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THE DUBILTZON AND INTENSITY OF TWILIGHT. 

By HERBERT H. KIMBALL, Professor of Meteorology. 
[Doted: Washington, D. C.. Nov. 25,1916.l 

INTRODUCTION. 

Officials of the Weather Bureau frequent.ly receive re- 
quests for information relative t,o the int,ensity of the 
hght ab some specified tinie, usually during the hours of 
twilight,. Twihght illuniination is, of couise, markedly 
influenced by the state of the sky as regards clouds, haze, 
smoke, etc. Aside from this it is de.pe.ndent on the an- 
gular depression of the sun below the horizon and the 
position and phase of the moon. 

THE DURATIOX OF T\VILIGl.IT. 

Onc of the earliest accessible taent.ises on twilight is 
by Johann Heinrich Lambert,' who states that ancient 
astronomeis had found for t,he beginning of comp1et.e 
darkness at  night and its ending hi the niorning a clc- 
pression of the sun below the horizon of from 18" to 19".* 
According to Kaemtz t,hey also gave as a rule that at 
this time stars of t.ha sist.11 magnitude should he visiblt. 
near the zenith. 

Kaemtz' also describes the anti-twili ht, which in- 

culm or ant,i-t,wi'light arch, below which the sky is of 
an ashy or a dee blue color, depending on its clear- 

favorable atmospheric conclit.ions, and specin. y in arid 
regions at  a considerable elevation above sea level, t.his 
arch may be observed to rise in the east soon after sunset.. 

'Lambert, a.t Augsburg, Germany, 011 November 19, 
1759, made measurements from which he com uted that 
it passed his zenith when the sun was 5" 50' f&er t.ha.n 
at its apparent set.t,ing: or, allowin. 33' for tit,mosplieric 

horizon was Go 23'. Bravais, from observations macle 
on the summit of the Faulhorn, Switzerland, at. ai1 eleva- 
tion of 2,GS5 met.ers above sealevel, found it to pass his 
zenith when t.he sun was 6" 9' bclowr the horizon, and io 
reach the horizon when t,he depression of t.he sun was 
17" 30'. 

On the ussuni tion that. the anti-twilight iirch re re- 

eludes what many obue.rve.rs have c.alled % t e anticrepuu- 

ness, and above w p. uch it, takes on a reddish tin e. Under 5 

refraction, wlien the depression o ? the sun below the 

sent,s the limit o I; direct illumination of the attniosp P )err 

therefore, to a depression of t,he sun below the horizon 
of 1s' 30', Lambert computed the height to which the 
at.mos here is capable of reflecting sunli h t  to be 1/372d 

Riu own measurement,$ of t,he hei ht  of the anti-twilight 
arch with the sun So 3' hclow t. 5 ie horizon, Lambert e 
computed the height to which the atmosphere reflects 
sunlight. to  be 1/220th part of the earth's radius, or about 
'39 kilometers, which is much less t,han the height now 
generallv accept.et1. l o  His computation also placed the 
anti-twiki ht  arch at about tho center of the segment of 

reflect,ion, and he therefore concluded that the light in 
one half this se ment is so feeblc :i,s t,o be obscured by 
the light of the k e d  stars. 

This conclusion of Lambert's found fnvor with Biot,Il 
but was rejected by Grunert,,'? who shows t,hat Lambert's 
observa t,ions give increasingly higher values for the height 
of t.he uppor limit. of t,hc reflecting at.mosphere with 
increasing de])ression of t.he xuii  below t.he horizon. 

Ka.enitz ':I dso st.ates t,lia.t, " This segment [the deep 
blue of thc anti-twilight] is dui~ t,o the shadow of the 
t!art.Ii project,ed on the sky," r m t l  a note by Martins I' 

clcfin~s tlie seiw(11 trc.dig7rt to hr t h c a  feeble white light that 
uiidcr favora,ble concliticms is sometimes observed from 
hiah niount.rtins after the ttnti-t,wilight, arch has set, and 
wRich has been observed to cont.inue until the sun was 
88" below tlic horizon. It is also stnt,ed t.hat t.his second 
twilight has not. been observed at low-level stations. 

I,iiskai5 and also Esner16 i nore the secondary twi- 
light, of Laml)ert,. Yollowing f3ezolc1, however, Esner 
distinguishes between a "first;" a.nd a ' I  second" twilight, 
the rrfiist.'' t,wili lit t.crniinatinm in t.lie evening with the 
disappearance of t.he first mrph light, which is often a 

rominent feature of lwilig h t. phenomena. According to 
!hezold's observa.tions, t,he anti-twilight arch can not be 
o1)scrvt.d t.0 pass t.he zenith, but. can sometimes be seen 
to reappear in the. western sky about 30" past the ze.nith. 
1t.s h a 1  diaappen.rancc inn A s  t,he end of ast.ronomica1 
twilight. 

art, o P t.he earth's radius, or about, 17 k' I f  ometers. From 

t,he sky w Fi iich he supposed t.o bc! illuminated by secondary 

~ l b h s  ?f ili rlirrcttlnn i!f crxtrononiical t.tuiIight. 

In early numbers of the Berliner Ast.ronomisches Jahr- 
buch will be found t.al>les giving tho duration of as- 
t,rononiical twilight. for each day in the year. From the 
csglaiintion of the use of t,he Ephenicriclen in t.he eJahr- 
huch for 1 i i 6 ,  pnges 20-2 1, it. tq>pen.rs that. sunrise or sunset 
is c?onsidcrccl t.o be t.liat, inst,ant when t,he center of t,he sun 
coiuci(1es with the t.rue horizon, disregartling the effect 
of at.niosphcria refraction : mid t.hnt astronomical twi- 
light, begins in the morning itiicl cnds in t,he evening when 
t.he t.rue posit,ion of t.he sun's cent,er is 1s' below the hori- 
zon. The interval hotween t,he t.ime of sunrise or sunset 
thus computed and t,he t,irnc the sun is 1 8 O  below t,he 
horizon is the duration of nst.ronomica1 twilight given. 

8 Lambert, op. cit.. p. 102. 
0 op clt p 108. 

10 Ree'lfc~~i, hlbrrl, LiiftFarben 1ioIt.r R. 1.0. Zurirh 1911. . 68. 
11 Bi0t.J.  B. TrnitGfli.mfmtdre'c1' Astronumie vhydqi;e. 3d e#. Paris. 1541. Vol. _ .  . 

