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Abstract: The data retrieved from satellite imagery and ground-based photometers are the two main
sources of information on light pollution and are thus the two main tools for tackling the problem
of artificial light pollution at night (ALAN). While satellite data offer high spatial coverage, on the
other hand, photometric data provide information with a higher degree of temporal resolution. Thus,
studying the proper correlation between both sources will allow us to calibrate and integrate them to
obtain data with both high temporal resolution and spatial coverage. For this purpose, more than
15,000 satellite measurements and 400,000 measurements from 72 photometers for the year 2022
were used. The photometers used were the Sky-Glow Wireless Autonomous Sensor (SG-WAS) and
Telescope Encoder and Sky Sensor WIFI (TESS-W) types, located at different ground-based locations,
mainly in Spain. These photometers have a spectral sensitivity closer to that of VIIRS than to the
Sky Quality Meter (SQM). In this study, a good correlation of data from the Day-Night Band (DNB)
from the Visible Infrared Imaging Radiometer Suite (VIIRS) with a red photometric network between

2

19.41 mag/ arcsec? and 21.12 mag/arcsec” was obtained.

Keywords: light pollution; night sky brightness; artificial lighting; photometer; skyglow; detection
networks

1. Introduction

Artificial light at night (ALAN) is an environmental problem affecting most of the
terrestrial surface [1], reaching faraway places from its sources due to the skyglow gen-
erated by atmospheric dispersion. It is the result of excessive and inappropriate artificial
lighting, which can cause a wide variety of negative impacts on the environment, including
ecosystem imbalance [2-5] and a negative impact on human health [6-8]. Artificial lighting
can disrupt ecosystems by affecting the natural behavior of nocturnal animals [9,10] and
can cause light-sensitive organisms to lose orientation [11,12]. It can also interfere with
natural circadian rhythms [13]. Additionally, light pollution can interfere with the behavior
of migratory birds [14,15]. It also affects our view of the night sky and interferes with
astronomical observing sites [16].

Traditionally, light pollution has been studied using nighttime satellite images [1,17,18].
In recent years, however, the reduction in the cost of night photometers has allowed
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for the deployment of large ground-based networks that offer new means of making
artificial skyglow measurements. These networks are especially useful in areas of high
darkness, where the lack of relative precision and sensitivity of the satellite prevents
adequate measurement. Another advantage of these networks is the higher temporal
resolution, taking several measurements per hour, versus the daily measurements that
satellites usually offer. This allows studies on the variability in light pollution over much
shorter periods.

The first low-cost photometer developed was the Unihedron Sky Quality Meter
(SQM) [19]. Later, the Telescope Encoder and Sky Sensor WIFI (TESS-W) [20] was de-
veloped by the European-funded project STARS4ALL (www.stars4all.eu (accessed on 28
Febraury 2023)), with a more extended spectral response in the red (400-800 nm) to include
the emission lines of High Pressure Sodium (HPS) lamps. Finally, the European-funded
project EELabs (www.eelabs.eu (accessed on 23 June 2023)) built the Sky-Glow Wireless
Autonomous Sensor (SG-WAS) [21] photometer with a similar spectral range but solar
powered, wireless and Internet-of-things-based, allowing them to be placed in very isolated
areas, such as natural protected areas. Due to the inclusion of the dichroic filter, SG-WAS
and TESS-W photometers (hereafter, SG and TESS) are better suited for tracking changes in
night sky brightness compared to SOM and allow the detection of night sky brightness in
the yellowish-reddish range of spectra (the HPS range), as depicted in Figure 1.

In this context, studying the correlation between satellite and photometer network
data is of particular interest, so that we can convert one into the other in order to carry out
studies with both integrated sources. Previous studies in the regions of Madrid (Spain) [17]
and Bandung (Indonesia) [22] obtained a significant correlation between satellite and
SQM data. These results are highly relevant, particularly when updating them to redder
photometers such as TESS and SG, with a spectral sensitivity closer to VIIRS sensitivity,
and opens up the study to a wider area and an interesting challenge.
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Figure 1. Spectral response curve of the SG [21] and TESS [23] photometers and the VIIRS DNB. The
transmittance of the SQM-L photometer and Johnson—Cousins [24,25] BVRI filters is included as a
reference. Johnson—Cousins BVRI filters are a widely used photometric system in astronomy, which
consists of the filters B (blue), V (visual), R (red) and I (infrared). The night sky spectrum obtained
using the SkyCalc tool [26], where the brightest airglow lines are labelled, is shown. Reproduced
with permission from Alarcon et al. 2021 AJ 162 25 [23].

In this paper, the transformation function between the Day-Night Band (DNB) of the
Visible Infrared Imaging Radiometer Suite (VIIRS) data and SG and TESS photometers is
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obtained by studying the correlation between both data sources, including 502 photometers
from all around the globe. We analyze the distribution and coherence of the data in order to
filter outliers and noisy data. This exhaustive data cleaning process reduces the sample to
203 photometers. The paper is organized as follows: in Section 2 a detailed description of
the photometer network and satellite data is given; Section 3 includes a description of the
data analysis, cleaning and wrangling procedures, and regression method; the satellite and
photometer correlation, and an example of its application to a village in Spain are presented
in Section 4; Section 5 includes its discussion; and our conclusions are given in Section 6.

2. Materials

In this section, we describe the two data sources: satellite and photometer networks.
Additionally, we elaborate on the primary phenomena that can affect night sky brightness
(NSB) and are essential to filter.

2.1. Photometer Network and VIIRS DNB Data

For satellite information, we include the VIIRS DNB data from the Suomi NPP satellite.
VIIRS takes an image of the Earth’s brightness every night, around 1:30 local time. VIIRS
DNB measurements have a resolution of 750 m. In this study, we used the VIIRS Level 3
product called “Black Marble”, specifically the daily product VNP46A2 [27]. It is generated
using a retrieval algorithm that performs cloud, atmospheric, terrain, vegetation, snow,
lunar and stray light corrections to estimate nighttime lights. VNP46A2 is a global image
with a resolution of 15 arcsec, about 500 m, and geolocation uncertainty of 50 m. It does
not provide brightness data for pixels with large water surfaces. VNP46A2 measurements
are taken in nW/(cm? sr) with an uncertainty of 0.1 nW/(cm? sr) and detection limit
of 0.5 nW/(cm? sr). These parameters can vary depending on the area. This limits the
satellite’s ability to make reliable measurements in the darkest areas. The VIIRS DNB
spectral response is extended approximately 100 nm towards the red compared to that of
the photometers, as shown in Figure 1. The spectral overlap between SG and TESS with
VIIRS is greater than the SQM, which is not very sensitive in the red zone. For this reason,
SG and TESS photometers are much more suitable than SQM when looking for correlations
with satellite data.

