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ABSTRACT

Context. Twilight studies have proved to be important tools to analylze atmospheric structure with interesting consequenoethe
characterization of astronomical sites. Active discussion this topic have been recently restarted in connectitintie evaluation of Dome
C, Antarctica as a potential astronomical site and sevétaitesting experiments, including twilight brightnesgasurements, are being
prepared.

Aims. The present work provides for the first time absolute photdmeneasurements of twilight sky brightness for ESO-Pak#&@hile),
which are meant both as a contribution to the site monitcaimdj as reference values in the analysis of other sitesdimgiDome C.

Methods. TheU BV RItwilight sky brightness was estimated on more than 2000 FD&&hival images, which include both flats and standard
stars observations taken in twilight, covering a Sun zedigtance range 94112

Results. The comparison with a low altitude site shows that Pargnalilight sky brightness is about 30% lower, implying thatrsafraction

of multiple scattering has to take place at an altitude ofaakim above the sea level.

Key words. atmospheric fects — site testing — techniques: photometric

1. Introduction community for what seems to be the new frontier of ground-
] ) o ) based astronomy, i.e. Dome C - Antarctica. This site is excep
The quality of an astronomical site is determined by sev#al {jon4| ynder many respects. Besides the extremely goodgseei
rameters, which may vary according to the wavelength rahge @ gitions reported by Lawrence et 4l (2D04), several-stud
interest. For the optical and near-IR domain, these indype jeg have shown very low amounts of precipitable water vapor
ical seeing, sky transparency, number of clear nights, Bumjyhich coupled to a low sky emission, could imply that this is
ity, night sky brightness, amount of precipitable wateramp e pest site for IR and sub-millimetric ground-based astro

dust and aerosols. While the seeing, extinction, sky bmess 1,y A review about the characteristics of Dome C has been
and other quantities are commonly measured at most obse%%-enﬂy presented by Kenyon & Storéy (2D05).
tories, the twilight brightness is not. This is mainly besau c

the relevant information on the typical atmospheric cdodi One of the main concerns is related to the high latitude
can be derived from other measurements obtained during tHethis site. This, in fact, causes a significant reduction in
night. Nevertheless, twilight observations provide arejpeh- the amount of dark time with respect to equatorial observa-
dent tool for probing the overhead atmosphere under mugchies, thus posing some doubts about tifeaive exploita-
higher flux conditions, thus allowing more accurate restilie  tion of the exceptional seeing in the optical. The posdibili
interested reader can find an extensive review on this topicaf opening spectral windows otherwise unaccessible fram th
the classical textbook by Rozenberg (11966). ground is in itself a valid and siicient scientific driver for
Very recently, the twilight has received particular atient Dome C. Nevertheless, arguments in favor of Dome C as a site
due to the growing interest of the international astronanicfor optical astronomy have been put forward. Among these, a
smaller average contribution by the scattered moonligktiéo
Send gprint requests toF. Patat global background and a cleaner atmosphere have been advo-
* Based on observations made with ESO Telescopes at Pard@ied as features that may possibly compensate for theedduc
Observatory. dark time (Kenyon & Storely 2005). In particular, since thst la
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phases of twilight (also known as deep twilight) are donedat 1088 35.1 79.5 1425 2251
by multiple scattering (Rozenberg 1966), the amount of-scat ‘
tered sunlight is strongly dependent on the amount of aéroso
in the lower atmospheric layers (see for example Ougolnétov
al.[2004). In a supposedly low aerosol content site like Dome
C, this efect is expected to be very low and this, in turn, would
allow one to start the observations earlier than@mmalsites.
Even though the argument has a good physical ground, di-
rect on site measurements are still lacking. In this respect

is worth mentioning that a couple of dedicated experiments
for sky brightness measurements are currently being sétup (
Moore, J. Storey 2006, private communications).

In spite of the large number of investigations done in the
past in this field, absolute twilight brightness measuremen
are rather rare, especially for large observatories placéap
rated sites. To our knowledge, the only published work oR twi
light observations in the Johnson-Cousins standard syistem
the one by Tyson & Gal({1993) who however, given their pur-
poses, report only uncalibrated data for CTIO. In the light o

these fact, both with the purpose of characterizing Paiasal

from this new point of view and to provide the communitywiﬂfig' 1. Model twilight sky brightness at zenith. The thick curves

absolute reference values obtained over a large time baseImCIUdettthe r:jlght sky con;rlbulno_lr]hwhllegheltgln Enzsdw%ed |
we present here for the first timéBVRI twilight sky bright- € scatiered component only. 1he vertical dasned-datte

ness measurements. marks the Sun zenith distance when the lower boundary layer

The paper is organized as follows. In SBc. 2 we introduEgight is 120 km. _The_upper scale indicates the lower Earth’s
the basic concepts through a simplified model (which is di oundary layer heightin km.

cussed in more detail in Appendix A), while in Sé&&. 3 we

describe the observations, data reduction and calibratibe

UBVRI twilight sky brightness measured at ESO-Paranal is

presented and discussed in Sdc. 4, while Bec. 5 summarizes S ) ]
the results obtained in this work. tween?=99 and¢ =100, indicating that from this point on

multiple scattering is the only contributor to the obserflex,
. as shown by Ugolnikov & Maslov (2002) on the basis of polar-
2. The twilight problem ization measurements.

