measurement results at two lo-
cations (40 km West from Timmins, Ontario, Canada and
the Cosmic Campground Dark Sky Sanctuary in New Mex-
ico, USA). At both locations, the light pollution is negli-
gible, and no significant city light domes are visible at the
horizon. However, at the second location, we observed an
extreme airglow event.

Figure 2 displays the results obtained in Ontario Canada
(coordinates: 48.4745◦ -81.7577◦, Aug 24/25 2019). The
four boxes show the whole sky image (top left) and the
R,G,B band-averaged radiance maps on the same false
colour scale. The three channels match each other remark-
ably well, proving the very low airglow level. The sections
of the radiance maps (indicated by white lines on the top
left photo) provide a quantitative comparison of the differ-
ent channels (lower box on the image). Please note, that
the modulation due to Milky Way is very similar. This
similarity among the three colour channels confirms again
that the selected metric is the right choice since at dark
locations they have the same level.

Figure 4 shows the measurement at the Cosmic Camp-
ground Dark Sky Sanctuary (coordinates: 33.4796◦, -108.9228◦,
date: Oct 19/20 2019) Contrary to the earlier Canadian
survey, here we experienced strong airglow. As expected
from the colour sensitivity curves of the camera, L̂B is
less affected by airglow than the radiance in the other two
colour bands. The section of the radiance maps (lower
panel) clearly demonstrates the increased level of airglow.
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(a)

(b)

Figure 4: Real colour image of the natural night sky at Cosmic
Campground (top left) The green and red airglow is clearly visible
everywhere on the sky. The false colour radiance maps of the RGB
channels are displayed in separate panels, the colour channel is in-
dicated by the letter of the colour. The variation of Lx along a line
indicated at the top left image is displayed on the lower panel.

(a)

Figure 5: The contribution of the approximated 558 nm oxygen line
(left panels) and the 589 nm sodium line for each colours (indicated
by the appropriate letters) for the data obtained at Cosmic camp-
ground, USA.
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The difference between the R,G and B channels pro-
vides an approximation of the airglow level. The colour
information given by the camera’s RGB channels makes
it possible to estimate the contribution of airglow to the
total sky brightness in a more precise way. In the case
study presented in this paper, the dominant spectral lines
of the airglow are the green (558 nm) oxygen and the or-
ange (589 nm) sodium lines. If we know the relative sen-
sitivity of the colour channels at these lines: sx(λl) =
Sx(λl)/

∫
Sx(λ)dλ for λO = 558 nm, λS = 589 nm and for

x = R,G,B, then the spectral radiance can be expected in
the form:

Lx = Lx,0 + sx(558) ∗ ξ558 + sx(589) ∗ ξ589, (6)

where Lx,0 is the spectral radiance with no airglow, and
ξls are unknown factors to be determined.

Considering our previous result that in the case of low-
level airglow, the spectral radiances of the R,G and B chan-
nels are very close to each other, we can make an assump-
tion by equaling them. Then we have three unknowns in
the above three equations: ξls and L0 = LR,0 = LG,0 =
LB,0. The unknown parameters can be easily calculated
from the above equation for each pixel of the whole sky im-
age. Note, that the above assumption is only an approxi-
mation, and local features like city light domes, structures
in the Milky Way do not follow it.

The left and right panels in Figure 5 display the results
of the above procedure for the data obtained at Cosmic
Campground, USA. The left columns show the con-
tribution of the oxygen line to all the colour obser-
vations and similarly, the right panels display the
same information for the Sodium line. The green air-
glow component has the expected circular symmetry, and
the structure of the red component is clearly displayed.

From these results, we can conclude that the
sodium airglow mainly affects the red (R) chan-
nel and at a lower level the G band. The green
oxygen line is present in the G band and negligi-
ble in the other two colour channels. The effect
of these lines is visible also in the B channel, but
at a clearly lower level. Thus, the R-B is a good
indicator of the sodium airglow. The ratio of the
spectral sensitivity at the two wavelengths in the G
band then provides the contribution of sodium line
to the green band averaged radiance. Then we can
remove the sodium components from the G data
and then the difference of the residual G, and the
B is a reasonable estimate to the green airglow.
The same method applies for the red oxygen line
(630 nm), or the combination of the sodium and
red lines. For the presented example, this simple
estimate gives 1.3dsu increase in the red channel
by the sodium line and 0.40-0.45dsu by the sodium
and the 558 nm oxygen line in the green channel,
which is in agreement with Figure 5.