The satellite data used correspond to the entire year 2022 in order to reduce possible
seasonal effects. However, the VIIRS did not take measurements from 27 July to 10 August,
both inclusive. In addition, some photometers are located in pixels where there are no
satellite data available, mainly owing to excessive water inside the pixel. This occurs, for
example, on Corvo Island in the Azores (Portugal), where, despite having a network of
photometers available, there are no data from VNP46A2.

The analysis presented in this work is based on zenithal night sky brightness mea-
surements, performed by a large photometer network deployed by two European projects
(STARS4ALL and EELabs). The first one [20] has a global planet distribution but with a
very low density. In contrast, EELabs [21] includes several high-density areas, being mainly
deployed in Extremadura (Spain) and part of the Macaronesia region. The EELabs network
is mostly composed of SG-WAS photometers, usually grouped into the so-called Light
Pollution Laboratories (LPL), whereas TESS photometers comprise most of the STARS4ALL
global network. In Figure 2, a map is presented depicting the locations of the photometers.
The measurements collected by the EELabs and STARS4ALL networks are openly available
in real time at the IoT-EELab data portal (data.eelabs.eu (accessed on 19 June 2023)).
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Figure 2. Map of photometer locations after data cleaning and wrangling are shown. The SG (red)
photometers are located in Extremadura (Spain) and the Macaronesia region forming high-density
networks, while the TESS (blue) photometers are distributed worldwide in an isolated way, with a
notable concentration in Spain.

The main characteristics of the TESS and SG photometers are shown in Table 1. The
SG photometers are autonomous due to them having solar-powered rechargeable batteries
installed [21]. Most TESS photometers take measurements every minute, but there are
exceptions (Table 2). Both photometers measure the zenithal night sky brightness in
mag/arcsec?. In addition, they present a similar but not identical spectral response (see
Figure 1).

Table 1. Main characteristics of the TESS and SG photometers [20,21].

TESS SG
Sensor TSL37 TSL37
Field of view 17° 18° vertical and 20° horizontal

Communication unit WIFI WIFI, LoRA and LTE-M
Autonomous No Yes
Other uncertainty 0.04 mag/arcsec? 0.02 mag/arcsec
Time interval between 1 min 5 min
measurements (One measurement) (Average of 10 measurements)

2

Table 2. Time interval exceptions between measurements of the photometers.

Time Interval between Measurements Photometers
30s stars33, stars52, stars4, starsl
10s stars36, stars550

In this work, we include a total of 263 TESS and 239 SG photometers. All photometers
are still collecting data, but for the current analysis, we focus our study only on data for
2022, this being the period with higher data density including both types of photometers
over a period long enough to cover different seasons of the year.

The stars4 and stars679 photometers were discarded from this network. The first one
included too many anomalous data points between 14 December and 8 January. The second
one (in Pamplona, Spain) measured values that were too dark for photometers inside a
city. Figure 3 shows the distribution of the photometers according to the P50 brightness in
their location measured by VIIRS in 2022. All photometers before the data cleaning and
wrangling are shown in the upper graph. TESS and SG have more photometers located
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in dark areas: 60% of the SG and 53% of the TESS photometers are located in areas with
brightness levels below 1 nW/(cm?sr). In general, for bright areas, TESS photometers
provide better coverage, as SG photometers are scarcer in those areas.
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Figure 3. Number of TESS (blue) and SG (red) photometers according to the P50 brightness in their
location measured by VIIRS in 2022. In the upper graph, the photometers are shown with no filter
applied. In the lower one, the resulting photometers after data cleaning and wrangling are shown.
There is a much larger number of photometers in dark places. In bright places, the abundance of
TESS is considerably higher than that of SG.

2.2. Natural Effects That Contribute to the Night Sky Brightness

Night sky brightness (NSB) can be affected by different natural phenomena, both
astronomical, mainly due to the Sun, the Moon, the Milky Way and the zodiacal light, and
atmospheric (such as the presence of clouds [23]). These phenomena affect the measure-
ments of photometers and satellites in different ways. A good example of this is the effect
produced by clouds. While they always cause a dimming effect on satellite measurements,
in polluted areas, photometers can show an increase in brightness due to light reflection.
Therefore, in order to compare both sources, it is necessary to filter out all these effects.

In the case of the photometer network data, several filters have been developed based
on different astronomical parameters that determine the ranges in which the effects of the
Sun, Moon, Milky Way and zodiacal light should be taken into account [23]. In addition, a
method has been implemented to discern the presence of clouds based on the dispersion of
magnitude in 10 min intervals [23]. These filters remove the data points that are affected by
these phenomena. With these applied to all measurements in the photometer networks,
several photometers are removed as they do not include any single measurements in the
period studied.

As for the VIIRS data, NASA itself subtracts the contribution of lunar brightness and
other effects [27]. VIIRS, however, provides three indicators regarding cloud detection for
each measurement: a general classifier, cirrus detection and shadow detection [27]. Here,
we consider those data points that show negative results in all three parameters as being
cloud-free.

3. Methods

In the present section, we first perform an analysis of photometer data with the
objective of defining the necessary filters for subsequent data cleaning. Next, we present the
data cleaning and wrangling process based on the previous analysis. Finally, we describe
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the regression method used to obtain the transformation equation between satellite and
photometer data for the calibration of VIIRS.

