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ABSTRACT: Light pollution is a serious global issue that negatively affects human health, the environ-
ment, and wildlife, while also causing unnecessary energy consumption. Using satellite imagery from the
S-NPP and NOAA-20 satellites, obtained via the Google Earth Engine platform, we analysed the situation
in Slovenia from 2013 to 2022. Image processing involved inverse distance weighting interpolation and
the kernel density estimation method. With time series we showed trends and ranges in the six major urban
areas and with heat maps their spatial distribution. Special attention was given to the period of COVID-19
pandemic in 2020 by comparing the data with those from previous and subsequent years. The results revealed
a slight overall increase in light pollution, consistent with global trends.
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Analiza svetlobnega onesnazenja v Sloveniji med letoma 2013 in 2022 na osnovi
satelitskih posnetkov

POVZETEK: Svetlobno onesnazenje je resen globalni problem, ki negativno vpliva na zdravje ljudi, okol-
je in Zivali ter povzroca nepotrebno energetsko porabo. Z uporabo satelitskih posnetkov satelitov S-NPP
in NOAA-20, pridobljenih prek platforme Google Earth Engine, smo analizirali stanje v Sloveniji med letoma
2013 in 2022. Posnetke smo obdelali z interpolacijo inverzne utezne razdalje in metodo ocene gostote jedra.
S ¢asovnimi vrstami smo prikazali trende in razpone na Sestih ve¢jih mestnih obmodjih, s kartami pojavnos-
ti pa njihovo prostorsko razporeditev. Posebno pozornost smo namenili obdobju pandemije COVID-19
leta 2020 ter primerjali podatke z leti pred in po pandemiji. Rezultati kaZejo rahlo splo$no povecanje svet-
lobnega onesnazenja, kar je skladno z globalnimi trendi.
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1 Introduction

According to the International Dark-Sky Association (IDA), light pollution encompasses the effects of arti-
ficial lighting and refers to the spread of artificial light into the environment, where it disrupts natural processes
and functions. It originates mainly from improperly directed or overly intense sources such as streetlights,
advertising billboards, illuminated buildings, and traffic lights (Chepesiuk 2009), and its increase is part-
ly attributed to solid-state lighting (SSL), particularly light-emitting diodes (LEDs), which account for nearly
50% of global lighting sales (Barentine 2025). Light pollution is not only an environmental or astronom-
ical issue but also a spatial and geographical phenomenon (Lamphar 2020), as it reflects the distribution
of human activities, settlement structures, transport networks, and land-use patterns, and is closely linked
to urbanisation and infrastructural development. Nighttime illumination therefore serves as an indirect
indicator of social, economic, and spatial dynamics (Wu et al. 2023). Artificial light at night also disrupts
circadian rhythms and contributes to energy waste and climate-related impacts (Brayley and Wakefield 2022;
Garavito et al. 2023; Duan et al. 2024), although the present study focuses on its spatial and temporal dimen-
sions.

Light pollution is analysed using ground-based and satellite measurements that differ in accuracy and
spatial coverage. Common local instruments include Sky Quality Meters (SQM), digital cameras, and lux
or luminance meters (Widmer et al. 2022). SQM values are expressed in magnitudes per square arcsecond
(mag/arcsec?), whereas other instruments measure illuminance (lux) or luminance (cd/m?). Urban areas
typically record 16-18 mag/arcsec?, while darker sites reach around 22 mag/arcsec? or more (Ziberna and
Guli¢ 2020). At the global scale, key datasets are provided by satellites operated by the National Oceanic
and Atmospheric Administration (NOAA), particularly the Visible Infrared Imaging Radiometer Suite
Day/Night Band (VIIRS DNB) sensor (Chen et al. 2021b), which enables long-term monitoring and visu-
alisation of spatial and temporal changes. Analyses indicate that 83% of the global and 99% of the
European population live under light-polluted skies (Falchi et al. 2016), and data from the Suomi National
Polar-orbiting Partnership (S-NPP) satellite show a 2.2% annual global increase over the past decade (Kyba
etal. 2023), while declines are rare and mainly associated with military conflicts (Li et al. 2018). In Central
Europe, studies using VIIRS data report increasing radiance around major transport corridors, indus-
trial zones, and expanding suburban areas in Austria, northern Italy, and Croatia (Widmer et al. 2022; Wallner
etal. 2023).

In Slovenia, both approaches have been applied. Ground-based measurements include 48 locations
near Maribor in 2012 (average 17.96 mag/arcsec?), night skiing analyses at Rogla (20.20 mag/arcsec?) and
Mariborsko Pohorje (19.83 mag/arcsec?) in 2018, and measurements in Gornja Radgona (17.25 mag/arc-
sec?) and Senovo (17.87 mag/arcsec?) in 2021 (Ziberna 2016; Ziberna and Guli¢ 2020; KalSek et al. 2021).
Several studies have also employed VIIRS data: Ziberna and Kone¢nik (2021) analysed distribution pat-
terns by statistical regions, municipalities and Natura 2000 sites, while detailed analyses show that in 2017
the most illuminated municipalities were Ankaran (Luka Koper, 9.5 nW/cm?/sr), Ljubljana (5.4 nW/cm?/sr)
and Maribor (4.8 n\W/cm?/sr) (Ziberna et al. 2018; Horvat et al. 2023). Radiance, expressed in nanowatts
per square centimetre per steradian (nW/cm?/sr), represents the luminous power emitted into the atmos-
phere and is a key indicator in remote sensing studies of nighttime illumination (LUC and Hoare 2024).

