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ABSTRACT

Sky brightness data have been widely used to document the light pollution and to localise the
direction of the sun during both dawn and dusk twilight. The use of the most common data
analysis techniques of graphical interpretation can give less accurate final results. This study
used a Sky Quality Metre to record the brightness of night sky in mag arcsec 2 at Depok city of
Indonesia during 26 days for the months of June and July 2015. Analytical technique of third-
degree polynomial was established to predict dawn astronomical twilight and provides a good
fit to the experimental data. The modelling results have been experimentally verified that
astronomical twilight in the morning at Depok city with its environment begins when the sun is
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at the position of —14° + 0.6 below the eastern horizon and ends at sunrise. In conclusion, the
Muslim communities of Indonesia begin their dawn prayer 6° too early and have been found to
calculate the true dawn incorrectly when the centre of the sun is at a depression angle of —20°

below the horizon.

1. Introduction

The presence of twilight in a region has always been of
paramount importance for every Muslim community
as it astronomically marks the beginning of the right
time for the morning (fajr) prayer or evening (isha)
prayer designed primarily for two among five obliga-
tory (fard) daily prayers (Miftahi 2005; Bahammam
2011; Niri et al. 2012; Rennie 2014; Suzuki et al. 2016).
Three daily obligatory prayers of early afternoon
(zuhr), late afternoon (asr) and sunset (maghrib) can
be determined from the observer's location and the
time of day based on the position of the sun in the sky
and are dependent on the latitude and longitude coor-
dinates of the locality. In the meantime, two daily
prayers of fajr and isha are determined based on
daily presence of sunlight below the eastern horizon
and daily disappearance of sunlight below the western
horizon, respectively. The fact that the determination
of the prayer times has been organised into many
different schools of thought and must be linked with
the analysis of twilight observations (Cook et al. 2013),
with differing views of description of Earth’s rotation
on how the occurrence of astronomical dawn and
dusk, especially in their latitudinal and local time
dependencies (Kaye 1989; Brumberg 1995; Li et al.
2011; Sunda and Vyas 2013; Jin et al. 2017). Daily
prayer times should be determined which precisely
pinpoint the beginning of each prayer time usually
starting with the call to prayer (adhan) from the

minaret of the mosque (Aldrin 2010; Arab 2015),
and it will be interesting to see if the traditional
exemptions from daily prayer times as such from
Ramadan fasting have also a modern scientific basis
(Leiper et al. 2003). As an example, the accuracy of
Muslim prayed facing towards the Kaaba can be exam-
ined in a scientific way by using three approaches of
modelling the Earth (Saksono et al. 2018).

Even though the digital sky brightness data have
been widely used by the environmentalists to determine
the levels of light pollution (Pun and So 2012; Kyba et al.
2015; Falchi et al. 2016; Spitschan et al. 2016; de Miguel
etal. 2017; Power et al. 2017) and by the astronomers to
verify the presence of twilight during both dawn and
dusk (Hunten 1967; Zhang et al. 2013; Pun 2014;
Puschnig 2014a, 2014b), most astronomers analyse
a vast number of sky brightness observations from
graphical plots of the reliable data (Nor and
Zainuddin 2012; Shariff et al. 2012; Herdiwijaya 2016)
but still less accurate in predicting the presence of twi-
light. Different schools of thought of the Muslim com-
munities of Indonesia may use a different approach for
determining and measuring the time elapsed to indicate
the occurrence of twilight at a region (Mateshvili et al.
2005). In this work, “dep” is defined as the sun vertical
depression and can be measured from the local horizon
to a line of sight from an observer to celestial object
(Beutler et al. 2005; Lusi¢ 2013; Boddice et al. 2017). The
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use of “dep” of the horizon has been found to be
different in different schools of thought (Nor and
Zainuddin 2012), which have not yet been confirmed
scientifically through the valid data, and commonly
ranged from —-20° to —14° however, when the “dep” of
—20° is an indicator used to determine the beginning of
false dawn.

