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Abstract

The results of monitoring light pollution near the center of Zagreb at the Faculty of Mining, Geology and Petroleum
Engineering (RGN) for the period 2012 - 2017 were presented in a recent article (Andreié, 2018). The question that re-
mained unanswered is how the night sky brightness behaves in the suburbs of Zagreb and in the nearby rural area. This
article attempts to give some answers to this question by analyzing data gathered at the rural site of Merenje, located
north of Zagreb. The main conclusion drawn is that the night sky brightness at both sites follows very similar patterns for
clear sky conditions and is often similar for cloudy conditions, too. For both sites, no significant increase in zenithal night
sky brightness was found in the observed period of 2014 - 2017. Thus, at least for the areas north of Zagreb that are in the
shadow of Medvednica Mountain, the contribution of the light pollution from Zagreb and its growing outskirts remains
unaltered. The main difference is in the level of the night sky brightness, the average for the RGN site being 16.9 mag/
arcsec® and 18.9 mag/arcsec? for the Merenje site. Additionally, the cloudy conditions enhance the light pollution of Za-
greb a lot more, the difference being about 3.2 mag/arcsec? for RGN, in contrast to 1.9 mag/arcsec? for the Merenje site.
No measurements exist for areas to the south, so no conclusions can be made for the situation there. Last, but not least,
it was found that in cloudy conditions, the stronger light pollution of Zagreb is proportionally more enhanced by the

clouds/fog than the smaller levels of light pollution at the Merenje site.

Keywords:

Light pollution; night sky brightness; ALAN evolution; atmospheric effects.

1. Introduction

Light pollution (LP) (Hollan, 2008) is most simply
defined as artificial light that spills at night into the envi-
ronment, and is intensively studied today. For a short
overview, the web pages of the International Dark Sky
Association (IDA, 2020), or Wikipedia (Wiki, 2020)
can be consulted. The ecological impact of light pollu-
tion is still not well understood, but a lot of research is in
progress on both plant and animal life, including hu-
mans. A nice recent review of the current knowledge in
this area is given in Krop-Benesch (2019).

The crucial parameter in such studies is the amount
(intensity) and the duration of the light pollution. There
is still no standard method of measuring the light pollu-
tion, but again, a lot of research has been put into resolv-
ing this question recently. A nice overview of measuring
methods and instruments is given by Héinel et al. (2017).
The instruments of our choice are Sky Quality meters
(Unihedron, 2020), models SQM-LE (SQM-LE, 2020)
and SQM-LU-DL (SQM-LU-DL, 2020).
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Among several hundred articles that have appeared
since our first article on LP monitoring in Zagreb
(Andreié, 2018) was prepared, a few can be related to it,
as follows: Ribas et al. (2017) studied the amplification
of light pollution by clouds, with the conclusion that LP
in a city increases dramatically with the presence of
clouds, in accordance with conclusions from Andrei¢
(2018). Yu et al. (2015) analyzed measurements of LP
around the Seoul Capital Area (population 9.8 million)
in 2009 and 2014, with the main conclusions that the
clear night sky brightness at the brightest site was 16.3
and 16.5 mag/arcsec?® in 2009/2010 and 2014/2015, re-
spectively, showing a decrease of about 0.2 mag/arcsec?
in 5 years. As a comparison, the corresponding values
for Zagreb (Andreié, 2018) are 16.9 mag/arcsec? and no
change in the 5-year long period of observation. At a
rural site about 50 km from the brightest site in Seoul,
the results are 20.1 and 20.6 mag/arcsec® in 2009/2010
and 2014/2015, with an even larger decrease of 0.5 mag/
arcsec’ in 5 years. Again, for the rural site about 30 km
from the center of Zagreb, the corresponding values are
18.9 mag/arcsec’ and no change. Marco et al. (2015)
measured light pollution in Valencia (population 2.5 mil-
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Table 1: Data on light pollution in several large towns around the world gathered from available literature. The
sky brightness values are in mag/arcsec>.

