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Abstract

We present night sky brightness measurements performée Ati¢nna Univer-
sity Observatory and at the Leopold-Figl-ObservatoriumAstrophysik, which
is located about 35km to the southwest of Vienna. The measants have been
performed with Sky Quality Meters made by Unihedron. Theyeta time span
of roughly one year and have been carried out every nighiiyig a night sky
brightness value every 7 seconds and thus delivering a &rgrint of data. In
this paper, the level of light pollution in Vienna, which gas from 15 to 19.25
magsom arcsec? is presented for the very first time in a systematic way. We dis
cuss the influence of flerent environmental conditions on the night sky bright-
ness and implications for human vision. We show that theatirar rhythm of
night sky brightness is extinguished at our observatorytduight pollution.
Additionally, we present spectra of the night sky in Vienta&ken with a 0.8m
telescope. The goal of these spectroscopic measuremeste wintify the main
types of light sources and the spectral lines which causeighe pollution in
Vienna. It turned out that fluorescent lamps are respon&ibline strongest lines
of the night sky above Vienna (e.g. lines at 546 nm and at 611 nm

Keywords: atmospheric fects — site testing — light pollution — techniques:
photometric — techniques: spectroscopic

1. Introduction

Up to now, astronomers have mainly been measuring the beghtof the
night sky (in magnitudgarcseé) at dark sites, especially at modern mountain
observatories, or at potential observatory sites as a p&ite-testing” and “site-
monitoring”. Within the past few years, it has become evidéat increasing

Preprint submitted to JQSRT April 30, 2013


http://arxiv.org/abs/1304.7716v1

night sky brightness and light pollution have far-reachtngsequences for many
branches of human life as well as wildlife (e.g. Posch et#). [

Therefore, it is desirable to measure and monitor the nighbsightness not
only at remote mountaintop observatory locations (as derge, by Patat [2]),
but also close to the centers of modern civilization, andaea every night, in a
reproducible way, with the aim of performing long-term sasisuch as in climate
research). Only in this way can the impact of night sky bmgiss on biological
rhythms on animal behaviour, and human health be assessed.

This is the aim of our ongoing night sky brightness measurgsi@ Vienna
and at the “Leopold-Figl-Observatorium fur Astrophys{kFOA) on Mount Mit-
terschopfl. We complemented our measurements with sgedpa studies of the
night sky at the Vienna University Observatory, which hdkts“Institut fur As-
trophysik” (IfA).

It should be noted that all our measurements refer to sedtteght. We mea-
sured only brightness values and spectra of the sky backdrovhile we explic-
itly avoided to measure any direct radiation from streefanThis is what we call
“night sky brightness” (NSB). In other words: the brightaealues and the spec-
tra presented in this paper refer to the total backscatiegbtiof the night sky.
Its origin is the whole ensemble of streetlamps, facadenithations, illuminated
billboards etc. at the respective observing site and inggs and far surroundings.
The natural nocturnal radiation from the Earth’s atmosphethich is produced
by different processes such as recombination of atoms that hanaedrezed by
the Sun’s radiation during daytime, contributes verydittb the NSB that we
measured at our observing sites, since the latter is doadrat the influence of
artificial light.

2. Measurement sitesand methods

2.1. Measurement sites

First measurements began in November 2011 at the IfA. Sipcié Znd, 2012
the measuring device (label “IFA") is mounted at its ultimatace and points ex-
actly to the zenith. About the same time (March 21st, 2012¥taged measuring
the NSB at our remote mountaintop site too. Currently we hseetdevices in
total, two of which are located at LFOA (label “FOA” and “FOA2 The geo-
graphical positions of our sites are given below.



Table 1: Geographical coordinates of our measurement Sities distances of the sites IfA and
LFOA from the city center are 3.5km and 35 km, respectively.