The aim of this study is to examine the extent of light pollution in Slovenia and its surroundings using
satellite imagery from the NOAA VIIRS DNB sensor. Spatial patterns, differences, and trends are presented
using heatmaps and multi-yeartime series. This approach provides a more detailed understanding of long-
term illumination dynamics and allows us to assess the effects of extraordinary events such as the COVID-19
pandemic. The structure of the analysis is illustrated in Figure 1.

Based on these considerations, the study addresses the following research questions:

(1) How did light pollution levels change in six selected Slovenian urban areas between 2013 and 2022

(chapters 3.1 and 3.2)?

(2) What spatial patterns of nighttime illumination can be observed at the city (chapter 3.2) and national

scale (chapter 3.4)?

(3) How did an exceptional event such as the COVID-19 pandemic influence radiance levels in the coun-

try’s largest urban area (chapter 3.3)?
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Figure 1: Analysis of Light Pollution in Slovenia flow chart.

2 Methodology
2.1 Analysed area

Slovenia is a small but highly diverse country in terms of landscape and topography, commonly divided
into Alpine, Pannonian, Dinaric and Mediterranean landscape types (Perko, Cigli¢ and Hrvatin 2021). As
one of the most centralised countries in Europe, most political, economic and cultural activity is concentrated
in Ljubljana (Vlaj 2012), while other major urban centres — Maribor, Celje, Kranj, Novo mesto and Koper -
represent important regional, economic and employment centres, where investments, creative occupations,
research activities and commuting flows are concentrated (Bole 2011; Ravbar 2011; Nared et al. 2017). The
coastal cities of Koper and Trieste (Italy) form a cross-border port and logistics region of international rel-
evance (Sessa 2021; Valinger Sluga and AZzman Momirski 2024). These spatial and economic characteristics
shape patterns of nighttime illumination and provided the framework for analysing light pollution in three
complementary components (Figure 2):

(1) Six major and economically important urban areas — Ljubljana, Maribor, Celje, Kranj, Novo mesto and
the cross-border Koper-Trieste (Italy) region (with Novo mesto included instead of Velenje due to its
strong industrial base and regional representation, and the Koper area extended to Trieste (Italy) because
of their closely connected port and transport systems) (chapters 3.1 and 3.2).

(2) Focus on Ljubljana during COVID-19 pandemic (chapter 3.3).

Figure 2: Overview of the study areas and the three analytical components. » p. 151
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(3) The entire Slovenian territory including adjoining parts of neighbouring countries (chapter 3.4), as
light pollution extends beyond administrative borders.
To contextualise spatial differences in nighttime illumination, we compiled basic demographic, infra-
structural and regional indicators for each analysed area (Table 1).

Table 1: Selected data of the analysed urban areas (data obtained by Infrastructure Agency of the Republic of Slovenia, Statistical Office of the
Republic of Slovenia and Municipality of Trieste).

Indicator Ljubljana  Trieste (Italy) Koper Maribor Celje Kranj Novo mesto
Area [km?] 257 84 303 148 95 151 236
Population (2013) 282,994 206,772 53322 111,374 48,657 55,527 36,285
Population (2022) 293,218 200,603 53,462 113,004 48,679 56,639 37,615
Population (trend 2013-2022) +3.5% -3.0% +0.3% +1.5% 0.0% +2.0% +3.7%
Total road length (2022) [km] 12195 / 675.4 720.8 4315 4222 613.1
Composite electricity 28,999 / 32,030 28,271 45,507 Q77 68,051
consumption intensity (2022)

[kWh/resident and

kWh/business entity]

2.2 Data used

In this study, satellite data from the S-NPP and NOAA-20 satellites operated by NOAA and NASA were
used. Both platforms carry five advanced instruments for high-resolution monitoring of the Earth’s sur-
face and climate (Keck 2011; Chen et al. 2020), including the VIIRS sensor, which acquires data in 22 spectral
bands between 0.412 um and 12.01 um: 16 moderate-resolution bands, five high-resolution bands, and one
panchromatic Day/Night Band (DNB). The DNB (0.5-0.9 um) enables 24-hour observation with nearly
constant 750 m spatial resolution across a 3,040 km swath and measures radiance over a wide dynamic range
(3.0x10-9 to 2.0 x 10-2 W/cm?/sr) using calibrated detector arrays (Cao et al. 2013; Wolfe et al. 2013; Kollath
etal. 2018; Chen et al. 2021a; Wang et al. 2022). Nighttime light (NTL) data are recorded in radiance units
(nW/cm?/sr), suitable for detecting very weak light sources (Wang et al. 2022). Unlike the narrower spec-
tral channels used for observing vegetation, ocean colour, clouds, and surface temperature, the DNB operates
as a broad-band channel across the visible spectrum (Changyong et al. 2013) and supports monitoring of
diverse nighttime light sources such as streetlights, building lighting, fishing vessels, gas flares, fires, auro-
ras, and other human activities (Baynes 2024).