Town Pop. (mio) | Year Mean Clear Cloudy |Reference
Zagreb 0.8 2012-17 |16.9 18.2 15.0 Andreié, 2018
Merenje 2014-17 |18.9 20.3 18.2 This work
Vienna 1.7 2014 19.1 16.3 Puschnig et al., 2014
Hong-Kong 7.1 2014 16.8 Pun et al., 2014
9.8 2009 16.3
Seoul
2014 16.5
Yu et al., 2015
2009 20.1
50 km from Seoul
2014 20.6
Valencia 2.5 2014 17.5 14.5 Marco et al., 2015
Krakow 0.8 2014 17.8 Sciézor and Kubala, 2014

lion) and its surroundings in 2014, and concluded that
the night sky brightness is around 17.5 mag/arcsec? for
clear sky conditions, with an increase of more than 3
magnitudes in cloudy conditions. Sci¢zor and Kubala
(2014) analyzed the relationship between aerosol con-
centration and light pollution based on night sky bright-
ness measurements taken at several places in Krakow,
Poland (population 778 000). This data can be compared
with the aforementioned results. Krakow is of interest as
it is a European city very similar to Zagreb (population
790 000). The obtained values for Krakow are between
17.1 and 18.5 mag/arcsec?, averaging at about 17.8 mag/
arcsec? for clear sky conditions.

The results of light pollution monitoring above Zagreb,
Croatia, were discussed for the first time by Sharma et al.
(2015) for a short period in 2010 - 2011 and in near infra-
red (NIR) for Croatian sites, including Zagreb by Andrei¢
et al. (2012). A longer dataset for the period 2012 - 2017
was analyzed in a recent article by one of the authors
(Andreié, 2018). It was shown that night sky brightness
in this period was more or less constant, however it was at
a very high level of about 18.2 mag/arcsec? for clear sky
conditions. The question that was raised, but remained un-
answered by that article, is whether or not the night sky
brightness is also constant in the suburbs of Zagreb and in
the nearby rural area. This is due to the lack of any reliable
long-term measurements there. In Table 1 we summarize
the results of all above mentioned studies, including the
ones cited by Andreié¢ (2018).

In the meantime, we obtained additional data that
could be consulted. This data was gathered at the site of
a private observatory located about 20 km NW from Za-
greb in a small village called Merenje. The data availa-
ble covers the period from 2014 to 2017. In this article,
we are analyzing if the night sky brightness is also con-
stant at the Merenje site.

2. Methods and data

The measurements at the RGN site were taken by a
single automatic SQM-LE device on the roof of the

building of the Faculty of Mining, Geology and Petro-
leum Engineering in Zagreb (45.8070° N, 15.9641° E,
approx. 150 m above sea level). The building itself is
near the town center, about 1.2 km air-line from the Za-
greb main square. The instrument looks straight into the
zenith, and the direct influence of streetlights is negligi-
ble due to the large height of the building (see Figure 1,
left). The Merenje observatory (45.9000° N, 15.7833° E,
approx. 190 m above sea level) is located about 20 km
NW from Zagreb. These measurements started in 2014,
and the instrument used is the SQM-LU-DL, an autono-
mous version of the SQM-L device (see Figure 1, right).
The only difference in comparison to the SQM-LE used
at the RGN site is in the way data is collected. The SQM-
LE is computer controlled and sends the data at request
to a remote computer that archives the data. The SQM-
LU-DL is autonomous, and stores the measured data in
the device itself. To access the data, the device must be
connected to a computer periodically. In addition, the
power source (batteries or accumulators) have to be tak-
en care of regularly.

To make an unbiased comparison, the RGN dataset
was limited to the period 2014 - 2017 for which the Me-
renje data exists, and accordingly recalculated. The ana-
lyzing procedures were kept the same as in the previous
article (Andreié, 2018) so we will just repeat a short de-
scription of them. Raw data from the SQM’s are stored
as text files. The data from these files were processed by
a set of a few small programs that first eliminated all
measurements taken during daylight. They are meaning-
less as the SQM is in saturation. After that, the time
stamps of individual measurements were converted into
a much more usable ordinal number of the measurement
in question, keeping the information regarding the date
of measurements along it. The data is then plotted using
Excel. However, the graphs (or tables) of daily data were
hard to analyze due to large oscillations of initial values,
resulting in the statistical analysis that produced much
more manageable sets of daily and monthly minima,
maxima and mean values of night sky brightness. These
results were again processed in Excel resulting in graphs
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Figure 1: Left: The SQM-LE instrument at the RGN site is
inside a protective box (white) mounted on the roof of the
faculty building. Right: The SQM-LU-DL instrument at the
Merenje site is also inside a protective box mounted on the
roof of a small shed in the countryside. Both instruments
have a clear zenithal area.

and conclusions about light pollution behavior. This
time, nightly data is gathered into seasonal datasets
which enables us to check for seasonal variations among
them. The seasonal data is plotted as cumulative graphs
of measured sky brightness and as histograms.

