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ABSTRACT

We present a characterization of the main properties of the night-sky at the Calar Alto observatory
for the time period between 2004 and 2007. We use optical spectrophotometric data, photometric
calibrated images taken in moonless observing periods, together with the observing conditions reg-
ularly monitored at the observatory, such as atmospheric extinction and seeing. We derive, for the
first time, the typical moonless night-sky optical spectrum for the observatory. The spectrum shows a
strong contamination by different pollution lines, in particular from Mercury lines, which contribution
to the sky-brightness in the different bands is of the order of ~0.09 mag, ~0.16 mag and ~0.10 mag
in B, V and R respectively. Regarding the strength of the Sodium pollution line in comparison with
the airglow emission, the observatory does not fulfill the IAU recomendations of a dark site. The
zenith-corrected values of the moonless night-sky surface brightness are 22.39, 22.86, 22.01, 21.36 and
19.25 mag arcsec 2 in U, B, V, R and I, which indicates that Calar Alto is a particularly dark site for
optical observations up to the I-band. The fraction of astronomical useful nights at the observatory
is ~70%, with a ~30% of photometric nights. The typical extinction at the observatory is sy ~0.15
mag in the Winter season, with little dispersion. In summer the extinction has a wider range of values,
although it does not reach the extreme peaks observed at other sites. The analysis of the Winter and
summer extinction curves indicates that the Rayleigh scattering is almost constant along the year.
The rise of the extinction in the summer season is due to an enhance of the Aerosol extinction, most
probably associated with an increase of dust in the atmosphere. The median seeing for the last two
years (2005-6) was ~0.90”, being smaller in the Summer (~0.87") than in the Winter (~0.96").

We conclude in general that after 26 years of operations Calar Alto is still a good astronomical site.
Its main properties are similar in many aspects to those of other major observatories where 10m-like
telescopes are under operation or construction, being a natural candidate for future large aperture

optical telescopes.

Subject headings: Astronomical Phenomena and Seeing

1. INTRODUCTION

The night sky brightness, the number of clear nights,
the seeing, transparency and photometric stability are
some of the most important parameters that qualify a
site for front-line ground-based astronomy. There is lim-
ited control over all these parameters, and only in the
case of the sky brightness is it possible to keep it at
its natural level by preventing light pollution from the
immediate vicinity of the observatory. Previous to the
installation of any observatory, extensive tests of these
parameters are carried out in order to find the best loca-
tions, maximizing then the efficiency of these expensive
infraestructures. However, most of these parameters are
not constant along the time. An example of this can be
seen in the seeing evolution of the Paranal observatory,
which is worse now than when the decision to built it at
its current location was taken®. This is not an untypical
situation.

We have started a program to determine the actual
values of the main observing conditions for the Calar
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Alto observatory. The Calar Alto observatory is located
at 2168m height above the sealevel, in the Sierra de los
Filabres (Almeria-Spain) at ~45 km from the Mediter-
ranean sea. It is the second largest european astronom-
ical site in the north hemisphere, just behind the Ob-
servatorio del Roque de los Muchachos (La Palma), and
the most important in the continental europe. Currently
there are six telescopes located in the complex, three of
them operated by the Centro Astronomico Hispano Ale-
man A.LE. (CSIC-MPG), including the 3.5m, the largest
telescope in the continental europe.

Along its 26 years of operations there has been differ-
ent attempts to characterize some of the main properties
described before: (i) Leinert et al. (1995) determined the
sky brightness corresponding to the year 1990; (ii) Hopp
& Fernandez (2002) studied the extinction curve corre-
sponding to the years 1986-2000; (iii) Ziad et al. (2005)
estimated the median seeing in the observatory from a
single campain in may 2002. However, there is a need for
a consistent study of all these properties, spanning over
a similar time period.

In this article we study the main characteristics of the
night-sky at the observatory including: (i) the night-sky
spectrum, identifing the natural and light pollution emis-
sion lines and their strength, (ii) the moonless night-sky
brightness in different bands, (iv) the extinction and its
yearly evolution and (v) the atmospheric seeing and its
yearly evolution. The study is limited to the last four
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solar activity® (which strongly affect several sky proper-
ties, like night-sky brightness and airglow). The derived
main properties have been compared with similar prop-
erties at other observatories.

The structure of this article is as follows: in Section
we describe the dataset collected for the current study,
including a description of data and the data reduction;
in Section B we show the analysis performed over the
different types of data and the results derived for each
one; in Section @ we summarize the main results and
present the conclusions.

2. DESCRIPTION OF THE DATA

In order to understand the properties of the night-sky
emission at the Calar Alto Observatory we collected dif-
ferent observational data, including both imaging and
spectroscopic data. Since none of the data were obtained
directly for this study, we scanned thoroughly the ar-
quived data to acquire a data set with a sufficient degree
of homogeneity.

2.1. Spectroscopic data

Spectroscopic data were obtained to determine the
mean properties of the night-sky spectrum of moonless
nights at the observatory. In Calar Alto spectrographs
are normally mounted in bright and gray nights, while
dark nights are more frequently allocated for deep imag-
ing programs. Thus, it is somehow difficult to find spec-
trocopic data taken during dark nights. The most fre-
quently mounted spectrographs at the Calar Alto obser-
vatory are CAFOS at the 2.2m (~50% of the allocated
time) and PMAS (Roth et al. 2005) at the 3.5m tele-
scope (~30% of the allocated time). PMAS is an inte-
gral field unit with two different setups, a lensarray with
a reduced field-of-view (16" x16" in its largest configura-
tion), and a wide fiber-bundle that covers a field-of-view
of 72" x64” with 331 individual fibers of 2.7” diameter
each one (PPAK, Kelz et al. 2006). This latter configura-
tion is particularly interesting to study the properties of
the sky emission, since in a single shot centred on a cali-
bration star (or a science target) a substantial fraction of
the field-of-view samples the sky. Its large aperture, and
the possibility of performing self-calibration, allows one
to obtain spectrophotometric calibrated and high signal-
to-noise spectra of the night-sky emission even with re-
duced exposure times. Evenmore, this instrument is fre-
quently mounted with a low-resolution grating (V300),
which covers a wavelength range of ~3500A with a spec-
tral resolution of ~10A (FWHM). This is also very con-
venient to obtain spectra of the sky emission in all the
optical wavelength range. Restricting ourselves to the
same instrument and configuration ensures the homo-
geneity of the data.

There were 14 clear moonless nights when the instru-
ment was mounted using this configuration in the period
between January 2005 and December 2006. A sample
of 23 observations, including night-sky emission spectra,
were selected from the data taken that nights. The sam-
ple was selected by including only observations of calibra-
tion stars and/or small-size and faint targets (eg., High-z
Ly-a emitters, Sanchez et al. 2007c), with most of the
PPAK field-of-view sampling sky emission. In addition,

5 http://www.ngdc.noaa.gov/stp/SOLAR/ftpsolarradio.html

only observations near the zenith, with an airmass lower
than 1.5, were included in the sample. In all the cases
the observations were taken far away the ecliptic and the
galactic plane. The data were then reduced using R3D
(Sanchez et al. 2006), following the standard steps for
fiber-based IFS data. Once reduced, the sky spectra were
extracted from the frames using E3D (Sanchez 2004), by
selecting areas clean of objects within the field-of-view.
Although the signal-to-noise level of each individual sky
spectrum is somehow different, depending on the expo-
sure time and the number of selected fibers to extract the
spectra, in all the cases is good enough for the purposes
of this study.

