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Abstract

Near all-sky imaging photometry was performed from a boat on the Gulf of Agaba to measure the night sky
brightness in a coastal environment. The boat was not anchored, and therefore drifted and rocked. The camera
was mounted on a tripod without any inertia/motion stabilization. A commercial digital single lens reflex (DSLR)
camera and fisheye lens were used with 1SO setting of 6400, with the exposure time varied between 0.5 s and 5 s.
We find that despite movement of the vessel the measurements produce quantitatively comparable results apart
from saturation effects. We discuss the potential and limitations of this method for mapping light pollution in
marine and freshwater systems. This work represents the proof of concept that all-sky photometry with a
commercial DSLR camera is a viable tool to determine light pollution in an ecological context from a moving
boat.
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1. Introduction

Artificial light at night (ALAN) allows humans to extend activities up to a 24 hour-a-day period. While indoor
use of ALAN can affect human health as it disrupts the natural circadian rhythm and suppresses melatonin
production [1], the direct photo-related environmental consequences are usually small as the light is mainly
confined in buildings. Outdoor lighting on the other hand may have less dramatic consequences on human health
[1], but ALAN can spill into the naturally nocturnal landscapes and cause light pollution (LP). The increase of
outdoor ALAN is a global phenomenon with growth rates of 3-6 % per year in industrialized countries and higher
in developing regions [2-3]. Sustainable lighting technology may help to reduce the overall LP [4]. Several studies
have investigated the impact of ALAN on the environment [5] and there is a growing concern that LP affects
biodiversity [6,7]. Until recently, the main focus of studies about ecological LP was on terrestrial animals [5, 8-
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10] and plants [10, 11]. However, because human settlements concentrate along freshwater reservoirs and
coastlines, research on ecological LP has shifted towards aquatic systems [12-16].

Historically, the first evaluations of the night sky brightness (NSB) in the context of LP were performed by
astronomers [17, 18]. They concentrated their investigations on clear sky conditions and the ability to observe
celestial objects. However, illumination conditions due to LP and artificial skyglow (the backscattered portion of
the upwelling ALAN) vary dramatically with meteorological conditions, especially clouds [19-22]. Recent work
on clouds was linking NSB data with laser ceilometer measurements [22]. The combination of satellite data and
radiative transfer modelling can provide accurate estimates of the NSB for clear skies [23], but is not (yet)
applicable to overcast situations. Ground based NSB measuring methods can provide information in overcast
conditions. These include single sensors such as inexpensive handheld sky brightness meters [24] with the
advantage of providing data from citizen scientists, hobby astronomers and researchers on a local to global scale
[16, 25, 26]. The drawback of this method is that no spatial and no spectral information is available, and most
devices only measure the NSB at zenith, potentially missing out higher fractions of LP near the horizon [16, 21,
27]. Photometry with DSLR cameras and fisheye-lenses [18, 28] or mosaics [29] can provide this spatial
information about the NSB, and have become available for the public at reasonable prices since consumer
electronics has become a mass phenomenon.

Usually all-sky photometry as part of astro-photometry is done in a terrestrial context using special filters, long
exposure times and fixed tripods or mounts, potentially involving even compensation for the Earth’s rotation [29].
In astro-photometry, well known objects are used as references for extinction measurements and the studies very
often concern single stars and very dark sites [30]. A very interesting and powerful device in this context is the
ASTMON (All-Sky Transmission MONitor) making use of all-sky imaging in several spectral bands with a filter
wheel [31], which was also used in areas with LP [32]. For the measurement of the NSB in the context of ecological
LP and to compare different sites this precision is not necessary. The effects of ALAN can vary by orders of
magnitudes within a radius of several tens of kilometers [21, 26] or by weather conditions [16, 21, 22]. For most
species, the amount of light is the important parameter rather than single celestial objects. However, visual animals
might react on the directionality that cannot be observed by single sensor devices like lux meters.