The visualisation literacy of sky brightness data
recorded at Teluk Kemang of Negeri Sembilan,
Pantai Cahaya Bulan of Kelantan and Kuala
Terengganu of Terengganu in Malaysia starting
from half an hour before the beginning of dawn
prayer until the sunrise to extract information from
the data visualisation graphs has been concluded
that the beginning of true dawn is at a depression
angle of —20° below the east horizon (Nor and
Zainuddin 2012). Even though a comprehensive
approach to the numerical modelling of verifying
the presence of dawn twilight has been proposed
using the data of the naked-eye observations
(Garstang 2000; Hassan et al. 2014; Hassan and
Abdel-Hadi 2015), the use of digital data collected
from monitoring the night sky brightness to deter-
mine the beginning of dawn twilight using third-
degree polynomial model is still not fully under-
stood. The aim of this study was to make
a measurable improvement to be used in the ver-
ification of the presence of twilight zone in a region
for specifically determining the exact “dep” position
of beginning the obligatory dawn prayer.

2. Materials and methods
2.1. Equipment and location

This study used the Sky Quality Metre (SQM) of
SQM-LU-DL-Unihedron for measuring the bright-
ness of night sky in magnitudes per square arcse-
cond (mag arcsec 2). The SQM was installed on the
roof of a building at Sawangan of Depok city with
latitude of 6° 26’ 53.73” S and longitude of 106° 48'
8.01” E, the southern suburb of approximately
25 km from Jakarta, Indonesia. The measurements
of the brightness of night sky were performed
recorded using the SQM directed towards the
zenith at such measurement point, where there
was no light trespass from the neighbouring light
sources and where part of the sky was not obscured
by any objects of such as crowns of trees, walls,
buildings, etc. Even though the SQM has the ability
of reading sky brightness data of lower than -26
mag arcsec > for the brightness of a perfect sun
spectrum at the full sunshine to greater than
23 mag arcsec > for a very limited visible light
(total dark) in real-time to provide the digital
data archiving, this study only recorded the sky
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brightness data that range from 6 to 19 mag

arcsec 2.

2.2. Data collection

The aim of the measurements of night sky bright-
ness using the SQM that having its time resolution
of 3 s was to observe the flow of sky brightness
data at Depok city at least from midnight to sun-
rise during 26 days, i.e. 24 days of June and 2 days
of July 2015. This study used the SQM as
a pocket-size photometer designed to provide the
measurements of night sky brightness in the astro-
nomical unit of mag arcsec”> (Zamorano et al.
2015), with a digital display for continuous mea-
surement using the USB connection. In this work,
we established the mathematical models of third-
degree polynomial in accordance with principles of
mathematical analysis for every daily data collec-
tion and then performed a numerical simulation of
the night sky brightness data implemented with its
proper model then to add a polynomial trendline
to an Excel chart.

2.3. Numerical simulation

From direct observations, estimating human affec-
tive states through computational models have
been proposed using an algorithm for the inverse
of multivariate homogeneous polynomial of degree
n (Grafarend et al. 1996) and a high-order multi-
variate polynomial regression for predicting affec-
tive valence and arousal (Wei et al. 2016). In this
work, we used a third-degree polynomial with
three roots with a positive leading coefficient to
model the twilight period of dawn before sunrise
during which the sky is partially lit by atmospheric
scattering of sunlight. A general form of the poly-
nomial of third-degree is given in the following
equation:

Yi = po + p1d; +Pzd,-2 +P3d,-3 (1)

where y; is the calculated level of night sky bright-
ness at “dep” angle d; (in mag arcsec %), DPo> P1> P2>
ps are the polynomial parameters (in mag
arcsec %), and d; is the “dep” angle recorded by
the SQM as the astronomical data input (in °).
We can arrange Equation (1) to form a third-
degree polynomial function of presenting the
empirical data using a limited “dep” angle window
of 5 degrees from -18° to -13° by plotting y;
versus d; to yielding the coefficients py, p;, p, and
ps. The selected “dep” angle interval could be
appropriate for the detection of human perceptible
twilight due to the ritualised behaviour of dawn
prayer must be performed at that “dep” angle
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elapsed by the Muslim communities. In this work,
we used the root-mean-square error (RMSE) in the
unit of mag arcsec”” as standard statistical metric
to measure the difference between the values pre-
dicted by the third-degree polynomial model and
the values actually observed during the twilight
period (Ojo and Kangkolo 1997; Patat et al. 2006;
Perez 2017). The RMSE value can be calculated by
the following equation (Patat et al. 2006; Busch
et al. 2014; Chai and Draxler 2014):

~ N2\ 05
RMSE = (le> (2)

where ¥; is the modelled level of night sky brightness at
“dep” angle d; (in mag arcsec *) and # is the number of
data recorded in magnitude per square arcsecond
(dimensionless).

