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Abstract: Excessive amounts of artificial light emitted into the lower atmosphere at night have already become an 
everyday feature of modern urban landscapes, and gradually also a phenomenon associated with areas located out-
side large human settlements. Urban islands of light have been the subject of targeted research conducted for several 
decades by scientists representing miscellaneous fields of science. In Toruń, regular research on the phenomenon of 
light smog has been carried out for several years at a number of sites located throughout the city. Recently, research has 
been started on the variability of the night sky brightness in a vertical gradient. To this end, repeatable measurements 
were made at specific altitudes at two locations in the city using a drone with an automatic light metre on board. The 
values of the night sky brightness thus obtained allowed us to determine its variability in the vertical gradient up to an 
altitude of 120 m, as well as to test the possibility of using drones in targeted studies of the light pollution phenomenon.
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Introduction

Humankind, through all its activities, contin-
ually transforms the environment in which man 
lives and functions, including his immediate 
surroundings and increasingly distant regions. 
These transformations usually involve variabili-
ty in the horizontal gradient, with the strongest 
impact in the immediate vicinity of the operat-
ing factor and typically attenuating with distance 
from the point of application. This impact may 
also occur in the vertical gradient – upwards or 
downwards, but this direction is rarely included 
in the analysis or studied in more detail.

While acting on the surrounding landscape, 
humans modify selected parameters of its con-
dition over increasingly large areas and spatial 
scales. The occurrence of various types of pollution 
and the spatial variability of their concentration is 
an integral element of progressive urbanisation. 
These include both surface and groundwater, 
soil and air pollution with various substances – 
particulates (dust), heavy metals and radioactive 
contamination (Wang et al. 2004, Wyszkowski, 
Wyszkowska 2007, Para, Para 2013, Woźny et al. 
2014, Qadri et al. 2020). One of them, previously 
rarely considered, is the growing pollution of the 
sky by artificial light (Kyba et al. 2017, Longcore et 
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al. 2017, Jechow et al. 2018). This phenomenon is 
defined as the emission of anthropogenic light re-
leased into the lower layer of atmosphere, which 
causes perceptible and long-term negative effects 
on both animals and plants, affecting their devel-
opment, functioning and behaviour, and above 
all, on human health and quality of life (Jones, 
Francis 2003, Nelson 2007, Stevens 2009, Connors 
et al. 2010, Depledge et al. 2010, Falchi et al. 2011, 
Navara, S kwarło-Sońta 2014, Garcia-Saenz et al. 
2018). This phenomenon is widespread in areas of 
human settlements and their surroundings. Sky 
glow associated with cities is observed up to sev-
eral tens of kilometres or even a 100 km outside 
urban areas (Falchi et al. 2016, Jechow et al. 2017, 
Linares et al. 2020), and its impact is experienced 
and visible not only in the horizontal gradient but 
also in the vertical one.

To understand the negative impact of a given 
phenomenon on life and functioning of living or-
ganisms in the immediate and distant surround-
ings, it is necessary not only to carry out multi-
threaded research but also to conduct targeted 
monitoring, showing the variability of the whole 
process in a longer time horizon. Measurements 
of the night sky pollution with artificial light, 
which belongs to the above-mentioned category 
of phenomena, have been carried out with differ-
ent intensities and methods for several decades. 
Research carried out today is becoming increas-
ingly comprehensive and involves researchers 
representing miscellaneous scientific fields. As a 
result, this phenomenon is being more precisely 
explained and mechanisms involved in this pro-
cess are more thoroughly understood. In several 
Polish and foreign research centres, studies are 
being conducted with the objective of gaining an 
in-depth understanding of light pollution with 
respect to its various aspects and conditions of 
occurrence (Aubé 2007, Kocifaj 2009, Ściężor 
et al. 2010, Falchi et al. 2016, Jechow et al. 2017, 
2018, Kołomański et al. 2019, A ubé et al. 2020, 
Karpińska, Kunz 2020, Kocifaj, Bará 2020).

Targeted monitoring of light pollution has 
been carried out in Toruń since 2017. Initially, 
it was carried out within the framework of 24 
measurement sites distributed throughout the 
city, located in the vicinity of various forms of 
land cover/land use, where systematic measure-
ments of the night sky brightness were made us-
ing the Sky Quality Meters (SQM) photometer of 

the Canadian company Unihedron (Karpińska, 
Kunz 2019, 2020). S ince 2020, measurements 
have been carried out fully automatically at 19 
locations, and this number is systematically 
growing, reaching 40 locations in mid-2022. This 
leads to an integrated recording system with 
remote data transmission. The main element of 
this system is an original, compact device meas-
uring the brightness of the night sky at specific 
time intervals (Karpińska, Kunz 2021a, b). After 
modifying the software code and the installation 
method, the measuring instrument can be used 
on mobile devices such as drones (unmanned 
aerial vehicles).