(a)

Figure 6: Real colour image of the natural night sky at location in
Kazakhstan with negligible airglow (top left) and the false colour
radiance maps of the RGB channels.

5.2. Other dark locations with minimal airglow

Figure 6 shows an all-sky image obtained with a DSLR
and a fisheye lens (EOS 6D and 8mm Sigma) in the Ar-
alkum desert near Aral Sea in Kazakhstan (coordinates:
46.2623◦, 59.8938◦) on 27.09.2019 at 20:47 local time. The
next settlement was the village of Akbasty in 20 km dis-
tance (coordinates: 46.266196◦, 60.097755◦). The very few
lights in the village were sodium lamps with only very few
LEDs present. Airglow activity was low with the green (G)
channel showing around 2.2 dsu and the blue (B) channel
about 1.8 dsu at the darkest location of the sky. The real
colour of the sky as seen in the figure is reddish which is
reflected in the 2.5 dsu value of the red channel.

Figure 7 displays an all-sky image obtained with the
same type of instrumentation (EOS 6D and 8mm Sigma,
ISO 1600 1 min exposure) in Beltana, South Australia (co-
ordinates: -30.3136◦, 39.3183◦) on 06.04.2019 at 0:51 local
time. Airglow activity was low, although here the tone
of the real colour image is rather greenish with the green
(G) channel showing around 2.3 dsu and the red channel
showed a lower value (about 2.2 dsu).

6. Converting between units and metrics

Our recommended metric is based on the unit of spec-
tral radiance. It would be possible to use the astronom-
ical variant of the unit of spectral irradiance, the jansky
(1 Jy = 10−26 W m−2Hz−1), to introduce a new measure in
Jy/sr or Jy arcsec−2. Please note, however, that transition
from dsu to Jy/sr requires a wavelength-dependent factor:
L(λ)[dsu] = c/λ2L(ν)[Jy/sr]. Since the natural sky has
a relatively flat spectral radiance distribution, the mean
Lx[dsu] has only a slight variation for the different filters
(x). However, then the jansky-based unit has a factor of
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(a)

Figure 7: Real colour image of the natural night sky at location in
South Australia (Beltana) with negligible airglow (top left) and the
false colour radiance maps of the RGB channels

Figure 8: Spectral reference curves defining the zero point of stellar
magnitudes (spectral irradiance of Vega and the absolute magnitude
scale).

2-3 larger values in the blue bands than in the red ones.
Therefore it is preferred to use the dsu unit over Jy/sr.

The different units used for night sky brightness mea-
surements are related to specific spectral sensitivity. There-
fore, any conversion between the units is valid only if it is
specified for a given spectrum. Even the frequently used
magnitude/arcsecond2 (mpsas) refers to different absolute
radiance when it is based on SQM or astronomical (John-
son) ’V ’ band measurements. Thus, any conversion should
clearly state the units used and the specific spectral sensi-
tivity.

The digital camera-based measurements are commonly
converted to CIE V (λ) or astronomical V filter based mag-
nitudes, or to standard photometric (cd/m2) units. It
should be emphasised, that these conversions are only ap-
proximations since the camera spectral sensitivity curve
is different from these filters. However, since the defini-
tion of band-averaged radiance is general for all spectral
bands, exact conversion exists for these special filters. For
example, if one uses the CIE V (λ) filter, then the related
L̂V [dsu] value results in the exact luminance [cd/m2]: 1
dsu in the V (λ) band is equivalent to 72.4µcd /m2 (this
number comes from the the 683 lumen/watt factor in the
photometric definitions and the 106 nm equivalent width of
the V (λ) filter). Similarly, if we obtain the band-averaged
radiance in the Johnson V filter, then it can be converted
to standard magnitude/arcsec2 (mpsas) scale. However,
for this conversion, we should use the standard definition
of the magnitude scale.