Monthly and annual NTL composites are generated from daily observations after removing atmos-
pheric and lunar effects. Extreme values are excluded using a boxplot-based method based on the interquartile
range (IQR = Q3 - Q1), omitting values outside Q1 — 1.5 xIQR and Q3 + 1.5 x IQR, this approach is robust
and does not assume normal distribution. Final composites are calculated as the mean of the remaining
observations, radiance values below 0.5 n1W/cm?/sr are set to zero to reduce background noise, and pix-
els affected by aurora are gap-filled with substitute values (Wang et al. 2022).

2.3 VIIRS Day/Night Band data and Google Earth Engine

We obtained the VIIRS Day/Night Band (DNB) data from the Google Earth Engine (GEE) Data Catalog.
The analysis was based on annual composites from the datasets NOAA/VIIRS/DNB/ANNUAL_V21 (cov-
ering the period 2013-2021) and NOAA/VIIRS/DNB/ANNUAL V22 (for 2022). These datasets were
developed and are maintained by the Earth Observation Group of the NOAA and National Centers for

Figure 3: NOAA VIIRS DNB ANNUAL 2022 maximum composite for the Ljubljana area, showing radiance values expressed in nanowatts per square
centimetre per steradian (nW/cm?/sr). » p. 153
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Environmental Information (Elvidge et al. 2021). Although the 2022 data were obtained from the newer
V22 product, both datasets represent annual VIIRS DNB night-time light composites produced within
the same data framework and are therefore suitable for broad temporal comparison. Both datasets are pub-
licly accessible via the GEE platform.These datasets contain yearly NTL composites expressed through various
statistical indicators (median, average, maximum, and minimum), derived from cloud-free nighttime obser-
vations (Figure 3). In addition to these values, they include the total number of cloud-free observations
for each pixel and the number of observations unaffected by sunlight or moonlight.

NTL data processing is based on monthly cloud-free averages. To remove extreme or irrelevant val-
ues caused by fires, auroras, and other sources of noise, the median radiance from the twelve-monthly
composites is used. The background is filtered using a threshold determined by the data distribution across
multiple years, enabling a consistent approach across the time series. The method also includes additional
filters to reduce noise in polar regions, areas with high fire occurrence, and regions with low-intensity light-
ing such as rural settlements, diffuse glow from urban areas, and less illuminated surfaces (Elvidge et al.
2021). The processed VIIRS DNB data have a spatial resolution of 500 m (Widmer et al. 2022).

2.4 Data transfer

Raster and vector data were processed within the GEE environment using VIIRS DNB composites for the
2013-2022 period. Raster data in GeoTIFF format were extracted for predefined target areas defined by
corner coordinates in the WGS84 coordinate system and subsequently exported from Google Earth Engine
to Google Drive for further processing. These rasters contained annual radiance values and were subse-
quently imported into QGIS (version 3.36) for spatial visualisation and heatmap analysis. Vector data were
derived from the same data catalogs after uploading manually delineated polygon layers representing the
six urban areas selected for the first part of the study. The polygons encompassed zones with the highest
radiance over built-up areas and were preferred to administrative municipal boundaries to ensure realis-
tic inter-city comparisons, as municipal territories extend beyond urban cores and would otherwise lower
average radiance values (Figure 4). GEE calculated annual minimum, mean, and maximum radiance sta-
tistics for each polygon, appending them as attributes to the geometries; each annual value represents the
average of twelve-monthly composites (e.g., the maximum for Ljubljana in 2022 corresponds to the mean
of that year’s highest monthly values). The processed vector data were exported in JSON format and used
to construct radiance time series for the six urban areas over 2013-2022.

2.5 Spatial analysis

Inverse Distance Weighted (IDW) interpolation is commonly used in spatial analyses to estimate
unknown values based on known values from surrounding points. The method assumes that closer points
have more influence than distant ones, which is achieved by assigning weights to the known data points
according to their distance from the unknown location (Sumrada 2005). As distance increases, the weights
decrease rapidly, with the rate of decrease controlled by the power value p (Barudzija et. al. 2024). When
p =0, all weights ,are equal, resulting in a simple average of the neighbouring values. As p increases, the
weights for distant points decrease more rapidly. At high p values, only the closest points significantly influ-
ence the interpolation (Equation 1).

Mathematical expression IDW:

_ Xhopiltetd) hy
hx(tx) - E?:()pj(txrtj) (1)

whereby

1
Pt = G

Figure 4: Comparison between the administrative area of the City Municipality of Ljubljana and the manually digitized area used for deriving radiance
statistics. » p. 155
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and

di(te ) = J(x(t) = x(t))? + (tx) — y(t))?

where:

e h_(t)is the interpolated value at point ¢ ,

h, (t,) is the given value at location ¢,

« p,is a weight calculated based on distance,

o dl. (i tot, ) is a distance between point and the known point ts

o kisapower that determines how quickly the influence of the point decreases with distance.