Vertical measurements of the phenomenon 
in the lower troposphere, up to 120 m above 
the ground level, were performed to determine 
the patterns in the variability of the night sky 
pollution by artificial light and to provide new 
data contributing to previous studies (Fiorentin 
et al. 2019, Bouroussis, Topalis 2020). This was 
achieved through the use of a drone in the pro-
cess of data acquisition and a constructed pho-
tometer connected to a wireless transmission net-
work, which enabled real-time reading of results 
at defined altitudes.

The use of drones in scientific research con-
ducted in the geographical environment is be-
coming a common practice, and this intensively 
developed technology perfectly bridges the 
ceiling gap between terrestrial field exploration 
and aerial and satellite recording (Kunz 2015, 
Fiorentin et al. 2019).

Measurement of the night sky 
brightness

Light pollution can be determined in a num-
ber of ways, involving different methodologies 
and varied complexity of equipment and meas-
urement technologies. Methods include those in-
tended for specialised research groups involving 
professionals, and those for amateurs, i.e. hob-
byists, who are typically interested mainly in the 
observation of the night sky from the astronom-
ical perspective (Kołomański 2015, Ściężor 2015, 
2021). The most common measurement method 
used by professionals dealing with light pollu-
tion is an SQM photometer (Kolláth 2010, Ściężor 
et al. 2010, Pun et al. 2013, Ribas 2015, Hänel et al. 
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2017, Jechow et al. 2018, Kołomański et al. 2019). 
The devices measure the surface brightness of the 
sky expressed in magnitudes per square arcsec-
ond (mag  ∙  arcsec−2), a traditional unit used in 
astronomy. Due to its universal applicability, it 
is possible to compare the data collected with 
results obtained in other parts of the globe, but 
there is a need for intercalibration of photometers 
and the need to take into account the measure-
ment drift of this kind of photometers with time 
(Den Outer et al. 2011, 2015, Ribas 2015, Bará et 
al. 2019, 2021).

In 2019, work began on the creation of a light 
pollution monitoring system, ultimately covering 
the entire area of the city of Toruń, operating on 
the basis of a distributed network of measuring 
devices. In the established wireless LoRaWAN 
network (Karpińska, Kunz 2021a, b), an auto-
matic measuring device of our own design was 
used. One of the most important functional fea-
tures of the device is the remote measurement 
of sky brightness along with other selected envi-
ronmental parameters such as temperature and 
moisture content. By using the applied transmis-
sion technology, data from built-up areas are sent 
to the access gateway at a distance of up to 4 km, 
and even further in open areas with no signifi-
cant altitude differences and no obstacles such as 
buildings and tall vegetation. The device works 
in a reduced power consumption mode, which 
makes the implemented process of monitoring 
the phenomenon (in this case light pollution) en-
ergy-efficient and ensures long-term operation of 
the recorder on a single power supply set. The 
device works cyclically, wakes up during the 
night measurement session, takes readings every 
15 min, transmits data, and after the session ends, 
goes into a sleep mode for a period of time until 
the next day’s waking up (Table 1).

The designed device is additionally program-
mable, which allows the adaptation of the soft-
ware code to other tasks, while its compactness 
and fully remote real-time readout make it pos-
sible to use it for vertical measurements using a 
mobile platform, namely a multi-rotor drone.

When adapting the sensor for measurements 
with the use of a drone, it was necessary to modify 
the location of the opening in the casing through 
which the light sensor takes measurements, so 
that it was directed towards the zenith side, as 
well as the transmission antenna, so that it does 

not interfere with elements of the propulsion 
unit, namely propellers. It was also necessary to 
increase the frequency of readings to a 15 s inter-
val, which significantly increased the amount of 
data transmitted during a single flight.

Main assumptions for vertical 
measurements of night sky brightness 
and description of the study sites

Vertical measurements of the night sky light 
pollution were aimed at investigating the vertical 
variability of the phenomenon with the distance 
of the measuring set from the ground surface and 
light sources placed on it. In addition, an attempt 
was made to advance the existing knowledge 
about the pollution of the night sky by excessive 
emission of artificial light through measurements 
carried out at different distances from terrestrial 
emitters and to try to determine the limit of the 
phenomenon in three-dimensional space.