The zero point of the standard astronomical photom-
etry is classically based on a reference spectrum, e.g. the
spectral irradiance of Vega (α Lyrae), EVega(λ). Recently
a new ’absolute’ (AB) magnitude scale (mAB) is defined
by spectral irradiance with a zero point of 3631 Jy [15].
In Figure 8, the comparison of the reference spectral irra-
diance definitions is displayed. The frequently used refer-
ence point Fλ=555,6nm = 3.46 10−11 W m−2 nm−1 ([16])
is used to normalize the theoretical spectrum of Vega [17].
A thin horizontal line indicates this reference value in
the figure. Note, that the two magnitude scales match
each other well at 550 nm, but differ significantly at lower
wavelengths. When measuring spectral radiance, the spec-
tral reference is given by Lref = Eref/∆Ω, where ∆Ω is
the selected solid angle unit converted to steradians (it is
∆Ω = 2.3504 10−11 sr, when the solid angle is measured in
square arcseconds).

When the spectral radiance (L(λ)) is known, then the
dsu value in a given spectral band can be converted to
mpsas units based on the following equation:

L(mpsas) = −2.5 log

( ∫
L(λ)Sx(λ)dλ∫
Lref(λ)Sx(λ)dλ

)
. (7)

The band-averaged radiance in dsu is also given by Eq. 1
Note that this conversion does not depend on the normal-
ization (or absolute calibration) of Sx(λ). If the selected
filter is the astronomical (Johnson) ’V’ band, then an ex-
act conversion is possible: 1 dsu in the VBessel band is
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equivalent to 22.9 mpsas. Please note that this value (and
the above mentioned 72.4µcd/m2) are coincidentally very
close to the sky radiance values obtained under an overcast
sky at remote locations (see [18]).

Since ’NSU’ is defined to be unit for LV = 21.6mpsas
for the astronomical V band, the above conversion makes
it possible to give a relation between ’NSU’ and dsu, i.e.
1 NSU is equivalent to 3.37 dsu. Here we should mention
that any ”zero point” defined in the past was arbitrary.
The 21.6 mspsas value originates in the IAU recommen-
dation ([19]). Later this number was generally used in the
literature as quantity for the dark sky (e.g. [20]). The new
world atlas of light pollution [21] used 22.0mpsas equiva-
lent to 174µcd/m2 as a dark limit for the clear sky. Darker
sky radiance values were reported recently far from the
Milky Way and the zodiacal light. The darkest value we
measured during our Canadian survey is 1.8 dsu which is
equivalent in ’V’ band to 22.3mpsas and 130µcd /m2.

7. Simulated effects of light pollution sources

To demonstrate the effect of different natural phenom-
ena and the light pollution of the observable quantities we
generated a sequence of spectra with different combina-
tion of its components. The results are presented in Table
1. The spectra of the natural components are based on
the ”Advanced Cerro Paranal Sky Model”1 [12]. We use
two extreme models. The low radiance model is calculated
at the ecliptic pole, with ”Monthly Averaged Solar Radio
Flux” of 60 sfu during the middle third of the night in De-
cember/January. The effect of moonlight is neglected. We
calculated the high radiance model with doubled (120 sfu)
radio flux, for April/May conditions. The other parame-
ters are the same. The seasonal change and the increased
solar activity provide a significant increase in the natural
background (e.g. LG increases from 1.7nsu to 3.2nsu).
In the table, we present the continuous and the emission
line contribution separately.

Based on the low radiance sky model, we constructed
a spectral model base on the Cosmic Campground Dark
Sky Sanctuary photography measurements. With 1.6 dsu
continuum level and approximately 100 nW/m2/sr radi-
ance in the Sodium line and in the green oxygen line, the
model reproduces well the RGB measurements. With nor-
mal airglow level, this model predicts also the usual sky
radiance compatible with the earlier measurements (22.1
mpsas).

We also provide test data by fitting the spectrum ob-
tained in the Zselic Starry Sky Park with the different
sources (see Section 2 and Figure 7). With the spectral de-
composition it is possible to list the contribution of all the
components. For comparison we added the values calcu-
lated from a spectral measurements in a mid size city (Ka-
posvár, Hungary, coordinates: 46.368020◦, 17.785944◦)

1https://www.eso.org/sci/software/pipelines/skytools/skymodel

Figure 9: The effect of different light pollution sources on the sky
radiance in different spectral bands. The red, green and blue lines
show the variation of the radiance in the R,G,B channels respec-
tively. The gray horizontal line shows the constant reference level in
astronomical V band.