Not all the observations during a moonless night
are equally dark. The darkness of an observation de-
pends strongly on the time distance of the correspond-
ing night from the full moon, the presence of cir-
rus, dust and local contamination when pointing to-
wards highly populated areas (like Almeria, towards the
south of the observatory), the zenith distance, and even
more the time distance from the twilight. Thus, from
the original dataset we did not consider those spec-
tra which intensity at 5200A was larger than 0.3 10~
ergs— ' em~—2 A=1(V~20.2 mags). We were then left with
a final sample of 10 individual spectra obtained in 7 dif-
ferent nights, representative of the typical dark observa-
tion in a moonless dark night at Calar Alto. This sample
still comprises a wide range of brightness, and only one
(02/06,/2005) can be considered completely dark, corre-
sponding to a new moon night. Table [1l shows the final
list of nights, together with the wavelength range covered
by the spectra each night.

2.2. Imaging data

Multiband imaging data are collected to characterize
the sky-brightness of moonless nights at the observatory.
The search was restricted to CAFOS covering a simi-
lar period of time of the selected spectroscopic dataset,
to preserve the homogeneity of the data. Only expo-
sures on calibration fields were selected to perform a
self flux-calibration, avoiding the possible errors due to
changes in the atmospheric condition between calibra-
tion and measurement. Although these exposures tend
to have short exposure times, from 20s to 200s, the large
field-of-view of CAFOS CCD (~15'x15") and pixel size
(0.53"x0.53"), allow a good estimation of the sky back-
ground. The use of calibration fields, with more than
4 calibration stars observed per field, guarantees a good
estimation of the magnitude zero-point per filter and ex-
posure (photometric calibration error <0.1 mags). We
focused our search in nights dedicated to a single project,
aimed to study the time evolution of the multiband pho-
tometry of supernovae (PI: Dr. W. Hillebrandt; Pas-
torello et al. 2007), observed in service mode. The reason
for that was that this program uses the same instrument
setup, filters, calibration fields and covers a large periods
of time. The number of nights totally or partially dedi-
cated to this project were ~21 along the considered time
period. Finally we selected the darkest possible nights,
ie., moonless nights that distance at least 13 days from
the full moon. We were then left with 5 nights. However,
only in two of them the calibration fields were observed
at least one hour after the begining of the astronomical
night. In the remaining 3 nights there was still substan-
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tial contamination from the twilight, and they are there-
fore excluded from any further analysis. Table [I] shows
the final list of selected nights, including the broad-band
filters observed each night.

The Landolt calibration fields PG1633 and PG0918
(Landlot 1992) were observed each night, respectively,
in the listed filters. The images were reduced following
the standard steps, using IRAF routines. First a master
bias frame was created for each night by averaging all
the bias frames obtained along the night and smoothing
it. All images were then bias corrected by substracting
the corresponding master bias. For each band a master
flat-field frame was obtained by averaging the bias cor-
rected domeflat images, and normalizing to the median
intensity value. Images were then corrected for pixel-to-
pixel response variations dividing by their corresponding
flat-field frames. No sky subtraction was performed since
the aim of this study is to determine its intensity.

2.3. FEaxtinction data

The Calar Alto Extinction monitor (CAVEX), is an
inhouse developed instrument (PI: U.Thiele), which esti-
mates the monocromatic extinction in the V-band conti-
nously along each night. The system is fully automatic,
opening half an hour after the beggining of the astronom-
ical night and closing half an hour before its end. It con-
tinously points towards the north (the polar star), taking
images of ~20s exposure time every ~76s covering a field-
of-view of ~55 degrees with a resolution of 2.3’ /pixel. By
traking the location of 15-20 stars in the field, it estimates
the extinction by measuring their apparent magnitudes
across a range of 1.1-2.4 airmasses. It shares the same
limits of humidity and wind speed than the telescopes at
the obsevatory, producing a measurement of the extinc-
tion every ~2 minutes if the night is clear. When the
night is cloudy or the extinction has strong fluctuations,
the instrument does not produce a reliable data, flag-
ging it. Therefore, the fraction of time without precise
extinction measurements from the CAVEX is a good es-
timation of the amount of time lost due non astronomical
weather conditions in the observatory. We have collected
all the available data from the extinction monitor during
the last 4 years, from May 2003 to May 2007. The data
comprises 214193 individual measurements, correspond-
ing to 1044 nights from a total of 1478 nights included
in this period.

CAVEX estimates the total extinction in a single
band. To characterize the extinction curve it is needed
to measure the extinction at different wavelengths. In
the Summer of 2006 (27/07/06-15/08/06) and the Win-
ter of 2006-2007 (17/12/06-13/01/07), an instrument
built with the sole purpose of estimating this extinc-
tion curve was installed, named the Extinction Camera
and Luminance Background Register (EXCALIBUR, PI:
J.Aceituno). EXCALIBUR is a robotic extinction mon-
itor able to do cuasi-simultaneous photometric observa-
tions in 8 narrow bands covering the wavelength range
between 3400A and 10200A, characterizing the extinc-
tion curve in this wavelength range (although only 6 of
the bands were operative when installed at Calar Alto).
The instrument was built to estimate the aerosol abun-
dance based on the shape of the extinction curve (Pérez-
Rémirez 2007a,b). It estimates ~16 extinction coeffi-
cients for each of the sampled bands per hour, and an

average of ~160 extinction coefficients per band for each
night. It was operative for a total of 6 nights in the
Summer season and 14 nights in the Winter season. We
collected all these data for the current study.

2.4. Seeing data

The night-sky seeing is measured by a Differential Im-
age Motion Monitor (DIMM, Aceituno 2004) at the Calar
Alto observatory since August 2004, and it is nowadays a
fully automatic instrument. It measure the seeing at the
wavelengths corresponding to the Johnson V-band. This
DIMM was calibrated with a previous one installed in
the observatory (Vernin & Munoz-Tunon 1995), which,
at the same time, was also calibrated with a Gener-
alized Seeing Monitor in May 2002 (Ziad et al. 2005),
when they both estimated a median seeing of 0.90” for
that time period. To study the possible evolution of the
seeing at the observatory and its possible dependencies
with another night-sky parameters we collected all the
available seeing measurements on the time period be-
tween January 2005 and December 2006. Contrary to
the CAVEX, the DIMM has more severe limitations to
be operative, and it closes automatically when the hu-
midity is larger than an 80% or the wind speed is 12
m s~!, which comprises ~50% of the time. The DIMM
produces an estimation of the transversal and horizontal
seeing in each measurements. Whenever there is an occa-
sional large difference between both estimations (not due
to a dominant wind component) they most probably are
not due to atmospheric effects, but rather to mechanical
oscilations. Due to inherent stability of a DIMM system
to this kind of oscilations, these cases comprise a rela-
tively small number (~5%). They have been excluded
from the final dataset. We finally collected a total of
213622 seeing measurements distributed along 335 nights
during the considered time period.