1. J 309-323 

Amter Theil, Erstecl Heft., p. 191-264. 
brunrrt: JOhQnn duglurl. Beltriige zur meteorologischrn Optili. Leipdg, 1848. 

l itrrntz. on rit . n. a w 31- ii. im not,, "1: 1. 
18 0 cit.. p. 408. 

wisSnschaft~.) 
p. 739-7% 

ilismrssion, p. (j3B-lia3,oI thls number of the REVIEW. 

16 Prrsfrr.  J. M., &Exner,Frlir-U. Mrteorologlwhe Opti!c. Wirnind Leiprig, 1910. 

17 Bee Abl~e's tranrlatiou of Brzold's drwriptiun 01 twilight phrnomena. d t h  Elmepa 

18 Sre the ' I  l<phemeriden" In the Jahrhucher lor 1778-119. 
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In the Annuaire Astronomique de l'Observatoire Royal 
de Belgique is published a t,able giving the duration of 
astronomical twilight, for each fifth degree of lat,it.ntle at  
the time of t,he equinoxes and of t,he suniiiier and winter 
solstices that is in accord wit.h t.he above. 

In the Compt,es Rendus for 1S60, 50:81, M. F. Pet,it 
presents, for latitudes -ISo and 49' N., sonic! preliminary 
computations of the durabion of twilight., or the interrnl 
between the t.inic t,he center of the sun a ,pears t.o he on 
the horizon, allowing 33' 30" for at~mosp h eric refrtict,ion. 
and the time the't,rue position of the sun's center is ISo 
below t,he horizon. In the Conipt,es Rendus for 1S60. 
51 3486489, he published n t,able wiring tho tlura.t.ion of 
twilight for each clewree of solar Xeclination from -- 24' 
to + 34' and for eat% degree of lon.cit.ullt! from 0' to 70". 

This table appears t,o be t.he hsis for most, of t h  tnb1r.s 
mivin tbe durat,ion of astroi~omical twilight. siiirc pub- 
eshef  Thus, in the " Aiiiiuairo Astronomique et hIBt6- 
orologic ue pour 1S93 pn.r C'aanille Plti.inninrion" is 1% table 
iving t i e  duration of astronomical twilightf for esch fifth 

%egree of 1at)it.ude anc~ for 1 5-da-y int,erva,ls, 1)eginuing 
with January 1 .  No a.ut.1iorit.p is given, hut, it. ilppcars 
t.0 be in accord wit,h Petit,'s t.able. nnd might,. indeed, have 
been oht.s.ined by interpolat,ion in it for t,he so1n.r rleclinn- 
tion on t,he days for which rlat,a is given. 

Likewise. Lhska 20 published R t,ahle giving t.he tliirti- 
tion of ast.ronomica1 twilight, t,htit is a.ttribut,ed to the 
h n u a i r e  for 1905. His tahle st,ates in t.hr heading t.11a.t. 
the data refer to the first i1n.p of thv rcspec-tiw nioiltlisi 
but, they sce~li 1.0 hsvc hreii i~opic~cl clirwt 1y froin t,lie 
Annunire. taking for the first. tlny of t,lit. rcy(ative 
months the data for the dnt.ce giwn in fhc  t.al,lc tlint fnlls 
nearest t.he first, dthougli in sonie cases this niq- have 
been as enrly as the 26th of the Iwwetling month. 111 11 
few c.~.ses only does it appear t,liitt. an nttempt !ins been 
malle t.0 obtain correct, d a h  by int,erpolnt,ion. This tahlc 
of LA.ska's has been copied by Exnc.r.21 

J;ro:ii t,hn above brief reriew of t,he literaiturv it. is 
ap arcnt that the uniforiii prlwticc! in the (winputation of 
ta R IPS of t.hc cliiration (if rist~mnomir~al t,wilight h:is twrii 
to I . I ~ I I ~  tlw t.imc1 o f  it.$ 1)c~ginniii;r in thv iiioriiiiig, 01. it.s 
cnrliiig in t.lw cvcning. :is t h i i t  inet;int ~ I I P I I  1 I I V  Lriw 
posit,ion of thc cmtw of tlic sun is ISo belon- i.Ii(1 1ii)rizon: 
ahhough tho twrlier obserreis, A B  1i:is nlrcdy IWPII  shown~ 

'e n slightlp gren.t.rr rlq~rt~ssion of thc suii :it, the 
Eiinning or pllci of coii;p~et,c (lti.rki1c-w. lint1 1ilt.m ob- 
servers have genernlly found a some!\vliti t. less t lcpr~ssion . 
nainely, €roni 16' to ISo. ?? Thc tnhlt's of ilumticn of 
twilight, Iinw*erer, show rarint.ic.ms t lu c t,ri I 1  ifTiwn w s  wi 1.1 I 
respect, to t4ho poait.ion of t.ha sun at, its rising niiil sclt,t,ing. 
The older Gennan \wit,ei.s. 81s alrently sliown, wnsi(lri.rcl 
the sun to rise or set, when its rcnt.cr ci)iticic!tvl with tho 
true horizon. disregarcling atinnspheric rtd'rrwt ion : niotlorii 
French and Bclgians consillw sunrise or sunscit. t.o 1111 t hat 
instant when t.he (wifm of t.hr suii u.ppc~cirs to Iw on 
t-lie true horizon: while i u r ~ l w n  15n~lisli :iii{l (hwi i sn  
writrers consider it t.0 he thr inst.aiit adioii t h  ti p p r  /;wL 
of the sun a pcnrs t.o br on thc horizon. Thcscl ~ V C I  

latter. therc ;P ow, npp1~- n correi-tioii for at inc)spIicq-ic- 
refraction to the comput.clcI p~wition of t,hv SUII zit sniirisc. 
or sunset. 

Table 1 of thr present prtpcr gives tlw h z t h  III  t l w  
period hct,~i--c~i the t.i!iic! 11-hcn t tw u p p r  liiiih ( i f  1 1 1 ~  s t i i i  

. -. _. _- .. . . . .. . 

1s &a. for exam le, the .4nnusire for 1907, p. 193. 
so nn~ rlt.. n~ 2 

a pru.1-s to c-oincidc with the true horizon and the time 

Allowing 16' for the sun's scniidiarneter, and 34' for 
nt.iiiosphcric refrnction. the sun is then only 1 7 O  10' lower 
than nt. thc: t.ii).ic of sunrise or sunset,. 

t r ic true position of it.s centc~ is 18' below the horizon. 