As expected, the blue camera channel is less affected
by the airglow, and the blue radiance provides a good in-
dicator on sky quality in the presence of extreme airglow
activity.

The effect of different light sources reflected in the night
sky radiance are estimated in our second test. Here we
used our spectral data bank to simulate the dependence of
the measured R,G,B band-averaged radiance on the cor-
related colour temperature (CCT). Figure 7 displays the
tendencies and also the camera-related scatter. The green
and blue curves have a scatter between σ ≈ 1− 2% and in
the R band it is increased to σ ≈ 3%. The above error es-
timates cover only the differences between the sensitivity
curves of the different cameras. Please note, however, that
if the cameras are calibrated based on astronomical V band
observations, then the camera R, G, B channels varies with
the colour temperature in a larger extent. This gives a
more than 0.5 mpsas shift in the channels, which can intro-
duce problems if misinterpreted the measurements. That
is a major reason to keep the camera-based band-averaged
radiances as primary measures.

8. Discussion

Our data shows that the multi-spectral imaging ra-
diometry of the night sky provides significant additional
information compared to single-channel measurements. It
is especially important when airglow significantly increases
sky brightness. When no significant artificial light domes
are present on the horizon, e.g. the observer is far from
artificial sources, the increased level of sky radiance is the
signature of airglow, and whole sky radiance maps can help
in the estimation of the airglow level.

Furthermore, even in the presence of artificial light
several peculiarities of airglow could enable multi-spectral
imaging radiometry with commercial digital cameras to
disentangle airglow from skyglow. Airglow should vary
on shorter time-scales and be very different from night to
night. Skyglow on the other hand will be rather constant
or follow certain user patterns like switching off during
the night, at least for perfect clear sky conditions assum-
ing constant atmospheric scattering and attenuation. Fur-
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Table 1: Comparison of the dsu values with different filters and for different source spectra.

No Source LR[dsu] LG[dsu] LB [dsu] LV,CIE[dsu] LV [dsu] LSQM[dsu] L[µcd/m2] mpsasV

- Paranal low
1 Total 1.9 1.7 1.5 1.8 1.7 1.6 132 22.3
2 Continuous 1.4 1.4 1.4 1.5 1.4 1.4 106 22.5
3 Emission 0.4 0.2 0.06 0.4 0.3 0.2 26 -
- Paranal High
4 Total 3.4 3.1 2.4 3.5 3.3 2.9 256 21.6
5 Continuous 2.5 2.4 2.3 2.5 2.4 2.4 179 22.0
6 Emission 1.0 0.7 0.2 1.0 0.9 0.6 76 -
7 Cosmic CG Model 3.5 3.1 2.0 3.7 3.4 2.8 270 21.6
- Zselic
8 Measured 3.8 3.3 2.7 3.8 3.6 3.1 275 21.5
9 ALAN 1.3 1.0 0.8 1.2 1.1 1.0 91 -
10 Continuous 2.0 2.0 1.8 2.0 2.0 1.9 149 22.2
11 Emission 0.5 0.3 0.04 0.5 0.4 0.3 35 -
12 Natural 2.6 2.3 1.9 2.5 2.4 2.1 184 22.0
13 O(558) 0.04 0.20 0.03 0.25 0.23 0.13 18.2 -
14 Na(590) 0.23 0.08 0.01 0.13 0.11 0.07 9.6 -
15 O(630) 0.20 0.02 0.00 0.08 0.06 0.04 5.7 -
16 OH(>650) 0.06 0.01 0.00 0.01 0.01 0.01 0.9 -
17 Kaposvár 41 32 22 40 37 29 2890 19.0

thermore, artificial light could be switched off at town or
city scale providing a clear signal at a known time [6].