3. ANALYSIS AND RESULTS

We describe here the analysis performed over each of
the different collected data.

3.1. Night Sky Spectrum

The data included in the final sample of night-sky spec-
tra for moonless dark nights described in Section 2Tl were
combined to create a typical moonless night-sky spec-
trum at the observatory. For doing so each spectrum
was normalized to the mean intensity (of the sample) at
5200A (0.13 107¢ erg s~ cm™2 A~'). Then the final
spectrum was produced by averaging the flux of these
normalized spectra at each sampled wavelength. Figure
[[ shows the resulting spectrum, covering a wavelength
range between 3700 and 7933A. This is the first time that
a typical night-sky spectrum is published for the Calar
Alto observatory °. The emission lines clearly identified
in the spectrum have been labeled with its corresponding
atomic name and wavelength. Several of the distinctive
features of the night-sky spectrum are due to airglow,
although a substantial fraction is due to light-pollution.

The airglow is emitted by atoms and molecules in the
upper atmosphere which are excited by solar UV radia-
tion during the day and twilight (Ingham 1972). Airglow

6 The final reduced FITS file can be downloaded from the web-
page: http://www.caha.es/sanchez/sky/
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is the most important component of the light of night-
sky. It produces the 5577A and 6300A lines from OI
(which are stronger near the twilight). It contributes to
the ubiquitious 5890-6A NaD doublet, although this line
is heavely contaminated by light-pollution from low and
high preassure street-lamps. Airglow is also responsible
for the OH rotation/vibration bands in the red and IR,
known as the Meinel bands (Meinel 1950), visible at the
redder wavelengths of the spectrum (see Fig. [I). In ad-
dition it produces a pseudo-continuum in the blue from
overlapping Oy bands (2600-3800A) and in the green
from NOg bands (5000—6000A). A more detailed descrip-
tion of the effects of the airglow on the night-sky emission
can be found in Benn & Ellison (1998a). An atlas of the
airglow from 3100A to 10000A was presented by Ingham
(1962) and Broadfoot & Kendell (1968).

Other contributions to the night-sky spectrum are the
zodiacal light, the starlight, and the extragalactic light,
which increases the background continuum emission (see
Benn & Ellison 1998a and references therein for a more
detailed explanation on their effects). All of them, in-
cluding the airglow, comprises the natural processes that
produce the night-sky spectrum in any astronomical site.
In addition to them, the night-sky spectrum can be af-
fected by the light-pollution due mostly to the street-
lights of populated areas near the observatories. Light
pollution arises principally from troposheric scattering
of light emitted by sodium and mercury-vapour and in-
candescent street lamps (McNally 1994; Holmes 1997).

Typical spectra of the three more used types of street-
lamps were presented by Osterbrock et al. (1976): the
sodium low-pressure lamps, the sodium high-pressure
lamps and the mercury lamps. The first of the three
is the one with less impact in astronomical observations,
since its produces most of its light concentrated in the
5890-6A NaD and 8183-95A NaD emission lines. There-
fore only a very reduced number of astronomical obser-
vations are strongly affected by them. On the other hand
the high-pressure sodium lamps emitt most of its light in
a broad NaD line centred in ~5890A, with a FWHM of
~400A, that shows a central reversal. They also show
a strong 8183-95A emission line, and fainter emission
lines at 4494-8A, 4665-9A, 4758-52A, 4979-83A, 5149-
53A, 5683-88A, 6154-61A and 7665,7699A. The high-
pressure sodium lamps may affect strongly the quality of
any astronomical observation. Finally the mercury lamps
produce narrow lines at 3651 /63A, 4047A, 4358A, 54615,
5770A and 5791A, together with broad features at 6200A
and 7200A of FWHM~100A, from the phosphor used to
convert, UV to visible light. They also produce a weak
continuum emission over the whole visible range. Some
mercury pollution lines can strongly affect certain astro-
nomical studies: (i) the 4358 A Hg line strongly affect any
attempt to measure the emission of the 4364A [OITI] line
in any object in the Galaxy. This line is fundamental
for the estimation of the electron temperature of galac-
tic nebulae. (ii) the 5460A Hg line lies in the centre of
the y-band of the ubvy Stromgren photometric system,
which may affect the programs devoted to the study of
stellar populations that use this filter set.

Other sources of light pollution are the incandescent
lamps and the high-pressure metal halide lamps. The
spectrum of the former consists of continuum emission

only, and it is difficult to identify in a night-spectrum.
The latter are nowadays frequently used in the illumi-
nation of sport stadiums and arquitectonical monuments
(which can be considerable, since they are normally ori-
ented towards the sky). These high-pressure metal halide
lamps exhibit some Scandium, Titanium and Litium
emission lines, that are charactezed by a blue edge due
to molecular bands (General Electric 1975; Lane & Gar-
rison 1978; Osterbrock et al. 1976).

The night-sky spectrum shown in Fig[llshows clear ev-
idence of strong light pollution from all the street-lamps
described before. It shows strong Mercury lines all over
the spectrum, the typical emission lines and features of
high-pressure sodium lamps, with a well detected broad
emission at ~5900A, and a strong Nal emission line at
5893A indicative of low-pressure sodium lamps. Even-
more, it also presents the typical emission lines corre-
sponding to high-pressure metal halide lamps. All this
pollution comes from the populations nearby the obser-
vatory, in particular from Almeria (~250000 habitants),
at 40 km towards the south, and smaller towns at the
north (like Baza, ~21000 habitants, and Macael, ~6000
habitants). There are well established estimations of the
contribution of city lighting to dark-sky brightness (e.g.,
Treanor 1973, Walker 1973, Yocke et al. 1986, Garstang
1991, and reference therein). However, its contribution
to the spectrum is more complex, since it depends on
the particular kind of lamps used for street illumination.
Most major observatories nearby populated areas have
some kind of night-sky protection laws with the aim of
reducing the effects of light pollution by controlling the
fraction of light that escapes towards the sky and the
kind of lamps used (normally they promote the use of
low-pressure sodium lamps). The Calar Alto Observa-
tory does not benefit yet from any local sky-protection
law which regulates the street illumination, with the cor-
responding effects that can be appreciated in the night-
sky spectrum.

To estimate the contribution of light pollution to the
night-sky spectrum we derive the flux intensity corre-
sponding to each of the detected emission lines. Each
line was fitted with a single gaussian function using
FIT3D (Sdnchez et al. 20074), using the same procedure
described in (Sdnchez et al. 2007h). Table 2 lists the
integrated flux for each of the detected emission lines
shown in Figlll together with the identification of the
line and the nominal wavelength. In addition to the
emission lines, the flux intensity of the sodium broad-
band emission at ~5900A was also estimated by fitting
the feature with a single broad gaussian function. The
result is also listed in Table All the fluxes were con-
verted to Rayleighs following the conversion formulae by
Benn & Ellison (1998a).