The coriiputntions may he 111:i.de from t,he equation 

siii tc-sin 4 sin a 
I1 = -. 

('os t#l ('0s 6 

wllcr~. A is f hc siiii's hour ~ngI11 fro1i.i the i~wridi~i~i, (t is t,he 
siin's altitiitir. consitlerrd minus Iwlloa- t.hc liorizon, 6 is 
the solnr tlerlinn lion. nntl 9 is t,he Iwt.it,utIe of t.hc place of 
o 1 ~ s t m - a  t.ion. 

' r h B t E  l.--Lhi,ntiofs oj'astronoviica~ twilight. iIntrrzial belwcen simn+c 
or eunscl and the t h e  rohoi lka true position of the sun's mntor i s  lBo 
below the horizon.) 

-. . -_ 
Nonm LATITUDE. 

I 

'rhc solar declinations eniploycd are those given in the 
Aniwicaii E hemeriw and h aut.ica1 Almanac, 1899, pp. 
377-3S4, So F ar Ephenicris for Washingtmi, wliich Prof. 
Marvin hhq founrl to IN very close average values.= 

the use of 
Ball's Altitudo Tables,24 from which the va K ut: of h has 
been clc?tc?r~iiined for true nlt~itudes of the sun of - 50' 
ant1 - ISo. The difference between these two values is 
thr! rl:irat.ion of astronomical twili~lit. I t  is, therefore, 
fro111 1 to 2 minutes less than that given in Pet,it's table 
niid from 3 to 7 minutes less than that given in the 

'Flio computations litwe been simplified b 

.- . - . . .. _ _  -__ .. - .- - . - . -. . - 
2.1 Maruin. C. F. Sunshine Tables. Edition of 1 9 0 5 , ~  3. (W. B. No. 3ao.) 
34 Ball, Frrdfrick. Altitude Tables for ht. 31' to Bo , London, 1907: [same] for Ist. oo to 30", London, 1910. 
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Berliner Astronomisches Jahrbuch and in the Annuaire 
Astronomique de Belgique above quoted, the magnitude 
of the differences increasing with the latitude. 

Tables ?f the dumtion of &Wil EwiligM.. 

Dejnitiom of civil koilight.-There is a lack of definite- 
ness and of uniformity in tlie definitions of civil twihgh,t. 
Thus the Berliner Astrononiisches Jahrbuch for 1776, in 
the explanation of the use of the Epheniericlen, page 23, 
gives what it calls Lambert's definition of the beginning 
of civil twilight in tlie morning or its ending in the evening, 
namely, when the center of the sun is 6" 233' below the 
liori~on,?~ or 5" 50' lower than when its center a peais to 

twilight- arc,h asses throu h the zenith. Also, Bravais 2~ 

of the [anti-twilight] curve n t  the zenith, the c,onimence- 
iiient or end of the civil twili lit of Lambert, occ.urs 

~ r . , ~ 7  gives a similar definition, except! that he does not 
give the position of tho sun. Kaemtz disthguishes 
astrononiical from ordinary twilight,, the latter terniina- 
t.ing "when darkness compels us to sus end hbour t.hat 

la,r, escept that he adds that the sun is then about, 63" 
below the horizon. Bezold identifies the eiicl of c.ivil 
twilight wit,h t,he disappearance of the first purple light, 
when tlie sun is about 6" below the horizon. This is 
also Gruner's definitio~i.~~ Flammarion 31 stnt.es that 
civil twilight ends and the day closes at  the moment when 
the sun is 6" below the horizon, and the planets and stars 
of the first magnitude begin to a,p ear. In the Annuaire 
Astronomique de 1'Observatoire goyal de Belgique 32 it  
is stated that civil twilight ends when the sun is about 
6" below the horizon, at  the time the [anti]crepuscular 
arch passes the zenith. Heini33 states that with a de- 
pression of the sun of 64" civil twilight ends; that is to 
sa one can no loll er read and write without artificial 
ligtt . According t.o%ncentm 34 civil twilight beains in the 
morning at the instant when we are first abh t.o read 
ordinar print with the back turned toward t,he east; the 
sun is t ien 6' below the horizon. It ends in the evenin 
when we cease to be able to rend with the bnck t.urne 
toward the sun% setting. A note in the Journal of t,he 
Royal Astrononiical Society of Canada, May, June, 1916, 
p. 265, also gives as the end of civil twilight the moment 
when the [anti]crepuse~i.lur CU.IW passes the zenith, and 
planets and stars of the first magnitude begin to ap ear, 

6". 
It thus a pears that, five distinct definit,ions are given 

for the e n i n  of civil twilight, in the ewning or its 
be inning in t % e morning, as follows: 

71) The moment when the ant,icrepuscular, or anti- 
twilight arch passes the 2enit.h. 

coincide with the true horizon, at m-hich h i e  t, FI e [anti-] 

states that "+he results o B tained show that the passage 

when t,he sun resches a zenith ( k ist,ance of 96". " Abbe, 

is going on in the open air. " Lhska's fl efinit,ion is sinii- 

% 

the depression of the sun below the horizon being a R out 

15 lambert's value for this de ession is 6' 23'. See Lambert op. cit p. 1118. The 
writer is unable to cautlrm Laml%Js use of the terms ciiril fwi&h/ and %cil@kt arch in 
tbi8 eannectlon althou b both terms y e  r e y t e d l v  attributed. to him 

Bratrtr, dk A .  O%ervations crepusculaues htes en Surssn, B ;ne PICwation de 
2,690 metreg audessus de la mer. Ccrmptes Rendus lW 18 : 728. 

*I Abbe, Prof. Clewland. Notes from the rep& bf Slate seetiaw. MONTHLT 
WEATHER R~vrew March 1898.24 : 114-15. 

liaemtz o cit ' p  ~ 9 .  
'0 Budd,  b!bcln&fi. Beobsrhtun en Uber die Diimmening. Gwmmelte Abhand- 

aus den Gebleten der Meteorobgie und des Erdmagnetismus. Braunschwveig, 
iuncp. as. 8ee also Abbe's trsnslation, tbis REVIEW, p. OaO-Ga'J. 

*I (irumr P. Nouvelles remarqurs concernant 18s lueurs rrt~puscnl ures du ciel. 
Arch. d. scf. phya. et Vt., Geneva, 1916, h e .  Hr., t. 42, p. 3U. 