Last, but not least, both the manufacturer (Unihe-
dron2, 2020) and the independent analyses of the instru-
ment accuracy (Cinzano, 2005; Schnitt et al., 2013)
lead to the same conclusion that the accuracy of the
SQM is of the order of 10% in a linear scale, or about 0.1
mag/arcsec? in astronomical units.

2. Results and discussion

First of all, the question arises if, and to what extent,
the meteorological conditions at both sites are related to
each other. Medvednica Mountain passes between them,
so direct visibility is not possible. The main optical ef-
fect of the Medvednica Mountain, as observed from the
Merenje site, is shadowing the direct lights from the
whole city of Zagreb, so that the lowest part of the at-
mosphere above Merenje is not light-polluted by Za-
greb. Zagreb is the capital city of Croatia, with about
800 000 inhabitants (according to the last census in
2011). Looking from the Merenje site towards Zagreb,
Medvednica Mountain rises rapidly, starting at the line-
of-sight azimuth of about 160°, passing the RGN direc-
tion at the azimuth of 140° with a height of about 430 m
to about 1000 m at its highest peak at the azimuth of
116°. After that, Medvednica Mountain decreases in
height slowly, passing 500 m at the azimuth of about
90°, with its extreme eastern point lying at the azimuth
of 80°. The whole city of Zagreb is hidden behind the
mountain. Accordingly, the lower parts of the atmos-
phere between Medvednica Mountain and the Merenje
site are protected from the direct lights of Zagreb, effec-
tively reducing the contribution of Zagreb to light pollu-
tion there. However, Zagreb lights illuminate the atmos-
phere above about 1000 m, thus the Merenje site is still
under the light pollution dome of Zagreb. On the other
side of Merenje, and around it, only smaller settlements
exist, a lot of them hidden by hills which are abundant in
the whole area around Merenje. However, the whole
area is quite densely populated and the combined effect

Merenje-RGN direct comparison
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Figure 2: A comparison of night sky brightness measurements at RGN and Merenje sites taken in June
2017. Apart from the difference in overall brightness (the Merenje site is darker by about 1.7 mag/
arcsec?), the sky brightness at both sites follows a very similar pattern most of the time.
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Merenje-RGN direct comparison
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Figure 3: An enlarged part of the graph in Figure 2 showing night sky brightness patterns at both sites
in more detail. In most cases, the patterns are very similar. A more pronounced difference is evident in
the last night (14-15th) on the graph. Note that the influence of the Moon is more pronounced at the
Merenje site, as the light pollution there is lower, thus the moonlight alone makes a larger contribution
to the night sky brightness, when the Moon is up. In this case, the Moon was up almost the whole
night, as the Moon was full on June gth.

Table 2: Yearly statistics of nightly minima, maxima and average values of sky brightness and its nightly
changes (variations) for years 2014 to 2017, for both sites. All brightness values are expressed in mag/arcsec>.
The last two rows give mean values for the whole period of measurements (2014-2017).

Sky brightness Nightly variations Number Missing

Year a q
max. min. mean min. max. mean of nights nights

2014 RGN 13.63 18.89 16.66 0.06 3.87 1.94 244 121
MER 15.67 20.66 18.85 0.31 3.63 1.59 176 189

2015 RGN 13.27 18.84 16.90 0.08 4.33 1.78 161 204
MER 14.63 20.67 18.92 0.29 4.76 1.54 267 98
RGN 14.20 18.94 16.99 0.06 4.27 1.83 324 42

2016 MER 14.97 20.82 18.79 0.23 3.63 1.65 345 21
e RGN 14.15 19.03 17.08 0.07 4.20 1.88 227 138
MER 15.39 20.90 18.88 0.12 3.61 1.58 309 56
RGN 13.81 18.93 16.91 0.07 4.17 1.86 239 126
fear MER 15.17 20.76 18.86 0.24 3.91 1.59 274 91

of these settlements produces some local light pollution
and is often additionally seen as smaller light pollution
domes near the horizon.