In practice, it is common to interpolate using the second power (k = 2), which means that the influ-
ence of the points decreases in inverse proportion to the square of the distance (1/d?). The higher the potency,
the faster the influence of distant points decreases (Benmoshe 2025). In our study, the points were the cen-
troids of the pixels of the satellite images, which means that the points were uniformly distributed in space.
In such a case, a reasonable choice is a weight value of k = 1, meaning that the influence of the points decreas-
es inversely with distance (1/d). This moderate distance-decay function was selected to preserve broad spatial
gradients in night-time light intensity while avoiding excessive local dominance of individual pixels. The
interpolation distance was set to d = 100 m, which provides a fine output grid for visualisation while remain-
ing consistent with the spatial resolution and positional uncertainty of the original VIIRS DNB observations.
IDW interpolation was used to produce spatial NTL heatmaps of major urban centres in 2021 and of the
City of Ljubljana during the COVID-19 pandemic (chapters 3.2 and 3.3).

Kernel Density Estimation (KDE) is a method for creating smooth density surfaces that show where
data points are concentrated or sparse (Wang et al. 2020). It is especially useful for visualising spatial pat-
terns, identifying so-called »hotspots«, and estimating distributions without assuming a specific shape (Mili¢
etal. 2020). Instead of counting points within a defined area, KDE assigns each point a smooth kernel func-
tion, which spreads influence outward from the point. All kernels are then summed to generate
a continuous density surface. The shape of the kernel determines how influence decays with distance, and
the bandwidth (radius) defines the extent of this influence. A larger radius results in a smoother estimate
(Equation 2).

Let (x,, X, ...,x,) be independently and identically distributed samples drawn from some univariate
distribution of unknown density f at any given point x. We are interested in estimating the shape of this
function f. Its kernel density estimator is:

AOEFHEVACEENES SCS )

where:
e f,(x) is the estimated density at point x,
o nis the number of data points (sample size),
e h> 0 radius,
« x; observed data point (sample value) from the dataset,
o K (-) is the kernel function.
For the shape of the kernel, we used the quartic (biweight) function K(u), which is defined:

15/16 (1 —u?)?; |ul <1

K(u)z{o; lu| > 1

In our analysis, KDE was applied to the centroids of pixels where radiance exceeded 20 nW/cm?/sr to
analyse their spatial distribution. Kyba et al. (2017) showed that most global artificial light emissions orig-
inate from regions with radiance values below this threshold, indicating that only the most intense sources
exceed it, while Hiigli (2021) used the same threshold to delineate highly illuminated urban areas. A radius
of 5,000 m was chosen as a balance between spatial detail and interpretability. Using the default quartic
kernel in QGIS (version 3.36), KDE produced a GeoTIFF raster in which pixel values represent estimat-
ed point density, with higher values indicating greater concentration. The result expresses density per unit
area rather than absolute radiance, as in IDW; however, the term »radiance« was retained in the legend
because the >20 nW/cm?/sr threshold determined the output. KDE was used to visualise the spatial dis-
tribution of light pollution across Slovenia and its surroundings (chapter 3.4).
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2.6 Heatmaps and time series

A heatmap is a cartographic technique used to display geospatial data using colour gradients. Different colour
shades represent either the intensity of values (IDW interpolation) or the density of occurrences (KDE)
within a specific area, a methodological approach similarly applied by Karpiriska and Kunz (2019; 2023) to analyse
spatial patterns and temporal variability of night-time sky brightness in urban environments. For visualising quan-
titative satellite data such as VIIRS, we used convergent and divergent colour scales. Areas with higher NTL values
are represented using warm colours (e.g., red, orange), while cooler colours (e.g., green, blue) indicate lower inten-
sities. The effectiveness of such cartographic choices in enhancing the readability and interpretability of light
pollution maps has been demonstrated in previous studies (Kunz and Daab 2024). For the 2022 statistical visu-
alisation, we used a monochromatic red palette, where more saturated tones reflect higher levels of light pollution.
A key factor affecting the readability of heatmaps is the selection of an appropriate basemap, which provides
spatial context and helps users better understand the locations being analysed. For visualisations, we used the
Mapzen Global Terrain and OpenTopoMap as a basemap, while data from the Surveying and Mapping Authority
of the Republic of Slovenia (GURS) were used to display the main roads, hydrological features, the national bor-
der, and the municipal boundary of Ljubljana. To overlay the raster analysis layer and the basemap effectively,
transparency settings were adjusted to allow for simultaneous display with appropriate blending. However, care
must be taken when combining colour-coded layers, as overlaying them can result in new colour tones. Users
may misinterpret these as representing additional categories rather than a blend of two datasets. Such misin-
terpretations can lead to false conclusions, especially if mixed tones are perceived as separate classes.

Time series analysis allows for identifying trends and patterns over time. It enables us to track changes
from year to year and relate them to environmental events. Additionally, time series can reveal cyclical pat-
terns (if present) and allow for comparisons across multiple locations within the same timeframe which is
crucial for understanding spatial disparities. In this study, time series graphs were essential for examining
how light pollution levels evolved and what key factors influenced those changes (chapter 3.1). Data pro-
cessing was conducted using R programming language (version 4.3.1). We created combined time series plots
for all selected areas, standardising the y-axis radiance values (n'W/cm?/sr) across cities to enable easier com-
parison. Maximum, median, and minimum values of annual NTL composites were used as statistical indicators.