3.1. Photometer Data Analysis

In this section, an analysis of the data collected by the photometer network in the year
2022 is carried out to define the criteria for subsequent filtering. Section 3.1.1 examines the
minimum amount of data that a photometer must have to be considered significant and
usable. In Section 3.1.2, the impact on the galaxy is studied based on the magnitude of light
pollution in the area. This allows us to determine the magnitude range where it is truly
necessary to apply this filter, in order to avoid unnecessary data loss. Section 3.1.3 describes
the distribution of photometer data with the aim of characterizing the typical distribution
of a photometer. Finally, in Section 3.1.4, based on the previous analysis, the justification for
using the interquartile range (IQR) as an appropriate parameter for detecting photometers
with anomalous behaviors is provided.

3.1.1. Optimal Minimum Sample Size

For various reasons, data from photometers tend to include a significant amount
of undesirable values, such as interference due to direct emissions from nearby artificial
lights. To tackle this issue, we apply different statistical approaches in order to detect those
measurements that represent abnormal behavior in the yearly distribution of photometer
data for 2022. The yearly median, P50, is used as the central measure, and the yearly
IQR, P75—P25, is used as the measure of spread and dispersion, as they represent robust
statistical tools in the context of our data. In this part, the minimum sample size necessary
for these statistics to be representative of the distribution is studied.

It was decided to apply a bootstrapping method [28] that allows confidence intervals
to be deteremined through subsampling of the original sample collected by the photometer.
However, this method presents faults when obtaining intervals for percentiles accurately,
mainly when the sample size is small or the original distribution is strongly asymmetric
or skewed. These reasons make it a generally unsuitable method for obtaining individual
uncertainties for all photometers; it is reliable only for photometers with large amounts of
data and the scant presence of anomalous values.

Based on these considerations, we selected eight photometers with large amounts of
data, including both TESS and SG photometers located in bright (P50 < 21 mag) and dark
(P50 > 21 mag) areas. The details of these photometers are shown in the Table 3. We applied
the bootstrapping method with different subsample sizes to obtain approximate confidence
intervals for both P50 and P75—P25 . In Figure 4, the width of the 95% confidence interval is
shown as a function of the subsample size for 100 subsamples. In this graph, it can be seen
that the width of the confidence intervals reduces considerably as it approaches 1000 data
points and stabilizes thereafter. Below 500, the uncertainty levels are very high. Between
500 and 1000, intermediate behavior is observed where most of the uncertainty has been
reduced but without complete stabilization. To avoid the excessive loss of photometers
considered in the study, we decided not to be too strict by establishing the minimum
sampling size of 500 data points. The data from photometers with a sample size smaller
than 500 were discarded.
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Table 3. Photometers with the largest amount of data used to determine the minimum sample.

Photometer Type Location Number of P50 P75—-P25 Apy
Data Points (mag/arcsec?)
LPL1_050 SG Tenerife 1608 21.28 0.15 0.09
LPL2_104 SG La Palma 1506 21.51 0.14 0.02
LPL3_104 SG Madeira 1365 20.62 0.15 —-0.17
LPL3_110 SG Madeira 1562 20.78 0.16 —-0.07
starsl TESS Madrid 7557 18.37 0.16 —0.25
stars202 TESS Extremadura 5663 21.46 0.18 0.00
stars495 TESS Extremadura 5948 21.17 0.18 0.00
stars550 TESS Utrecht 20,468 18.86 0.11 —0.09
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Figure 4. Evolution of the uncertainty of P75—P25 on the left, and P50 on the right, according to the
sample size for the photometers in Table 3. These uncertainties were obtained by the bootstrapping
method with 100 subsamples and a 95% confidence level. The dash line corresponds to SG photome-
ters and the solid line to TESS photometers. Since SG photometers generally have fewer data points,
in this case, we sampled up to a size of 1000 only. It is observed that the uncertainty drops and reaches
a stabilization phase after 1000. Below 500, the uncertainties are very high, with an intermediate zone
between 500 and 1000. A minimum reliable sample size of 500 has been established, but excessive
numbers of photometers should not be excluded. This limit is marked with a red line. A smoothing
filter has been applied to improve the graphical representation.

3.1.2. The Milky Way Effect as a Function of Location Brightness and Re-Evaluation of the
Galaxy Filter

Previous studies have shown the importance of the effect of the Milky Way in dark
(>21 mag) areas [23]. However, it is expected that this effect would be less important at
lower magnitudes. In this section, we study the data from the photometer network to check
whether this effect occurs in our data and calculate the exact magnitude value in which
it may be discarded. This will allow us to filter out the effect of the Galaxy on the data
without losing too many data points.

The EELabs network and Star4all data have been filtered for the effects of the Sun, the
Moon and the clouds [23]. The zodiacal effect is smaller in comparison with the Galaxy
effect; it was not deemed necessary to filter it out in order to maintain a greater number of
possible points.

Days with the partial presence of the Milky Way were selected to compare the periods
where it was either present or absent using the galactic latitude. When the absolute value
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of the galactic latitude is less than 40°, it is considered to have a sufficient impact on the
skyglow to be taken into account [23]. For each period, a minimum of 10 measurements
were requested for the SGs and 50 measurements for the TESSs, to ensure temporal samples
of similar ranges. The differences in these days were obtained and subsequently averaged
for each photometer, with those photometers with fewer than 10 days available being
discarded.

In Figure 5, we compare the value of the difference in P50 brightness with and without
the Galaxy; it measures the effect of the Galaxy on skyglow, with the corresponding P50
value of the photometer in the absence of the Galaxy; in other words, the brightness of the
location. The averages of the photometers are represented in intervals of 0.1 mag/arcsec?.
The uncertainty calculations are shown in Appendix A. In the figure, the effect of the
Galaxy in very dark locations is high and decreases progressively as 20.5 mag/arcsec?
is approached. Around 20.5 and 20 magnitudes, a significant increase in dispersion is
observed with a random distribution of values, but the effect of the Galaxy is still high.
Below 20 magnitudes, the Milky Way effect is not noticeable. Some values have negative
differences; that is, the periods without the Galaxy are brighter, indicating the presence of
phenomena of greater importance than this component.

0.6 T T T T T T T T

0.2

+H l ﬁ% ++1L Hﬁrﬁﬂ

P50Without galaxy ~ PSOWith galaxy [mag/arcsecz]

—0-67330 85 9.0 195 20.0 205 21.0 215 22.0

P50without galaxy [Mag/arcsec?]