Methodology of measurements

A DJI Matrice 210 RTK drone with a measur-
ing device mounted on the upper deck was used 
to carry out the planned measurements. The 
whole measuring set (understood hereafter as a 
drone with its own measuring device) is present-
ed in Figure 1.

Table 1. Selected technical parameters of the measur-
ing device.

Parameter Characteristic
weight 380 g
dimension 5,5 x 8,2 x 15,8 cm
standard of data 
transmission

LoRaWAN

frequency bands 868 MHz
operating time 
[3 000 mAh]

~ 12 month

range in built-up areas 3–4 km
number of measurements 
during the day

36

frequency of 
measurements

15 min

operational time 21:00–06:00 CEST
measuring sensors surface brightness of the 

sky, temperature, humidity
the angle of data 
collection

20°

tightness class IP65
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Vertical measurements of the surface bright-
ness of the night sky were planned at two easily 
accessible, representative locations, as far away 
from point light sources as possible, but within 
the functional range of the LoRaWAN network. 
The measurement locations are described in the 
next section.

The first step was a field reconnaissance along 
with tests to select the most optimal method of 
work. After the test flights, the results obtained 
were analysed, showing the distribution and var-
iability of the values in relation to the altitude 
ranges at which the readings were made. It was 
observed that the maximum height distribution 
in the night sky brightness occurs in the zone be-
tween the take-off point and an altitude of about 
25 m. The experience gained from the test flights 
enabled us to refine the methodology for con-
ducting vertical measurements using the drone. 
Taking all the above factors into account, it was 
assumed that it is necessary to thoroughly un-
derstand the characteristics of the phenomenon 
in the initial phase of the flight by increasing the 
number of measurements in the range from 0 m 
to 25 m above the ground. For this reason, meas-
urements in the lower phase of the flight were 
made every 2.5 m, and subsequently at altitudes 
of 30 m, 50 m, 75 m, 100 m and 120 m. The upper 
flight altitude results strictly from Polish Aviation 
Law (Dz.U. of 2020, item 1970, as amended), and 
not from the technical capacities or limitations of 

the aircraft used. The concept of drone measure-
ments involved vertical ascending to consecutive 
selected altitudes and hovering for approximate-
ly 1 min (Fig. 2). This was sufficient to acquire 
four repeatable readings, after which the drone 
operator would raise the measuring set to the 
next planned altitude.

Each measurement session at a single loca-
tion was limited by the maximum flight time on 
one set of batteries. Technical specification indi-
cates that an unloaded drone should fly for about 
32 min. At full load, however, this time is limit-
ed to about 24 min, which was sufficient to com-
plete the task safely with spare time for a possible 
emergency situation.

Depending on weather conditions (wind is 
the main element contributing to higher energy 
consumption), the time required to complete all 
measurements in the planned operation cycle at 
16 altitude levels was estimated at about 22 min. 
The assumptions turned out to be true, and the 
duration of any of the conducted flights did not 
exceed 23 min. Live monitoring of the transmit-
ted values was performed during the vertical 
measurements, which facilitated their control 
and supervision of the quality of the data acqui-
sition process, with automatic archiving of the 
collected data on an external server.

Vertical measurements of the vertical var
iability in the night sky brightness were made at 
the time when the Sun was at its lowest position 
below the horizon to minimise its impact on the 
obtained values.

Fig. 1. DJI Matrice 210 RTK drone with its proprietary 
measuring device (photo D.Karpińska).

Fig. 2. Schematic representation of the altitudes 
selected for the acquisition of data on light pollution 

of the night sky.
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Measurement locations

Measurements of the vertical variability of the 
night sky brightness were carried out at two lo-
cations, approximately 1.5 km apart in a straight 
line. The first one was the car park at the campus 
of the Nicolaus Copernicus University in Toruń 
(Fig. 3), located about 3 km from the city centre 
– the Medieval Town of Toruń. The altitude of 
the starting point was 48.6 m a.s.l. and its loca-
tion in the geographical space: 53.021214 N and 
18.567517 E. There was no street lighting in the 25 
m zone from the starting point of the measuring 
set, while seven street lamps were located within 
a 50 m radius, with the nearest one directed to-
wards the measurement site; 21 street lamps were 
located in the 100 m buffer zone. In the vicinity 
of the measurement site there are several-storey 
buildings of the Nicolaus Copernicus University, 
including the characteristic and well-illuminated 
façade of the Faculty of Earth Sciences and Spatial 
Management, Nicolaus Copernicus University 
(NCU).