3 Results

3.1 Radiance analysis in major cities

Tables 2-7 show the raw annual radiance values obtained from manually delineated vector layers for each
urban area. Alongside these values, the tables present the percentage change from the previous year, illus-
trating annual increases or decreases in radiance intensity. The time series graphs in Figure 5 show the
evolution of minimum, maximum, and median radiance values between 2013 and 2022. Dark red points
represent the median, while light red points represent the annual maximum and minimum radiance val-
ues. The lines connecting these points help visualise overall trends and variation in light pollution.

3.2 Spatial representation of NTL in major urban centres

The time series analysis reveals that the highest median levels of light pollution occurred in 2021. In that
year, peak radiance values were recorded in Trieste (Italy) and Koper, Maribor, Celje (same level as in 2019),
and Kranj (2018). In Novo mesto (2019) and Ljubljana (2017), the highest values were observed in earlier
years, although the 2021 levels did not differ significantly. The heatmaps in Figures from 6 to 11 show the
spatial distribution of light pollution in 2021, based on median VIIRS DNB composites.

Figure 5: Time series of radiance (n"W/cm?/sr) values in major urban centres between 2013 and 2022. » p. 160
Figure 6: Spatial radiance (nW/cm?/sr) distribution of light pollution in Ljubljana area. » p. 161

Figure 7: Spatial radiance (nW/cm?/sr) distribution oflight pollution in Trieste (Italy) and Koper area. » p. 162
Figure 8: Spatial radiance (nW/cm?/sr) distribution of light pollution in Maribor area. » p. 163

Figure 9: Spatial radiance (nW/cm?/sr) distribution oflight pollution in Celje area. » p. 164

Figure 10: Spatial radiance (nW/cm?/sr) distribution of light pollution in Novo mesto area. » p. 165

Figure 11: Spatial radiance (nW/cm?/sr) distribution of light pollution in Kranj area. » p. 166
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Table 2: Ljubljana: annual radiance statistics (n\W/cm?/sr) and change (%) compared to the previous year.

minimum mean maximum
radiance change radiance change radiance change

2013 6.83 / 10.79 / 2811 /

2014 4.94 =277 13.13 217 2134 -24.1
2015 8.54 729 12.96 -13 16.92 -207
2016 9.93 16.3 13.31 27 1734 25
2017 9.03 -9 13.95 48 20.01 154
2018 9.55 58 13.57 -2.7 19.96 -0.2
2019 588 -384 13.55 0.1 1757 -120
2020 545 -73 1271 -6.2 16.5 —6.1
2021 8.14 494 13.75 8.2 189 145
2022 8.08 0.7 13.33 -3.1 19.9 53

Table 3: Trieste (Italy) and Koper: annual radiance statistics (nW/cm?/sr) and change (%) compared to the previous year.

minimum mean maximum
radiance change radiance change radiance change

2013 10.23 / 15.8 / 2393 /

2014 10.11 -1.2 16.32 33 2281 47
2015 10.91 79 15.44 5.4 2121 -70
2016 10.87 -0.4 15.64 13 21.07 -0.7
2017 11.14 25 16.29 42 20.78 -14
2018 11.79 58 15.7 =36 215 35
2019 12.05 22 15.9 13 2097 -25
2020 11.25 —6.6 15.47 -27 2028 -33
2021 1219 84 16.34 56 2149 6.0
2022 9.51 -220 15.6 —45 2211 29

Table 4: Maribor: annual radiance statistics (nW/cm?/sr) and change (%) compared to the previous year.

minimum mean maximum
radiance change radiance change radiance change

2013 7.74 / 14.05 / 19.83 /

2014 10.45 35.0 1432 19 2341 18.1
2015 991 -5.2 13.67 —45 174 =257
2016 10.83 93 15.01 98 22.69 304
2017 10.91 07 15.14 09 2361 41
2018 11.68 7.1 14.83 -20 21.07 -108
2019 92 =212 15.02 13 19.35 -82
2020 736 -20.0 14.45 -38 18.14 -6.3
2021 12.54 704 16.27 12,6 25.15 386
2022 10.46 -16.6 15.51 —4.7 20.77 —174
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Table 5: Celje: annual radiance statistics ("W/cm?/sr) and change (%) compared to the previous year.

minimum mean maximum
radiance change radiance change radiance change

2013 6.39 / 12,61 / 23.02 /

2014 6.39 0.0 13.03 33 219 49
2015 734 14.9 12.89 -1 17.7 -19.2
2016 9.63 312 13.58 54 21.81 232
2017 8.00 -16.9 14.26 50 20.56 =57
2018 11.79 474 15.19 6.5 2153 47
2019 10.84 -8.1 16.17 6.5 21.72 0.9
2020 6.93 -36.1 148 -85 9.1 =120
2021 10.86 56.7 16.17 93 26.97 411
2022 10.24 =57 14.58 938 19.04 -294