The calculation of scattered flux during twilight is a rather Another aspect to be considered is the fact that the tran-
complicated problem that requires a detailed treatmentudf msition to the flatter part of the atmospheric density profile
tiple scattering (see for example Blattner et [al._1974 airfsee FigCAR) definitely occurs during the multiple scaitg+
Wu & Lu [1988) and an accurate description of the atma@ominated phase. Since multiple scattering takes plade wit
spheric composition and the physical phenomena takingplddgher probability where the density is higher, i.e. in tbedr
in the various layers (Divari & Plotnikova 1966; Rozenbergtmospheric layers, the explanation given by Tyson & Gal
1966). Notwithstanding the large amount of work done in tH&993) for the observed brightness decline rate duringgil
'60 and in the '70, the problem is still matter of investigadoes not seem to be correct. In fact, these authors inteh@et
tions (see for example Anderson & Lloyd 1990; Ougolnikowbserved values as the pure consequence of the lower shadow
1999; Ougolnikov & Masloi720002; Ekstrom 2002; Ougolnikowoundary height change, neglecting extinction and maitipl
Postylyakov & Maslov 2004; Postylyakov 2004; Mateshvili escattering. They conclude that, since their observati@ve h
al.[2005). While it is well beyond the purposes of the presel¢en taken when 180h, < 400 km (whereh; is the height
work to explore the problem from a theoretical point of viewgf the lower Earth’s shadow boundary along the zenith direc-
we deem it is interesting to introduce a simple single-scait) tion; see also Appendix A), the sky brightness rate is diyect
model, which is useful both to understand the basic priesiplrelated to the slope of the density law in that region of the at
of twilight and to provide a quick comparison to the observadosphere. Nevertheless, the calculation of Sun’s epherfoeri
data. The assumptions and the model itself are discussedhia site and epoch of Tyson & Gal's observations shows that,
AppendiXA, to which we refer the interested reader for the dim the most extreme case (see their TabIR filter), it was T
tails, while here we concentrate on the model predictiomg on.8 < ¢ < 724 (wherep = ¢ — 90). As the reader can figure out
The calculated zenitha=0) UBVRI sky brightness as afrom Table[A, this implies thal, <80 km in all cases, i.e.
function of Sun zenith distanagg computed using the averagavell within the steep part of the density profile. Therefdhe,
broad band extinction cdéécients for Paranal (Patat 2003a)fact that the observed rate and the rate expected from pure si
are plotted in Figdl. As one can immediately see, the singjee scattering in the higher atmospheric layers are caist
scattering component drops below the night sky brightness I just a coincidence.

End of Astronomical Twilight |t

Zenith Twilight SB (mag arcsec2)

105 110
Sun Zenith Distance (deg)
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Fig. 2. Distribution of twilight observations in Alt-Az coordi- Fig. 3. Zenith twilight sky surface brightness in thé pass-
nates for TSF (filled symbols) and LSE (empty symbols). Thend from TSF (empty symbols) and LSE (filled symbols) with
astronomical azimuth has been replaced with tligedince in |@| <40°. The vertical dashed lines mark the end of nautical
azimuth between the telescope pointing and the 3agy, (left) and astronomical (right) twilight. The solid curveates
the simple model described in the text. The horizontal lines
indicate theU dark time night sky brightness average value
3. Observations, Data Reduction and Calibration (dashed) for Paranal (Pafat 2003a) andithe levels (dotted).