NSB measurements with either single sensors or all-sky photometry are only sparsely done in an aquatic or
even in a marine context [25]. We have recently quantified the NSB at a freshwater lake in Germany from a
floating platform using both methods [16]. However, the platform was anchored and rocking only slightly. Here
we demonstrate that (near) all-sky photometry can also be done from a moving boat in a marine context by using
a commercial DSLR camera with a fisheye lens. The camera was mounted on a tripod, without using motion-
compensation. Despite this, we obtained NSB measurements with spatial information from almost the whole
hemisphere. In this proof-of-concept study, we discuss the limitations and the potential of this method in the
context of applying it to investigate the spread of LP, and in particular skyglow, from coastal towns into unpolluted
areas across open waters.

2. Methods
2.1. The study site

The measurements were performed during astronomical night on the 5th of March 2016 near the city of Eilat
in Israel on the Gulf of Agaba close to the Interuniversity Institute for Marine Sciences (1UI) at 29°29'33.0"N,
34°55'54.8"E (see Fig. 1) from an 6.7 m long and 3.45 m wide single engine boat. Parts of the western shoreline
north of the IUI are a marine protected area: Eilat's Coral Beach Nature Reserve and Conservation area, a nature
reserve and national park in the Red Sea. It covers 1.2 kilometers of shore, and is the northernmost coral reef in
the world.
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Fig. 1. NSB measurement site. Left image: the Gulf of Agaba with the Sinai Peninsula on the left and Jordan and Saudi Arabia on the right.
Red circle marks the measurement region. Right image — the northern tip of the Gulf of Agaba where the fisheye lens observations were
made. The blue arrow represents the measurement location near the border of Egypt, Jordan and Israel. The red arrow and circle indicate the
city of Agaba, the white arrow and circle indicate the city of Eilat and the yellow arrow shows the position of the Interuniversity Institute for
Marine Science (1Ul) .

2.2. Digital single lens reflex camera with fisheye lens

NSB measurements can be performed with calibrated DSLR cameras that allow saving images in an unaltered
raw format [28, 33, 34]. After calibration, it is possible to convert the camera’s radiance observations in digital
numbers to photopic luminance, and to produce false color images that show spatially resolved NSB in units of
cd/m2, mag/arcsec? or natural sky units (NSU), respectively. If carefully calibrated, it is possible to reach 10
percent precision with a commercial DSLR camera [28]. The NSU is a useful translation of NSB into a relative
unit, comparing how much a site differs from a relatively unpolluted site defined to have a value of 1 NSU. It was
introduced to allow non-astronomers to quickly rate the amount of LP at different locations [see e.g. 23] using
values from the widely used sky quality meter (SQM, Unihedron, Canada). NSU = 1 is defined at
21.6 mag/arcsec? and 254ucd/m?, respectively. It can be transformed by using the equation: NSU =
10(04(216-X)) 'where X is the NSB in mag/arcsecz. Please note that the NSU is not arbitrary but based on a real
photometric quantity “magnitudes” dating back to Pogsons recommendation in 1856 [35] and that there is a
deviation between Johnson V-band (used for magnitudes in astronomy), the photopic response curve of the human
eye, the response curve of the SQM and the DSLR cameras spectral response [36].

We used a Canon EOS 6D camera with a Sigma EX DG circular fish-eye lens. The lens has a focal length of 8
mm and an aperture of F3.5. The camera has a 20.2 Megapixel full frame (36 mm x 24 mm) CMOS sensor and an
integrated GPS tracker. The camera was cross-calibrated with a thoroughly calibrated camera during an earlier
measurement campaign [33] and several DSLR cameras in a recent intercomparison campaign [34]. Pictures were
obtained in full format (5472 pixel x 3648 pixel), with ISO setting of 6400, and a varied exposure time between
0.5 seconds and 5 seconds. All images were saved in raw format. The images were processed using “DiCalLum
Ver. 0.99" [37] an open source code based on the free software GNU Octave [38].