81 Flanmrorirm, o eit 1883, p. aS. 
a see, 10r mampg, td Annuaire far 1807, p. IW. 
u Htkm op. cit. p. 63. 
w vi&, J. 'prait~ de rn6teOrologie. B ~ I I ~ ,  1014 p. 5 ~ .  

(2) The moment when the sun is 6' to 6+' below the 
horizon. This latter, however, appears to be dependent 
upon (1). 

(3) The moment when stars and planets of the first 
magnitude are just visible. 
(4j The moment in the evening when darkness com- 

pels us to suspend labor in the open air, or the moment 
in t,he morning when the light is sufficient, for it.s resump- 
t,ion. 

(5) With t,he disn pearance of the first, purple light in 

This, in general, appears t.o coincide with (2) and obser- 
vat.ions likewise appear to make it coincide with (3) 
and (4). 

Likewise, t,here are discrepancies to be found in tables 
iving the durat.ion of civil twilight. Thus, in the 

berliner Astronomisches Jahrbucher for 1776-1 783, the 
t.ables which give the d u r h o n  of astxonomical twiligh 
(already referred to) also give t.he duration of civil 
twilight; or the interval between the time the cent,er of 
the. sun coincides wit.h t,he t,rue horizon, disregarding 
atmospheric refractmion, and t.he time its center is 6" 23)' 
below t,he horizon. In  t.he Annutiire Astronomique de 
1'Observa.toire Royal de Belgique 35 is a t,able giving t,he 
duration of civil t.wilight, for every fifth degree of lat.itude, 
ab the t.inies of t,he suninier and winter solst,ices and the 
equinoxes; and t.he t.ime. given is that required for the 
ceder of t,he sui] t.o pass horn the horizon t.o H, mint 6' 
below, t r w  dions 6rin.g ,undwstood. This ta 5, le was 
copied by gner.3e In the Annuaire Ast.ronomique et 
Mbtborologique, par Camille Flammarion,3' is a t.able that 
gives the t,inie interval between the instant when t.he 
corter qf' the sun appears to be on tlw trw lwt-izon, allowing 
for atmospheric refract.ion, and the inst,nnt when its 
center is 6" below t,he horizon; and this table has been 
co ied by L&ska.38 

iiiique de l'Obserratoire Royal de Belgique is given the 
time of beginning of civil twili ht  a t  Uccle, the tinie of 

twilight. for ench (lay in t,he year. The duration of 

closely with Flanimarion's table, although on sonic pUite c ays 
civil twilight as deterniined from these data agree 

t,he cluration of iiiorniiig and evening tiivilight differs by 
t.wo niinut,es. The time iven for sunrise or sunset is the 

true horizon, assuming 34.5' for titmosp rric refraction. 
Wish the esccption of t.he t,nble in the Berliner As- 

trononiisches Jahrbuch, it, is seen that a.ll the above are 
in accord in considering that civil twilight. ands in the 

tion of the sun's center is 6" below the horizon; an( POSi- the 
evening and begins in the morning when t,he true 

differences found in them, as in the case of tables of the 
d u r d o n  of astronom.ical twilight, are to be attributed to 
differences in the coiicept>ion of the position of tlie sun a t  
sunrise or sunset. 

The olcicr clefinitmion of the beginning or ending of civil 
twilight? the nionie1i t when tdie nnticrepuxculrir, or a.nti- 
twilight arch passes t.hc zenith, deptwla oil :I phenomenon 
t.hat. can only be observed under the most fa-corahle cir- 
~ii instt i~ices.~~ It thercfore :tppetirs that, we should aban- 
don t.his clefinit ion for t.he ~icwcr oiic o€ Y,czolcl, nniiiely, 

t,he evening, or wit, P i its reappearance in t.lie morning. 

ginally, in the Ephemerides of the Annunire Astrono- . 

sunrise, the time of sunset, nntl t 9; le t h e  of eliding of civil 

instant when the center o P the sun will a pear t.o be on the R 

. - -. . - ..... - . .. -- . .. -- - .. . . .- . . - .. . - . . - . - 
= See, for esample, the Annuaire lor 1W, p. 191. 
m Pcrnlcr d. Emrr, op. pit.. p. 745. 
87 flee, for example, the Annunire for 1893, p. 39. 
sa L h k a  0 ) .  eit p. 77. 
J8 One dr the few authentlc observations of tho transit of the "upper boundary 01 the 

&h's shadow" was made by Heim from a steamer in the Indian Ocean. &e Heim, 
LufbFarben. p. 76. 
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35" 

28 
28 
2; 

27 
2; 

. . . . . .  

the moment when the fiist purple light clisapl,eais from 
the sk?- in the cvening or reappears in tlic iiiorning; sinrr 
under favortlble atinospheric coiiditions this is B proiiii- 
nmt, feature of twilight phenomena. 
Wc will therefore clefme the end of civil twilight, in 

the evcniiig and its beginning in tlie iiiorning as tht. 
iiutcrnt u-fien tlie tri(t' pow2loii of' the RU~I'R c'c-rifer i8 Go 
 PIO OW the ho&nn. At this t h e  stars ani1 plant~ts of thr 
first magnitude are just. risible. In tlic cwniiig the first 
purplr light has just disappeared, niid tl ti r kii PSS (-1 > 11 1 j w Is 
tho suspension of work in the open air uiilcss rirtilic*iaJ 
illumination is l~roLx-ided. In the morning t hc Iirst 
purple light is b~ginni~ig to appear, and tlic illu!iiina tion 
IS ~ulficient~ for thc resumption o€ outdoor owupations. 

38 

a0 
, 29 23 

27 
27 

TABLE 2.--Uuration o 'rii il turilqht. (biterunl betioceta .sunrise vr ~ ~ i i . s t d  
and the tiine u h n  d e  t t k  pot&on of the siin'8 center .is 6 O  below 1Re 
horizon.) 

(Minutt's.] 

22 
22 
22 

22 
21 
21 

21 

22 

21 
21 

21 

a2 

22 

_- .......... _. ................... 

I 

24 
H 
23 

2 2 2 3  a a a a  nza 
22 
22 
22 

aa n n  
2 2 2 2  

2 2 2 3  
2J 

2 2 2 4  

a 2 2 4  
2 3 2 4  
2 3 2 5  

2 3 2 4  
2 2 2 4  
2 2 2 4  

2 2 2 3  
2 2 2 3  22n 
2 2 2 2  n 

22 

22 z z  
2 2 2 2  
2 2 2 3  

24 
2 2 2 4  
2 3 2 4  

1;( 

- 

Xorth latitude. 