Table 6: Novo mesto: annual radiance statistics ("W/cm?/sr) and change (%) compared to the previous year.

minimum mean maximum
radiance change radiance change radiance change

2013 478 / 8.14 / 13.48 /

2014 353 -26.2 8.32 22 13.70 1.6
2015 504 428 8.49 20 12.08 -18
2016 576 143 852 04 13.09 84
2017 6.05 50 9.16 75 14.90 138
2018 6.01 -0.7 9.07 -10 13.84 -7.1
2019 6.81 133 9.81 8.2 13.30 -39
2020 3.84 —436 9.14 —6.8 12.29 -6
2021 5.15 34.1 961 51 5.1 229
2022 507 -16 8.44 -122 12.00 =206

Table 7: Kranj: annual radiance statistics (n"W/cm?/sr) and change (%) compared to the previous year.

minimum mean maximum
radiance change radiance change radiance change

2013 435 / 7.3 / 12.49 /

2014 443 18 7.87 89 14.47 15.9
2015 523 18.1 7.55 4.1 10.37 -283
2016 486 -7.1 7.59 0.5 10.64 26
2017 6.11 257 8.44 11.2 10.8 15
2018 545 -108 8.60 19 16.4 519
2019 433 -20.6 8.80 23 11.48 -30.0
2020 52 20.1 7.96 -9.5 10.19 -12
2021 6.25 202 8.85 11.2 7.4 709
2022 598 —43 8.65 =23 11.29 352
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3.3 Difference in NTL before and after the COVID-19 pandemic in Ljubljana

This section presents absolute differences in NTL in Ljubljana between 2019 and 2020, and between 2020
and 2021 (Figures 12 and 13). The goal is to examine the effects of COVID-19 pandemic containment mea-
sures on light pollution levels, as visualised through comparative heatmaps. Analysis was conducted based
on the maximum values of annual VIIRS DNB composites.The colour transitions on the maps are dis-
crete, meaning attribute values are divided into classes, making boundaries between them more distinct.
This visualisation enhances spatial interpretation and helps identify the main sources of light pollution.
In the 2019-2020 comparison, the minimum visualised radiance difference is 1.0 nW/cm?/sr, while in the
2020-2021 comparison, it is 2.0 n'W/cm?/sr. This difference (1.0-2.0) is necessary because there was a 6.1%
decrease in 2020, followed by a 14.5% increase in 2021 (Table 2).

3.4 Minimum, average and maximum NTL values across Slovenia and its surroundings

The time series graphs presented earlier revealed clear differences among the annual NTL composite sta-
tistics (minimum, median, and maximum radiance). To broaden the scope of the analysis, the spatial coverage
was extended to encompass the entire territory of Slovenia and its wider surroundings, while the median
statistic was replaced with the mean value. The resulting heatmaps visualize only those areas where radiance
values exceeded 20 n'W/cm?/sr in 2022 as this threshold highlights the most intensely illuminated urban cores
and allows for clearer differentiation from moderately or weakly lit surroundings (Figures from 14 to 16).

4 Discussion

Tables 2-7 and time series (Figure 5) for six urban regions in Slovenia, including crossborder Trieste
(Italy)-Koper area, from 2013 to 2022 present annual NTL radiance statistics. In Ljubljana, the mean radi-
ance started at 10.8 nW/cm?/sr in 2013, increased by +21.7% in 2014, and then fluctuated moderately
between 12.7 and 13.9 nW/cm?/sr through 2022 (=3.1% in the final year). The minimum values ranged
between 6.8 and 9.9 nW/cm?/sr, while the maximum decreased from 28.1 nW/cm?/sr in 2013 to
19.9nW/cm?/sr in 2022 (-29% overall). Trieste (Italy)-Koper maintained mean values of about
15-16 n'W/cm?/sr, showing minor annual variability within +4% and relatively stable maximum radiance
around 21 nW/cm?sr. Maribor recorded moderate mean values (around 14-15nW/cm?/sr) with an increase
in minimum values in 2021 by as much as 70%, while Celje showed increase in mean values by around
6% between 2015 and 2019. Novo mesto exhibited consistently lower radiance (around 8 n'W/cm?/sr) and
limited interannual variation (-2% to +5%), whereas Kranj rose gradually from 7.2 n1W/cm?/sr in 2013
to approximately 8.0 nW/cm?/sr (+11% in 2014, —4% in 2015). Interannual mean changes rarely exceed-
ed £10%, indicating relatively stable or slightly increasing NTL levels consistent with urbanization,
infrastructure, and economic activity across the analysed cities. Novo mesto and Kranj show the lowest
radiance, with Novo mesto typically about 2 nW/cm?/sr higher, notable deviations include a 43% drop
in Novo mesto’s minimum radiance in 2020 and a >70% increase in Kranj’s maximum in 2021. Overall,
NTL shows a gradual increase with periodic fluctuations and local anomalies, particularly in 2020 and
2022. Similar regionally diverse trends across 38 EEA countries during 2014-2022 were reported by the
European Topic Centre on Human Health and the Environment under the European Environment Agency
(Widmer et al. 2022).