These values can be compared to those ones obtained
for another astronomical sites. E.g., Pedani (2005) pre-
sented a study of the night-sky spectrum at the Obser-
vatory of the Roque de los Muchachos, La Palma. The
intensity of the lines produced by the Mercury and low-
pressure Sodium lamps found in our spectrum are only
comparable to those ones in La Palma when pointing in
the directions towards the most polluting towns in this
island. On the other hand, the contribution of the lines
produced by the high-pressure Sodium lamps is much
lower, being comparable to that of the less polluted ar-
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eas of the sky in La Palma. This may indicate that most
of the street lamps used in Almeria are Mercury and
low-pressure Sodium lamps, rather than high-pressure
Sodium ones, and therefore they only affect specific wave-
length ranges (and science programs). Finally we clearly
see lines produced by high pressure metal halide lamps,
only marginally (and recently) detected in the sky spec-
trum at La Palma (Pedani 2005).

Once determined the contribution of each emission line
to the night-sky spectrum it is possible to decontaminate
it by the effect of the pollution lines (ie., all but the OI
ones), creating a clean night-sky spectrum. This can be
done directly for the Mercury, Scandium, Titanium and
Litium lines, since all its emission is produced by light
pollution. However, in the case of the Sodium lines there
is a natural contribution due to the airglow. We lack a
direct measurement of this natural contribution at Calar
Alto, that can only be achived nowadays with a gen-
eral blackout. However its natural contribution must not
be significantly larger than in other astronomical sites.
Benn & Ellison (1998a) estimated the natural contribu-
tion by the broad Sodium emission band in ~0.03 mag in
V and ~0.02 mag in R for La Palma observatory. Sim-
ilar contributions are expected by the Nal 5893,6 emis-
sion lines. Therefore, the natural contribution by the
Sodium due to the airglow is expected to be of the order
of ~0.04 mag in both bands. Thus, as a first order we
can assume that all the detected emission by Sodium in
our sky-emission spectrum is due to pollution, and once
determined its contribution we can correct it by the ex-
pected contribution of natural emission, if needed.

Table [3 lists the estimated contribution of the light
pollution to the sky background in different bands. It
includes the B, V and R-Johnson filters, and a set of
medium band filters selected from those ones used by
the ALHAMBRA survey (Moles et al. 2007), a major
imaging survey currently on going at the Calar Alto ob-
servatory. They are included to illustrate the effects of
the pollution lines in the background sky when using
median/narrow-band filters affected by these lines. The
contamination from light pollution is clearly stronger in
the B-band than in other astronomical sites: e.g, ~0.02
mag at La Palma (Benn & Ellison 1998a), 0.02-0.04 mag
at Kitt Peak (Massey et al. 1990). Although there are
astronomical sites with similar or stronger contamina-
tions: e.g. Mount Hopkins (see Fig. 2, from Massey &
Foltz 2000). This contamination can be reduced by a
proper light pollution law that limits the use of the Mer-
cury street lamps. Strong benefits from such laws has
been experienced in different sites (e.g., Benn & Ellison
1998a; Massey & Foltz 2000). The contamination in the
V and R-bands is slightly stronger than in some other
places, like La Palma: 0.05-0.10 mag at the V-band and
0.07-0.12 mag at the R-band (Pedani et al. 2005), but
it is similar or smaller than in other astronomical sites,
like Kitt Peak: 0.19-0.33 mag in the V-band (Massey et
al. 1990) or Mount Hopkings: 0.17 mag in the V-band
(Massey & Foltz 2000). One of the two recomendations
of the IAU for a dark place is that the contribution of
the pollution to the Sodium emission should not exceed
in intensity the natural airglow one (Smith 1979). If
we consider that the airglow emission is similar in Calar
Alto than in La Palma (or at least of the same order),
it is clear that the contribution from the light pollution

is much stronger. In these regards Calar Alto does not
fulfill the IAU recomendations for a dark place. A proper
light-pollution law, that increases the use of low-preasure
sodium lamps rather than high-presure ones, will not
reduce the net effect of the light pollution to the sky-
background in these bands, but it will concentrate it in a
more reduced wavelength range, affecting less observing
programs.

Most of the lamps that cause the light pollution also
produce a certain level of continuum emission. In partic-
ular Mercury and high pressure metal halide ones. How-
ever its contribution is difficult to estimate. Although we
donecannot quantify its effect, the reduction of the use of
Mercury, high-pressure Sodium lamps and high pressure
metal halide lamps in the vicinity of the observatory will
certainly also reduce the sky-background continuum.

The lack of previous similar studies of the night sky
spectrum at the Calar Alto observatory (to our knowl-
edge) does not let us to analyze the evolution of the light
pollution along the time.

3.2. Night Sky Brightness

The night sky brightness was determined by using both
the imaging and spectrocopic data described before. In
the case of the imaging data, the calibration fields con-
tain at least 5 calibration starts per frame. The magni-
tude zeropoint for each image was determined by mea-
suring the counts intensity of each of these stars within
a fixed aperture of 8” radius, using IMEXAM task of
IRAF package, and applying the formula:

MaGzero = MaAGapp + €xt + 2.510g o (counts /tezp)

where mag.ero is the magnitude zeropoint, magey, is
the apparent magnitude of the calibration star in the cor-
responding band, ext is the extinction, derived from the
correponding value measured by the CAVEX this night
and the airmass of the image, counts are the measured
counts within the indicated aperture, and tc., is the ex-
posure time. Since the measured seeing of the images
(FWHM of the field stars), ranges between 0.9” and 1.3",
this aperture ensures that most of the flux is contained
within it, and no aperture correction was applied. The
average of the values derived for each calibration star in
the field is considered the zeropoint of the image, and the
standard deviation from this mean value is considered as
the photometric error. This standard deviation ranges
between 0.02 mag and 0.06 mag for each band and each
night.

The sky brightness was then determined in each image
by measuring the mean counts level in several (> 10)
square apertures of ~50”x50”, in areas free of targets,
using IMEXAM task of IRAF package. The mean value
of these measurements is considered as the count level
of the sky brightness, and the standard deviation with
respect to this mean value the error in the count level
estimation. Finally, the sky surface brightness was de-
termined using the formula:

SBgky = MGYzero — 2.510g10(countssky/tezp/scale2)

where SBgp, is the surface brightness in magnitudes
per square arcsec, mag.ero is the zeropoint described be-
fore, countsgy,, is the sky counts level estimated and scale
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is the pixel scale in arcseconds (ie., 0.53" for CAFOS).
It is noticed that the magnitude zeropoint was corrected
by the extinction, but the sky brightness was not, follow-
ing the convention adopted in most of the recent studies
of sky brightness (e.g., Walker 1988b; Krisciunas 1990;
Lockwood et al 1990; Leinert et al. 1995; Mattila et
al. 1996; Benn & Ellison 1998a,b). Correcting the sky
brightness for extinction would be appropiate only if the
extinguishing layer were known to be below all sources
of sky brightness, which is not the case (Benn & Ellison
1998a,b).