Figure 5. The Galaxy effect, the difference between the P50 without and with the Galaxy, compared
to the brightness of the photometer, P50, in the absence of the Milky Way. The dashed line indicates
where the effect of the Galaxy is null. Below 20 mag/ arcsec?, the Milky Way effect is unremarkable
and there is a significant dispersion.

On the basis of these results, it is not necessary to apply the Galaxy filter on photome-
ters at low magnitudes. In this article, it was decided not to apply the Galaxy filter below
20 mag/arcsec?, which guarantees an insignificant Milky Way effect. The same was applied
for zodiacal light, which has an even smaller effect on brightness than the Galaxy; thus, if
from 20 mag/arcsec? the Galaxy does not noticeably alter the brightness, neither will the
zodiacal light. This allows us to have much more data in the photometry of bright areas by
not applying filters that would eliminate around 50% of the data.

3.1.3. Photometer Data Distribution

In this section, we describe the characteristic distribution type of the photometers.
This enables us, in the following section, to identify those photometers with anomalous
distributions and thus unreliable measurements.
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After filtering data with the presence of the Sun, Moon, Galaxy, zodiacal light and
clouds, the characteristic distribution of a photometer is unimodal. The average distribution
for bright (P50 < 21 mag) and dark (P50 > 21 mag) photometers is shown in the left image
of Figure 6. In the right image of Figure 6, their comparison with the Gaussian distribution
is shown through a Q-Q plot. These distributions have a Gaussian behavior in the central
zone, between P75 and P25, but with a poorer fit for the bright case due to its asymmetry.
Bright photometers have a greater width, P75—P25 = 0.32 mag/arcsec?, compared to
P75—P25 = 0.16 mag/arcsec? for the dark ones. Assuming Gaussian behavior, the standard
deviation, 07, is related to the IQR (interquartile range) as follows:

_IQR _ P75-P25 1
134 134 @)

We can estimate the value by considering only the central region. We obtain a value of
01 = 0.12 mag/arcsec? for dark photometers, which is consistent with previous studies [23],
and o7 = 0.25 mag/arcsec? for bright photometers. Both values are also well observed
in Figure 6. The deviation increases as it moves away from the central zone, making the
Gaussian approximation invalid. The cause of this may be the inherent variability of urban
areas and the higher likelihood of anomalous bright values.
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Figure 6. On the left figure, the average distributions are shown according to the median for
dark (P50 > 21 mag) and bright (P50 < 21 mag) photometers. On the right, both distributions are
compared to the normal distribution in a QQ plot. The dashed lines indicate the Gaussians with
0 =0.1,0 = 0.2 and o = 0.3, respectively. It can be seen how, in both cases, they show a Gaussian
behavior in the central zone, between P25 and P75, with a better approximation in the case of dark
photometers. The standard deviation for dark areas is around 0.1, while for bright areas it is around
0.2. The deviation increases at the ends of the distribution, moving away from Gaussian behavior.
This is caused by the presence of outliers and anomalous values with a random tendency. Another
aspect to highlight is the increase in left asymmetry in the bright regime, worsening its Gaussian
behavior in the left tail.

On the left side of Figure 7, a scatter plot shows the P75—P25 of all photometers
with their median luminosity, P50, and their conversion to standard deviation, oy, using
Equation (1). On the right side, the direct calculation of the deviation, 0, is shown after
a 3o-clipping. It can be seen that both cases exhibit a similar structure. However, the
3o-clipping requires Gaussian behavior to be effective, whereas the P75—P25 provides
a measure of robust width without relying on general Gaussian behavior. In the central
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region, the behavior is close to Gaussian, but it is lost at the extremes, making P75—P25 a
better width measurement parameter.
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Figure 7. The subfigure (A) illustrates the relationship between P75—P25 and P50, along with its
conversion to deviation, o7. On the subfigure (B), the deviation, 0>, obtained by using a 3o-clipping
is shown. The subfigures (C,D) correspond to a zoom of their respective areas. The black dash line
indicates the deviation of 0.1, around which the photometers with P50 > 21 mag are located. The
P75—P25 increases with luminosity and variability between photometers. The red line marks the
maximum P75—P25, beyond which photometers are discarded.

Figure 8 shows a box plot with the evolution of the P75—P25 range according to
P50. It can be seen that for bright (P50 < 21 mag) photometers, the deviation is around
o1 =0.1 mag/ arcsec? [23]. The median of the P75—P25 increases with luminosity, but so
does the width of the box, the variability between photometers. Therefore, the standard
deviation of dark areas is well defined around o7 = 0.1, while for bright areas, a characteristic
deviation cannot be defined. The deviation in Figure 6 is the result of an average of the
various distributions.
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Figure 8. Boxplot of P75—P25 versus P50. The orange line represents the median of the boxplot,
and the circles represent the outliers. Not all outliers are shown. The standard deviation of dark
areas is around o7 = 0.1. The P75—P25 increases with luminosity, but so does the variation between
photometers, making it difficult to characterize the P75—P25 in bright photometers.

The Bowley—Yule coefficient, a robust estimator, is used to evaluate the asymmetry of
the distribution width and is defined as follows:

A _ P75+ P25—2.P50
BY = P75 — P25

A null value indicating symmetry is obtained for the coefficient for dark photometers
(P50 > 21 mag). Apy = —0.15 is obtained for bright photometers (P50 < 21 mag), indicat-
ing left-skewness. The evolution of skewness with P50 is detailed further in the left part
of Figure 9. For photometers with P50 > 21, the skewness can be towards either dark or
bright values, resulting in an average skewness of zero. As luminosity increases, there is a
progressive bias towards left-skewness, and the variation between photometers is fairly
constant. In the same Figure, the right part shows the skewness versus the interquartile
range. It can be seen that, as the range increases, the left-skewness progressively increases.
This indicates that the increase in range for bright values occurs asymmetrically.