Another effect of Medvednica Mountain is its influ-
ence on local meteorological conditions. Often, the
weather is very similar at both sites, but sometimes sig-
nificant differences can occur. According to Kdppens
climate classification, this area has a temperate humid
climate with a warm summer (Cfb) (Zaninovi¢ et al.,
2008). This type of climate is characterized by a diver-

sity of weather situations. During the winter, a stationary
anticyclonic weather type prevails, with foggy weather
or low clouds. During the spring, faster cyclonal types of
weather become frequent, which leads to frequent and
rapid changes in weather. In the summer, the zero-pres-
sure gradient field is often interrupted by a cold front of
cold air from the Atlantic, with a strong air mixing,
strong winds, thunder and heavy rainfall from dense
clouds with vertical development. In autumn, there are
frequent periods of calm anticyclonic weather, but also
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Figure 4: The nightly minima, maxima and average values of Merenje sky brightness for years 2014 and 2015

rainy days when cyclones cross the area. Anticyclonic
weather in the early fall is characterized by warm and
sunny days and cool nights with heavy dew and low fog
strips near rivers and streams. In the late fall, anticyclon-
ic weather is cold, foggy and gloomy, with short sunny
periods. The local climate modifier is an orography,
which leads to the intensification of short-term heavy
precipitation on the windward side of the orographic
barrier or the appearance of a precipitation shadow on
the leeward side. Medvednica Mountain affects the east-
ern part of Zagreb in this way (Zaninovi¢ et al., 2008).

Locally, the major weather phenomenon in this area af-
fecting light pollution is fog. In this area, it occurs fre-
quently in autumn and spring, less frequently in winter
and is absent in summer. Also, Zagreb is large enough to
influence the local meteorological conditions, often re-
sulting in higher local temperatures and less fog than in
the surrounding area, a fact that should also be consid-
ered when comparing the RGN and Merenje sites. From
the side of light pollution, the most important thing to
keep in mind is the passage of clouds and the periods of
clear/cloudy skies related to it, which can be different, or
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Figure 5: The nightly minima, maxima and average values of Merenje sky brightness for years 2016 and 2017

just shifted in time. We did not perform a thorough anal-
ysis of this effect, limiting ourselves to comparing raw
data, which led to the conclusion that the sky brightness
at both sites follows very similar patterns most of the
time, the Merenje site being darker by about 1.7 mag/
arcsec? most of the time. This fact is illustrated in Figure
2 and Figure 3, where a short time series of LP measure-
ments taken at both sites (30 and 5 days) are compared.
The data for the whole period shows a very similar be-
havior, so the example on Figure 2 and Figure 3 suffices
to illustrate it.

Table 2 summarizes yearly minima, maxima and av-
erage values of measured sky brightness followed by the
nightly variation of these values (also expressed as min-
imal, maximal and mean values observed over the year),
together with information on the number of nights that
provided the data for the statistics. In the period between
January 2014 and December 2017, about half (53%) of
the RGN data and about a third (33%) of the Merenje
data was lost for different reasons. The most problematic
in this aspect are years 2015 for RGN and 2014 for Me-
renje. Still, the remaining data is sufficient for a com-
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Cumulative probability, Merenje 2014-2017
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Figure 6: The average cumulative probability that the night sky brightness at the Merenje site will be darker
than a given value, derived from all measurements available during the 2014-2017 period

Merenje sky brightness histogram 2014-2017

Probability (%)

= Winter
®m Spring

Summer

Autumn

. ...|||||I|||l|.||l|

13,1 136 141 146 151 156

16,1

171

176 181 186

Sky brightness (mag/arcsec2)

Figure 7: A histogram of the night sky brightness at the Merenje site derived from all measurements
available during the 2014-2017 period. The histogram is created for meteorological seasons and should be taken
as an average of seasonal behavior during the period.

parison, and summary statistics do not show any signifi-
cant differences from year to year that could be related
to the missing data.