Feb. 1 ............ 
11 ............ 
21 ............ 

Dntc. 

Jan. 1 ............ aa 
11 ............ 22 
ai ............ aa 

22 aa 
21 

Apr. 1 ............ 
11 ............ 
21 ............ 

Mar. I. .  ......... .I 21 
11 ............ 21 
21. .... .......I 21 

21 
21 
22 

25 
2.3 

30 
31 
33 

34 
34 

34 
34 
33 

a1 
a0 
29 

27 

May 1 ............ 22 
11 ............ a2 
21 ............ !a I 

29 
29 

2 9 3 u  

32 
33 
35 

36 
36 

3436 

36 
36 
35 

33 
12 
30 

2 8 2 9  
% 2 9  

ay 

June 1 ............ !Z! 
11 ............ 22 
21 ............ n 

July 1 ............ 
11 ............ 
21 ............ 

!&? 
22 
22 

Aug. 1 ............ 
11 ............ 
21 ............ 

&pt. 1 ............ 
II.. ......... .I ;; 
21.. .......... 

a2 
22 
22 

Od. 1 ............ 21 
11 ............ 21 
21 ............ 21 

Hov. 1 ............ 
11 ............ 
21 ............ 

22 
22 
22 

Vec. 1 ............ 22 
11 ............ 22 
21 ............ 22 

-- 

- 
23' 

25 
25 
24 

24 
23 
23 

23 
23 
23 

23 
23 
23 

24 
24 
2.5 

25 

26 

25 
25 

24 
N 
2.3 

23 
I 
23 

a3 
23 
23 

23 
24 w 
25 
25 
25 

m 

m 

- 

- 
30' 

27 
26 
26 

25 
25 
21 

24 w 
24 

24 
24 
25 

25 
26 
27 

27 a 
28 

28 
27 
27 

26 
2-5 
23 

24 
24 
24 

-_ 

- 
32' 
- 
2 i  
27 
26 

28 
26 
25 

21 w 
24 

25 
25 
25 

26 
27 
28 

28 
!a8 
29 

28 
I 
23 

27 
26 
25 

25 
25 
24 

w 24 
24 I 24 
24 25 

25 ' 25 
25 26 

2a 27 
27 25 
2 i  Z i  

2 6 %  

- 

- 
34' 
.... 

27 
2s 
27 

27 
26 
25 

aj 
ai 
25 

25 
26 
26 

27 
28 
28 

28 
29 
29 

29 
28 
2s 

28 
27 
26 

,243 
25 
25 

25 
2s 
25 

26 
27 
P i  

28 
28 
28 

26 

27 

28 
29 
29 

29 
30 
30 

?a 
29 
29 

29 
28 
27 

26 s 
26 

26 

26 

2? 
2s 
2s 

28 
28 

m 

m 

27 
27 
2s 

2s 
29 
30 

31 
31 
31 

31 
31 
30 

29 
28 
28 

27 
2 i  
27 

- 
40 
-- 
3fl 
:(o 
29 

!& 
2s 
2s 

a 
27 
2i 

2s a w 
29 
30 
31 

32 
33 
33 

33 
32 
31 

30 as 
28 

2s as 
27 

. -  

18' 
__ 
34 
33 
xi 
32 
31 
30 

30 
30 
10 

30 
31 
32 

33 
35 
30 

3 i  
3s 
38 

3s 
37 
Q(j 

35 
33 
32 

31 
.30 
30 

N 
30 
:io 

-. 

4s' - 
36 
35 
34 

34 
33 
a2 

3 1 
31 
31 

32 
32 
34 

35 
36 
3Y 

40 
41 
42 

41 
40 
38 

36 
35 
34 

32 
31 
31 

31 
31 
32 

34 i :<a 
34 :Is 
34 I37 

io'. 
- 
39 
3% 
3; 

85 
34 
33 

33 
ar 
:i3 

3.3 
34 
3s 
3; 
39 
41 

I Y  
41 
41 

44 
48 
41 

39 
3G 
35 

X I  
3:; 
33 

32 
3s 
33 

31 
3.; 
3 i  

3s 
39 
39 

Table 2 -inns t.hc lciiutli of t,he priotl betwcwi thc 
tiinc when &e upper Iii& ol' the sun np1~~~~11s t,o coinc.itL! 
Kith the true l1or1zon u.nd t,he filii(! t.lir t.rue position of 
its center is 6 O  b~low t,he horizon. Allowing 16' for tlic 
sun's sei1iiclii1.111etc.r niicl 34' for a t.nioq~Iicric wfri1r.t ion 
t,he sun is tlieii only 5' 10' low-er than nt the t.iiiic of m i -  
rise or siinsst. The lciigth of t.his interral has 11et:n tlc- 
teriiiined in tlie sa.111~ iiianiier as thc valut~s td ast rono- 
iiiical twilight in Table I .  Thc 1-aluta of ci\-il t.wilig.)it 
t.hus determined are from 1 t.0 3 i ~ ~ i n u t . ~ s  less tlinn the> 
values given by Flanmiarion, nntl, likewiw, than t.liost1 
that appear in t.he Ephemerides of the Annunire Sst,roii- 
omi ue de Belgique. They are from 3 minutes to 7 min- 
utes 7 ess than thosegiven in tlie above Annuaire for 1907, 
page 194, which were copied by Esner, and are also less by 

thesameamount than t.he values iren in the table pub- 

neering Society, 1916 (reprinted in this REVIEW for Janu- 
ary, 1916, 44: 13). This latter table gives, as stated in 
its hending, t,he time re uired for the sun to pass from the 

Applying the duration of nstroollomical or civil twilight, 
tis given in Tables 1 and 2, to t.he time of sunrise or sunset 
RS derived from Weather Bureau Sunshine Tables lD we 
may obtain t,he time of t,he ending in t,he evening or of the 
lieginning in the morning of eit.her astronomical or civil 
txiligh t, :is desired. 

lished by me in the Transact,ions o B the Illuminating Engi- 

horizon to L point 6' he 1 ow, or vice versa. 