Location (altitude), Longitude Latitude
IfA (240m) 16°20'03'E | 48° 13' 54" N
LFOA (880m) | 15°55'24"E | 48 05’ 03" N

2.2. Photometric measurements

2.2.1. Units used for our photometric measurements

The devices that we use for our NSB measurements yield datarit which
is very widespread in astronomy, namely magnitudes persguasecond (m#g
arcseé). This unit corresponds to a luminance, but is a logarithméasure de-
rived from stellar photometry, where larger values coroesbto fainter objects.
In the same way, larger NSB values in nfmgseé indicate darker skies (with less
light pollution). Equation[{l1) gives the conversion from graacsec? to cd nt?
and TabléR lists selected pairs of corresponding values.

[h]Luminancgcd/n?] = 10.8 x 10* x 1004 x [magarcsec’) (1)

Table 2: Conversion between mag arcgeand mcd m?.

magarcseé | mcd nT? | comment

14 271

15 108

16 43.0

17 17.1

18 6.81

19 2.71

20 1.08

21 0.430

21.75 0.215] value we assume for thwrerall
natural clear sky brightness

22.0 0.172| value we assume for theenithal
clear sky brightness




For the purpose of monitoring the night sky brightness ovieing period of
time, we use Unihedron’s Sky Quality Meter with an integdaltensing system.
The modelis called “SQM-LE”, but hereafter we will refer tas “SQM”. All our
devices are connected via ethernet. According to the matwré’s manual, the
integrated lens narrows down the field of view to oaB0° full width at half max-
imum (FWHM), thus at anf#-axis distance o£1(°, the sensitivity declines by a
factor of 2. At higher angles the response decreases rapalthat a point source
located~19 off-axis contributes a factor of 10 less to the measured bragstn
than on-axis. We have chosen the lensed version becaussovesa the devices
in urban regions where the field of view is limited due to sunading buildings. A
wide beam width then could result in lower accuracy due ttissible influence
of nearby lights.

An advantage of the ethernet version is that with networkesafar greater
distances can be reached than with USB cables and by makengf tise “Power
over Ethernet” (PoE) technology also power supply at rensdgs is easier to
handle. Furthermore, the PoE device directly attached ¢oSIQM leads to a
suficient amount of heating as to avoid the formation of dew.

2.2.2. Spectral response function of the SQM and compatstime Johnson V
band

Sky Quality Meters are equipped with a photo diode, a filtet ariempera-
ture sensor for thermal stabilization. The manufacturewigles information on
the sensitivity curve of the photo diode and the filter, butthe resulting response
function. Previous reports indicated that the night skglmmess values measured
by SQMs do not dter strongly from those from systems equipped with a Johnson
V filter. Nevertheless, given that SQM magnitudes are nostdme as V magni-
tudes, we will use the unit “magy arcsec?” throughout this paper in order to
make this diference clear.

The spectral sensitivity of the SQM was measured by Cinz8hoA com-
parison between the SQM response function and the Johnsamd/ dhows that
the SQM is much more sensitive to light beles820 nm. At a first glance the
difference seems to make a calibration between the Johnson \abdrde SQM
response function ficult, but considering the spectral distribution of the nigh
sky over Vienna which is dominated by emission lines abe25 nm as seen in
Fig.[9, we presume that a constarifiset can be found for a comparison to the
Johnson V band.

Measurements by other groups indicate that the SQM actuatlgrestimates
the brightness of the night sky compared to V band measurtsmeprecisely
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Figure 1: SQM Response function as measured by Cinzano [&jrmparison to the Johnson V
filter response function defined by the Johns Hopkins Unityeji4].

due to its enhanced sensitivity in the blue (which is lesgrpnent in the night
sky than e.g. in the twilight sky). This is supported also by own preliminary
comparative measurements with instruments equipped witbhason V filter.
The diference may amount up to 0.6 mag. for clouded skies, whilesinaller
for clear skies (H. Spoelstra, priv. comm.).