In addition to the estimations of the sky surface brigh-
ness obtained using direct imaging we also derived the
sky surface brightness by using the PPAK spectroscopic
information for the only full moonless night of our sam-
ple (02/06/2005). The two night-sky spectra obtained
this night cover the wavelength range of the B, V and
R-band filters. We derived the sky flux intensity for
each of these filters by convolving each spectrum with
the corresponding filter tranmission curves listed in the
Asiago Database on Photometric Systems (Moro & Ma-
nuri 2000). Then the fluxes were transformed to magni-
tudes by using the zero-pointings listed in Fukugita et al.
(1995). The mean value of the two derived magnitudes
in each filter is adopted as the sky surface brightness
of that night, and the absolute difference between both
magnitudes as the error.

Table [ lists the sky-surface brightness obtained from
both the imaging and spectroscopic data at the differ-
ent bands for each moonless night. In addition, it lists
previous results on the sky-brightness at different astro-
nomical sites, including the results presented by Leinert
et al. (1995) for Calar Alto, derived from broad-band
photometry obtained along three nights in 1990.

Dependency on the zenith distance

There is a wide range of sky surface brightness val-
ues for the different bands, considering that all the mea-
surements were obtained in full moonless nights, without
twilight contamination. The data from the first night,
derived using PPAK data, are very similar to those ones
from the third night, derived using CAFOS data, be-
ing the sky in the former slightly brigher in the B-band.
The sky brightness of the second night is brighter in all
the bands. Looking back to the data, we realize that
the airmass of the images of the 1st night (~1.7), corre-
sponds to an elevetion much lower than that of the 2nd
and 3rd night data (~1.3 and ~1.2, respectively). The
sky brightness increases with the airmass for two differ-
ent reasons. One is a natural effect of the airglow, which
is brighter at low elevations cause the line of sight in-
tercepts a larger number of atoms in the airglow layer
(Garstang 1989; Benn & Ellison 1998a, and references
therein). A second effect is the increase of light pollu-
tion when pointing towards high populated areas at low
airmass. Walker (1971,1991) and Garstang (1989) esti-
mate that the increase in the brightness at an air mass
of ~1.4, in the direction of a populated area of P inhab-

itants at a distance D km to be ~ PD7625 mag. That
would correspond to ~0.3 mag when pointing directly
towards the south, where is the largest populated city
nearby (Almeria). However since our observed fields are
mostly pointing towards the east its contribution is more

difficult to estimate. It is not possible to know which
is the actual contribution of the light pollution to the
continuum brightness at the zenith. Therefore we do not
know if Calar Alto fulfill (or not) the other TAU recomen-
dation for a dark site, that is that this contribution must
be lower than ~0.1 mag (Smith 1979).

It is possible to derive an approximate expression of the
sky brightness dependecy on the zenith distance due to
natural effects based on the results by Garstang (1989),
as already pointed out by Krisciunas & Schaefer (1991).
This expression can be used to correct the measured
values and derive a much appropiate estimation of the
zenithal sky brightness (Benn & Ellison 1998a; Patat
2003). Patat (2003) derive the following formula (Ap-
pendix C of that article) for this correction:

Am = —2.5logo[(1 — f) + fX]+ k(X — 1)

where Am is the increase in sky brightness at a certain
band and airmass (X), f is the fraction of the total sky
brightness generated by airglow, being (1-f) the fraction
produced outside the atmosphere (hence including zodia-
cal light, faint stars and galaxies) and k& is the extinction
coefficient at the corresponding wavelength.

We applied this correction to our data, using the typ-
ical extinction curve at Calar Alto (following sections)
normalized to the corresponding kv extinction coefficient
of each night. A typical value of f =0.6 was used for this
correction (Patat 2003). Once applied there is a sig-
nificant reduction of the dispersion between the values
obtained for each night. This indicates that the correc-
tion works pretty well, despite the fact that it does not
take into account the effects of light pollution. The mean
values of the sky brightness at the zenit after correction
for each band are also listed in Table (]

Variation of the sky-brightness along the time

The night sky-brightness at Calar Alto shows no signif-
icant change in the last 15 years, when comparing with
the results by Leinert et al. (1995). They did not applied
any correction for the dependecy on the zenith distance
to their data (Table 6 of that article). Therefore we must
compare with the mean values without correction. The
only band where it is appreciated an increase of the sky-
brightness is the U-band (~0.4 mag brigther). However,
if we take into account that we only have data for this
band at low elevation, we cannot consider these results
conclusive. For the remaining bands the sky seems to be
~0.2 mag brighter in the B-band, ~0.2 mag fainter in
the R-band and without changes in the V- and I-bands,
when comparing with the mean values derived for the
three nights of our sample. However none of these differ-
ences seems to be significative, lying withing the errors of
our measurements. When comparing with the two dark-
est nights with data obtained at high elevation the dif-
ferences (if any) disappear for the B and V-bands, and
the sky seems to be even darker in the R and I-band.
A possible caveat to this comparison is that the results
listed in Leinert et al. (1995) were obtained not exactly
in the solar minimun, which may produce an increase
of the sky-brightness. However, although their broad-
band data were obtained in the 1990, they also obtained
intermediate-band data in the 1993 and their sinthetized
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broad-band surface sky-brightness are similar to those
obtained in the nights of the 1990.

Comparison with other astronomical sites

The sky surface brightnesses at the Calar Alto observa-
tory at different bands, listed in Table[d] are remarkable
similar to those ones at many other different astronom-
ical sites. In the optical wavelength range (U,B,V and
R-bands), Calar Alto seems to be a particular dark site,
comparible to Mauna Kea. The fact that both places
seem darker than Paranal may be an artifact since the
data presented by Patat et al. (2003) were taken during
the maximun of solar activity. This result is in any-
case remarkable, considering the strong light pollution
present in the Calar Alto spectra, which effect is partic-
ularly strong in the B, V and R-bands (Tab. B]). Most of
the listed observatories have little light pollution or they
benefit of specific protection laws against it. This has
been demonstrated as a tremendous useful tool to pre-
serve or increase the quality of the night-sky (eg., Benn &
Ellison 1998a,b; Massey & Foltz 2000; Walker & Schwarz
2007). If the effects of light pollution could be reduced in
the vicinity of Calar Alto it would become a particularly
dark site for optical observations.

On the other hand, the sky is clearly brighter in the
I-band than in any other astronomical site listed in this
table. Despite the fact that the observatory is located in
the most arid place in Europe, in the vecinity of a desert
(the Tabernas desert), the water vapor Meinel bands are
particularly strong. The humidity at Calar Alto is higher
than in other astronomical sites, like Paranal or Mauna
Kea, although there are frequent epochs of low humidity
(<20%) in the Summer. The height of the observatory,
~2200 m over the sea level, normally places it under the
inversion layer, which has a particular strong impact in
the strength of the water vapor emission lines. Both com-
bined effects can explain the rise of the sky-brightness in
the I-band. It is important to note here that this effect
has a relatively reduced effect over near-infrared obser-
vations in the J, H and K-band.