Wit,h a staiidartl phot,oineter we may measure the 
iilt,ensity of the illuminatinii 11 t. intervnls during the 
twilight. ieriod, and t.his has been doiic~ by t.he write.r at  
Mount dent.her, Va 41 and Inter, with the same photo- 
meter, by Mr. A. H:'Thiesuen at  Salt Lake City, Utah. 
The resdts are summarized in Table 3, and are shown 
graphically in figure 1. The sun's altit.ude refers to the 
true position of its center, and has been determined from 
Ball's Altitude Tables, nlrmdy referred t.0. 

It is to bc nnctsrstood t,hat the discusuion which follows 
refers to n pmct.ical1.v cloudless sky, unless ot,herwise 
s t 1Lt.etl. 

'I'ABLE 3. ~-P/ioloiii(ntric t i icutwe))ic)t ts  uJ' twilight i2k&niiiurtio#i. 
... - . _-_ .. . . .  ............ - ..... - ........ ___ . ._ - 

Mount Weathw, \*a. P:rll I.ake t'ity. Vtah. 

I/- __ --__-_-. . 
N O ~ .  1, 1913. !I N O ~ .  5. 19lY. \I Nov. 6. 1913. I Dee. 15, 1914. 

.. ., ': . 

. -. ._ .... 

-0.6 R i i  ........ ........ 
................. 
................. ........ .... 

I 

Rnlf I .ak (7t.r. Vt.ali. 

- 
Illumi- 
nation. 

Fool- 
candlrx. 

57.8 
3 2  8 
23.m 
17. 7 
15. u 
9.4 - 

; Fd- .i 
-1. 2 I 84.5 

............ 

............ ............ ....... ...................... 

........... -1.. ........ !I ............ , .......... lj 

j /  
............ I .......... j: 

........... .I.. ........ 

..................... .!: 

...................... (I 

...................... 

...................... I " 

............ ......... ,: 

............ 

............ 1 ::::::::::I. 

I 

+' ,. 
- as j 
- 1.1 1 
- l . x  I 
- 1.6 I 

- 4.9 
- :.tl I 
- a.? I - 6. ii 
- 0.7 
- 7.3 
- 7. 1 
- s. 3 
- x. 6 
- 9.5 - 9.6 

- 10.3 
-in o 

+'1.6 
j. 1.1 76.8 + 0.8 66.8 - 0.2 151.0 

- 1.0 28.8 - 1.3 m.3h - 1.8 19.5 - 2 6  145h 

- A 4 1  5.6 - 3.5 I 8.u - 3.7 4.2 - 4.2 4.4b - 4.4 2 0  
- 4 . 6  2 . U  
- 4 . 8  1.4 

-Q.6 4- 
-10.8 0.004 

- 0.7 128.7 

- z:e I a3 - 3.1 'l3.nh 

- n.9 414h - K O  4047 (c) 

-11.4 4RVh .................. 
. . . .  ............. 

doMariJn, C. I: Sunshine Tables. Edition of l!'Oj. Washington, 1905. (W.B.No.8Xl.) 
(1 h'frnball. Herbert H. Photometric deternunations of dayllght illumlnatlm on a 

liorizoutsl surface at Mount Weather. Va. MONTELY WEATEEB REVIEW, Decem&, 
1914, 12:E&tu. 
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Illumi- 
ontiou. 

Rnnarh tm Table S. 

At Mount Weather the sun appeared to set when the true position of 
ita center waa about 0.7' below the horizon. A t  Salt Lake City, on 
December 15, 1914. i t  a peared to set when the true position of its 
center was 2.8' above thesorizon; and in May and June, 1916, when the 

h 2 t r  ount Weather on November 4,1913, dense haze prevailed, and at 
sunset the sun dise peared in a bank of haze; while on November 5 
and 6 the sk was cfear m d  the twilight colore were brilliant-yellow 
with urple ight,. followed by red. 

At  Ealt Lake City, on December 15, 1914, the sun set clear; on May 
17,1916, the sun WBB obscured at sunset by Ci.St. clouds, which covered 
about half the sk ; on June 6, 7, and 10 the sky was clear; on June 29 
there were a few &.St. clouds in the west. 

h indicates illumination intensities meamred with the photometer 
tube pointed toward the western horizon; all othew were measured 
with tube 

June 6-E Moon at 45' altitude. 
June lO-(b) Venus appeared; (e), first star in NE.; (a), North Star 

discernible. 
June 29-(c) Dipper plainly discernible. 

From figure 1 and the notes on Table 3 it is apparent 
that the twilight is mow intense on clear days than on 
hazy days, and t:hat a cirrus cloud sheet diminishes the 
light intensity only slight1 . Elemted mount.nins on t,he 

twilight intensity. 
The illurninatlion measurements with the. pliotoiuet,er 

pointed toward the western horizon ( h  in the tablei do 
not become marked1 highe,r than mensurement,s with the 
photometer ointez toward the zenith until the sun 
IS about 2' ?I elow the horizon, or short,ly before thc 
first purple light begins to appear. The measurenieiits 
show no increase in illumination during the prevalence 
of this light. In  t,his respect they are in accord with 
Gruner's 42 measurements, and disprove many eye obser- 
vations of an apparent increase in illumination at this 
time. This apparent increase must be attributed t,o 
light contrasts. That part of the sky covered by the 
first purple light has increased in brightness since sunset,, 
aa compared with other arts, and, in consequence, a t  

facing this light stand out with unusual clearness. 
From figure 1 it  is seen that when the u per limb of 

is about 33 foot-candles. At the end of civil t,wilight the 
illumination is about 0.4 foot-candle. 

To the unscientific reader light intensities expressed in 
units of illumination, as above, have little significance. 
It will therefore be useful to express these intensities in 
another way. 

From two papers by Russell's we are able to com- 
pare the intensities of sunlight, twilight, moonli ht, and 
starlight with considerable accuracy. Thus , gussell 
gives the stellar magnitude of the zenith sun as - 26.72 f 
0.04 and the stellar magnitude of the zenith moon 45 a9 
- 12.55 f 0.07. The dderence in these stellar magni- 
tudes is 14.17. A difference of one stellar magnitude 
represents light intensit,ies in the ratio of 1 :2.512. There- 
fore, the sun exceeds the moon in brightness 465,000 
times. From Weather Bureau photometric niea.sure- 
ments made at  Mount Weather, Va., Russell l6 obtains for 
the zenith sun a light intensity of 9,600 foot-candles, or 
9.96 stellar magnitudes brighter than a foot-candle, and 

ition of ita center was about 0.3' below the horizon. 

inted toward the zenith. 

horizon near the point w iI ere. the sun sets cliniinish t,hs 

this time the outlines o f p  buildings nnd of mountains 

the sun a pears to coincide wit,h the true R orizon (de- 
pression o F the sun's center 50') the zenith illuniinat.inn 

Imth 1117th l W h  105th 

time. time. 

merid- Illumi- merid- Illumi- merid- tlluml- mwid llluml 
inn nntiou. ian natiou. iari nation. im nation. 

aGmner, P Quelques remar lies concemml: leu Iueurs crS.pusculairea du riel. 