For the moment both SQM and Johnson V measurements seem udddses
to quantify artificial NSB. But having in mind that light ertiitg diodes (LEDS)
are developing fast, a change in the night sky brightnesgposition can be ex-
pected. Since future LEDs of color temperatures above 30088ihave a signif-
icant emittance in the blue part of the spectrum, Johnsonnd lbaeasurements
would not be able to register a change in color of the NSB. &the SQM is
sensitive to the blue end of the spectrum, it seems to be e par future mea-
surements of the sky brightness in case of stronger cotiviimsiat the blue end of
the spectrum. The best one can do without spectroscopyahatty a set of SQMs
parallel to each other, each equipped with a standard plestarfilter (LRGB or
UBVR). Such a configuration makes it possible to study the Ni8elopment
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and to record possible changes in the color of the night skiyeasame time (see
Kyba et al. [5]).

2.2.3. Sampling rate

We started our measurements with a sampling of 5 minutessdart it was
noticed that with overcast skies, we miss some featuresmithr light curves.
Therefore in the next step the frequency was increased t@ding once per
minute. This seems to be a good value for most applicatiodsaagood com-
promise between data storage, data handling and valudbleniation. But since
we want to measure all possible variations that can occuewsa increased the
sampling rate to a reading every 7 seconds which correspgoral$érequency of
0.143 Hz. The device measures accurately at that high fregyuend so far we
did not encounter any problems due to integration time &trons. We are able
to detect lightning, fireworks and other short-term eveMsereover, with higher
sampling it is possible to quantify the influence of the cwrfa Vienna even in
cloudy nights, when the light curves are much more disturbed

2.2.4. Automated data storage and publishing

All our data are logged and stored automatically at each taong station.
From there every five minutes a synchronization script updathe data to the
University’s web server for data mirroring and data pubtigheading to “real-
time” data visualization on our website
http://astro.univie.ac.at/en/institute/light-pollution/.

A tool is provided for calculating all relevant informati@tout illuminated
moon fraction, moon rise, moon set and dates for civil, malitind astronomi-
cal twilights. Furthermore we calculate mean, best and wwaiies as well as
statistical information for the defined time intervals (angutical twilight). Some
other values like the “naked eye limiting magnitude” or tlebear sky factor”
are calculated, but still in an experimental phase. A futliseussion on that is
planned.

2.2.5. Intercomparison and relative metering precisionof two SQMs

For checking the quality of the photometric data, we have eragarallel
measurement with our two devices “IFA” and “FOA2” over a periof 33 days.
Since an absolute calibration to any given standard suocbhasadn V seems to be
difficult for the moment, the question to be answered was, wehdtleof our de-
vices give similar response under the same environmentalitons. Therefore,
the devices were installed at exactly the same place at stitute and pointed to


http://astro.univie.ac.at/en/institute/light-pollution/

the zenithal region of the sky. The daily comparative liginves observed can be
found in the appendix (Figs._A.L1 o Al13).

Analysis of the data showed that for the substantial fractbmeasurements
the diferences of both device data readings lie within an interfanty ~0.1
magsom arcsec?. But it was also recognized that under certain circumstnce
scattered moonlight causedidrences of up te:0.9magqu arcsec?. A discus-
sion on that topic can be found in the Appendix.

Neglecting scattered moonlight values, the results shatttre initial cali-
bration of our SQMs is fiset by only~0.046 magoy arcsec?. Taking that éfset
into account the relative accuracy between the two deviegs/en by the stan-
dard deviation of all data points. Figl. 2 shows the distidoubf the calculated
differencesA) binned to 0.04 magyy arcsec?. It can be seen that after rejecting
data with scattered moonlight for 87.5 % of all data points difference in the
response of our devices is equal to or lower than 0.08sm@agrcsec? leading
to a standard deviation ef0.04 magoy arcsec? which corresponds to a relative
error of only 4 %. Under the assumption of a 3 % growth of the N@B/ienna,
we will be able to detect a significant{2 change of the NSB level after 3 years
(by the end of 2015).

So far the SQM appears to be a handy and robust instrumentrigrterm
studies of the development of the nightsky brightness. Usdme circumstances
scattered moonlight can influence the readings, therefareessort of shielding
should be used for the lensed SQM version.

