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Abstract

We present the results of a deep statistical analysis of the continual measurement of the mean illumination
at night in the area of VSB-Technical University in Ostrava. The illumination during 509 nights between the
years 2006 to 2009 was studied in detail in relation to the characteristics of a particular night. Using a
sophisticated linear model applied to the logarithm of the mean night illumination, we determined the
dependence of the night illumination on cloudiness, moon phases, and seasons as well as on snow cover. The
model is able to predict the night illumination with quasi-random uncertainty of 0.21 dex. This uncertainty can
be caused by hardly quantifiable events like rainfall, snowfall, fog or clouds with different albedo. It can also be
a consequence of various human activities that may influence the illumination of sky at night.

Abstrakt

Prezentujeme vysledky hloubkové statistické analyzy kontinualniho méfeni stfedni osvétlenosti v no¢nich
hodinach vlastnich méfeni v arealu Technické univerzity Vysoké Skoly banské v Ostravé. Podrobné byla
studovana stfedni osvétlenost v 509 nocich v letech 2006 az 2009 ve vztahu k charakteristikam pfislusné noci.
Prostfednictvim sofistikovaného linearniho modelu aplikovaného na logaritmus stiedni no¢ni osvétlenosti byla
jednoznacné prokazana zavislost no¢ni osvétlenosti na oblacnosti, dale pak na fazi Mésice, na ro¢nim obdobi a
ptitomnosti Cerstvé snéhové pokryvky. Model je schopen predpovédét noéni osvétlenost, ovSem s
kvazindhodnou neurcitosti 0,21 dex. Zminénou neurcitost 1ze pficist vlivu obtizné kvantifikovatelnych meteora
jako jsou srazky vSeho druhu, mlha, ¢i vyskyt mrakt s velmi odlisnym albedem, miize byt ovSem i disledkem
nejruzngjsich lidskych aktivit, které mohou osvétlenost noéni oblohy ovlivnit.

Key words: illumination, linear model

1 ILLUMINATION OBSERVATION

The main aim of our night illumination monitoring project is to detect properties and changes in the level
of the invading light in the modern agglomeration and to search its causes. We used a special constructed device
which enables almost continuous measurement of the radiative flux coming from the upper half-space during the
nautical night (the period when the centre of the sun disk is more than 12° under the horizon). The calibrated
photometer placed on the fixed site (the roof of the library of VSB-TU Ostrava) has already been in operation for
a number of years. The measurements were carried out every 30 seconds. For technical parameters of the
measurement set see Novak (2006). The information about the cloudiness we got from the branch office of
Czech Hydrometeorological Institute in Ostrava-Poruba. We used the data from the Weather Station in Mosnov.
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Fig. 1 lllumination

2 THE CAUSES OF ILLUMINATION CHANGES

For further analysis we have used just nights for which also the cloudiness had been measured at the
Weather Station in Ostrava-Mosnov from 10:00 p.m. to 2:00 a.m. CET. Altogether, we therefore obtained the
median of the night illumination and the average value of cloudiness for 509 nights (that represents around
300,000 illumination measurements) well-covering phases of the moon and particular months of year. The
highest mean night illumination was registered on 20/21 March 2008 — 2.956 units, the lowest value was
registered on 3/4 February 2007 — 0.017 units. The mean value of illumination was therefore changing within the
relative range of 1:174 that is within the limits of more than two orders! The accuracy of illumination
measurements is relatively high so we can neglect the errors of the quantity E.

The arithmetic average of such a chosen data file of night illumination is 0.137 units and the median is
only 0.081! The histogram of the illumination distribution is thus strongly asymmetric. Hence it is not eligible to
apply standard statistical methods assuming more or less normal distribution on such a data. That was also the
reason why we decided to use in the further analysis the decadic logarithm of illumination E (see histogram in
Fig. 2).
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Although it is still asymmetric, this asymmetry is tolerable (the median and the average of logarithm of
night illumination are — 1.09 and — 1.05 respectively) and it is possible in some case to get it under control by the
use of robust regression. The negative kurtosis excess of the file is undoubtedly related to the fact that the
observed spread of the values around the median is not primarily identified by observational scatter but by the
influences that can be described by the model.