+a Rusaelf%r Norria. S t e l h  mignitudes 01 the sun, moon, and planeb. Astre 

On the al&do of the iladeta and their satellites. Ibid., Apr. 1916, 43:173-196. 

Arch. sci. 
physical journal harcb 1916 43.103-129 

s et nat.. Geneva &l4 37(42):,Z&248. 

'0p.cit p . m .  
op. ClC p. E. 
op. Cif p. 1.%1%. 

ives for the foot-candle a stellar magnitude of - 16.76. 
&his is 4.21 stellar ma nitudes, or 48.3 times, brighter 

TABLE 4.-Ph~otomet& measurements of moonlight illumination, Salt 
Lake City, iitah. 

than the full moon in t fi e zenith. 

Photometer tube pointed toward the Photometer tube poiutrd toward 
moon. 

..... . . 
Jiirie 13. 1911:. 11 June 14, 1916. I[ June June 14, 1910. [IJune 15-16, 1916. 

--_______ 

105th 
merid- 
ian 

time. 

?I. ni. 
9M p 
913 p 
9:32 p 
9% p 
9:1 p 
9:41 p 

lor13 p 
1O:lS p 

1n29 p 

m s  p 

1001 p 

1O:li p 

1(1:31 p 

Fnllt- Foot- Foot  
meadl:a. H. nr. c a n d h .  H .  in .  H. ni. randk8. 
O . I X N ~  9:io p n.mm.7 inasp lo31 p 0.0119 
I). nINW 9:Z.i p I). 1)omI 1n.511 p 10:47 p 0. 012'1~ 
o.num 943 p o.i)ow 1 1 : i ~  p i ox~  p 0. oiaif 
lJ.lM3S? 9:SS p 0.M42Ih I11:18 p Midn't 0.0143 

rk42 a 0.0171 n . w w  i0:i.r p 0.01)109 i1:3sp 
0. O n l l B  In:?$ p 0. PO424 12:rli P 1245 D 0.01iGg 
0 . i ~ ~  in:J.; p n. 01Imr ~ 2 4  3 1252s 0.0174 
0. W168 11:OO p n. O(I.12ij 12:W 3 ................ 
0.00415 11:11 p O.Oail4 1255 n ................ 
0.GiN20 11:33p O.Mbl91 12% n ................ 
0.W.l+! ll:4i p n.Im541 ..... ........ .... 
0. O W N  Midn't. 0.Oa;2%f ..... 
0.00455 

Remarks on Table 4. 

Clear skies revailed on all three niglit9. 
Moon full, &ne 15, 1916. at 2.12 p. ni. 
Moon on meridian, June 13. 10:41 p. ni.; June 14, 1148 p. m.; June 

16, 1254 a. m. Moon's declination, from -25" to -26'. 

June 14: 
NOTEB. 

a. 18-point type read with ease; 
8-point type read with difficulty. 

b. 12-point type read wit,h ease; 
6-point type read viiith difficulty. 

c. 10-point type read with ease; 
5)-point type read with difficulty. 

d. 9-point type read with ease. 
June 15-16: 

e. 14-point type read with ease; 
10-point type read with difficulty. 

f. 1Cpoint type read with ease; 
10-point type read wit,h difficulty. 

g. 12-point type read with ease; 
10-point type read with difficulty. 

Century ex anded type on white paper w a ~  used, and the sizes used 
are ihstratef  below. 

18-point Century expanded type 
14-point Century expanded type 

12-point Century expanded type 
10-point Century expanded type 

*lO-point Roman type 
8-point Century expanded type 

6-point Century expanded type 

. *S-wint R m r n  trpc ---- _ _ _ ~  
*Approsimstely Bpt. and 5 1 ~ 1 .  I' Century," respectively. 

This result is in good accord with recent measurements 
made by Thiessen, which are sunimarized in Table 4. 
For the total moonlight illuinination we must add about 
10 per cent for diffuse sky radiation, so that the illumi- 
nation froiii the full moon in the zenith as conipared to a 
foot-candle is about 1 : 43.5. With the moon 66.5O from 
tho zenith its illumination is about 70 per cent of ite 
zenith illuinination, and the proportion to a foot-candle is 
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C11rve I phot.orneter pointed towrrd 1 he zenith. 
curve I'I (insert). continriation of Curve I on morn open swlr wit11 ol,ser\.:itions or Jane 7,111, and m, 1~16.  
Curve 111 
f End o t c ! h  twjliphl. True pcmition oTsiur, 6' 0' I~eloa- the sensible harlron. 

hotometcr pointed toward western horizon. 
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about 1:62, which is very close to Thiessen's value with 
the photometer pointed toward the full moon, the zenith 
distance of the latter bein about 66'. Accordingj to 

quarter is about one-tenth of the full-moon illiiniination. 
From apers by Fabry and Yntema 49 it uppears taliat 

of 1,000 stars of the first magnitude, or about t/250th of 
the brightness of the full nioon. 

From the above data Table 5 hiis been constructed. 

Russell '' the illumination o f the moon in its first or ast 

the tota ;P starlight of a henlivphere is somewhat in c. 'X( : ess 

TABLE 5.-Relutive illuniinutwn 1:titetJties. 

! Ratio to ! lntensily. j zenithal 
I full moon. 

Source of illumination. 

!- / 4hj,w.(l 

- 

E'oof-coadlta. 
Zenithal sun.. .............................................. 

Xenlthal Iull moon.. 
Quarter moon. 
Starlight .................................................... 0.ooOOS 

9. CUI. o 
Sky at sunset.. ............................................. 33.M 1, rj.50. I) 
Sky at end of civtl twilight.. ................................. 0: 41t 211.0 

........................................ ............................................. 1 ::::? A:: 
I 

0.001 
-- - -. - -. 