The cause of this increase in range and left-skewness in bright areas might be attributed
to the intrinsic temporal variability of urban areas. In isolated areas, with the exception of
astronomical causes (already filtered out), nighttime brightness tends to remain constant.
In contrast, in cities, nighttime brightness has significant temporal variability. For example,
in many cities, brightness tends to be higher in the early evening and decreases as the night
progresses, stabilizing towards dawn. Other phenomena, such as celebration days, can
also cause this left-skewness in the overall calculation. The complexity of this variability is
high and has been left out of this paper, treating the photometers with a single timeless
distribution as a first approximation. A possible study of temporal evolution is left for
future research.

@)
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Figure 9. On the left is shown a box plot of the variation in the Bowley-Yule coefficient as a function
of luminosity. The orange line represents the median of the boxplot, and the circles represent the out-
liers. Generally, distributions of photometers exhibit left-skewness (skewed towards brighter values).
This skewness becomes more pronounced in brighter photometers, while the dispersion between
photometers remains approximately constant across all ranges. On the right, the Bowley—Yule coeffi-
cient according to the P75—P25 is shown in another box plot. These values show some correlation,
indicating that the increase in distribution width towards brighter values occurs asymmetrically. The
cause of this may be the inherent variability of urban areas and the higher likelihood of anomalous
bright values.

3.1.4. Optimal Behavior

In the previous Section 3.1.3, we characterized the typical distribution of a photome-
ter. However, some photometers deviate excessively from this unimodal distribution. In
Figure 10, an example of the expected behavior is depicted for a photometer in proper
working order (stars2) and an anomalous photometer (stars47). While stars2 shows be-
havior similar to the average with a well-defined mode, in stars47, a clear mode cannot be
identified. These photometers with anomalous distributions tend to have greater widths.

The deviation from this average distribution is caused by excessive variability in the
photometer measurements. It should be noted that this does not imply that the measure-
ments are incorrect since this effect might be due to real phenomena. However, when
comparing an annual average with satellite data, we are mainly interested in photometers
whose measurements are as stable as possible; the P50 value is therefore more reliable in
minimizing temporal differences between satellite and photometer measurements.
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Figure 10. Examples of histograms for a photometer with ideal behavior (stars2) and another pho-
tometer with anomalous behavior (stars47) compared with the distribution of the average photometer
(P50 < 21 mag). The average photometer has a unimodal distribution with a differentiated mode
and little asymmetry. Stars2 shows unimodal behavior, while for stars47, it is difficult to identify a
clear mode.

An appropriate method of characterizing anomalous photometers is through the
P75—P25, which measures the width, showing how representative the P50 is. In Figure 7,
it is observed that some photometers have excessively high P75—P25 values and deviate
from common values. Being a robust parameter, P75—P25 discriminates very adequately
between those photometers with poor distribution compared to deviation and shows better
behavior in non-Gaussian distributions. The P75—P25 has been limited to a maximum of
0.4 mag/ arcsec?. As seen in Section 3.1.3, anomalous values are more common in bright
photometers, so excessive values are also more common.

This method does not detect all anomalous photometers, as it focuses on variability.
Errors that do not modify the distribution, such as those relating to photometer calibration
or those that produce its narrowing, are not identified. That is why photometers such as
stars4 and stars679 from Section 2.1 would not be detected.

3.2. Photometer Data Cleaning and Wrangling

In this section, the data cleaning and wrangling process is described. In Figure 11, on
the left side, a diagram of it is shown. First, data points affected by the Sun, Moon or clouds
are discarded. Subsequently, for photometers with P50 > 20 mag, data points affected by
the Galaxy and zodiacal light are excluded. Next, entire datasets from photometers with
fewer than 500 data points or P75—P25 > 0.4 mag are removed.

In Figure 11, on the right side, it is shown how the number of photometers decreases
throughout the process. The 47% reduction in SG is due to the Galaxy and zodiacal filter
because a large number of photometers were installed during the period of the Milky Way’s
presence. The reduction in quantity due to the minimum sample filter is very different
for both types of photometers, with a reduction of 13% in TESS and up to 54% in SG. The
reason for this is that SG photometers systematically have fewer measurements than TESS,
as shown in Table 3. There are two additional reasons for this: first, TESS takes 5 times more
measurements per minute than SG (Table 1); and second, a large number of SG photometers
were installed throughout 2022, so they do not have as many available months.

At the end of the data cleaning process, there are 212 photometers, but some of them
do not have satellite measurements, such as the ones located on Corvo Island. Therefore,
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the final sample size is 203 photometers, 141 TESS and 62 SG. Their distribution between
dark and bright areas is shown in the lower graph of Figure 3. The final dataset consists
of approximately 482,352 photometric measurements and 19,326 satellite measurements
because of the difference in daily measurements taken by each source.
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Figure 11. On the left, a diagram of the data cleaning and wrangling is shown. P50 and P75—P25
represent the median and IQR of the photometer distribution, respectively. 7 is the data amount of
the photometer. The blue squares discard data point and the red squares discard entire photometer
dataset. On the right, the quantities of photometers as they pass through the various steps of the
cleaning process are shown.

3.3. Regression

A correlation between the annual P50 of the photometers and the annual P50 of
the VIIRS, in the pixel where the photometers are located, was investigated. The data
used correspond to the full year 2022 in order to reduce possible seasonal effects. Some
photometers have distances between them of less than 500 m, so they are within the same
pixel of the satellite image. For these cases, the average of the photometers in that pixel
was calculated to obtain a single value per pixel.

Afterward, a least squares regression was applied to obtain a transformation equation
between satellite and photometer data. There are many more photometers located in dark
than in bright areas in the sample (Figure 3). This could lead to an overestimate of those ar-
eas in the regression. To avoid this, a linear regression was made based on the means of bins
of 0.2 log(nW /(cm? sr)) of the satellite measurement, starting from —1log(nW/(cm? sr)).

4. Results

In this section, we showcase how the photometer and satellite data were correlated
and a linear regression was performed. Next, we include an example based on a subsample
of photometers in a small region of Spain and we present a map of the VIIRS data for the
calibrated area based on the previous result. We discuss all the results introduced here in
the following section.