In order to measure the twilight sky brightness on Paranal, w
have used archival calibration data obtained with the FOcal
Reduceflow dispersion Spectrograph (hereafter FORS1),
mounted at the _Cassegram focu.s of ESO—M&hqu 8.2m. clear that an additional set of data is required to complémen
telescopes (Szeifert 2002). The instrument is equippel avit he sky flats
204842048 pixels (px) TK2048EB4-1 backside thinned CCI'_B o _ )
and has two remotely exchangeable collimators, which give The calibration plan of FORS1 includes the observation
a projected scale of® and @1 per pixel (24m x 24um). of _standard stars fields (Land_olt 19_9_2) UJBVRI pas_sbands,
According to the used collimator, the sky area covered by tMdlich are regularly taken during twilight, typically jusfter
detector is 68x6/8 and 34x3/4, respectively. For this study wethe sky flats sequence is completed. For calibration pugyose
have selected only the data obtained with the lower resoiuti@ fraction of these exposures are obtained using relatioaly
collimator and the 4-port high-gain read-out mode, singe tHntegration times (typically 40 sec f&f and 20 sec foBVRI)
combination is the most used for imaging with FORS1. Witiyhich, atan 8 m-class telescope, aréisient to bring the sky
this setup the read-out noise is 5.5 electrons. (e background at exposure levels which are suitable to our pur-
For our purposes, we have selected two sets of data. RRSeS- In fact, the bulk of these observations covers thgeran
first is composed by broad-bardBVRI twilight sky flats 100 < ¢ < _112’, i.g. \./veI.I into astronomical twilight. For the
(hereafter TSF), which are regularly obtained as part oéttte sake of clarity we will indicate them as long exposure statisla
ibration plan. In the current implementation, after takantgst (LES).
exposure the observing software estimates with a simpte alg In order to collect a statistically significant sample, weéda
rithm the integration time for the first exposure in a seriés cetrieved from the ESO Archive all suitable TSF obtained in
4 frames. Subsequent exposure times are adjusted on thelbBV RI passbands from 01-01-2005 to 30-09-2005, for a to-
sis of the previous exposure level and this allows one to afad of 1083 frames\: 148, B: 208,V: 226,R: 261, 1: 240).
tain high signal-to-noise images with a rather constanhtu Since a much higher night-to-night spread is expected in the
level, which is typically around 20,000 ADUs. This is actdev deep twilight phase due to the natural fluctuations of thétig
with exposure times which range from 0.25 sec up to 5 mieky emission and also because LSE are less frequently eldtain
utes. Given these values, the sensitivity of FORSL1 in the vathan TSF, a larger time interval must be considered. To this a
ous passbands and the typical twilight sky brightness liehav we have put together the LES sample collecting all suitable i
(see for example Fi@l 1), these observations are expectgmt toages obtained from 01-01-1999 (i.e. shortly after the b@gm
proximately cover the Sun zenith distance rangé 24, < of FORS1 operations) to 30-09-2005, thus covering almost 6
102°, i.e. still within the nautical twilight. Since the most im-years, for a total of 3388 frameb/( 923, B: 611,V: 609, R:
portant part of this analysis concerns the deep twilighis it 635, 1: 610). All images were processed within tkecdred
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package of IRAE. Due to the large amount of data and the
purpose of this work, the bias subtraction was performeagusi
a pre-scan correction only, while flat-fielding was achievsd
ing a stack of all TSF in each given passband as a master flat, <« %
which was then adopted to correct each TSF and LES frame.
Due to the nature of the data, there is no need for taking
care of the possible presence of crowded stellar fields ghbri
extended objects, as it is the case for night sky brightngss e
timates (see Patai 20013b). For this reason, the background i
each image was measured using a simple and robust mode
estimator. To avoid possible vignetting and flat fieldinglpro
lems, only the central 1024.024 pixels were considered. On
these spatial scales and due to improper flat-fielding, FORS1
known to show variations of the order of a few percent, while
the gradients in the twilight sky are much smaller (see Claypm ieesleedostudiefuediedesieiostms o
& Hasselbacher 1996) and can be safely neglected. Therefore
the mode< | > of pixel intensity distribution is assumed as the 95 100 105 110
best estimate of the sky background. For each filter, thietis ¢ Sun Zenith Distance (deg)
verted into a surface brightness in the Johnson-Cousitsrays
via the following relation

20 - ‘“«'k

Zenith Twilight B SB (mag arcsec~2

Fig. 4. Same as Fidl3 for thB passband.
b=-25log< | > +2.510g(p?texp) + Mo
Table 1. Twilight sky brightness fitted parameters in the range
wherep s the pixel scale (arcsec pY, texpis the exposure 95° < £ < 105’. All values are expressed in mag arcsec
time (seconds) andy is the instrumental photometric zero-
point for the given passband. No color correction has been ap
plied, for two reasons: a) colour terms in FORS1 are verykmal
(Pataf2003a); b) color correction depends on the intricalior Lé
which, for the twilight sky, changes according to time andipo Vv
R
I

Filter a a a o y
deg! deg? deg?
11.78 1.376 -0.039 0.24 1.280.01
11.84 1411 -0.041 0.12 1.240.01
11.84 1518 -0.057 0.18 1.140.02
11.40 1.567 -0.064 0.29 1.090.03
10.93 1.470 -0.062 0.40 0.940.03

tion. Given this and the fact that night-to-night fluctuasare

the dominating source of noise in the measurements, the colo
correction can be safely neglected. As for the instrumezgal
ropoints, we have used the average values computed for the
period of interest using data taken during photometric tsighgre relevant for the subsequent analysis. These includesun
only. Variations in the zeropoints are known to take pla@@dP jmuyth and altitude, Sun-target angular separation, Mo@sgh
20034), mainly due to the aging of telescope reflective seefa voon altitude and Moon-target angular separation. To avoid
but, again, these are smaller than the inherent sky vam&tiocontamination from scattered moonlight in the LSE, we have
Finally, no airmass correction has been applied and thiz-is elected only those data points for which the Moon was below
pected to produce an additional spread in the data close2to #ke horizon.