2.3. Spectroscopic measurements

The spectroscopic observations, presented below, were dith a 80 cm
Cassegrain telescope in the North Dome of the Vienna Unty€dbservatory. Its
focal length amounts to 6.7 m. A spectrograph 'DSS-7’ prediizy SBIG was at-
tached to the telescope. DSS-7 is a grating spectrogréptg five slits with dif-
ferent widths, the narrowest of which provides for a disjpersf ~ 0.55 nmpixel,
corresponding to a spectral resolving powen@a ~ 500. An ST-7 CCD cam-
era, also made by SBIG, was connected to the spectrographuoathe spectra.
With this camera, the wavelength coverage is approximat&8~850 nm (with
some small variations between the observing runs). Theafttipe CCD camera
was cooled down to -TCC during the observations.

To record the spectra of the night sky, the telescope wadqubio the south
or to the south-east (i.e. towards the city center of Viemhan elevation o£45°.
Frames of 300 s integration time were obtained. All spectp& observations
were carried out during the evening hours. Some of our nigytspectra were
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Figure 2: Histogram showing the distribution of thetdiences between the measurements of
2 SQMs operated in parallel mode. Red lines mark distribubiefore correction for scattered
moonlight. The bin size is 0.04 mggy arcsec?.

obtained as dedicated observations, others were extrastadby-product of stel-
lar spectroscopy, in which case they were subtracted agbawokd. The 2D raw
spectra were dark-subtracted and flat-fielded with dome (letisig light bulbs

mounted on the telescope). To extract the 1D spectra, &l pws that were illu-

minated by the narrowest slit were summed up along the séittion. The wave-
length calibration was done using the sky emission linesfedves by adopting
a second-order polynomial to map pixel positions to wawgtiewalues.

We expect that night sky spectra will change worldwide dytime next few
decades due to increasing numbers of light emitting diodeB§) used for street
and facade lighting. It is desirable to monitor the resgltthanges in the average
night sky spectra in order to see whether indeed the relflitixeat short wave-
lengths @ < 500 nm) will thereby increase (which would be unfortunatenfiany
reasons).



3. Data analysis

In the following all given daily mean values in mag, arcsec? and other
statistical parameters for the NSB are calculated for tintervals between the
astronomical twilights of the given date. As described ict®a[2 the device
“FOA2” mounted at our remote site was calibrated againstodder SQM “IFA’
located at our institute in Vienna.

3.1. Detection of the natural circalunar rhythm

Our measurements meanwhile cover a period of one year. Wethverefore
interested in the behavior of the mean night sky brightne$\aand at LFOA
during this period (March 2012 — March 2013). At a rural sistrong influence
of the lunar phase on the NSB is expected: full moon nightsilshioe recogniz-
able by much brighter night skies, especially for clear skyditions. In contrast,
nights around new moon should be much darker. Since LFOA iz a site,
this pattern is indeed detected and a nice circalunar peripdf the mean NSB
becomes evident (see Fid. 3). The NSB data from Vienna shawnpletely dif-
ferent picture. Instead of the moon, the degree of cloudimes the strongest
influence on the NSB in Vienna. The more clouds over a big ttig/stronger the
backscattering of urban light. Of course, the degree ofditess does not follow
any strict periodicity. Therefore, the mean NSB measurdfiénna seems to vary
in a stochastic way. The circalunar rhythm is barely recogiole here.

The lower half of FigLB also shows a circannual periodicityh@ NSB close
to full moon: winter nights with the full moon at higher eléiams are significantly
brighter (by~ 1.5 magqm arcsec?) than summer nights.