4.1. VIIRS and Photometer Data Correlation

Figure 12 displays a scatter plot of the annual P50 of the photometers plotted against
the annual P50 of the VIIRS. Data corresponding to groups of photometers in the same
satellite pixel are shown in blue. There is a linear correlation between the magnitudes of
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the photometers and the logarithm of the VIIRS measurements. This result was expected
since magnitudes are on a logarithmic scale, whereas the VIIRS measures are linear. Note
how the satellite uncertainty increases in very dark areas lower than 1 nW /(cm?sr) owing
to its precision of 0.1 nW/(cm? sr) (Table 4).
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Figure 12. Measurements of the photometers compared to the decimal logarithm of satellite (both
cases show the annual P50). Photometers with P50}, (yirs) < —0.7 are not displayed due to their
large uncertainties. Data corresponding to groups of photometers in the same satellite pixel are
shown in blue. Those in black are the other photometers. Photometers with P75—P25 > 0.4 were
discarded, these are indicated in red. The black dash line is the best regression. Satellite dispersion is
very important in dark areas because of the limited precision of satellite data. The error bars show
P25 and P75.

Table 4. Systematic uncertainty of VIIRS measurements in dark places.

VIIRS A VIIRS VIIRS A VIIRS VIIRS A VIIRS
(nW/(cm?s1)) (log(nW/(cm?s1))) (mag/arcsec?)
1.00 0.10 0.00 0.04 20.93 0.08
0.90 0.10 —0.05 0.05 20.97 0.08
0.80 0.10 —0.10 0.05 21.02 0.09
0.70 0.10 —0.15 0.06 21.08 0.09
0.60 0.10 —0.22 0.07 21.14 0.10
0.50 0.10 —0.30 0.09 21.22 0.11
0.40 0.10 —0.40 0.11 21.31 0.13
0.30 0.10 —0.52 0.14 21.43 0.16
0.20 0.10 —0.70 0.22 21.59 0.23
0.10 0.10 —1.00 0.43 21.88 0.43

Based on this correlation, a interval linear regression was performed (Section 3.3).
The intervals below 0.5 nW/(cm? sr) = —0.3 log(nW/ (cm? sr)) present important uncer-
tainties, a relative error of at least 20%, in the satellite part that prevent the satellite from
taking good measurements (Table 4). Furthermore, the detection limit of VNP46A is about
0.5 nW/(cm? sr), which means that the actual uncertainties could be much greater within
this range. Therefore, the smallest interval considered was —0.2-0 log(nW/ (cm?Zsr)).

Figure 13 shows the evolution of the Root Mean Square Error (RMSE) as the interval
covered by the regression increases. The blue line represents the case when starting the
fit from the left at —0.2 log(nW /(cm? sr) and gradually increasing the width towards the
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brighter values. The red line represents the opposite case, starting at 2.4 log(nW /(cm? sr)
on the right side and moving towards the darker regions. It is observed that the left
regression generally has lower residuals compared to the right one. It is also noticed that
the residuals increase significantly in the last four values (>1.6 log(nW/ (cm? sr))). This
suggests that the brightest points do not follow the overall trend. When below 1.6, it has a
slope of 0.95, while above 1.6, it exhibits a value of 2.01. The most appropriate regression is
obtained with a width of 1.8 log(nW/(cm?sr)), starting from the left, corresponding to the
interval —0.2-1.6 log(nW/ (cm? sr)).
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Figure 13. Evolution of RMSE as the interval width of the regression increases. The blue line repre-
sents the case when starting the fit from the left at —0.2 and gradually increasing the width towards
the brighter values. The red line represents the opposite case, starting at 2.4 and moving towards the
darker regions. The most appropriate regression is obtained with a width of 1.8log(nW/(cm? sr))
starting from the left, corresponding to the interval —0.2-1.6 log(nW /(cm?sr)).

The means of bins of 0.2 log(nW/(cm? sr)) are shown in Figure 14. TESSs are repre-
sented in blue, SGs in red and both types of photometers combined in green. The error
bars were calculated using Appendix B. The regression was made in the interval between
—0.2 and 1.6 log(nW/(cm?sr) of the VIIRS. There are 15 SGs and 57 TESSs in this range,
approximately 444,145 photometer measurements and 15,862 satellite measurements, due
to the difference in daily measurements taken by each source. The differentiated regression
for TESS and SG is depicted in the aforementioned figure. The best regression is obtained
for the entire set of photometers (Equation (3)):

VIIRS[mag/arcsec?] = 20.93 + 0.07 — (0.95 & 0.10) - log(VIIRS[nW/ (cm?sr)])  (3)

The systematic uncertainty of VIIRS is described in Appendix C.

In Figure 14, it can be seen how above 1.5 log(nW/ (cm?sr) ~ 19.41 mag/ arcsec?, the
values diverge from linear behavior. Below —0.2 log(nW /(cm? sr) ~ 21.12 mag/arcsec?, the
error increases significantly but, except for the most extreme point, there is little deviation
from the linear regression.
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e All photometers=20.93+ 0.07—(0.95 + 0.10) x log(VIIRS) , r> =0.96 +
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Figure 14. Regression of means by bins of 0.2 log(nW/ (cm?3sr)) of VIIRS between —0.2 and
1.6 log(nW/(cm? sr)). TESSs are represented in blue, SGs in red and both types of photometers
combined in green. The lines represent to the regressions, with the color corresponding to the
photometer set used. The values show good linear behavior, but this is lost from 19 mag/arcsec?

onwards.

4.2. Application to Valverde de Burguillos

The highest concentration of photometers from the EELabs and STARS4ALL networks
is located in the municipality of Valverde de Burguillos (Extremadura, Spain), with a total of
19 photometers. Some of these photometers are so close, less than 500 m apart, that they are
located within the same VIIRS pixel. Figure 15 shows the histograms for four photometers
belonging to the same VIIRS pixel and the values of the pixel adjusted according to the
regression from Section 4.1.

The LPL15_030 has fewer than 500 data points, so its histogram might not be entirely
reliable. It can be appreciated that there are significant differences, reaching the P50 around
0.4 mag/arcsec?. Two adjacent pixels can have a difference greater than 0.7 mag, as seen in
Figure 16. This phenomenon depends on the spatial variability in brightness and is greater
in bright areas where this variability is more pronounced.