end of astronomical twilight and a systematic increase & th  gjnce the twilight sky brightness for a given Sun zenith dis-
average sky brightness in that region. Due to the large numpghce changes with the position on the sky, in order to stisdy i
of pixels used i >10F), the typical internal photometric errorpehavior as a function af it is necessary to make a selection

is expected to be less than 1%. on the Alt-Az coordinates. Given the nature of the available
data, which appear to be rather concentrated [Fig. 2), hsee
4. Twilight sky brightness at ESO-Paranal reasonable to restrict the analysis to zenith region onlari

der to have a dticient amount of measurements, we have used
Not being obtained specifically for twilight brightness meaa|| data points with zenith distange <40°, which is of course
surements, the data are inhomogeneously distributed on #@ected to cause some additional spread in the observed re-
sky. In fact, in an Alt-Az plot where the ordinary azimuth igation. The results are presented in Figi§l 3-7 for tHBVRI
replaced by the dierence in azimuth between the sky patchassbands respectively.
and the Sun4a, = a- a), the data points tend to clusterin  As expected, the single scatter model drops much faster
two regions, which correspond to evening and morning obs@ian the actual observations. Whilst /¢RI the model devi-
vations (Fig[P). Besides target azimuth and altitude, &rhe ates from the data arountl ~97°, for B and especially for
data point we have computed a series of other quantitiesfwhiy the model underestimates the surface brightness already at

1 |RAF is distributed by the National Optical Astronomyé <96°, indicating that multiple scattering is moréieient at

Observatories, which are operated by the Association oféssities Shorter wavelengths. This is in agreement with the findirfgs o
for Research in Astronomy, under contract with the Nati@gience Ougolnikov & Maslov [200R), who have shown that the con-

Foundation. tribution of single scattering in the phases immediatellpfo-
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Zenith Twilight V SB (mag arcsec~2)
Zenith Twilight | SB (mag arcsec~?)

95 100 105 110 95 100 105 110
Sun Zenith Distance (deg) Sun Zenith Distance (deg)
Fig.5. Same as Fidll4 for the passband. Fig. 7. Same as Fidl3 for thepassband.
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Fig. 6. Same as Fidll3 for the pass band. Fig. 8. Broad band zenith twilight sky colors. The curves have

been computed using second oder polynomials fitted to the

, . : b d data. F ison, th I f the S
ing sunset is about 40%, 60%, 70% and 80%JinB, V and (L)J feé\;eo 13aBa_ VSI) g(;n:/pilrll?sfg 52 an\(; (2rls:8 81 ewhilljg are

R respecotively. The_se fractions remain roughly_ constant Whose of the night sky at Paranal afe- B=—0.36,B— V=1.03,
til ¢ <95°, after which the rol_e of smgle_ scattering bgcome@ —R=0.74 andV — 1=1.90 (Patat 2003a).
weaker and weaker and multiple scattering takes rapidly. ove
In all passbands, the night sky brightness level is reached a
aroundz=105-106".

In order to give a more quantitative description of the obsecally used to obtain TSF exposures, when the contribution b
vations, we have fitted the surface brightness data in thgerathe night sky is still moderate. A first aspect to be noticatiés
95° < ¢ < 105 using second order polynomials of the fornspread shown by the data points around the mean laws, which
ag+ay1(£—95)+ax(£ —95Y, with £ expressed in degrees and thare due to the night-to-night variations in the atmosphesit-
surface brightness in mag arcsécThe results are presented irditions. The dispersion becomes particularly large inl thass-
Table[l, where we have reported also the RMS deviation frdmand, where the fluctuations appear to be quite pronounced. A
the fitted functioro- and the slopg deduced from a linear fit to for the decay rate during nautical twilight, we notice thHast
the datain the range 9% ¢ <100, i.e. during the interval typ- tends to decrease for increasing values of wavelength.
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To convert the values of reported in Tabl€]l1 into surfaceTable 2. Basic data for twilight sky spectra shown in Hig. 9.
brightness variation per unit time, one has to multiply tHgm