3.2. Range of NSB values under urban conditions

Figures B (upper part) arid 4 clearly show that the NSB valuesngasure
at our urban site IfA vary within a large range. The darkeseskeached at
IfA are characterized by an NSB slightly above darker than) 19.25 magw
arcsec?, corresponding to a zenithal luminance of 2.15 mcdf.niThe bright-
est skies reached at IfA under overcast conditions have &hb¢®w (= brighter
than) 15 magow arcsec?, corresponding to a zenithal luminance of more than 100
mcd nT?, which is more than 0.1 cd Thand can easily be measured even with a
simple luminance meter. As Figl. 4 shows, not all NSB valuesipequally often.
The contour plot — which is based on more thar 2(° individual data points —
shows two values which occur much more often than othersisoh@.1 magqm
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Figure 3: Mean daily NSB within astronomical twilight. Digtution over one year (date format:
yyyy/mnydd) obtained at both sites IfA (top) and LFOA (bottom). At LIk@e circalunar rhythm
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(see dashed lines).
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arcsec? — with a trend to still slightly larger (darker) values as taly morn-

ing hours (with less ti#ic and less artificial lights) are reached. These values are
characteristic for clear skies (no clouds, little aeroswitent of the air, relatively
little amount of backscattering). The other range of fredlyeoccurring NSBs is
about 16.3 maghy arcsec?, corresponding to 33 mcdth This value is about 13
times larger than the former one and corresponds to conipletercast condi-
tions. The values between 16 and 19 gagarcsec? are measured when the sky

is partly cloudy, or cloudless but hazy, or clear but not mess Furthermore Fig.

4 shows that the trend of NSB development in Vienna duringrogkt typically
follows a gradient of 0.1 magw arcsec? per hour.

It is also interesting to compare our “best” measured vdioiethe urban con-
ditions at IfA with the predited sky brightness that we egteal from Cinzano,
Falchi & Elvidge [6] in their “World Atlas of the artificial ht sky brightness”.
We find that our urban observatory IfA has a predicted clegNSB of approxi-
mately 10 times the natural night sky brightness. Our abepented best value of
19.25 maggwm arcsec? or 2.15 mcd m? amounts to 12.5 times the natural zenithal
night sky brightness, for which we assume 0.172mcé @uriscoe, priv. comm.;
see also Talh.]2).

3.3. Detecting the curfew(s) in Vienna (11 p.m., 12 p.m.)

The city of Vienna reduces a substantial fraction of itsedtteghting at 11
p.m. (curfew, in the following: ‘C’). Main roads, howevenreastill kept at con-
stant illuminance throughout the whole night. At 12 p.m. stmaf the decorative
facade lighting is switchedfb(this efect is called ‘F’ below). The sky brightness,
therefore, shows two discontinuous steps towards lowelegaht 11 and 12 p.m.,
of which the first one is larger. This is shown in Hig. 5.

On average, step C results in a night sky brightness decbga34.8 magom
arcsec?, while step F leads to a decreaseinprovement of the sky quality) by
0.09 magqw arcsec?.

It would be worthwhile to monitor similarfeects of curfews in other cities and
communities, also to demonstrate this benefit for the noatienvironment.

3.4. Influence of snow and other seasonal variations

Snow has a strong influence on the NSB, especially in urbaamegThe re-
flectance of snow is clearly much larger than that of bitunkéemce, streets, pave-
ments and squares covered by (fresh) snow reflect a hugemoftihe downward
directed radiation of streetlamps back to the sky. Moreaveight with snowfall
is per se a cloudy night — hence, there is a second reasondbrrsghts to be
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Figure 4: Density plot of all measurements obtained at \Vag(iA) from April 2012 to April 2013.
A gradient of 0.1 magpy arcsec? per hour and two dominant NSB ranges can be identified.

brighter, which is the backscattering of the upward lighthos clouds. The com-
bination of those two féects leads to extremely large values of the NSB during
some winter nights. The fact that the mean NSB values showmeimpper half

of Fig. [3 reach values of 15 magy arcsec? is due to the influence of clouded,
snowy nights during the first weeks of 2013. This value cqoesls to a zenithal
luminance of 0.1 cd nf, which is 461 times the natural NSB. Under the assump-
tion of a uniform sky brightness of 0.1 cd(from the zenith to the horizon), an
illuminance meter would display 0.31 Ix — which is more tharthe case of full
moon. In reality, the sky is always brighter near the horit@m at the zenith, such
that our measurement of 0.1 cd“faccording to our experiences, corresponds to
about 0.51x.