Figures 6-11 show the spatial distribution of radiance in selected Slovenian cities and Trieste (Italy),
revealing a consistent pattern in which the highest NTL values concentrate in urban cores and decrease
with distance. Given the coarse spatial resolution of VIIRS data, smaller individual sources of light are dif-
ficult to isolate unless they are very intense, whereas larger sources or clusters of emissions can still be

Figure 12: Change in NTL radiance (nW/cm?/sr) in Ljubljana between 2019 and 2020. » p. 168

Figure 13: Change in NTL radiance (nW/cm?/sr) in Ljubljana between 2020 and 2021. » p. 169

Figure 14: Minimum radiance values (above 20 nW/cm?/sr) across the broader Slovenian region in 2022. » p. 170
Figure 15: Average radiance values (above 20 'W/cm?/sr) across the broader Slovenian region in 2022. » p. 171
Figure 16: Maximum radiance values (above 20 n\W/cm?/sr) across the broader Slovenian region in 2022. » p. 172
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recognized as broader illuminated areas. The highest radiance occurs in Ljubljana and Trieste (Italy), where
urban density, transport infrastructure, and industrial areas (e.g., shopping centres in Ljubljana and ports
in Trieste (Italy) and Koper) strongly influence brightness, in coastal areas emissions extend over the sea.
Maribor displays high values spreading southward from the centre, shaped by major roads, the railway
station, and surrounding hilly terrain where radiance declines. Celje exhibits a symmetrical and evenly
distributed pattern without dominant sources, while Kranj shows comparatively low central values that
decrease sharply outward, with the low minimum threshold highlighting features such as the motorway;,
the industrial zone near Sencur, and Brnik Airport. Novo mesto maintains relatively low radiance despite
its industrial development. Comparable spatial structures were identified in Torun (Poland), where three
zones of higher night-sky brightness contrasted with lower values farther from the city centre (Karpiniska
and Kunz 2019; Karpinska and Kunz 2023). Comparison with population size and road network length
(Table 1) indicates a positive relationship: larger cities with more extensive road infrastructure, such as
Ljubljana, exhibit higher radiance, whereas smaller centres like Novo mesto and Kranj show weaker emis-
sions. Similar correlations between artificial light, economic activity, GDP growth, and road infrastructure
development were reported by Kyba et al. (2017) and Das et al. (2021), confirming N'TL as a reliable indi-
cator of urban and infrastructural development.

During the COVID-19 pandemic (Figures 12 and 13), the largest radiance increases between 2019
and 2020 were observed within Ljubljana’s ring road, intensifying toward the city centre and the StoZice
Sports Centre, with notable changes also in the Sigka and Bezigrad districts, while areas such as Rudnik,
Fuzine, and Vrhovci showed little or no change. Compared with 2020, the strongest increases in 2021
occurred in northern Ljubljana around the StozZice Sports Centre, along the Kamnik railway line near build-
ing of the Zavarovalnica Triglav and VO-KA companies, and in the eastern industrial area near the Zalog
rail yard. These patterns reflect COVID-19 pandemic containment measures, including temporary street-
light shutdowns in the city centre and rail yard, the ban on sports events in StoZice, and reduced illumination
in major shopping centres. Across the entire 2013-2022 period, however, 2020 remains the only year in
which NTL radiance declined consistently across all analysed cities, except Kranj, where minimum radi-
ance increased by 20.1% (Table 6). This decrease represents a clear anomaly associated with the onset
of pandemic restrictions, though within the broader decade-long variability of urban lighting dynam-
ics in Slovenia the reductions appear temporary and did not alter the long-term trend. Comparable
patterns were reported internationally using VIIRS DNB data: Xu et al. (2021) observed general NTL
decreases in 20 major world cities during lockdowns, while Lan et al. (2021) showed that in China NTL
changes reflected variations in human activity and policy measures rather than infection numbers.
European studies reported similar declines, including about 14% in the Czech Republic (Pavlacka et al.
2023), around 50% in Polish cities (Scigzor 2021), and up to 13% in Granada, Spain (Bustamante-Calabria
et al. 2021).

According in our analyses in part 3, the minimum value map (Figure 14), radiance levels above
20nW/cm?/sr were detected in the largest urban centres, including Zagreb (Croatia), Trieste (Italy), Ljubljana,
Maribor, and Celje, where high-intensity artificial lighting is concentrated. Other hotspots are also visi-
ble in cities such as Varazdin (Croatia), Monfalcone (Italy) and Umag (Croatia). In the average radiance
map (Figure 15), the contrast between medium-sized cities and their rural surroundings becomes more
pronounced. Clearly visible are smaller urban centres such as Kr$ko and Nova Gorica (in combination with
Gorizia, Italy), as well as Ptuj, Kranj, and industrial zones like Jesenice. Slightly less prominent are areas
such as Velenje, Novo mesto, and Slovenska Bistrica. In the maximum radiance map (Figure 16), bright
zones extend from major cities into their surrounding regions. This effect is most prominent around Zagreb
(Croatia), Ljubljana and Trieste (Italy), likely reflecting patterns of urban expansion, intensive use of arti-
ficial lighting, and denser settlement structures. In addition to large cities, values exceeding the threshold
are also visible in smaller centres such as Kocevje, Ajdovicina, Trebnje, Murska Sobota, Ljutomer, and Slovenj
Gradec. Based on our observations, within the Ljubljana Basin, light pollution signatures are not clearly
seen only in Kranj and Brnik Airport, but also in Domzale, Kamnik, and Menges. Similar trends are observed
in neighbouring countries. In addition to major cities, light pollution can be attributed to both winter tourism
(e.g., Kranjska Gora, Tarvisio in Italy, and Villach and Klagenfurt in Austria) and summer destinations
(e.g., Portoroz).