In Figure 15, the histogram of the satellite is shown in gray, with its P50 around the
values of the photometers. However, its distribution is characteristic of satellite data, with
a greater width than that of the photometer data. This could be caused by the component
of upward direct light that the VIIRS detects but not the photometers.

In Figure 16, a map of Valverde de Burguillos based on satellite data and calibrated
using the fit from Section 4.1 is shown. The photometers are displayed as points on the map.
Those with a red border are photometers with fewer than 500 data points and are therefore
less reliable. A more detailed comparison between photometer values and predictions
based on regression VIIRS is shown in Table 5. The predictions have a mean error of
0.17 mag/arcsec’ within the regression range and 0.19 mag/arcsec? outside the range.
These out-of-range photometers correspond to dark photometers, and these appear to align
the general regression, despite the significant systematic uncertainties. The maximum error
is 0.39 mag/arcsec?.
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Figure 15. Four Valverde de Burguillos photometers’ histograms located in the same pixel of VIIRS
images. Significant differences between them can be seen so that VIIRS lacks the resolution to measure
this variability.

Figure 16. Map of Valverde de Burguillos, Spain, with VIIRS P50 calibrated to SG and TESS pho-
tometers for 2022. The circles represent the photometers within the regression range, and the squares
represent those below 21.12 mag/arcsec?. Those with a red border are photometers with fewer than
500 data points and are therefore less reliable.
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Table 5. Detailed comparison between photometer values and predictions based on regression VIIRS
data from photometers located at network around Valverde de Burguillos (Extremadura, Spain).
Only the first 14 photometers fall within the regression range, the rest exceed the lower limit of
21.12 mag/ arcsec?. LPL15_030, LPL15_027, LPL15_022, LPL15 011 and LPL15_029 have fewer than
500 data points and are therefore of lower reliability.

Name P50 P25 P75 VIIRS J VIIRS
(mag/arcsec?) (mag/arcsec?)

LPL15_043 20.69 20.61 20.77 20.30 0.10
LPL15_045 20.50 20.43 20.54 20.57 0.08

stars770 20.63 20.52 20.77 20.57 0.08

stars767 20.70 20.60 20.76 20.57 0.08
LPL15_030 20.93 20.89 21.00 20.57 0.08
LPL15_057 20.86 20.79 20.92 20.64 0.08
LPL15_027 21.12 21.04 21.17 21.02 0.09
LPL15_046 21.08 21.01 21.14 21.08 0.09
LPL15_006 20.94 20.86 20.99 21.14 0.10
LPL15_011 21.17 21.10 21.21 21.14 0.10
LPL15_005 21.09 21.02 21.13 21.31 0.13
LPL15_007 21.10 21.03 21.14 21.31 0.13
LPL15_022 21.13 21.09 21.17 21.31 0.13
LPL15_029 21.20 21.19 21.21 21.31 0.13
LPL15_008 21.16 21.09 21.21 21.43 0.16
LPL15_055 21.18 21.11 21.23 21.43 0.16
LPL15_002 21.20 21.12 21.25 21.43 0.16

5. Discussion

In this section, we discuss the main results and their limitations in our work, mainly
due to the VNP46A2 spatial resolution, while also presenting their most direct applications.

5.1. Comparison of Regression and Range of Applicability

The results show a clear correlation between the logarithm of the VIIRS measurements
and the SG and TESS photometers within the range between 21.12 and 19.41 mag/arcsec?.
These findings are consistent with previous studies that observed a significant correlation
between photometers (specifically SQM) and VIIRS [17,22].

Both SGs and TESSs have compatible and similar regression slopes, suggesting that
they behave almost equivalently (Figure 14). This is expected considering their spectra
(Figure 1). Therefore, both photometers can be treated together, resulting in a better
outcome.

The correlation obtained for the SG photometers is lower than that of the TESS pho-
tometers. We believe that the cause of this difference is the smaller sample size of SG
photometers, consisting of 15 devices, compared to the 57 TESS photometers in the range
of the regression, thus making them much more prone to potential anomalous photometer
values. This is particularly critical in the brightest region, where only two SG photometers
are above 0.5 log(nW /(cm?sr)) (Figure 3).

Above 19.41 mag/arcsec?, the values diverge from linear behavior of the regression
(Figure 14). The cause of this phenomenon is still not clear to the authors. The small number
of reliable photometers within that range, only 10 TESS photometers, makes it challenging
to deduce a potential cause. Therefore, it is vital to expand the network of photometers to
highly light-polluted urban areas, which would allow future research to further investigate
this phenomenon within those ranges.

Below 21.12 mag/arcsec?, except for the most extreme points, the deviation from the
linear regression is rather small (Figure 14). As an example, these out-of-range photometers
have a mean error of 0.19 mag/arcsec? in Valverde de Burguillos, very similar to the mean
error of 0.17 mag/arcsec? for the photometers within the range. However, the relative
systematic error is quite high, resulting in a loss of precision. This limitation renders the
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satellite unreliable in very dark areas, where photometers provide a much more accurate
value. Thus, photometers can complement satellite data in measuring light pollution across
the entire range of magnitudes.

5.2. Error and VIIRS Spatial Resolution

Using the same example as before, in Valverde de Burguillos, a mean error of
0.17 mag/arcsec? was obtained. We can attribute this error to three factors: firstly, to
the possible variability in the brightness within each pixel; secondly, to the potential direct
emissions that the VIIRS may be measuring [17]; and thirdly, to the combined effect of the
difference in the spectral range of the sensor and the spectral composition of the sources
in the location of the photometer (Figure 1). We believe that the first one is the main
component, as explained below.

In Figure 15, it can be observed that photometers located in the same pixel may have a
discrepancy of up to 0.43 mag/arcsec? in the P50. This difference cannot be attributed to
spectral differences between photometers since it is present in photometers of the same type.
The two photometers that are farthest apart are separated by a distance of only 330 m, so
the differences within the same grid could be even greater. The satellite’s spatial resolution
(500 m for the VNP46A2 product) is insufficient to detect these important variations at very
short distances.