From Table 5 and figure 1 it, ttppears that t.he twilight. 
illumination exceeds the illuniinat,ion from t,hr aeni t.ha.1 
full moon until the suiiJs center is Itbout! So -10' b t h v  
the horizon. As this is a11 illumi~itlt~i~)n intcnsitv of 
some interest, tho time a.fter sunset, or before sunrise 
when the center of the sun will hc So 40' below tha liorizon 
is given in Table 6 for certain lat.itucles ctt tlic t h o  of the 
equinoxes and the solstices. 

Lati- 
tude. -- 

0 
10 

25 

30 
32 

36 

a0 

ad 

- 
Winter Equi- 
solstice. naxes. 

Ii. m. H. m. 
0 3 5  V 3 1  
0 35 0 32 
0 36 fJ 33 
0 3 8  0 3 5  

040 0 1  
0 41.  0 37 u $2 0 38 
0 4 3  0 3 9  

-- 
Summer I Latl- 1 Winter I Equi- 
solstice. tude. solstice. naxes. 

0 35 

0 30 

1. A review of the literaturc! indicates t,hat from mi 
early date &onomicd twilight has been considerrtl t,o 
end in the evening and begin in the mornino u-lien the 
true position of the sun's center is 1s' below &e hdrizou. 
At  this time stars of the sixth magnitude tire visible netw 
the zenith, and enerdly thcrc is no trace on the horizon 

2. It also appears t.hat- civil t.wilight, ends in t h  
and begins in the morning when the true posi- 

tion o the sun's center is 6' below the horizon. At this 
time stars and planets of the first. furpyye, 1n arc just. 

disappeared, and darknqss . conipe s the suspension of 
out-door work unless artificial 1ight.ing is provided. 111 
the morning the first. purple light is beginning t.0 1)c 
visible, and trhe illuminat,ion is sufficiim t .for the resi~~iip- 
tion of out-door occupations. 

of the twilight g K ow. 

visible. In the evening the first &t has Just 

______________-- __ ............ ... __ ... :: $. Cit., f. I l i .  
abrfl, C arlca. The intrinsic brightness 01 the starlit sky. .\~trnphysical journal, 

1910 31: 399. 
I @  knmu Lamberhcs. On the hrightnesa of the sky and the tntal amount. nfstarlight. 

aroningen,fm. 40 p.37. 

3. Somi. c.onfusion hits nrisen in the com utation of 
t.ables of t.hc tlurittion of both nstronoinica P and civil 
twilight. (hie to t.hs fwtr that. in some instances trlie time 
of sunrise or sunwt ~ R S  been comidtwd t.o be that 
instanb when the r m t w  of the sun is on the true horizon; 
in ot,hers, wlieii its cent.er ci:jpcws to bc on the true 
horizon: niicl in st.ill othrra ~ d m i  the w p p r  limb of the 
sun appcw..; t.o coincide wit.li thc true horizon. In the 
Unit.ctI Stat.es t,Iiis 1att.w is regnrdrd as dcfining the tirnc 
of sunrisc and nunspt.. 

3. l n  t.hc ta1)lc.s hew presented tlio clurittion of ustro- 
noniicctl twilight is the interval bet,wc-?en sunrise or sunset., 
accortling t.o this latter drfinition, and the instant the 
t,i'ue posit,ion of thc sun's center is 1 8 O  helow the horizon. 
Likewise, the duration of ciril twilight is t,he interval 
from sunrise or sunset, to the instmt the true position 
of tho sun's center is 6" helow the horizon. 

5. At the instant of sunrisc or sunset. the illumination 
is about 1,650 t.imes RS int,ense :is t.1ia.t. from t.he zenithal 
full moon; at  the end of civil twilight it. is about 20 
times as intense: with the sun So 40' hlow t.he horizon 
it about e uals zenithal full moon illumiuat.ion; while at. 
the end o Y aatronomic.a.l t.wiliglit, in the a1)senc.e of the 
moon, it is. only diout  O.OiJ4 u s  int,ensc. 

The abow refer to average dear sky contlit,ions. The 
twilight. will be more iiitcnsr in  n dry climaio t.han in a 
moist om, will be grrnklg reduci~d bg smoke or haze, 
m t l  may I I C  almost coiiipletc~ly ohlit~aratt~tl by a dense 
cloud layer. On tha other hniid, the int.cnsit~- I U R ~  be 
incrensecl hg the prclscncc of ice crystals in the atnios- 
phere, esptwially if they m e  at I I  consideraldc eleration 
ahore the place of observation. 

I wish t.0 acknowltdgc niy indebt,edness to the editor, 
Dr. C!levelancl Abbe, jr. , for vnluahlc. assist,aiice in read- 
ing niaii~- of t.hc foreign hooks and papers coiisulted in 
t.he preprat,ion of this p q w ,  tind t.o Prof. C. F. Talmal 
for his criticism of t,he msnuscriipt, and for bringing to 
niy attention certain publications t.hn t had been over- 
ooked. 

VON BEZOLD'S DESCBIPTXON OF TWILIGHT. I 

Thi? oldest. and best. deecriptiou of the: phenonienon of 
twilight is that. by von Be~o ld .~  I t  is a summary of 
many observations of all phases of the plienomenon into 
a single picture, akhough not a,U phases usual1 ap ear 
with equa.1 distiiictiiess on any one day, and is gasel on 
the (81-ening twilight of C'ent4ral Europe.3 It is here given 
literally, since iiea.rly all s;ysteniat.ic and theoretical con- 
cepts mid invest,igations of twilight are based upon it. 

A s  soon as t,lit? sun begins to approach the horizon on 
ti. cloudless eveiiiiig, the lowest part of the sky all about 
begins to tlss~nie a color in greater cont.rast. to the higher 
pnrt.s of t,hc sky than it has when the sun is higher in 
the heavcns. 

In the west-which may be defined once for all as 
that portion of the sky lying on the sun's side of the 

. .  
15.M6UI.l. * "Cloudless" (uo1l;enrrei) as here used indlcates only the absence of greater cloud 
Inasses particularlv in the western and eastern stles. Detached small clouds. LUU- 
ticiilari if located h the nort.h and south, of course can not influence the 
nf the ~ ~ e n o m e ~ o n . - - . ' ( i e ~ ~ ~ m e l t e  Abhaaidlungen." p. ?, footnote 1. 
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