A night sky brightness of 15 magy arcsec? or 0.1cd m? indicates very
bright skies from the astronomical point of view, and yet ve¢edted still larger
NSB values at certain times — not as mean values for wholdsjight as records
lasting at least for some minutes to hours. For examplenduhe night from
the 6th to the 7th of February 2012 (see Fig. 6), up to 13.9%a1agrcsec?
were recorded at 10:30 p.m. This spectacularly bright valueesponds to a
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Figure 5: Detection of the curfew at 11 p.m. (C) and reduatibfacade lighting at 12 p.m. (F) in
Vienna on March 21st, 2012.

luminance of 0.27 cd n? or 1570 times the natural zenithal sky brightness. In
this case, which typically occurs when there is snow covdragoing snow fall,
the difuse backscattered light from the sky alone would illumireatandscape
with more than 11x. Under such conditions, one could eversictan dimming
down or switching €& local illuminations of small streets and paths, since any
landscape which is uniformly illuminated at 1 Ix appeargbter than the same
landscape with “punctual” illuminations even at peak valaéseveral lux.

3.5. Special cases: thunderstorms, New Year’s Eve

Our NSB measurements not only show the strong influence bfitig, but
also the strong (but short-term) influence of lightning. €&ithat thunderstorms
occur much more frequently during the summer months in Aadtne detection
rate of lightning is highest between June and Septemben ®ith our sampling
rate of one measurement every 7 seconds, bright lightnindnase a strong im-
pact in our night sky photometry. During two nights in Junel &ugust 2012,
our NSB curves measured at Vienna (IfA) show “spikes” duedbthing with a
baseline value of 16 magy arcsec? and peak values up to 11 mag arcsec?,
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Figure 6: During the night from February 6th to February @2, the NSB reached a peak value
corresponding to 0.27 cd Thor 1570 times the natural zenithal sky brightness.

which corresponds to an increase by a factor of 100. At theABife, in con-
trast, we find even an increase by a factor of 10000 (!) dugtaring during the
night from June 20 to June 21, 2012 (see Elg. 7). Since lighthas extremely
high luminance, but cover only a tiny fraction of the sky, iigimt be more inter-
esting to measure the illuminances (in lux) caused by ligigtnTo the best of our
knowledge, this has not been done in a systematic way so far.

A similar effect as the one caused by thunderstorms is observed — atrieast i
Vienna — during New Year’s Eve. Théfect of local fireworks is again clearly de-
tected in the NSB measurements. In this case, we measurexdtgesim increase
of the sky brightness from 18 magy arcsec? to 16 magqm arcsec® around
midnight. Again, this is only a lower limit of the influence bfeworks on the
NSB, since our SQMs are pointed toward the zenith, and hamayyfireworks
rocket would reach the local zenith at the observatory, Wwiscsurrounded by a
large park.

3.6. Implications of our results for the transition from rapg to scoptopic vision

As shown in Figurél8, the mean zenithal NSB values in Vienoeation IfA)
are in the range 15 magy arcsec? to 19.5 magoy arcsec?. The black vertical
line represents a sky brightness of 18.9 mgarcsec?. This corresponds to a
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Figure 7: During the night from June 20th to June 21st 201haatderm increase in the NSB
from about 20 up to 10 magw arcsec? is found at our mountaintop observing station LFOA —
corresponding to an increase in the NSB by a factor of 100@Callightning.

luminance of 3x 10°2 cd/m?or 3 mcd nT2. We take this value as the lower limit
of the cones in human vision. At smaller luminances, theremisensitive rods
entirely dominate our vision. If the NSB is brighter thand&agom arcsec?,
the adaptation of the human eye to darkness is very incompléte partial visi-
bility of our Milky Way at least near the zenith requires auaivhich is reported
to be close to 18.9 magy arcsec? as well. According to Fid.18, almost 90% of
all nights at IfA are characterized by mean zenithal NSBgdathan the “18.9
magsom arcsec?” threshold: during the vast majority of all nights, thenefpen-
tirely rod-dominated vision as well as Milky Way visibilitg not reached.