Based on the normalization of the spectrum of Vega
used in this paper, which results in 1 dsuV equivalent to
22.92 mpsas, and the conversion from dsu to cd/m2 we ar-
rive at the formula between luminance and the magnitude-
based scale as

L[cd/m2] = 10.7104 × 10−0.4L[mpsas], (8)

which is compatible with the published Vega based conver-
sions. However, this conversion is valid only if the band-
averaged radiance is the same with the CIE V and in the
Bessel V filters, since the two metrics depends on those
filters. In the examples presented in Table 1. there is a
difference between the two spectral radiances in the order
of 1-10%. It means that the above formula is valid only
by the same precision. The deviation increases further if
one uses the SQM for measurements, it can reach 20-30%,
error in the conversion. The spectral sensitivity of SQM is
different from the Bessel V filter; it has an extra sensitiv-
ity in the lower wavelength range. When it is calibrated at
the manufacturer, the zero point is determined for a given
standard light source. The SQM value is matching the as-
tronomical V measurement only if the spectral distribution
of the measured source is similar to that of the standard
source. The simulated data used for Table 1 makes it pos-
sible to estimate the effect of the spectral mismatch. If
we set the zero point of the SQM so that the measure-
ment matches the Bessel V magnitude-based value, then
the SQM measures 0.2 mpsas fainter value with the con-
ditions given at the Cosmic Campground measurements.

There are some other units used in the literature, espe-

cially for specialised fields. A widely used unit of spectral
irradiance is jansky (Jy) and its derived quantities. It is
primarily used in radio astronomy, but any metrics related
to spectral densities can be expressed in janskys. The def-
inition of the unit is 1 Jy = 10−26 W/m2/sr/Hz, thus
Jy/sr or Jy/arcsec2 can be used instead of dsu. However,
to the 1/λ2 conversion from the 1/Hz metric to the 1/nm
spectral density normalisation adds a strong wavelength
dependence to the otherwise flat spectral radiance curve
of the continuous component of the natural sky. That is
why our primary reference is to use the dsu unit. for ref-
erence, we give the conversion rate at 550nm: 1 Jy/sr =
9.91 10−15 W/m2/sr/nm, or 1µJy/sr = 9.91 nW/m2/sr/nm.

Another unit defined for the measurements of the radi-
ance of the sky (especially for auroras) is the rayleigh [22]
(R) : 1 R = 1010 photons/m2/sr. It is defined for the total
radiance of a given aurora or airglow line. Again, due to
the 1/λ dependence of photon energy, the conversion fac-
tor depends on wavelength. At 558nm (oxygen line), the
conversion rate is: 1 R = 0.2833 nW/m2/sr. As an exam-
ple: the fitted radiance of the green oxygen airglow line
to the Zselic Starry Sky Park measurements (row 13 in
Table 1.) is L558 = 27 nW/m2/sr, which is equivalent to
95 Raleigh.

The spectral measurement of the night sky makes it
possible to calculate the approximate decomposition of
the night sky spectral radiance for its main parts. It is
possible thanks to the different spectral lines and bands
of the natural and artificial components (a vital exemp-
tion is the 589 nm sodium line). We can also approximate
the airglow components from the RGB images at loca-
tions where the artificial contamination is negligible. On
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the other hand, the spatio-temporal variation of airglow is
different from that of the distribution of the artificial light
at night. That makes an additional possibility to separate
different sources.

9. Conclusion

In this paper, we present a new recommendation for
a metric and its unit for dark sky quality measurements.
The system is SI traceable and can be implemented by
using digital cameras.

• Single-channel measurements do not provide signifi-
cant information about the quality of the night sky,
especially at dark places and in the presence of air-
glow. Thus measurements only by SQM or similar
panchromatic devices can be misleading.

• Digital camera-based three colour radiance measure-
ments give an optimal way for sky brightness mea-
surements. DSLR and MILC cameras are also portable,
easy to use at remote locations. With the recent de-
velopment of imaging optics on mobile devices, they
may potentially be used in a similar fashion, while
still surpassing panchromatic instruments in terms
of spectral information and measurement accuracy.

• It is recommended to use band-averaged radiance as
a primary measure of night sky quality. The natu-
ral unit is nW/m2/sr/nm which can be shortened to
dsu. The difference between the spectral sensitivity
of different brands of cameras introduces some er-
ror, but it is acceptable when compared to natural
changes of night sky radiance.

• No exact conversion is possible from a single band ra-
diance (Rx) values to photopic or astronomical mag-
nitude scales. Based on the colour information, it
is possible to estimate the V band radiance, but the
error of approximated LV is still large.

The band-average radiance map of the night sky for
the R,G,B channels together provide reliable information
on sky quality. A database with digital camera calibration
data is under construction. We will provide the necessary
information and an open version of the software DiCaLum
to promote the use of the recommended metrics and unit.
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