The second location selected for vertical meas-
urements was located in the car park in front of 
a supermarket at Bema S treet in Toruń (Fig. 4), 
about 1.5  km from the city centre. The altitude 
of the starting point was 54.6 m  a.s.l. and its 

location in the geographical space: 53.016653 N 
and 18.588872 E. There was one turned-on street 
lamp facing the opposite direction, located at a 
distance of 25 m from the drone’s starting point, 
and two others illuminating the car park of a su-
permarket, also near the launch site. However, the 
latter were not turned on at the time of the meas-
urements. There were eight street lamps within a 
radius of 50 m, while 28 street lamps were located 
at a distance of up to 100 m. The surroundings of 
the measurement site included high multi-family 
buildings, a large shop and a sports hall.

The selected locations varied both in terms of 
light sources and land cover/land use in their 
immediate vicinity. To present the differences 
in this respect at both locations, a visualisation 
of the measurement locations was prepared in 
three buffer zones: 25 m, 50 m and 100 m. The 
red marker in Figure 5 indicates the drone launch 
site during each measurement session. The up-
per part of the figure shows a visualisation of the 
land cover in the buffer zone of 100 m from the 
take-off location. It shows the surroundings of 
the location in such a way that their perspective 
against the neighbouring buildings is revealed. 
The subsequent smaller buffers, 50 m and 25 m, 
mainly show the existing lighting infrastructure 
and its orientation during operation.

Fig. 4. Daytime (bottom) and nighttime (top) 360° panorama around the measurement location at the car park 
at Bema Street (photo D.Karpińska).

Fig. 3. Daytime (bottom) and nighttime (top) 360° panorama around the measurement location at the NCU 
campus (photo M.Kunz).
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Analysis of vertical gradient 
measurements

Measurements of the night sky brightness 
variability in the vertical gradient were conduct-
ed several times at each measurement site in the 
period from July to September 2021. Within the 
framework of the planned measurement cam-
paign, a total of five sessions were carried out, 
including four sessions at both selected locations 
and one – the first one in the series – only at the 
site located at the car park of the NCU campus in 
Toruń. The measurement sessions were held on 
the following dates: 25 July, 3 August, 12 August, 
3 September and 12 September 2021. All meas-
urements were carried out during cloudless and 
partly cloudy nights accompanied with differ-
ent phases of the moon, but whenever the moon 
did make an appearance, it was very low above 
the horizon, since we selected only such times 
to ensure that the influence of moonlight on the 
measurements would be minimal to non-exist-
ent. The time difference in measurements at the 
stations did not exceed 30 min, and the distance 
in a straight line was 1.5 km. The acquired mea
surement data were processed and are presented 
in Figures 6 and 7, which compare the sky bright-
ness in relation to the altitude at which the drone 
measurement was done.

The measured brightness of the night sky 
was visualised using the magnitudes per square 
arcsecond unit, and it was thus possible to 
compare the obtained results with previous 

measurements and with published studies of oth-
er research groups. The logarithmic and inverse 
scales were adopted on the ordinate axis of the 
presented graphs, so that high values correspond 
to a darker sky and low values to a brighter sky. 
Figure 6a presents the results of all measurements 
recorded at the site located at the car park of the 
NCU campus in Toruń. A characteristic feature of 
all presented results from this location is an ini-
tial clear reduction of the night sky brightness ob-
served until a height of approximately 10 m above 
the ground surface. After crossing this limit, each 
time the measurements stabilise at a certain level 
of values. This altitude corresponds to crossing 
the approximate height line of the street lamp lu-
minaries in the vicinity of the measurement loca-
tions. A similar situation is presented in the next 
graph (Fig. 6b), showing data obtained from the 
measurement site located at the car park in Bema 
Street in Toruń, where measured values also sta-
bilised at an altitude of approximately 10 m. A 
comparison of the two presented graphs (Fig. 6) 
shows that the measurements taken between the 
take-off (ground level) and flight at an altitude of 
about 10 m differ significantly. The sky measured 
at the NCU car park is much brighter during this 
part of the flight, which is due to the fact that the 
nearby street lamps were directly illuminating 
the area from where the drone took off, which 
had a significant impact on the measurement, 
even though the take-off took place at a site rela-
tively distant from the lighting infrastructure. At 
the Bema Street car park, the lamps were turned 