At our rural, 880m-above-sea-level observing station LE@Aontrast, only
20% of all nights have mean zenithal NSB values brighter th&u® magom
arcsec?. The full range of mean NSBs at LFOA is 17 nyag arcsec? to 21
magsom arcsec?. Note that even the latter value is still about 1 magnitudea(o
factor of 2.5) above the natural zenithal night sky brigkte

3.7. Spectral lines detected in the Night Sky

Figurel9 shows one of our night sky spectra, taken on the Fsttmfuary 2012.
For comparison also laboratory spectra of common stregidaare shown. The
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Figure 8: Histogram showing the relative (top) and cumuéafbottom) distribution of the mean
NSB measured at IfA in Vienna (black dashed bars) and LFOd& ¢adid bars). The vertical line

indicates the limit between scotopic and mesopic visior8a inagom arcsec?.
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Table 3: Selected (strong) spectral lines detected in \d&smight sky.

Peak position [nm] Assignment (see text)  Remark
544 FL
546 FL
569588598 HPS
611 FL blend with HPS
819 HPS

strongest spectral line that we detect in the light-potutight sky over Vienna is
located at 546 nm. An adjacent, but weaker line is detect&d4nhm. Both lines
are due to fluorescent lamps (FL), which are currently thetmasmon type of
lighting, especially in residential areas.

The second strongest spectral feature that we find in outt sigh spectra
is centered at 611 nm. Its origin is a composite of fluorest@nps and high
pressure sodium (HPS) lamps, which are used to illumindtarban highways,
crossroads and main streets. Between these two strongestapeaks, a series
of lines are detected, most of which can be identified as sotines (outstanding
peaks at 569 nm, 588 nm and 593 nm). Another sodium line isctbeten the
photographic infrared, at 819 nm. Since low-pressure sodines are uncommon
in and around Vienna, the sodium peaks must be due to sahtigine from high
pressure sodium (HPS) lamps. More detailed informatiorheremission lines of
HPS lamps can be found in Elvidge et al. [7].

Furthermore, atmospheric absorption bands can be idehati€62nm (A
band) and 688 nm (B band) due to magnetic dipole electroaitsitions of the
molecule Q ([8]).

According to the éicial statistics of the city of Vienna, 80% of all the lamps
used for public illumination are fluorescent lamps, 16% apSHwhile other types
of lamps add up to only 4% by number. This is in good accordavitie our
spectroscopic results.

The total power used for street lighting in Vienna amount$4dVW (value
from the dficial websitehttp://wien.gv.at [10]. Assuming a lumen-to-Watt
ratio of 70 for fluorescent lamps and 120 for HPS, we end up witontribu-
tion of 784 Megalumen from the dominant soureefluorescent lamps) and 269
Megalumen from HPS lamps. Together with the other 4% (amioaignthigh pres-
sure mercury vapor lamps), the total light output of the oityienna, as far as it
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Figure 9: Night sky spectrum (filled area) obtained in VieonaFebruary 1st, 2012 towards SE.
It can be clearly seen that the most prominent features lederevith emission lines originating
from FL (blue solid line) and HPS (orange solid line). Laliorg spectra of street lamps can be
found on the website of the National Oceanic and Atmosphetininistration [9].

is caused by street lighting, amounts to about 1.1 Gigalywreabout 622 lumen
per capita.