A tangent line occurs at the extreme points however
when tan(«) equals zero where « is the slope of the line,
and this algebraically occurs when % = 0. Therefore,
practice finding the first derivative of the third polynomial

expression can be written as:

Y topdiip=0 )
Using Equation (3) permits us to calculate d; to verifying
the accurate “dep” angle of true dawn begins because the
level of night sky brightness continuously decreases after
passing “dep” angle d; at the horizontal line with its tan(e)
equals zero hence the astronomical twilight begins at the
“dep” angle after which the sky is no longer completely
dark after astronomical dawn. We noted that the highest
point gzccurs on the graph of third-degree polynomial
y

when a2 <0.

~
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3. Results and discussion
3.1. Results

3.1.1. Recording of midnight to morning sky
brightness evolution

A plot of the night sky brightness versus either
“dep” angle observed from the midnight to the
sun starting to rise (see Figure 1(a)) or timeline
observed from 00:00:00 am to 06:21:32 am (see
Figure 1(b)) for the night sky brightness data
recorded every 3 s, then we can visually define
a peak of curve occurred when the morning astro-
nomical twilight begins but it is still less accurate
than a calculation to measure the forecast accu-
racy. Therefore, we proposed the use of third-
degree polynomial model to analyse the night sky
brightness data that cover only a limited “dep”
angle window of around the beginning of the
dawn twilight to find out the most accurate “dep”
angle of true dawn such as for the city of Depok in
Indonesia.

3.1.2. Third-degree polynomial regression analysis
One of the most important applications of the polyno-
mial regression analysis is fitting the night sky bright-
ness data to the third-degree polynomial models. A plot
of the night sky brightness versus either “dep” angle
observed at least 5 degrees from —18° to —13° (see
Figure 2(a)) or timeline observed for the period of
time from 04:58:54 am as starting point to 05:15:58
am as endpoint of the curve (see Figure 2(b)) within
which the beginning of the morning twilight occurs for
a limited window of “dep” angle elapsed recorded every
3 s, thus we can determine the horizontal line with its
tan(a) equals zero occurred at a peak of curve that
indicates the beginning of true dawn.
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Figure 1. Level of the night sky brightness observed from midnight to sunrise on 1 July 2015; with (a) curve of plotting the level of
night sky brightness versus “dep” angle of the horizon and (b) curve of plotting the level of night sky brightness versus timeline of

observation per 3 s.
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Figure 2. Model of third-degree polynomial of 5-degree “dep” angle window of the night sky brightness data observed on
29 June 2015; with (a) curve of plotting the level of night sky brightness versus “dep” angle of the horizon and (b) curve of plotting
the level of night sky brightness versus timeline of observation per 3 s.

Table 1. Results of “dep” of the horizon and RMSE for noise-
free data set of 18 days.

Table 2. Values of the polynomial parameters po, p1, p> and ps
in the equations.

The sun’s position to the horizon in “dep” and

RMSE value
“dep” angle of the horizon RMSE (mag
Date ©) arcsec?)
12 June 2015 -13.96 0.12
13 June 2015 —14.04 0.01
14 June 2015 -13.42 0.18
15 June 2015 —14.23 0.13
16 June 2015 —14.50 0.10
17 June 2015 -13.38 0.03
18 June 2015 —14.78 0.22
19 June 2015 —14.98 0.26
21 June 2015 -13.14 0.15
22 June 2015 -13.98 0.03
23 June 2015 -13.43 0.09
25 June 2015 -13.75 0.15
26 June 2015 -13.29 0.21
27 June 2015 -13.38 0.19
28 June 2015 -14.36 0.03
29 June 2015 —14.52 0.07
1 July 2015 -14.29 0.01
7 July 2015 —14.44 0.02
Average -14.00 0.11
Standard + 0.60
deviation