3.3. Euatinction coeffcients

The median V-band extinction at the Calar Alto ob-
servatory for the time period covered by the CAVEX
data (Section 23) was ~0.18 mag, with a mean value of
~0.21+0.08 mag. This value is slightly smaller than the
previously reported by Hopp & Fernandez (2002), which
was based on a much smaller sample of data (compris-
ing 74 nights spanned between 1986 and 2000). They
found that there was an increase of the extinction at the
Summer season, that was most probably associated with
an increase of the aerosols (ie. dust) in this period of
the year. Similar seasonal pattern has been appreciated
in another major observatories: e.g., La Palma observa-
tory is strongly affected by dust extinction in the Sum-
mer when dust from the Sahara desert (~400 km away)
blows over the Canary Islands (Benn & Ellison 1998a).
Although the Calar Alto observatory is nearer to the Sa-
hara desert (~250 km away) than La Palma, it is nor-
mally out of its main wind streams, being shielded by the
Altas mountains. On the other hand, it is located in an
arid region nearby a much smaller desert, the Tabernas
desert (~15 km away).

Figurelshows the evolution of the average V-band ex-
tinction for each night along the period of time sampled
by the dataset. As already suspected by Hopp & Fernan-
dez (2002), there is a clear seasonal pattern. The typical
extinction in the Winter nights is ky ~0.15 mag, being
mostly restricted to values lower than ky <0.2 mag. In
Summer time there is a wider range of extinctions, al-
though in most of the cases the extinction is lower than
ky <0.4 mag. As indicated before this increase of the
extinction is most probably associated with a rise of the
aerosols (dust) in the atmosphere. We will explore that
possibility latter.

This seasonal pattern is somehow similar to the one
seen in La Palma. Indeed the fraction of nights with
ky >0.25 mag is similar in both observatories, ~20%
of the nights. However there is a major difference: the
fraction of nights with high extinction, xy >0.4 mag,
at Calar Alto is very reduced, ~3%, while at La Palma
this fraction is ~10% of the nights, with frequent peaks
of extinction over ki >0.6 mag (Benn & Ellison 1998a,
Figure 3).

Based on the fraction of nights that the CAVEX was
operative and derived realiable measurements of the V-
band extinction (ky), it is estimated that ~70% of the
nights were astronomically useful in the period covered
by these data (4 complete years). This fraction is re-
markable similar to that one in many other astronomical
sites (eg., La Palma, Benn & Ellison 1998a). The frac-
tion of fully photometric nights, defined as nights where
the V-band extinction varies less than a 20% along all
the night, was ~30%.

Contributions to the extinction

The EXCALIBUR data described in Section were
used to determine the typical extinction curve at Calar
Alto. This curve was previously studied by Hopp &
Fernandez (2002), using an inhomogenous dataset. The
extinction coefficients were analyzed separately for the
Summer and Winter seasons due to the observed seasonal
pattern. First, it was derived the mean extinction coeffi-
cients per night by averaging all the measured extinction
coefficients per band obtained along each night (~160
values). Then, the mean extinction coefficients per sea-
son were determined by averaging all the measured ex-
tinction coefficients per band obtained along each season
nights. Table [l lists the average extinctions coefficients
obtained for each season for each of the 6 bands sampled
by the instrument, including their central wavelengths
and the standard deviation with respect to these mean
values. As expected the standard deviation in the extinc-
tion coefficients is larger for the Summer data than for
the Winter ones, in agreement with the results shown in
the previous section. The EXCALIBUR results are con-
sistent with the CAVEX ones for the wavelength covered
by both instruments, ie., ~500 nm. This indicates that
the extinction coefficients listed in Table [l are a good
representation of the typical values for each season.

The total extinction is mostly due to three contribu-
tions, the Rayleigh scattering at the atmospheric atoms
and molecules, the extinction due to aerosol particles
(mostly dust), and extinction due to Ozone (Walker
1987b). The Rayleigh scattering can be described by

krc = B(p,t,n")A™*
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where A is the wavelength and B is a constant that
mostly depends on the pressure, the temperature and
the normalized refractive index of the air (n/, slightly
wavelength dependent). In general B can be replaced
by its average value for the mean conditions in a certain
astronomical site (e.g., Rufener 1986). The aerosol parti-
cles produce a similar absorption, that can be described
by

Kp = D(hops) A"

where b is a parameter that depends mostly on the
height of the observatory (hops), and « is a power law
index that depends on the size of the aerosol grains. Al-
though an « ~1.3, derived by Siedentopf (1948), is widely
used, we adopted a value of o =0.8 for consistency with
the previous study of the extinction curve at Calar Alto
(Hopp & Fernandez 2002). The Ozone extinction is a
selective absorption by molecular bands. It can be ap-
proximately described by a broad gaussian function cen-
tred in A ~6000 A (matching the shape shown in Runefer
1986 and Hopp & Fernandez 2002):

A— 6000]
1200

Each single contribution to the extinction depends on
the wavelength and a particular constant that, in the case
of the two first, depends on the height and the average
atmospheric conditions in the observatory. We adopted
the values listed for A =5400A in Rufener (1986), con-
sitent with those derived by Tig (1977), obtained for
La Silla observatory. A similar approach was followed
by Hopp & Fernandez (2002). The height and average
weather conditions in this observatory are very similar
to those of Calar Alto, which justifies the use of these
constants.

Therefore the total extinction curve is a linear combi-
nation of these three contributions:

ko3 = C exp[—

kx = f1 krc + f2 Kp + f3 KO3

The extinction coefficients for the two seasons were fit-
ted to this linear combination, deriving the relative con-
tribution of each one (f;) to the total extinction. Table
lists the results from this fitting analysis, including the
relative contribution (f;) derived for each component for
each season. For comparison it also includes the same
relative contributions derived for Calar Alto by Hopp &
Fernandez (2002), and their compilation of similar results
for different astronomical sites.

The contribution of the Rayleigh scattering seems to
be rather constant for the two considered seasons, like
the Ozone absorption. On the other hand, the Aerosol
contribution rises considerable in the Summer time, be-
ing responsible of the increase of the extinction in this
season, as it was thought. The estimated contributions
of the Rayleigh scattering and the Aerosol extinction are
very similar to the values reported by Hopp & Fernandez
(2002) for the Winter season, which may indicate that
both contributions have not changed considerably with
time (their data corresponds to 1986-2000). Both con-
tributions are also similar to the ones derived for other
major astronomical sites. On the other hand the con-
tribution of the Ozone absorption seems to be stronger

than in previous measurements and other astronomical
sites. Unfortunally the coverage of EXCALIBUR when
mounted at Calar Alto did not allow to perform an ac-
curate sampling of the wavelength range affected more
strongly by the Ozone absorption, which did not let us
to be conclusive on this respect.

Figure Bl shows the distribution of the extinction coef-
ficients along the wavelength for the two season datasets.
It also includes the best fitted linear combination of the
three components to the extinction and each of these
components scaled to its relative contribution to the total
extinction. Despite the apparent increase of the Ozone
absorption its actual contribution to the total extinction
at any wavelength is very limited, being neglectible in
comparison with the other two contributions. Indeed the
fitting process derives equally good results when this con-
tribution is removed. As already indicated the Rayleigh
scattering contribution is very similar for both datasets,
being the dominant contribution in the Winter season,
ie., in conditions of low extinction. In Winter time is
responsible of the ~85% of the extinction in the V-band,
only ~11% is due to Aerosol extinction and ~4% to
Ozone absorption. On the other hand, in Summer its
contributions drops to ~63%, with ~35% due to Aerosol
extinction and ~2% due to Ozone absorption. Curiously,
the contribution of Aerosols to the extinction in the con-
ditions of minimun extinction are much reduced than the
one found in other astronomical sites, like La Silla (Burki
et al. 1995).