In Figure 16, photometers and VIIRS map the distribution of ALAN similarly. It can be
seen that photometers constitute a finer mesh than VIIRS, with several photometers falling
within the same pixel, showing the average of the entire area. These errors are smaller than
the error of the VIIRS resolution, as two adjacent pixels can have a difference greater than
0.7 mag in bright areas. It is observed that many of these photometers with a significant
discrepancy from the satellite data are located very close to pixels with more similar values.
This supports the notion that the lack of resolution in the VIIRS is the primary source of
these errors. We also attribute most of the dispersion in Figure 12 to this phenomenon.

An increase in spatial resolution would reduce this error. Previous studies have
already demonstrated that increasing the resolution of VIIRS, from 60 arcsec to 30 and even
to 15, progressively enhances the degree of correlation [17].

5.3. Potential Applications

Equation (3) provides a way to transform VIIRS measurements to the SG-TESS mag-
nitude scale, which is the most common way of measuring ALAN. This allows for the
comparison of both sources and the conducting of joint studies.

The most direct application is the development of light pollution maps, similar to the
example presented in Valverde de Burguillos (Figure 16). VIIRS allows for the creation
of maps covering large areas. However, the aforementioned lack of sensitivity of the
satellite would hinder precise mapping in the darkest regions. This is where the placement
of photometers, which can cover those areas, provides a better overall view of the light
pollution in the zone. In urban areas, VIIRS is essential due to the significant spatial
variability in light pollution, which makes mapping the area with photometer networks
impractical. Nonetheless, it is of vital importance to have photometers located in urban
areas to improve the sample size for calibration purposes.

Currently, a worldwide map is being developed, displaying the calibrated VIIRS
data for 2022, and there are plans to create maps for other years as well. This map will
be complemented by data from the global network of photometers, providing real-time
data. This map will be uploaded to the IoT-EELab data portal and will represent the most
comprehensive and detailed light pollution map to date.

An area of great interest, which we plan to study in the near future, is the Canary
Islands, especially the island of La Palma, where the Roque de los Muchachos Observatory,
a top place for astronomy in the Northern Hemisphere, is located. La Palma has a network
of photometers (SG and TESS) that covers a large part of the island, including both dark
and bright areas. The combination of satellite and photometer network data will allow us
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to understand the evolution and distribution of light pollution in a location where it is of
particular significance due to its interference with astronomical observations

6. Conclusions

This paper presents a calibration of VIIRS satellite images using red photometers
(TESS and SG) from the EELabs and STARS4ALL networks, with a worldwide presence.
For this purpose, an analysis of the behavior of the photometer data was carried out in
both bright and dark areas, covering the range from 22 mag to 18 mag. The photometers
show a tendency towards Gaussian behavior in the central region of the distribution, with
the brighter photometers deviating from it. The width of the distribution tends to increase
asymmetrically towards lower magnitudes in brighter areas.

In addition, the impact of the Galaxy on different brightness ranges was re-evaluated,
and it was concluded that it is negligible in brighter photometers (P50 < 20 mag) compared
to other phenomena.

Finally, a strong correlation was observed between satellite measurements and pho-
tometer network measurements in the range between 21.12 and 19.41 mag/arcsec?, sup-
ported by measurements from a total of 72 photometers. No significant difference was
identified between SG and TESS photometers. The best value was obtained for the re-
gression VIIRS (mag/arcsec?) = 20.93 + 0.07 — (0.95 + 0.10) x log(VIIRS[nW /(cm? sr)]).
The need to perform adjustments throughout the range of magnitudes and the bias of the
presence of photometers in dark areas make it necessary to deploy more photometers in
bright areas of both networks, mainly EELabs, to improve calibration. This would also
allow for a deeper study of photometer behavior in these areas, given the difficulty posed
by their higher variability, both spatially and temporally.

The VIIRS is not sensitive enough to take accurate measurements in dark areas, unlike
photometers, which do not have this limitation. As a result, this calibration is extremely
valuable as it enables the integration of both sources, leading to more precise area analyses.
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Appendix A. Uncertainty Calculation for Galaxy Filter Re-Evaluation
The uncertainty of the bin of the Figure 5, J, is given by:
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where 07 is the standard deviation among the photometers in the bin, dpnotometer represents
the uncertainty in the photometer value and Js is the systematic uncertainty specific to the
type of photometer (0.04 for TESS and 0.02 for SG photometers). n; corresponds to the
number of photometers in the bin. The uncertainty associated with each photometer was
calculated using:
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(% dail
7, & Odaily

1y ny '

52

photometer —
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where 07 is the standard deviation of the measurements of the photometer, d4,i1y represents

the uncertainty in the photometer value and 7, is the number of days. The daily uncertainty
for the Galaxy effect is:

2 2
(Sglaily = <P75Without _galxy — P25Without7galxy) + <P75With7galxy - PZSWithﬁgalxy) (A3)
and for the brightness without the Milky Way,
2 2
5daily = (P75Without7galxy - P25With0ut7galxy> . (A4)

Appendix B. Uncertainty Calculation for the Data Points of the Regression
The uncertainty of the bin of the Figure 14, §, is given by:

2 2
5:\/02+<):55> | L(P75 P25 (A5)

n n n2

where o is the standard deviation among the photometers in the bin, P75—P25 is the
interquartile range of the photometer and satellite data, n corresponds to the number of
photometers in the bin and J5 is the systematic uncertainty. This is 0.04 for TESS and 0.02
for SG photometers, and for VIIRS is given by:

0.10
s log(nW/ (cm?sr))] = . (A6)
svirs{log(nW/ (cm®sr))] In(10) - VIIRS[nW / (cm?sr)]
Appendix C. Uncertainty Calculation for Transforming VIIRS Data to SG and
TESS Units
The uncertainty for transforming is:
SVIIRS[mag/arcsec?] = \/ 62 4 (log(VIIRS) - 6,,)* + (m - Ssy1rs ) (A7)
where 4, = 0.10 is the uncertainty for the slope m and J, = 0.07 is the uncertainty

for the intercept point of the regression. Jqyyrs is the satellite systematic uncertainty
(Equation (A6)).
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