A(FWHM) deg deg deg
dy . dH, 2001-09-21 10:06:58 130 826 1175 65
at - cospsin Ho C0S00 COS dt 2003-11-29  09:02:25 13 65.8 1229 9.4
2003-02-28  09:45:52 16 275 299.3 11.9

whereHg andé,, are the hour angle and declination of the
Sun respectively, whilg is the site latitude (see for example
Smarl19717). SincdH,/dt ~0.25 deg min, for ¢ ~0 (i.e. at
the time of sunrise and sunset) for Paragai-{24°6) one ob- . )
tainsdy/dt=0.23 deg min at the equinoxess,=0). Applying I the region blugwards of SOOQA down @15‘_’, after which
this factor to the values reported in the last column of THble the pseudo-continuum of the night sky emission takes over.
one obtains brightness decline rates that range from @38 ( For ¢ <9°, the contribution by night sky emission
to 0.22 () mag arcse@ min~L. These values can be directlylines is very weak. Characteristic lines like [01]5577A and
compared with those reported by Tyson & GaI(1993). THO116300,6364 A (the latter overimposed on a @bsorption
data available to these authors did not allow them to quantfand) are barely visible, while the OH Meinel bands start
the diferences between the various filters and hence they i@-appear above 8000 A. One remarkable exception are the
port a mean value of=0.23:0.02 mag arcseé min~t which Nal D lines, which are known to be present during the so
is within the range defined by our data. calledsodium flasi{Rozenber{ 1966). A similar phenomenon

With the aid of the second order best fit relations, we haig present for the [O1]6300,6364 A doublet (see for example
computed the color curves presented in Elg. 8. Due to the dRPach & Gordori-1943), which is indeed visible in Hig. 9 al-
persion of the observed data, these colors have to be rehar@ady aty=924. With the onset of astronomical twilight, the
only as indicative, especially in the regign-102, where the spectrum in the red is more and more dominated by the OH
inherent night sky brightness fluctuations start to be fiignibands. Another remarkable fact is the behaviour of th® H
cant, particularly in the red passbands. It is interestingate (6800, 7200 A) and @(7600 A) molecular absorption bands.
that whileU — B andV — R colors do not change very muchPuring the bright twilight, when single scattering is stiél-
as the Sun sinks below the horizon, significant changes t&&nt (=6:5), they already appear to be significant, but they
place inB — V and especially itV — I. In principle one ex- become even deeper in the multiple scattering-dominatasiph
pects that since multiple scattering boosts the light atteho (¢¥=974), due to the longer optical path traveled by the multiply
wavelengths with respect to the pure single scattering comggcattered photons. For higher valuesgothey progressively
nent, the overall color gets bluer and bluer as the Sun deélsappear due to the weakening of the scattered Sun’s eontin
ens below the horizon. Then, at some point, the night sky glddm.
which has completely dfierent colours, starts to contribute and  In order to estimate thefects of site altitude on the twilight
the colors progressively turn to those typical of the nidtyt s Sky brightness, we have compared the results presented here
As a matter of fact, the observadl — B, B - V andV — R with data obtained at the Southern Laboratory of the Steghbe
curves indeed show this behaviour (see Elg. 8), wikile |  Astronomical Institute (Moscow, Russia) during three nilogn
turns steadily redwards. This is due too the interplay betwetwilights on December 9-11, 2002 (see Higl 10). This facikt
input Sun spectrum, scatterindfieiency, extinction, multiple located within the Crimean Astrophysical Observatory (OJA
scattering and the emergence of the night glow, which combiat a latitude of 447 North and 600 m a.s.l.. The observations
together in quite a complicated way. This is clearly illagéd were performed using a wide-field CCD-camera with a field
in Fig.[, where we present twilight spectra obtained onRara of view of 8x6° and exposure times that ranged from 0.01 to
with FORS1 and his twin instrument FORS2. The sky spectt& seconds. Photometric calibration was achieved using fiel
were extracted from spectrophotometric standard staeseds Stars included in the Tycho-2 Catalog (Hog etlal._2000). The
tions taken during twilight (see Tale 2) and were wavelengphotometric passband of this instrument is fairly simitattte
and flux calibrated with standard procedures in IRAF. The e}ohnson-Cousin¥, with a colour correction of the order of
posure times ranged from 10 sec to 120 seconds and the sigh&1 mag for theB — V) colour range shown by twilight data.
to-noise ratio was increased meshing all pixels in the tdwac The two data sets clearly show that the twilight back-
perpendicular to the dispersion, after removing the regibn ground at CrAO is systematically brighter; theffdrence is
the detector fiected by the well exposed standard star spemanstant during the dark twilight period and vanishes ahig
trum. For comparison, Fifll 9 shows also the typical dark tinfiall. More precisely, the comparison between V band data
spectrum of Paranal (Pafai 20D3a) and the solar spectrum. in moonless conditions at CrAO (zenith) and ESO-Paranal

With the exception of the first spectrum, which was olfle| < 20°) shows that the mean ftérence in the Sun de-
tained with a very low resolution~130 A FWHM), the re- pression range® < ¢ < 11°0 is AV = 0.27:0.03. On the
maining data allow one to detect quite a number of details. Father hand, the typical atmospheric pressure value for ESO-
¢ <12°, i.e. during the nautical twilight, the spectrum is rathdParanal iS?1=743 hPa, and for CrAO during the observations
different from that of the Sun, even though it shows clear soR$=961 hPa. Interestingly, the magnitudefdience implied
features, like the Call H&K lines and the G-band at about 43®@y the pressure ratio at the two sites-25 log(P1/P,)=0.28,
A. The Rayleigh scattered Sun flux gives a clear contributiovhich is indeed very similar to the measuredfetienceAV.