4. Conclusions

After one year of NSB measurements at an urban site (in Viesomaat a rural
mountaintop, we may draw the following conclusions:

i Due to its high sensitivity covering the bulk of the visilgpectrum, Sky Qual-
ity Meters are appropriate not only for long-term studiethefNSB, but also
for short-term events. Nevertheless, an adequate sitehereproof hous-
ing and shade are crucial, such that the sensor is protegtedsa scattered
(moon) light. Once tested, the instrument will monitor th&8BNdevelopment
within a relative error of approximately 5 %.
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il The factor which is essentially determining the night slightness at light-
polluted urban sites is the degree of cloudiness (see alba Ktal. [[5]), since
clouds strongly enhance the backscattering of artifiqtlin the atmosphere.

iii Typical NSB values at our urban measurement site IfA &8agqw arcsec?
or 33 mcd m? under overcast conditions. Note that without any artifilggdt,
the overcast sky would be much darker than clear skies . Thesii is the
case for cities nowadays.

iv. Maximum values of the NSB at our urban measurement looatre close to
14 magqwm arcsec? or 0.3 cd m?. This value refers exclusively to theffiise
(scattered) light from the night sky. It does not include arifuence of lights
shining directly into our detector.

v At our rural mountaintop site, the range of NSB values isdglly 17 ...
21 magqwm arcsec?. Here, the phase of the moon remains the determining
factor for the NSB, which probably implies a strong zeitgdioaction of the
moonlight at this rural place.

vi In contrast, the circalunar illuminance pattern is egtiished in urban and,
very likely, to a large extent also in suburban regions. Thikalso influence
the chronobiological rhythms of animals living in locallasds of darkness”
such as big parks.

vii By a spectroscopic analysis of the light scattered backifthe sky, we were
able to identify lines from high pressure sodium lamps (atg569 nm, at
588 nm and at 593 nm) and from fluorescent lamps (e.g. at 546wraa
611 nm) as main “pollutants” of the night sky.

viii For studying the night sky color distribution, filter siems e.g. Johnson UBV,
should be used in the future. As indicated by our spectras@palysis, cur-
rently the blue end of the spectrum below 525nm does not sigmifisant
contribution to the NSB. This could change in the future ainps of high
brightness temperatures will be used in the future (whicluld/doe unfor-
tunate for many reasons: e.g. insect attraction, melatsmpgpression, and
enhanced light pollution).
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Figure A.10: Parallel measurements of two SQMs. One of thids is equipped with a simple
shade for preventing scattered moon light.

Appendix A. Discussion on the origin of the scatter while parallel measure-
ments of two SQM's

We performed parallel measurements of our two SQM devices aperiod
of 33 days. The daily light curves showing the measured NSBevand the
difference between the readings of the devices are shown inZ&ifBto[A.13.

It can be seen that both devices gave the same or similarmesgor most
of the measurements and the calibration of the devices asdd by the man-
ufacturer is very accurate. However, within certain timeeimals the dierences
increased up to 0.9 magy arcsec?. After checking for moon phase, altitude
and azimuth, it was realized that these biffetences always occur 1) at certain
alt/azimuth coordinates of the moon, 2) when the moon illumish&taction was
greater than 50 % and 3) in the same “sine-wave-like” shapasTt is clear that
the diferences are a result of scattered moonlight. We assuméihaftéects only
the SQM-LE, the lensed SQM version and suggest to use sormefsirelding
or shading (see Fi§._A.10) when using the device. Since teetkversion has a
very narrow field of view of only20°, some sort of shade can be installed easily.
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Figure A.11: Intercomparison of our devices from Septen@iterto 16th, 2012. The scale on the
left indicates the measured NSB in naag arcsec? (red curve) for one of the devices, whereas
the scale on the right shows thefdrence in maghw arcsec? (blue curve) of the measured values
between the two parallel mounted devices.
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Figure A.12: Intercomparison of our devices from Septemlééhn to 26th, 2012. The scale on the
left indicates the measured NSB in naag arcsec? (red curve) for one of the devices, whereas
the scale on the right shows thefdrence in maghw arcsec? (blue curve) of the measured values
between the two parallel mounted devices.
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Figure A.13: Intercomparison of our devices from Septeni#th to October 6th, 2012. The
scale on the left indicates the measured NSB in ggadarcsec? (red curve) for one of the de-
vices, whereas the scale on the right shows tiferince in magnow arcsec? (blue curve) of the
measured values between the two parallel mounted devices.
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