Weather conditions (cloud cover, snow) and natural phenomena (aurora, moonlight, wildfires) sig-
nificantly influence satellite-based light pollution data. Cloud cover can increase perceived sky brightness
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by reflecting light, with effects depending on urbanisation, while snow strongly amplifies brightness by
reflecting all light sources, especially in already illuminated areas. Moonlight enhances surface and cloud
visibility in imagery, whereas during new moon phases weather has less impact on detecting artificial light;
in low-emission regions, aurora may also cause interference (Wang et al. 2022; Widmer et al. 2022). VIIRS
DNB measurements are further affected by satellite viewing angle, particularly in dense urban areas where
nadir observations yield higher radiance values than oblique views (Wang et al. 2022). In addition, the
widespread adoption of LED lighting, which peaks in the blue spectral range (400-500 nm), lies near the
lower limit of DNB spectral sensitivity (Kollath et al. 2018). Because blue light scatters more than red or
yellow light and VIIRS detectors do not respond equally across wavelengths, reduced sensitivity at short-
er wavelengths means recorded values are less affected by artificial light, potentially producing overly
optimistic estimates of light pollution reductions (Widmer et al. 2022; Balafoutis et al. 2025). Although
satellite data indicate an annual radiance increase of about 1.8% between 2012 and 2016 (Kyba et al. 2017),
these likely underestimates actual trends due to limited sensor response to modern LED spectra, and recent
analyses confirm that the transition from sodium to LED lighting introduces systematic spectral bias into
long-term satellite estimates (Barentine 2025). Although these limitations cannot be fully eliminated in satel-
lite-based analyses, the use of annual composite VIIRS DNB data partly reduces the influence of short-term
disturbances such as clouds, moonlight and temporary light sources. Spectral sensitivity and viewing-angle
effects remain important sources of uncertainty when interpreting temporal trends.

In this study, light pollution was analysed using processed VIIRS DNB satellite data in the form of NTL
composites, which provide a consistent basis for assessing the spatial and temporal extent of light pollu-
tion through heatmaps and time series. The method is less suitable for very dark areas because radiance
values below 0.5 nW/cm?/sr are set to zero in NASA’s monthly and annual composites, while reflections
from large glass surfaces, such as greenhouses, may locally overestimate radiance. Despite these limitations,
VIIRS DNB remains the only long-term global source for light pollution monitoring and is therefore essen-
tial for informing mitigation strategies. Contrary to expectations, light pollution levels in Slovenia between
2013 and 2022 did not increase sharply, which may partly reflect the growing adoption of LED lighting
and the related spectral limitations of VIIRS DNB sensors, a pattern also noted in other studies (Kyba et
al. 2017; Ziberna and Ivajn$i¢ 2018; Elvidge et al. 2022; Bhattarai and Lucieer 2024). Additional factors
may include downward-facing luminaires that reduce scattering and intensity, as well as increasing public
awareness of light pollution.

5 Conclusion

In this study, we conducted a detailed analysis of light pollution in Slovenia during the period 2013-2022.
The findings show a slight overall increase in light pollution levels, accompanied by noticeable year-to-year
fluctuations. The highest radiance values were recorded in major urban centres, particularly Ljubljana, Maribor,
Celje, and the coastal area of Trieste (Italy)-Koper. In these cities, light pollution was most intense in indus-
trial and high-traffic zones, where commercial, port, and transport infrastructures are concentrated. Time
series analysis revealed that the year 2020 was a clear anomaly, showing a decrease in light pollution lev-
els across all analysed cities, coinciding with reduced economic and traffic activity due to COVID-19
pandemic containment measures. In 2021, radiance values increased again, reaching or even exceeding
pre-pandemic levels, while in 2022, a slight decline was observed in most cities. Spatial analysis with heatmaps
showed that light pollution is not limited to city centres but is spreading toward suburban and peri-urban
areas. The brightest zones follow major transport corridors and industrial belts, where radiance extends
outward from urban cores. Mapping results for 2022 confirmed that the most illuminated areas were Ljubljana,
Maribor, Celje, and the Trieste (Italy)-Koper coastal zone. Overall, the study indicates that light pollution
in Slovenia did not decrease significantly between 2013 and 2022 but instead maintained a slightly increas-
ing trend with local variations reflecting the influence of economic activity, infrastructure, and exceptional
social conditions.

RESEARCH DATA: For information on the availability of research data related to the study, please visit
the article webpage: https://doi.org/10.3986/AGS.14686.
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