1999-04-16 09:54:36 12 411 2334 148
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Fig. 9. Twilight spectra obtained at Paranal affeient Sun de- Fig.10. Comparison between the zenith twilight sky bright-
pression angles. For convenience, the spectra have been tess measured on Paranal (small symbols) and Crimean
rected to the corresponding flux shown by the photometric Astrophysical Observatory (large symbols) for heassband.
data. Spectral resolution and sky patcHeti from spectra to

spectra (see Tabld 2). For presentation the spectra have bee

\J:%rg%alglpy:iglgid_ gﬁéhéjﬂog\)' "1% 3”2:1”;?53'5%@:290':2’ i the atmospheric layers below30 km (see Tablﬂlll), whgre
Iiné traces tHe ’solalr S ectruﬁ ,nor.malized to the continuﬁmthe ozone and aerosol stratospheric concentration is nuamim
P ' These phases are in fact used to retrieve ozone and aerosol pr
thep=9.4 spectrum at 4500 A. files, using both intensity and polarization measuremesgs (
for example Wu & LU1I988; Ugolnikov et dl._2004; Mateshvili
Therefore, we can conclude that the deep twilight sky brighdt al.[2005). Nevertheless, during the deep twilight, when t
ness is proportional to the atmospheric pressure or, equidaect Sun radiation illuminates only the upper atmospheri
lently, to the atmospheric column density above the obserdayers and single scattering on air molecules becomes pro-
In turn, this implies that the light undergoes multiple seat gressively less important, the amount of aerosols and ozone
ing throughout the whole atmosphere and not only in the upg#ays a relevant role through multiple scattering. Thamfo
layers. Given that the fference in altitude between Paranal aneven though of much more complicated interpretation, deep
CrAO is only 2 km, the observations we present here suggesilight observations may still give some insights on the-co
that some fraction of multiple scattering has to take pladeé ditions in the lower atmosphere. Moreover, in the context of
first few km above the sea level. the discussion about the supposedly shorter twilight damat
at Dome C (see Kenyon & Storéy 2005), what really matters
is the behavior during the deep twilight. An example of this
kind of analysis is shown in Fi§—JL1, where the data obtained
In this paper we have presented for the first time absolweParanal are compared to the MECmodel calculations for
UBVRItwilight brightness measurements for the ESO-Pararebite at 2.6 km a.s.l. (see Postylyakov 2004 for a detailed de
Observatory (Chile) spanning almost 6 years. These measw&iption). This code treats the radiative transfer in aesichl
ments will serve as reference values for the similar studiasnosphere including Ozone, Aerosol and molecular seatter
which will be soon conducted at Dome C, Antarctica, as panyg, also taking into account the backscattering by thel&art
of the site testing campaign. The planniadsitu spectropho- surface. As one can see the overall behavior is fairly welige
tometric measurements will finally clarify whether this ege duced. The deviations are possibly due to tHedences in real
tional location shows a lower aerosols content, as expéaitd and model aerosol, since multiple scattering is very seagib
due to the icy soil and to its large distance from the sea co#@siThe model adopts a urban microphysical model for the first
(Kenyon & Storey 2005). 10 km of the atmosphere and this is certainlffetient from
The twilight sky brightness measurements presented hareat is expected for a desertic area close to the sea, as is the
were obtained from VLT-FORS1 archival data not specificallyase of Paranal. Dedicated instruments for twilight skg/uri
taken for this kind of studies. Also, due to the large telpgconess monitoring coupled to detailed modeling may indeed giv
diameter, the initial twilight phases{®& ¢ <6°) are not cov- a useful contribution to the already existing site testingjg,
ered. In a sense this is quite unfortunate, since for thes8im providing independent indications about the overheadsatro
depression angles the lower shadow’s boundary passegthraorofile.

5. Discussion and Conclusions
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all incoming sun rays are parallel; (v) only single scattgri
plus attenuation is considered; (vi) Rayleigh scatteripgio
molecules is the only source of sunlightfdision. While some

of these assumptions are reasonable, (v) and (vi) are adoiécr
and will certainly lead to discrepancies between the maglel r
sult and the actual observations. For a more sophisticatghbs
scattering model taking into account refraction and thespre
ence of ozone and aerosols, the reader is referred to Adams,
Plass & Kattawar{1974).