3.1.3. Depression angle for determination of the
morning twilight

Even though the curves in Figures 1 and 2 may present
the examples of curves that address the goal of regres-
sion analysis to fit the experimental data to a third-
degree polynomial equation, we analysed the night sky
brightness data monitored for 26 days and then only
keeping 18 days of the reliable data to determine the
sun’s position to the horizon. The results (Table 1) show
that the average “dep” angle of the horizon equals
-14.0° with a standard deviation of + 0.6°. All values
of the “dep” angle of horizon interpolated from a third-
degree polynomial have a very good fit to those

Polynomial parameters (mag arcsec )

Date Po P P2 Ps3 R

12 June 2015 5922 -3306 —0.288 —-0.0083  0.99921
13 June 2015 7222 2834 -0.232 -0.0063 0.99662
14 June 2015 12,652 -1306 -0.090 —0.0020 0.97273
15 June 2015 15.646 —-0.590 -0.038 —0.0008 0.94976
16 June 2015 7.052 -2.883 —-0.235 -0.0063 0.99690
17 June 2015 11390 -1.772 -0.138 —0.0036  0.99656
18 June 2015 -0457 —-4344 -0323 -0.0080 0.99847
19 June 2015 4959 3470 —-0.284 -0.0077  0.99894
21 June 2015 -2.655 —-4676 -0.362 —0.0094 0.99703
22 June 2015 9.220 —-2266 —0.183 —-0.0049  0.99017
23 June 2015 9454 -2.072 -0.155 —0.0038  0.98857
25 June 2015 8586 —2406 —0.185 —0.0047  0.99460
26 June 2015 5848 -3.111 -0.245 -0.0064 0.99721
27 June 2015 9439 -2.144 -0.158 —-0.0038 0.99308
28 June 2015 8565 2425 -0.198 -0.0054 0.99287
29 June 2015  -18.695 —6.670 —-0.399 —0.0079  0.99436
1 July 2015 4562 -3497 -0.291 —0.0080  0.99804
7 July 2015 11177 =171 —0.130 -0.0032  0.98429

recorded using the SQM, which has already known
from the RMSE value of 0.11 mag arcsec >. Meaning
that the use of such as the equation: y; = - 18.695-
6.6670 d; - 0.399 di> - 0.0079 d;’ (see Figure 2(a)) as one
form of graphing Equation (1) could be useful to deter-
mine the beginning of morning twilight and to verify
the accurate “dep” angle for dawn prayer begins at
Depok city of Indonesia. All values of the polynomial
parameters po, pi, p» and p; completed with the R* value
for the reliable data of keeping 18-day observations can
be seen in Table 2. It is interesting because of the naked
eye observations for the morning twilight have been
reported to have an average value of —14.7° for the
“dep” angle of the horizon at different sites in Egypt
(Hassan et al. 2014) and that of —14.7° for that at
Tubruq of Libya through 4 years observations (Hassan
and Abdel-Hadi 2015).
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3.2. Discussion

It is well known that the “dep” angle for dawn prayer
lasts from the onset of true dawn determined by the
presence of true morning twilight until the sun starts
to rise (Kenworthy and Hinz 2003; Bahammam et al.
2012). The beginning of true dawn varies due to the
variation of the angular velocity of Earth’s rotation
occurs over a period of 1 year in responding to astro-
nomical forcing and terrestrial dynamics (Morrison
and Stephenson 2001; Scottili et al. 2015; Levin et al.
2017). As can be seen from the graphs of Figure 1 that
the level of night sky brightness observed from mid-
night to sunrise (see Figure 1(a)) and the presence of
true dawn (see Figure 1(b)) at around 5 am (local
time) with an abrupt change of slope is likely to
occur. This study suggests that the determination of
twilight angle can be used to calculate the exact “dep”
angle of true dawn for Depok city of Indonesia and
needs to go through the verification process of using
a tangent line that touches a function at only one
point. In any case, the slope of the tangent line to the
level of night sky brightness versus “dep” angle curve
beyond a limited “dep” angle window of performing
the third-degree polynomial curve seems to continu-
ously decrease towards the negative values. In spite of
the visual observation of Figure 1(b) showed that an
abrupt change of the slope seems to be at around 5 am,
the relative effects of precision and accuracy on the
exact “dep” angle of true dawn depend on the proper
mathematical model to describe the behaviour of slope
change to determine the “dep” angle of the beginning
of astronomical twilight in the morning.