The main conclusion that can be drawn from Table 2 is
that the average level of light pollution at both sites does

not change significantly during the monitoring period
(2014 to 2017) (Andrei¢, 2018). At least for the part of
Croatia that is protected by the shadow of Medvednica
Mountain, this is good news. The situation in the opposite
direction from the town of Zagreb cannot be determined
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Cumulative probability, Merenje-RGN, winter 2014-2017
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Figure 8: A comparison of the average cumulative probabilities for the RGN and Merenje sites for winters (top)
and springs (bottom) 2014-2017. For ease of comparison, the RGN curve was shifted to the right for 1.55 mag/arcsec?
(winter) and 1.90 mag/arcsec? (spring).

from this work, as this would require at least one monitor-
ing site south of the town. The situation there can be much
different as this is a rather flat area into which Zagreb ex-
pands a lot more than to the north, where growth is pre-
vented by the Medvednica Mountain, the largest part of
which is a protected nature park (ZZPUZG, 2019).

The minimal and maximal values of the night sky
brightness reported in Table 2 should be taken as indica-
tors only, as a single data point produces these values so
they are not indicative of general trends in the light pol-

lution behavior. The methods for interpreting such meas-
urements are still in the development stage and no gen-
eral consensus about their interpretation exists. On the
other hand, the mean values are a solid representation of
actual light pollution levels for the corresponding night
as they are calculated from at least several dozen indi-
vidual measurements (in the shortest summer nights).
The main conclusion that is drawn from these mean val-
ues is, as in Andrei¢ (2018), that light pollution levels
did not change significantly in the monitoring period.
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Cumulative probability, Merenje-RGN, summer 2014-2017
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Cumulative probability, Merenje-RGN, autumn 2014-2017
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Figure 9: A comparison of the average cumulative probabilities for the RGN and Merenje sites for summers (top)
and autumns (bottom) 2014 -2017. For ease of comparison, the RGN curve was shifted to the right for 1.80 mag/arcsec?
(spring) and 1.65 mag/arcsec* (autumn).

As was the case with the RGN site, nightly minima,
maxima and mean values of the sky brightness for the
Merenje site (see Figure 4 and Figure 5) change consid-
erably on a nightly basis. The corresponding graphs for
the RGN site can be found in Andrei¢ (2018, Figure 7
and 8). The main cause for these variations at both loca-
tions are changes in meteorological conditions (clouds,
fog, and atmospheric transparency) that reflect them-
selves in the amount of light pollution caused. The rapid
changes that happen during one night are considerable,

often being greater than two or even three magnitudes.
Even the mean variations at the Merenje site are consid-
erable; being between 1.5 and 1.7 mag/arcsec? from year
to year (expressed as yearly averages). Compared to the
RGN site, mean variations at the Merenje site are some-
what dimmer, by about 0.2 mag/arcsec?.

Again, as was the case with the RGN site, due to these
rapid variations, Figure 4 and Figure 5 are difficult to
interpret. Thus, the most important statistical data about
light pollution at both sites are gathered in Table 2, and
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presented as cumulative probabilities in Figure 6 and as
histograms in Figure 7.

The seasonal cumulative probabilities curves in Fig-
ure 6 give the probability that at any given moment (at
night of course) the sky brightness will be smaller (or
larger) than a certain value. The meteorological seasons
are used throughout this text. The same data is presented
in Figure 7 as a histogram. Please take into account that
seasonal variations are quite large from year to year. The
histogram bins are 0.1 mag/arcsec® in width. Both fig-
ures confirm that spring and summer provide better ob-
serving conditions (less light pollution) than autumn and
winter. The histogram in Figure 7 confirms, as was
found for the RGN site before, that the brightness values
clutter around two peaks, one at about 18.2 mag/arcsec?
and the other at about 20.3 mag/arcsec?, both showing a
tendency to move slightly toward lower brightness val-
ues in spring and summer. The two peaks are explained
as before: clear nights result in lower sky brightness, the
values forming the second peak, and the cloudy nights
result in much larger sky brightness which forms the first
peak. The difference between them is about 2.1 magni-
tudes, compared to about 3 magnitudes for the RGN site,
showing that the larger light pollution at the latter is
more enhanced during cloudy conditions. The slight
drift toward lower brightness in spring/summer is the re-
sult of the dryer and more transparent atmosphere during
this period of the year.