A.2. Model geometry

As we have said, we will assume that the Earth is a sphere of ra-
diusRy and that the observer is placed at an elevatipabove

the sea level. Since we will consider only small valuels(k3

km), we make the further simplifying assumption that the-hor
zon is a plane tangent to the sphere of radiyis hsin O, (see

Zenith Twilight SB (mag arcsec?)

95‘ - ‘woo‘ 105‘ ‘ 95‘ - ‘woo‘ ‘ 105 _ . . i 5 g
Sun Zenith Distance (deg) Fig.[A1), i.e. neglecting the horizon depression. We wnitlii

cate withgp the Sun depressiorp (> 0) and witha the zenith

Fig.11. Comparison between Paranal zenith sky brightneggssligliesi?; ﬂ;iiitgevcgr\lfvciIfzir?\iiﬂeuglfeL(r:iO?\?:jeirsaggr.:ar;))rt
and the MCG-+ model (Postylyakol 2004). The dashed cury; picty y brg y

the great circle passing through the zenthdnd the Sun. This
angular distance is counted positively in the directiontaf t
Sun, so that negative angles indicate sky patches in the anti
Sun direction. Under these simplifying assumptions, theeto
Some interesting results are obtained comparing the geundary of the Earth’s shadow is described by a straigat lin
timates obtained for Paranal (2600 m a.s.l.) with those ofwich is tangent to the spherelify, and which is indicated by
significantly lower site like CrAO (600 m a.s.l.). Despiteeth a dotted-dashed line in FigZA.1. When the observer is logkin
fact that the bright twilight and night sky brightnesseswagy into the generic directioa, the corresponding line of sight will
close at the two sites, during the deep twilight Paranal aiab cross the lower shadow boundaryRe and the contribution to
30% darker than CrAQ in th¥ passband (see Fig]10). Dughe observed flux will come from all the scattering elements
to the higher altitude, ParanalfBers from a lower extinction along the segmerf,P;, whereP; indicates the intersection
which, if all other atmospheric properties are identical amul- between the line of sight and the upper atmospheric boundary
tiple scattering takes place mostly in the troposphere)(&ra, Which is placed at an altitud&R above the sea level
Ougolnikov & Maslov200R), would then turn into a brighter  In this geometry, a volume element placedPireceives the
twilight sky. The observations actually show the opposie bsun light, which is attenuated along its p&F, and it scatters
haviour and the brightness ratio is fairly consistent wiik t the photons into the observer’s direction, with a scattgén-
atmospheric pressure ratio (see previous section). Aaldtur gled = 7/2 - a + ¢. according to the scattering phase function
terpretation of this fact is that a fraction of the multipeas (), which obeys to the usual normalization condition
tering events takes place at heights which are lower thaast WJ

traces the pure model solution without the contributionighn
sky emission.

originally thought, say below 3 km from the sea level. OO d =1 (A1)
Whether this is due to the lower density of air molecules, to*
a smaller amount of ground level aerosols or to a combination Before reaching the observer, it undergoes the extinction
of the two needs further investigation and the comparisah wialongOP. The total flux will finally result from the integration
other astronomical sites at even higher altitudes, like Maualong the illuminated segme®)P;. In order to compute the
Kea. required quantities, we must first derive a series of usefalr
tions. Since one has to evaluate the particle density aloag t
generic light path, it is fundamental to know the height GP
above the sea level for any given point along the trajectory.
This is particularly simple for the travel betwe@mandP;, for

A.1. Basic assumptions which one can easily derive the following relation:

Appendix A: A simple semi-analytical model for
twilight brightness

The model is based on the following simplifying assumptionbop, = VI2 + 2I(Ry + hs) cosa + (Ry + hs)?2 — Ry (A.2)
(i) Earth is a sphere with radiuR,=6380 km; (ii) the atmo- . . .

sphere extends up thR=400 km and the numerical density ~Wherel is the coordinate alon®P; (1=0 in O). Another
n(h) of the scattering particle density is given by the MSIs-giseful relation |s_the one thaF gives the_Iower limit for the i
90 model profile (Hedifi 1991): (iii) theffect of atmospheric €9ral along the line of sight, i.e. the optical pagibetweenO
refraction can be neglected; (iv) the Sun is a point sourck an? The upper limit is set just for numerical reasons.
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Fig.A.1l. Geometry of the problem. For the sake of clarity, thEig. A.2. Normalized density (solid line) and temperature
observer’s elevatiohg has been exaggerated. (dashed line) profiles according to the MSIS-E-90 model
(Hedin[1991). For comparison, the dots trace the valueseof th