The Euxtinction Curve

As we shown in the previous section the extinction
curve depends strongly on the relative contribution of
each of the three major components to the extinction.
Each of them has a different dependecy with the wave-
length, and two of them depends also on the particular
atmospheric conditions at the observatory. Therefore,
it is difficult to derive a precise extinction curve valid
for every night that depends only in a reduced number
of parameters. However it is still possible to look for an
approximate expression for the extinction curve that pro-
vide an useful estimation of the extinction at any wave-
length and that depends only in a single parameter: the
V-band extinction, measured each night by the CAVEX.

Based on the results of the previous section it is known
that the Ozone absorption have a marginal effect in the
total extintion at any wavelength. Therefore we have not
considered it for our approximate expression. It is also
known that the contribution of the Rayleigh scattering
is almost contant along the year, and therefore the vari-
ations in the extinction are controlled by the amount of
Aerosol particles (ie., dust). Based on this assumption
an approximate expression for the extinction curve can
be derived by considering that the extinction in the V-
band is due to a fix contribution of Rayleigh scattering
(the average for both seasons) and a variable contribu-
tion due to Aerosol extinction. The derived expression
is:

A —4 A —0.8
Fix ~ 0.0935 <m> +(0.8%ky—0.0935) <m>

The typical differences found in the extinction coeffi-
cients derived using this formula and the more precise
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decomposition presented in the previous section are of
the order of ~10%.

3.4. Atmospheric Seeing

The seeing data described in section 2.4 were used to
determine an average seeing for each night comprised in
the dataset (spanned along ~2 years). The median at-
mospheric seeing for all the time period was ~0.90", with
a ~70% of the nights under subarcsecond seeing (<1”).
Figure @ shows the nightly averaged seeing distribution
along the time. The epochs without data in April 2005
and March 2006 were due to reparations in the hut of
the DIMM. There is a mild seasonal pattern in the see-
ing distribution, with the best seeing concentrated in the
Summer season. To further investigate this possibility we
created the seeing histogram for all the data comprised
in the dataset and for two different subsets of data cor-
responding to the Summer season (May-September) and
the Winter season (the rest of the months). Figure
shows the three histograms. The differences in the seeing
distribution for the Summer (median seeing ~0.87") and
the Winter seasons (median seeing ~0.96") are clearly
appreciated. Not only the median seeing is better in the
Summer season, the chances of having better seeing in a
Summer night are larger.

Table [T lists the median seeing estimated for both the
total sample and the two season subsamples. For com-
parison purposes it also lists the atmospheric seeing mea-
sured at different astronomical sites world-wide, ordered
by increasing seeing. Although the median seeing at
Calar Alto is larger than that of some major astronomi-
cal observatories (Mauna Kea, La Palma), it is actually
better than in many other astronomical sites (eg., Mt-
Graham, Paranal).

4. CONCLUSIONS

We have characterized the main properties of the night-
sky at the Calar Alto observatory, comparing them, when
possible, with similar properties of other different astro-
nomical sites. The main results of this article can be
summarized in the following points:

e An average night-sky spectrum for the moonless
dark-time at the observatory has been presented
for the first time. This spectrum, which covers
the optical wavelength range (3700-7933A), is dis-
tributed freely to the community. Airglow and
light-pollution emission lines are detected in this
spectrum. The strength of the light-pollution lines
has been measured, estimating their contribution
to the emission in different bands. In comparison
with other sites the Mercury lines are particularly
strong. The contribution of the light pollution to
the Sodium emission is far stronger than its natural
emission. In this regards Calar Alto does not fulfill
the TAU recomendations for a dark astronomical
site (Smith 1979), like other major astronomical
sites (eg., La Palma, Pedani 2005).

e The moonless night-sky brightness at the zenith
has been determined for the U, B, V, R and I-
bands. There was no appreciable change in the
sky-brightness over the last 15 years. In compari-
son with other astronomical sites, Calar Alto shows

a particularly dark sky in the optical bands, simi-
lar to that of MtGraham or Mauna Kea. The sky
brightness could be even darker if it was possible
to reduce the light pollution in the optical bands,
which would place Calar Alto as a very dark astro-
nomical site. On the other hand, the sky is brighter
in the I-band, mostly due to the strength of the
water-vapor Meinel bands.

e The extinction, measured along the last 4 years,
shows a seasonal dependency with a typical value
of ky ~0.15 mag in Winter time and a wide range
of values in Summer, most of them restricted to
ky <0.4 mag. This seasonal pattern, caused by Sa-
haran dust, is similar to the one found in La Palma,
but with a smaller range of values in Summer time.
The analysis of the typical extinction coefficients at
different wavelenghts for each season indicates that
the rise of the extinction in Summer is due to an in-
crease of Aerosols (dust) in this period of the year.
Due to the reduced contribution of the Ozone ab-
sorption to the extinction, and the stability of the
contribution of the Rayleigh scattering along the
year it was possible to derive an aproximate expres-
sion for the extinction curve parametrized only by
the V-band extinction.

e The fraction of astronomical useful nights, when
the weather was good enough to allow an acurate
measurement of the extinction, was ~70% of the
nights in the last 4 years. This fraction is similar to
the one found in La Palma (Benn & Ellison 1998).
The fraction of these nights that were photometric
was a ~30%.

e The median seeing along the last 2 years was 0.90",
being slightly better in Summer (0.87”) than in
Winter (0.96”). The seeing was better than 1” in a
~T70% of the nights. Although this seeing is slightly
worse than in some astronomical sites (eg. Mauna
Kea, La Palma), it is better than the currently
seeing at Paranal or MtGraham, two astronomi-
cal sites where 10m-like telescope are currently in
operation or under construction.

We conclude that Calar Alto remains a good astronom-
ical site, similar in many aspects to places where there
are 10m-like telescopes under operation or construction.
It will strongly benefit from a sky protection law that
would reduce the light pollution, particularly due to Mer-
cury and high-pressure Sodium street lamps. Such a law
has been under discussion by the local Andalusian gov-
erment during the last few years and we hope it will be
soon operative.

The fact that Calar Alto is placed in continental Eu-
rope is a major advantage in comparison with other Eu-
ropean observatories away from the continent, since both
the operational and development costs are significantly
smaller.