3 FORMULATION AND APPLICATION OF THE LINEAR MODEL

For the description of the properties of the measured data file, a number of various sophisticated models
have been tested. Finally the linear model was chosen as the best and simultaneously the simplest one. It
describes the influence of the relative cloudiness C within the limits 0 and 1, moon phases in units of their
synodic period f and the season a in units of tropical year in the following form:

ExA+ACY+ Az[g—%cos(Zﬂf)+§cos(4;zf)]+%ASsin(27ra) +2 A, cos(27a).

The model is described by 6 parameters which can be calculated using the linear regression or even better
by the method of robust regression (see e.g. Mikulasek et al. 2008) that eliminates outliers which are not
compatible with the chosen model.

The variance in logarithmic scale is 0.21 (hereafter 0.21 dex), which implies the mean relative error in the
illumination roughly 50 %. The following values have been found: Ay = -1.335+0.018; A1 = 0.51+0.03; q = 2,0;
A, = 0.25940.025; Az = 0.00+£0.03 a A4 =0.29+0.03. In every case with the exception of A, the value of the
parameter is much bigger than the estimation of its uncertainty. It signifies that we can think of all the considered
influences as proven.

4 DISCUSSION OF THE MODEL RESULTS

The absolute term A, numerically corresponds to the logarithm of night illumination E at perfectly
cloudless and moonless night in spring or autumn. Further terms in the model describe observed illumination
variations at particular nights. It arises from the analysis that the cloudiness and the moonshine have the
determinative influence on these changes of all the studied mechanisms. The annual variation which is for the
present indefinite causes changes of approximately a half amplitude.

The first, slightly surprising finding is the fact that the night illumination is not directly proportional to
the relative coverage C of the sky by clouds. In reality, this dependence increases more rapidly. To the first
approximation, the logarithm of illumination is proportional to the second power of cloudiness. Specially, in
average, the cloudless nights are about 1.3-times darker than half-cloudy and 3.2-times darker than completely
overcast nights. See Fig. 2 where the influence of annual variations and the influence of the moonshine are
eliminated.
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The influence of the direct and also the scattered moonshine could be calculated directly, however, it
would be very complicated. The relation used in the model is empirical and it describes realistically the fact that
the moonshine influences the illumination especially in the period around the full moon when the Moon
culminates and simultaneously it shines the most — see Fig. 3. The moonshine of the full moon increases the
night illumination up to 82 %.
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Fig. 4 Moon phase

The annual variation is probably connected with the increased reflectivity of the Earth surface during the
winter season and also with bigger reflectivity and lower average height of clouds during that season. The winter
nights are up to twice as bright as the summer ones. It would be possible to take this fact into account and to
reduce the number of street illuminators in winter. It would imply considerable savings, especially with respect
to longer nights. Absolutely extreme illumination of the sky is than probably related to the situation when it is
overcast and simultaneously there is new, very reflective snowfall.
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5 FURTHER CAUSES OF ILLUMINATION VARIATIONS

The formal accuracy of the determination of the illumination mean value at a particular night is high
because it is determined from 600 independent measurements with a relative uncertainty certainly smaller than
10 %. However, also with the corrections of the annual variation, moonshine influence and e cloudiness, the
variance still remains described by the standard weighted deviation of 0.21 dex. The histogram of this residual
variance is represented by the red columns in Fig. 2. The distribution is now very similar to the Gaussian one,
which reflects the fact that the illumination changes are no longer caused by more or less repeating processes but
by quasi-random phenomena. It can be e.g. varying reflectivity of the clouds, rainfall, snowfall, haze or effects
associated with human activity which we did not take into account. Partly it can be also caused by consequences
of the influences we have considered in our model not exactly adequately.

The effects of the quasi-stochastic processes are in total comparable with the effects of all the processes
which we have quantified in our linear model. Using the model we can therefore roughly predict the brightness
of a particular night. We just have to take into consideration that the observed reality will differ from the
predicted one by £0.21 dex. However, the model can still be used for more general conclusions which can have
also a practical output, e.g. for adjusting the street lighting during summer and winter seasons. Such similar
topics are addressed in papers [3], [4] and [5].
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RESUME

Hlavnim cilem naseho projektu sledovani no¢ni osvétlenosti je zjiSténi vlastnosti a zmén v urovni
rusivého svétla v modernich aglomeracich a hledani jeho pfi¢in. K tomu slouzi vybudované zafizeni, které
umoziuje prakticky kontinudlni méfeni svételného toku, ktery prichazi z tzv. horniho poloprostoru v obdobi
nautické noci (doba, kdy je stfed slune¢niho kotouce hloubé&ji nez 12° pod obzorem). Kalibrovany luxmetr je
umistény na pevném stanovisti (stiecha knihovny VSB-TU Ostrava) a je v provozu jiz n&kolik let. Méfeni byla
provadéna kazdych 30 sekund. Piehled o oblac¢nosti jsme ziskali z dat pro meteorologickou stanici Mosnov, jez
nam poskytla pobocka Ceského hydrometeorologického ustavu v Ostravé-Porubg.