3. Results and discussion
3.1. Fisheye-lens images

In Figure 2, (near all-sky) fisheye-lens pictures taken from the slightly rocking and turning boat are shown for
different exposure times a) 5 seconds (image #1517), b) 2 seconds (image #1518), c) 1 second (image #1519) and
d) 0.5 seconds (image #1520). All four pictures were taken at 21:42 pm local time (19:42 pm GMT). The camera
was orientated approximately towards the northeast/southwest axis of the Gulf, with the lower part of the image
pointing to the northeast. The camera was not aimed directly towards zenith in order to illustrate the light reflected
from the water surface. Therefore, it is not exactly all-sky imaging. The two distinct light domes that are visible
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at the bottom in Fig 2 a) are from the center of Eilat (white arrow with black filling on the lower left) and Agaba
(red arrow without filling on the lower right).

The rocking of the boat was relatively strong and is apparent by a distinct “smearing” of the stars in the pictures.
To illustrate the possible impact of this rocking on the NSB measurements, Fig. 3 a)-d) shows zoom in pictures
from the same images as in Fig 2 a)-d). The upper left area of the images was chosen, which is pointing to the
southwest and included Sirius (magnitude -1.46, marked with a red circle) and the constellation of Orion (indicated
with a light blue circle).

The constellation Orion is best visible in Fig. 3 ¢) and d) with low smearing. Here, the belt of three stars (Alnitak,
Alnilam and Mintaka) aligned on an axis with Sirius can be seen. In all four images, the smearing can be tracked
best with Sirius. In Fig. 3 a) and b), the smearing is strong and spiral, while in Fig. 3 ¢) the smearing is less strong
and linear. In Fig. 3 d), the smearing is lowest but still perceptible by a linear distortion of the stars that should be
point sources.

As expected, the longer the exposure time, the more susceptible to smearing by rocking and drifting. From the
movement of the constellation between the different images, it can also be seen that the boat was slowly rotating
clockwise. The zoomed in sections also show that the signal to noise ratio was slightly decreased when the
exposure times were reduced. However due to the smearing the signal to noise improvement by increased exposure
time is not as pronounced as with still images, as the signal now spreads over several different pixels instead of
summing up on one pixel.

Fig. 2. Near all-sky pictures of the night sky above the study site obtained from a non-anchored, rocking boat using a commercial DSLR

camera (Canon EOS 6D) with a fisheye lens (Sigma EX DG 8 mm). An ISO setting of 6400 was used with different exposure times of a)

image #1517 with 5 seconds exposure b) image #1518 with 2 seconds exposure time ¢) image #1519 with 1 second exposure time and d)
image #1520 with 0.5 seconds exposure time. Black and white arrow points to Eilat and red arrow to Agaba.
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Fig. 3. Zoom in of the pictures of Figure 2 showing the detail of constellation of Orion (blue circle) and Sirius (red circle).

3.2. Luminance maps

The fisheye images have been converted to luminance maps that are shown in Figure 4 a)-d) on a scale ranging
from 0.5 to 1000 NSU. The four luminance maps look relatively similar to each other. The zenith brightness was
on the order of about 5 NSU and increased towards the horizon with peak brightness values exceeding 1000 NSU
at the horizon, which is attributed to direct city lights. The light domes above the cities near the horizon reach
NSB values of several hundred NSU. These large values indicate the night sky in this region was affected by
skyglow.

Despite the qualitative similarities, there are some obvious differences in the luminance maps: First, the
exposure time resulted in different distortion of the images due to the smearing as discussed above, and only
slightly better signal to noise ratio for longer exposure times. The smearing leads to an “analog binning” effect
that in conjunction with the better signal to noise ratio makes Fig. 4 a) appear most homogeneously or smoother
than the other luminance maps. Fig. 4 d) is less smeared and has a lower signal to noise ratio, and therefore appears
grainier. Second, for longer exposure times some pixels were overexposed, leading to saturation and loss of
information about certain particularly bright regions near the horizon. This is most notable when comparing the
light emission from the two cities in Fig. 4 a) and b). The high values in the range of 1000 NSU are resolved in b)
but not in a). Third, the rotation of the boat resulted in a slightly different pointing for the luminance maps. This
is most notable when comparing the brightness distribution at the water surface in the lower part of the luminance
maps.
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b)

0 )

Fig. 4. Luminance maps calculated from the fisheye images of Fig. 2. The color bar represents NSU values. Note that NSU = 1 represents
approximately a natural sky without light pollution (0.25 mcd/m?).