Fig. 5. Visualisation of land cover/land use at measurement locations in three buffer zones (25 m, 50 m and 
100 m).
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away from the drone’s launch site and illuminat-
ed the surrounding area, including a nearby road. 
In order to compare the acquired data from both 
locations, they were collated in one graph (Fig. 
7a), which presents the data obtained during the 
measurement session on the cloudless night of 3 

September 2021. The previously discussed dif-
ference between the initial measurements taken 
within the altitude range from 0 m to 10 m is very 
clearly marked on the graph. Another regularity 
is the higher value of the night sky brightness at 
the car park on Bema Street compared to the car 

Fig. 6. Summary of the obtained results illustrating the variability of the night sky brightness in the vertical 
gradient at the measuring site located in Toruń: (a) at the NCU car park, (b) at the car park in Bema Street.

Fig. 7. Comparison of the obtained results showing variability of the night sky brightness in the vertical 
gradient at both measurement locations during: (a) cloudless night, (b) night with varied cloud cover.
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park at the NCU campus measured already after 
the readings stabilised above 10 m above ground 
level. The difference between the locations ap-
pears to be insignificant, but is consistent with 
previous studies indicating that the closer the po-
sition of the observer to the city centre, which is 
an urban island of light, the brighter the sky. To 
be able to fully document the above conclusion, 
it is necessary to conduct an additional measure-
ment campaign also at other sites located in the 
vicinity around the M ediaeval Town of Toruń. 
The last graph (Fig. 7b) shows the comparison of 
measurements performed during two nights with 
varying cloud cover. During the entire experi-
ment, it was not possible to make measurements 
during a night with overcast sky, and thus two 
representative days were compared, when cloud 
cover was observed alternately at the first or sec-
ond location. After analysing the shape of the 
measurement curves, it can be observed that with 
increasing cloudiness, the sky brightness increas-
es significantly, which corresponds to the results 
presented in earlier works and those obtained by 
other research groups (Kolláth 2010, Ściężor et al. 
2010, Pun et al. 2013, Ribas et al. 2016, Hänel et al. 
2017, Karpińska, Kunz 2019, 2020, Ściężor 2020).

Conclusions and summary

A well-thought-out and targeted monitoring 
of the selected elements of the geographical en-
vironment is necessary. Due to the complicated 
process of variability, relationships and flow of 
the components, both as regards the identifica-
tion of causes as well as consequences and effects 
of the analysed phenomenon, it should be carried 
out, whenever possible, throughout the three-di-
mensional space. The hitherto-conducted hori-
zontal measurements of the variability of a given 
factor should, as far as possible, be supplement-
ed with vertical measurements, which, depend-
ing on the type of phenomenon, will be analysed 
in different directions in relation to the place of 
interaction and the main impact. This is clearly 
and specifically visible in the analysis of the phe-
nomenon of artificial light pollution in the night 
sky. Sky glow surrounding an urban agglomer-
ation and having its main cause in excessive or 
improperly designed lighting of urbanised areas, 
including transport routes, extends considerably 

both in the horizontal and vertical gradients, 
which is noticeable even from a short distance 
from human settlements.

The results obtained in the experiment de-
scribed above show that the most significant var-
iability in the night sky brightness in the vertical 
gradient occurs immediately after exceeding the 
height of a typical lighting infrastructure that is 
a standard element of the urban landscape, i.e. 
from about 10 m.

Measured values above this limit stabilise at 
a certain level and vary by <0.3 mag  ∙  arcsec−2,

 

which shows that measurements of the night sky 
brightness above this limit can be made at differ-
ent altitudes without amplification or attenua-
tion of the obtained values. This gives great pos-
sibilities in the choice of location for mounting 
automatic measuring devices (including those 
developed in-house) for monitoring light pollu-
tion of the night sky in various other locations. 
The acquisition of data on night sky light pollu-
tion by drones may be both an alternative and a 
valuable addition to the monitoring of this phe-
nomenon, harmful for the health and functioning 
of humans and other living organisms.

The conducted research has also shown that 
drones offer new possibilities of application and 
new perspectives for interdisciplinary cooper-
ation. So far, they have been treated as comple-
mentary to the ceiling gap in remote and sat-
ellite, as well as aerial, measurements of light 
energy emitted from a given area, and now they 
can also be used for the measurement of surface 
brightness and vertical variability of the airglow 
(nightglow).
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