V obdobi, kdy méfeni probihala, nedoslo v okoli méfici soupravy k zadné vyrazné zméné svételného
vykonu ani konfigurace osvétlovacich téles, takze je mizeme povaZovat za Konstantni. K tomu, abychom
zmapovali pozorované zmény noéni osvétlenosti a signifikace riznych predpokladanych vlivii na ni, jsme se
rozhodli nejprve prostudovat variace medidnu métené osvétlenosti v pribéhu 5 hodin od 21 h 30 min do 2h 30
min SEC zaloZenych na 600 jednotlivych méfeni béhem noci. Tento vychozi soubor tak predstavuje 450 tisic
jednotlivych méfeni nocni osvétlenosti uskutecnénych béhem 750 noci v obdobi od 5.5.2006 do 12.2.2009.
Piehled stfednich osvétlenosti v jednotlivych noci pfinasi obr. 1. Ve smyslu naseho déleni noci do péti stejné
populovanych skupin jsme nasli nasledujici empirické délici hodnoty: 0,043; 0,073; 0,116 a 0,215.

Pro dalsi analyzu jsme dale pouzili pouze ty noci, pro néz byla soucasné meétena oblacnost na stanici
Ostrava-Mosnov v intervalu od 22 do 2 hodin SEC. Celkem jsme tak ziskali dvojici tdajti median noé¢ni
osvétlenosti a primérnou hodnotu oblacnosti pro 509 noci (to reprezentuje cca 300 tisic jednotlivych méteni
osvétlenosti) dobfe pokryvajicich veskeré faze Mésice a jednotlivé mésice v roce. Nejvyssi stfedni nocni
osvétlenost byla zaznamendna v noci 20/21 3. 2008 — 2.956 jednotek, nejnizsi pak 3/4 2. 2007 — 0.017. Stfedni
osvétlenosti se tak ménily v rozsahu 1: 174, tedy v rozmezi vice nez dvou fadu!

Aritmeticky primér takto vybraného souboru no¢niho osvétleni je 0,137 jednotek a median jen 0,081!
Histogram rozloZeni osvétlenosti je silné asymetricky, takze na takovy soubor nelze aplikovat standardni
statistické metody zpracovani. To byl téZ divod, pro¢ jsme se rozhodli v dalsi analyze pracovat s dekadickym
logaritmem osvétlenosti E. Jakkoli i nyni je asymetricky, jde o tnosnou asymetrii (median a primér logaritmu
no¢ni osvétlenosti jsou postupné -1,09 a -1,05) , kterou lze pfipadné zvladnout napf. pouzitim robustni regrese.
Mala S$picatost souboru (kurtosis) nepochybné souvisi s tim, ze pozorovany rozptyl hodnot kolem medianu
primarné¢ neni urcen pozorovacimi chybami, ale vlivy, které lze popsat pomoci modelu.. Chyby stanoveni
veli¢iny E jsou vzhledem k jeji velikosti zanedbat,

Pro popis vlastnosti méfeného souboru byla vyzkouSena fada modeld rtizného stupné slozitosti. Jako
nejlepsi a soucasné nejjednodussi model byl nakonec zvolen linearni model popisujici vliv obla¢nosti C
v intervalu 0 az 1, fize Mésice v jednotkach synodické periody f a ro¢niho obdobi a Vv jednotkach tropického
roku, v nasledujici formé:

ExA+AC+ Az[g—%cos(Z;zf)+%cos(4;rf)]+%Agsin(2;za) +2 A, cos(2ra) .

Model je popsan celkem 6 parametry, které Ize vypoditat linearni regresi nebo jesté 1épe metodou robustni
regrese, ktera eliminuje odlehlé body zjevné se vymykajici zvolenému modelu.