The darkness (or brightness) of the sky varies with
“dep” angle after astronomical twilight (Benn and Ellison
1998) and is a topic of interest to the astronomers,
environmentalists, and astrophotographers. This is
mainly because of the natural and anthropogenic disrup-
tions of the night sky darkness in urban and rural areas
(Zamorano et al. 2015; Bard 2016; Falchi et al. 2016;
Jechow et al. 2017) due to the presences of meteor,
comet, lightning, thunderstorm, and other light sources
(Jenniskens et al. 2011) in the darkness of night can yield
a tropospheric turbulence that affects the photons
received by the SQM. But the most important source of
disturbances is due to the presence of literal moonlight is
the major cause of light pollution in the observation of
night sky brightness (Davies et al. 2013; Ugolnikov et al.
2016). Disturbances are not problems with the prayer
itself but abnormal conditions that occur during both
dawn and dusk can interfere the determination of prayer
time. Like many other forms of light pollution, noise
appears to disproportionately affect the twilight observa-
tions and disadvantaged determination of the true dawn
and is also an environmental issue impacted religious
beliefs (Hope and Jones 2014). If there was no major
noise disturbance observed through a limited “dep” angle

window of the polynomial curve around the beginning of
morning twilight, we can then propose a polynomial
regression to model the abrupt change of slope for fixing
the recorded sky brightness data with a third-degree
polynomial equation. For example, the values of py, p1,
p> and p; obtained from a third-degree polynomial
regression are —18.695, —6.670, —0.399, and —0.0079
mag arcsec -, respectively, with R* = 0.99436 (see
Figure 2(a); see also Table 2). The figure shows a near-
perfect matching for all data of recorded using the SQM
(see Figure 2(a)) and verifies the beginning of dawn
twilight at around 05:01 am local time (see Figure 2(b)).

In this work, it has only been feasible to cover a noise-
free data set of 18 days from the observation of 26 days in
relation to a third-degree polynomial regression analysis
(Bergé et al. 2012) because of the data recorded for
another 8 days of night sky brightness observations can-
not be used due to the light pollution caused by a light
shining up and not down, and emphasis has been upon
the use of 18 noise-free data to illustrate some of the
relevant “dep” angle determinations rather than a naked
eye determination of dawn such as from the graph of
Figure 1. In spite of the third-degree polynomial model
only covers a limited part of night sky brightness data of
around 17 min from 04:59 am when “dep” angle is at its
zero point to 05:16 am when “dep” angle is defined as its
endpoint (see Figure 2(a,b)) to determine the time period
of true dawn, the residual data recorded from 00:00 to
04:59 am (see Figure 1(a,b)) can be used to verify the
presence of light pollution which probably causes dome
of sky glow but represent valid data that would otherwise
distort the modelling process. Table 1 shows that the
average “dep” angle of the horizon could be as high as
—14.0° and is valid because the third-degree polynomial
model fitted usable data from monitoring the night sky
brightness of 18 days. Assuming that if a “dep” angle of
—20° is one of the oldest and widely used indicators to
determine the beginning of true dawn that has been
settled some decades in many parts of Indonesia, it is
much too early for the Muslim communities to begin
performing dawn prayer and has been accidentally pray-
ing fajr too early thinking it was the right time. Thus,
a difference in the “dep” value of 6° (see (—14°)-(-20°))
refers to the false dawn. In addition, it will be interesting
to perform more measurements of the brightness of
night sky at different places mainly in five largest islands
of Indonesia and at different times when sunlight shines
on the northern and southern hemispheres, and further
studies will help to make more comprehensive
conclusions.

4. Conclusions

This study used the SQM towards the zenith as an
astronomical instrument to measure the night sky
brightness at Depok city for 26 days. We developed the



third-degree polynomial equation and then validated it
to having a very good fit to the “dep” data recorded using
the SQM, and this becomes a powerful tool to predict the
accurate “dep” degree of true dawn. The results indicated
that using the third-degree polynomial model permits us
to accurately estimate the start of true dawn for
Indonesia when the sun is at the position of —14° + 0.6
below the eastern horizon; this means that the dawn
degree now applied in Indonesia is about 5.5° before
the true dawn.
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