3.3. Angular luminance distribution

As can be seen from the luminance maps, there is a brightness gradient from the zenith towards the horizon.
To understand the limits of the method, it is useful to plot the angular brightness distribution. Figure 5 shows the
luminance as a function of the angle with respect to the normal vector of the imaging plane (which is not exactly
the zenith in our case, but for typical all-sky images normal vector should point to the zenith) for a) the full angular
range and b) values up to 70°. To obtain the angular luminance distribution, the brightness values for a specific
angle have been averaged by integrating over the azimuth with DiCaLum [31] using a 2° resolution in altitude
(averaging over rings around the imaging normal vector, or zenith in true all-sky photometry).
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Fig. 5. Luminance as a function of the angle with respect to the imaging normal vector for, a) the full angular and dynamic range b) zoom in
to angles below 70°,where the values for different exposure times show very good agreement.

The average brightness near the zenith is in the range of 6.0-6.4 NSU and increases to values of several tens of
NSU towards the horizon. For angles up to 74°, the luminance distribution is very similar between the
measurements with different exposure times. Differences become apparent at higher angles, where saturation
effects result in plateauing of the luminance values for the three longer exposure times due to overexposure. At
overly long exposure times, the pixels saturate and therefore the average luminance is underestimated. With a
static all-sky camera, this can be avoided by using the high dynamic range method (combining images with
different exposure times). From a drifting and rocking boat, this is more complicated, but could be achieved by
using the brightest stars for image co-registration. We judge that the short exposure time produces very good
results, at least for this LP situation in the range of 5 NSU.

3.4. Horizontal and scalar illuminance

A common measure for the light incident at a specific site is the horizontal illuminance Ey p,,, usually obtained
with lux meters. Assuming a homogeneous sky brightness, Ey ,, can be inferred from NSB values in units of
cd/m? (homogeneous luminance Ly ,,n,) by multiplying with 7 [27]:

EV,hor = LV,hom T

However, this is not valid for most scenarios, as usually the NSB is not uniform [16, 20, 21, 39]. Therefore, the
horizontal illuminance can only be roughly approximated from narrow angle zenith measurements alone [27, 39].
From all-sky brightness maps, the horizontal illuminance (incident at the imaging plane of the camera) can be
obtained when incorporating a cosine correction [39]. The cosine corrected angular luminance distribution is
shown in Fig. 6 @) in NSU.
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Fig. 6. a) Cosine corrected angular luminance distribution. b) Mean luminance for the four images in Fig. 2 for different cut-off angles and
cosine corrected.

The contribution of the NSB at the horizon is reduced and this results in a reduction of the impact of saturation
effects for this particular LP situation. The cosine corrected NSB yields similar results for 0.5s, 1s and 2s
exposure times. Now only the long exposure time of 5 s differs significantly from the rest.

For comparison, the mean luminance values in NSU obtained from the luminance maps (Fig. 3), are plotted in
Fig. 6 b). Without cosine correction and using all the data, the mean values of the (scalar) illuminace range from
16.4 + 1.6 NSU to 21.6 + 2.2 NSU, while with cosine correction the values of the (horizontal) illuminance vary
only between 6.2 +0.6 NSU and 6.9 £ 0.7 NSU. Two cut-off zenith angles are also shown without cosine
correction: only NSB values up to angles of 74° and 20° from the normal vector have been used. The 20° angle is
considered because it is similar to the opening angle of the SQM, a commonly used device in NSB measuring
networks. The 74° was chosen to show up to what angle the NSB in this particular site is relatively homogeneous.
The values are summarized in Table 1. In addition to all-sky images, handheld SQM measurements were taken at
the same sites. These observations gave values of 6.3 £ 0.6 NSU (19.6 + 0.1 magSQM/arcsec?). This is in good
agreement with the values obtained for the 20° cut off using the DSLR camera.