Last, but not least, the seasonal cumulative probabili-
ties for both sites (see Figure 8 and Figure 9) are com-
pared with each other. For ease of comparison, the RGN
curves are shifted to the right to compensate for different
levels of light pollution at the two sites. The exact
amount of shift is stated under each figure. This com-
parison shows that, generally, clouds enhance the night
sky brightness a lot more in Zagreb than in the surround-
ing area, confirming that the stronger light pollution is
much more strongly enhanced by clouds. Apart from
that, the clear sky parts of the curves (the right-bottom
part of the curves) show very similar shapes. It is actu-
ally possible to match them better, at the cost of separat-
ing the upper parts of them more. This confirms that
clear sky conditions on both sites are quite similar.

Concerning the conclusion from Andreié (2018) that
Zagreb is more severely light-polluted than some other
large towns in the world, a few studies that appeared af-
ter the first article was prepared sadly confirmed this
fact. Without entering any discussion here, the basic in-
formation from these studies, including the ones cited by
Andrei¢ (2018) is gathered in Table 1.

3. Conclusions

A comparison of light pollution data for Merenje, a
rural location near Zagreb, to the north, and the RGN
location, an urban location near the center of Zagreb,
shows that, apart from much brighter night sky bright-

ness at the Zagreb site, night sky brightness at both sites
follows very similar patterns for clear sky conditions
and are often similar for cloudy conditions as well. For
both sites, no significant increase in the zenithal night
sky brightness was found in the observed period of 2014
- 2017, being about 16.9 mag/arcsec® for the RGN site
and about 18.9 mag/arcsec® for the Merenje site. Fur-
thermore, the clear/cloudy sky averages for Merenje
were found to be about 2.1 mag/arcsec®. Thus, at least
for the areas north of Zagreb that are in the shadow of
Medvednica Mountain, the contribution of light pollu-
tion from Zagreb remains unaltered. No measurements
exist for areas to the south, so no conclusions can be
made for the situation there.

It was also found that in cloudy conditions, the strong-
er light pollution of Zagreb is unproportionally more en-
hanced by the clouds/fog than the lower levels of the
light pollution at the Merenje site, stressing the need to
control the light pollution of large urban areas more
strictly.

Comparison with studies published in the last few
years (after the first article was prepared) show that the
conclusion from Andreié (2018) is supported by them as
well. The new data is summarized in Table 1 at the be-
ginning of this paper.
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SAZETAK

Usporedba svjetline no¢noga neba iznad Zagreba i iznad bliske ruralne lokacije
zarazdoblje od 2014. do 2017.

e 1

Rezultati pracenja svjetlosnoga onecisc¢enja u blizini sredista Zagreba za razdoblje od 2012. do 2017. prikazani su u nedav-
nome ¢lanku (Andrei¢, 2018). Ostalo je neodgovoreno kako se ponasa svjetlina noénoga neba u predgradima Zagreba i u
obliznjemu ruralnom podrudju. Ovaj ¢lanak pokusava dati odgovor na to pitanje analizom podataka prikupljenih na
jednome ruralnom lokalitetu sjeverno od Zagreba. Glavni je zaklju¢ak ovoga rada da svjetlina no¢noga neba na obama
mjestima ima vrlo sli¢ne obrasce u uvjetima vedra neba, a Cesto je sli¢na i pri obla¢nome vremenu. Za oba mjesta nije
zabiljezeno znatno povecanje zenitne svjetline no¢noga neba u razmatranome razdoblju od 2014. do 2017. Jedina razlika
postoji u jacini svjetline no¢noga neba, za koju je srednja vrijednost za RGN lokaciju 16,9 mag/arcsec?, odnosno 18,9
mag/arcsec®za lokaciju Merenje. Tako za podrudja sjeverno od Zagreba koja su u sjeni planine Medvednice nema znat-
noga doprinosa svjetlosnoga onecic¢enja iz Zagreba. Ne postoje mjerenja za podrudja juzno od Zagreba, tako da se ne
moze donijeti zakljucak o tamosnjoj situaciji. Na kraju je ustanovljeno da je u obla¢nim uvjetima jace svjetlosno one-
¢iSc¢enje Zagreba proporcionalno pojacano oblacima/maglom od manjih razina svjetlosnoga oneci$¢enja na mjestu
Merenje.

Kljuéne rijedi:
svjetlosno onedi$cenje, svjetlina noénoga neba, ALAN evolucija, atmosferski ucinci
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