. ) i US Standard Atmosphere (McCartriey 1976, Tab. 2.6).
andPy. In order to get the required expression, one first needs

to find the length oHoPo andhy, i.e. the height above the sea _ . _ _
level of Po. These can be obtained after some trigonometry and If we then introduce a coordinatealongQP (with g=0 in

are respectively Q), considering the fact thaQH - a)* + (Ro +6)* = (Ro+ h)?,

we finally obtain
sina 1-cosy hs )]
HoPo = tang - i
oFo = Fojtane cos@—w)( cosp R hop = J(QH — 62 + (R + )2 ~ Ro (A.3)
and with 0 < g < QP. The optical path of the unscattered

sun rayQP is given by the sum oQH andHP, the latter be-

ho = {/HoP3+ R5— Ry ing HP = HoPo — (I - lp) sinf@ — ¢). By means of Equations

A2 and[A3 one can now compute the height above the sea
Having these two equations at hand, one can easilyldind level (and hence the particle number density) along thet ligh
path.The height along the zenith directidm,= TZ, can be

lo = \/(Ro +he)2coRa + h(z) — h2 + 2Ry(ho — hy) readily derived and it is given by

—(Ro + hg) cosa _

(Ro+hy) h = Ro 100%
As for the upper limitl; along the line of sight, this turns
out to be: From this one can figure out how fast grows when the
sun depressiog increases (see also Tab.JA.1). This, coupled to

l1 = y(Ro+hs)2cog @ + 2Ro(AR - hs) + ARZ — h2 the rapid decrease of the atmospheric density as a function o

—(Ro + hs) cosa height, is the cause for the very quick drop in the twilighy sk

. . ) surface brightness.
The next step is the calculation lagp, the height along the

sunray. In order to do so, we introduce the perigee heiglg. _ _ _
the minimum distance between the Earth’s surface and the €ud- Density profile and optical depth

ray passing througR, which can be expressed as a function g{q \ye have anticipated, for the density profile we have adbpte
thel coordinate alongoP; as follows: the MSIS-E-90 modaéldensity profile (Hedili T991), which is
presented in Fig—Al2. As the plot shows, the global profile
can be roughly described by two laws: one exponential (for
h <120 km, the so called homosphere) and a power law (for
120< h < 400 km, the so called thermosphere). Clearly, as the
Sun depression increases, the lower Earth’s shadow boundar

QH = V2Ry(AR-6) + AR? — §2 3 httpy/modelweb.gsfc.nasa.grodelgmsis.html

6 = (I - lo) cos - ¢)

Having this in mind, one can derive the length@H as
follows:
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Table A.1. Height of lower boundary of Earth’s shadow aby the observer per unit time, unit area and unit wavelergth i
zenith () and at 60 from zenith along the solar meridian ingiven by
the Sun’s direction.

; (e = 60) df = F2e™@P n[h(1)] CMA)@ e 0P dv (A.4)
(deg)  (km) (km) : o

3 38 8.0 Given the geometry of the problem, the infinitesimal vol-

6 35.1 29.9 ume element can be written d¥ = dS dl= #l2¢? dI, where

9 795 63.3 ¢ is the semi-amplitude of the angle subtendeddi®yat the

12 1425 106.7 distance of the observer. Since the solid angle subtendd&by

15 2251 159.1 is dQ = n¢?, the surface brightness produced by the volume

18 3283 220.1 element is simply

_ df

= — = F2e™@ n[h(l)] Cex(() ©(6) 7©P dl
will pass through more and more tenuous atmospheric layers dQ © (D] Cex ) 2(0)

aﬂd’ the_refr(]) re, t_?ehchzlinge ip degs.in;] slope dShOI.UId tulrdr;into and the total surface brightness is finally obtained integra
change in the twilight sky surface brightness decline. u ing along the line of sight within the illuminated region:
assumptions made for this simplified model, this should bapp

wheng ~102°, i.e. close to the end of nautical twilight.

Since in the following section we will be interested in thd =
product between the number density and the extinction cross
section, we can derive this, for a given passband, assuiming t Finally, to take into account the contribution by the night
measured extinction céicientx(1) (in mag airmass’) and in-  sky emission, we have added to the computed flux the one im-
tegrating the previous density profile along the vertica. (@t plied by the average values measured for Pardnal(6 km)
airmass 1). In fact, assuming that all the extinction coma®f and reported by Patdi (2003a, Tab. 4). With this, the model is

I3
db dl
|

Rayleigh scattering, one can write: completely constrained and there are no free parameters.
AR n(h) AcknowledgementsWe wish to thank S.L. Kenyon and J.W.V. Storey
72(A) = ng Cext(/l)f dh for inspiring this work and the ESO Archive Group for the sorp
h, Mo received during the data retrieval. O.Ugolnikov is supptrby a

L Russian Science Support Foundation grant. Our gratitués gtso
Then, considering thatr,(1)=1.086¢(1), the product i, e referee, Dr. A. Tokovinin, for his useful suggestiams com-
Np Cexi(1) can be readily derived from the previous relatiofents.
and used in all further optical depth calculations. This paper is based on observations made with ESO Telesabpes
Paranal Observatory.
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