Table 1. Mean luminance/NSB values in units NSU for the four images from Fig. 2 a-d showing different cut-off zenith angles and
cosine corrected values.

Luminance [NSU]

Image # Exposure time Total Cos. corr. 74° cut off 20° cut off
1517 (a) 5s 16.4+1.6 6.2+ 0.6 104+£1.0 6.6 £0.7
1518 (b) 2s 19.7+20 6.7 +0.7 108+1.1 6.7+£0.7
1519 (c) 1s 21.6+22 6.9+0.7 106+1.1 6.6 £0.7
1520 (d) 05s 19.4+2.0 6.4+0.6 99+10 6.2+0.6

The error bars and margins in the plots and in the table were chosen to be 10% due to the error stemming from
the calibration procedure. This error and the systematic error from the pointing differences between the images
(shaking and rotating boat) is certainly higher than any statistical error in the image analysis. An evaluation of the
error between exposure times can only be done with stable illumination conditions in the laboratory. So far we
have observed that inter camera values are relatively consistent by comparing many cameras in the field [33, 34].
Apart from the obvious saturation effects near the horizon especially for image 1517 (5s exposure time), it can be
stated that neither shaking of the camera nor change in exposure time does cause an error higher than from the
calibration. Considering this, we judge that the spread between the measurements in between the individual images
is not very large and that the noise level is acceptable for the short exposure time.

The differences mainly originate from the turning of the boat and from saturation effects. Surprisingly, the
relatively short exposure time of 0.5 s at an 1SO setting of 6400 can produce reasonable information of the NSB
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at a site with a luminance of about 6 NSU at zenith and non cosine corrected luminance mean values of
16.4 - 21.6 NSU, while capturing a dynamic range up to 1000 NSU.

Our data also shows that a zenith measurement (here mimicked with a 20° cut off and confirmed with an SQM)
has the main drawback that it can underestimate the overall NSB. When inferring the scalar and horizontal
illuminance from the zenith NSB, the deviation between the near zenith values and the non cosine corrected
integration over the whole hemisphere is up to a factor of three, while the cosine corrected values match for this
particular brightness distribution.

4. Conclusion and outlook

We have conducted NSB measurements with a commercial DSLR camera from a moving boat. Despite
smearing effects, the overall NSB distribution could be obtained from near all-sky brightness maps. This proof of
concept study shows that the method is well applicable for investigation of skyglow in marine and also freshwater
environments. By undertaking quick measurements from moving vessels it is possible to acquire NSB data that
provides spatial information about the LP. By varying the exposure time, it was shown that saturation effects
hamper the measurements more than noise. The data demonstrates, that exposure times as low as 0.5 s produce
reasonable results, at least for this site and with this camera lens combination, which is commonly used by amateur
astronomers. We want to point out, that averaging of many images acquired with short exposure times could
improve signal to noise even further, like in the “lucky imaging” technique is used to correct for a turbid and
rapidly changing atmosphere [40].

While the image quality does not satisfy the standards of conventional astro-photography, this precision is not
necessary in the context of ecological LP. For this application, quick data acquisition at many sites and
comparability between them is more important than absolute precision. The spatial information is in our opinion
needed to infer the propagation of the light and the possible perception of different animals. A simple measurement
of the zenith NSB using e.g. an SQM might misinterpret the portion of light at the horizon, and therefore the
overall scalar illuminance.

Another potentially interesting application of the method discussed here is the investigation of the propagation
of skyglow from single sources into a dark environment. This could be done from an isolated coastal town out into
open waters. In contrast to land-based studies, the measurement on the water has the advantage of the absence of
obstacles, and the ability to perform a straight transect. For this particular task a more rigid construction, a larger
vessel less prone to rocking and drifting, and motion stabilization of the camera are recommended.
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