Stredni kvadraticka odchylka v logaritmické mife je 0,21 (dale 0,21 dex), coz odpovida stiedni relativni
chybé cca 50%. Nalezeno bylo: Ag=-1,335+0,018; A; = 0,51%0,03; q = 2,0; A,= 0,259+0,025; Az = 0,00+0,03 a
A, =0,29+0,03. Ve vsech pfipadech s vyjimkou Az je hodnota parametru mnohem vé&tSi nez odhad jeji
neurcitosti. Znamena to tedy, Ze vSechny uvazované vlivy lze povazovat za prokazané.

Absolutni ¢len v modelu A, ¢iselné odpovida logaritmu nocni osvétlenosti E v dokonale bezobla¢né
bezmésicné noci v jarnich ¢i podzimnich meésicich. Dalsi cleny v modelu popisuji pozorované variace
osvétlenosti v jednotlivych nocich. Z rozboru vyplyva, ze ze studovanych mechanismii ma na ony zmeény
nejveétsi vliv oblacnost, vliv mésic¢niho svétla a roéni variace zatim nejasného ptivodu zpisobuji zmény zhruba
polovicni.

Prvnim, pon¢kud piekvapivym zjisténim je fakt, Ze no¢ni osvétlenost neni pfimo Gmérna relativnimu
pokryti oblohy mra¢ny C, ale tato zavislost je mnohem prudsi. Ukazuje se totiz, ze logaritmus osvétlenosti je
umérny v prvnim pfiblizeni druhé mocniné oblacnosti. Specidlné v priméru jsou bezmraéné noci asi 1,3krat
temnéjsi nez polooblacno a 3,2krat temnéjsi nez zcela zamracené noci. Viz obr. 2, kde je eliminovan vliv ro¢ni
variace a faze Mésice.

Vliv ptimého i rozptyleného mésicniho svétla by sice bylo mozné vypocitat piimo, bylo by to vSak
nesmirné komplikované. Vztah uzity v modelu je empiricky a velice dobie vystihuje fakt, Ze nejvice se uplatiuje
mg&sicni svétlo v obdobi tésné kolem upliku, kdy je Mé&sic nad obzorem nejvys a soucasné také nejvice zai{ — viz
obr. 3. Svétlo mésicniho uplnku zvySuje nocni osvétlenost az o 82%. Rocni variace zfejmé souvisi se zvySenou
odrazivosti zemského povrchu v zimnich mésicich, tak i s vétsi odrazivosti a mens$i primérnou vyskou mraki
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v zimnich mésicich. Zimni noci jsou az dvakrat jasnéjsi, nez letni. Tento fakt by bylo mozno zohlednit napft.
zmensSenim poctu ¢innych osvétlovacich téles v zimnim obdobi. To by pfineslo nemalou tsporu i vzhledem
k del$im zimnim nocim. Zcela extrémni osvétlenost oblohy pak ziejmé souvisi se situaci, kdy pii zatazené
obloze napadne Cerstvy, vysoce odrazivy snih.

Formalni pfesnost urceni stfedni hodnoty osvétlenosti v pfislusné noci je vysokd, ponévadz je urCena
standardné z 600 nezavislych méfeni s relativni chybou zaruc¢en¢ mensi 10%. Pfesto i pfi opravé o ro¢ni variaci,
vliv mési¢niho svétla a oblacnosti, zistdva rozptyl popsany standardni vahovanou odchylkou 0,21 dex.
Histogram této zbytkové variace je znazornén v obr. 1 ¢ervenymi sloupci. RozloZeni je nyni jeZ hodné podobné
gaussovskému, coz ukazuje na to, Ze pfi¢inou jiz nebudou vice ¢i méné periodické déje, ale spiSe nahodné ¢i
kvazindhodné jevy. MiZe to napf. byt proménna odrazivost mrakt, dést, snézeni, mlha nebo projevy lidské
aktivity, které jsme nevzali v Gvahu. Z¢asti se téz mize jednat o UCinky vlivl, které jsme sice do modelu
zahrnuli, ale ne zcela adekvatné.

Ve svém souhrnu jsou pak ucinky téchto kvazistochastickych déji srovnatelné s ucinky vSech déja, které
jsme kvantifikovali v pouzitém linearnim modelu. Pomoci modelu tak miizeme zhruba ptedpovédét, jak jasna
bude ta ktera noc, musime vSak piedem poéitat s tim, Ze pozorovana skutecnost se od predpovézené bude lisi o
40,21 dex. Nicméné i tak lze model pouzit k obecnéj$im zaveérim, které mohou mit i prakticky vystup, napf.
V upravé rezimu vefejného osvétleni v letnich a zimnich mésicich.
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