For both reasons we consider that this observatory is a
good candidate for the location of future large aperture
optical telescopes.
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TABLE 1
LOG OF THE DATA-SET PER NIGHT

Date Instrument wavelegth range
25/05/05 PPAK 3700-7000A
26/05/05 PPAK 3700-7000A
02/06/05 PPAK 3700-6800A
30/06/05 PPAK 4700-7940A
03/07/05 PPAK 3700-7100A
05/07/05 PPAK 3700-7100A
23/08/06 PPAK 3700-7000A
Date Instrument Filter Bands
28/08/05 CAFOS U,B,V,R & I-bands
28/03/06 CAFOS B,V,R & I-bands
TABLE 2

PROPERTIES OF THE DETECTED EMISSION LINES

Line Id Wavelength Flux* Flux**

(A) R
Hgl 4047 3.5 9.6
Hgl 4078 0.7 2.0
Nal 4165,8 1.2 3.6
Hgl 4358 6.7 22.9
Nal 4420,3 0.3 1.1
Til 4511.6 3.6 13.7
Nal 4665,9 1.4 5.9
Hgl 4827,32 0.5 2.3
Nal 4978,83 1.5 7.7
Nal 5149,53 0.5 2.8
NI 5199 0.7 4.1
Scl 5351.1 3.0 19.0
Hgl 5461 6.4 43.1
(0]} 5577 32.7 234.5
Nal 5683,88 2.9 22.0
Hgl 5770,91 5.0 39.7
Nal 5893,6 4.0 33.8
Broad NaD 5893 14.9 126.0
Nal 6154,61 0.9 8.7
(0] 6300 18.5 191.2
(0]} 6364 6.5 69.3
Li 6708 0.3 3.7

1 -2

* in units of 10716 erg s~! cm
x% in units of rayleighs.

TABLE 3
CONTRIBUTION OF THE LIGHT POLLUTION LINES TO THE SKY-BRIGHTNESS

Band Amag

B 0.09
\%4 0.16
R 0.10

3970/331 0.08
4280/331 0.16
5510/331 0.10
5820/331 0.33
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TABLE 4
SUMMARY OF THE NIGHT-SKY SURFACE BRIGHTNESS

Site & Date U B A\ R I Reference
02/06,/2005* — 22.4240.04 21.6640.15 21.04+0.13 ——

28,/08/2005 21.81£0.10 22.224+0.06 21.2740.18 20.46+0.07 18.2740.06
28/03/2006 — 22.59+0.17 21.67+0.13 21.04+0.14 19.12+0.08

mean 21.81£0.10 22.4140.15 21.53£0.18 20.84+0.27 18.7040.85

air-mass corrected

22.39£0.10 22.86+0.03 22.01£0.07 21.36+0.11 19.2540.14

La Silla 1978
Kitt Peak 1987

Cerro Tololo 1987

Calar Alto 1990

La Palma 1990-92
La Palma 1994-96
Mauna Kea 1995-06

Paranal 2000-01

MtGraham 2000-01
Cerro Pachon 2005

22.8
22.9
22.0 22.7
22.2 22.6
22.5
22.0 22.7
22.8
22.3 22.6
22.38 22.86
22.1 22.43

21.7
21.9
21.8
21.5
21.5
21.9
21.9
21.6
21.72
21.63

20.8 19.5
20.9 19.9
20.6 18.7
21.0 20.0
20.9 19.7
21.19

20.3

Mattila et al. (1996)
Pilachowski et al. (1989)
Walker (1987a,88a)
Leinert et al. (1995)
Benn & Ellison (1998a,b)
Benn & Ellison (1998a,b)
Krisciunas (1997)

Patat et al. (2003)
Taylor et al. (2004)
Walker & Schwarz (2007)

* Based on spectrophotometric data obtained with PPAK.

TABLE 5
EXTINCTION COEFFICIENTS AT CALAR ALTO

Wavelength

(nm)

Summer

KX
Winter

380
436
500
671
880
1020

0.505+0.126 0.375+0.034
0.32440.057 0.223£0.022
0.21640.049 0.144+£0.010
0.10940.034 0.055£0.005
0.06540.017 0.024+£0.001
0.04940.019 0.014£0.002

TABLE 6

TOTAL EXTINCTION.

Site height[m] f1  fo f3 reference

Calar Alto (Winter) 2168 1.02 0.94 0.29 this work

Calar Alto (Summer) 2168 1.18 4.52 0.19 « ¢

Calar Alto (Winter) 2168 1.25 1.00 0.00 Hopp & Fernandez (2002)
Lick 1290 1.25 0.80 0.00 “ “ *

Palomar 1706 1.65 0.35 0.03 “ “ %

KPNO 2120 1.40 0.75 0.00 “ “ *

CTIO 2215 1.50 1.10 0.00 “ “ =«

(*) Data collected by Hopp & Fernandez (2002) from different studies.
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TABLE 7

MEDIAN SEEING COMPARED WITH OTHER ASTRONOMICAL SITES
Site Median seeing Reference
Calar Alto (all) 0.90”  this work
Calar Alto (Winter) 0.96" ««
Calar Alto (Summer) 0.87" ««
Mauna Kea (1987) 0.50"”  Racine (1989)
La Palma (1997) 0.76"”  Mufioz-Tuflon et al. (1997)
La Silla (1999) 0.79” ESO webpage*
Paranal (2005) 0.80” ESO webpage**
MtGraham (1999-2002) ~0.97"”  Taylor et al. (2004)
Paranal (2006) ~1.00” ESO webpage***
KPNO (1999) ~1.00” Massey et al. (2000)
Lick (1990-1998) ~1.90” MtHamilton webpage****

*) http://www.ls.eso.org/lasilla/seeing/

**) http://www.eso.org/gen-fac/pubs/astclim/paranal /seeing/adaptive-optics/statfwhm.html
**) http://www.eso.org/gen-fac/pubs/astclim /paranal /seeing/singstory.html

*HE%) https://mthamilton.ucolick.org/techdocs/ MH_weather /obstats/seeing.html
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Fic. 1.— Night-sky spectrum at the Calar Alto Observatory in the optical wavelength range (3700—’795()A)7 obtained after averaging 10
spectra of 6 moonless nights pointing near the zenit (Black solid-line). The intensity has been scaled to that of the darkest moonless night
in the V-band. Several emission lines are indentified in the spectrum. The most relevant ones have been labeled with its corresponding
name and wavelength. In addition, the broad-emission band of Nal centred at ~5900A, and the water vapor Meinel bands are clearly
identified in the spectrum. For comparison purposes we included the night sky spectrum at the Kitt Peak observatory derived by Massey
& Foltz (2000), obtained from their webpage: |http://www.lowell.edu/users/massey/nightsky.html (Orange dotted-line). It is appreciated
how strong are the pollution lines at Calar Alto, in comparison with that observatory.


http://www.ls.eso.org/lasilla/seeing/
http://www.eso.org/gen-fac/pubs/astclim/paranal/seeing/adaptive-optics/statfwhm.html
http://www.eso.org/gen-fac/pubs/astclim/paranal/seeing/singstory.html
http://www.lowell.edu/users/massey/nightsky.html
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F1G. 2.— Distribution of the V-band extinction along 1044 astronomical useful nights in the period between march 2003 and may 2007
(~70% of the total nights). The extinction shows a clear seasonal pattern, with a maximum in Summer and a minimun in Winter. The
median value of the extinction is Ky =0.18 mags, with a typical value of ~0.15 mags in Winter. The fraction of nights with xy >0.25 mags,
~20%, is similar to other observatories (e.g., La Palma), although the peaks of extinction are much lower.
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F1G. 3.— Extinction curves derived for a set of Winter (left panel) and summer nights (right panel), using the EXCALIBUR extintion
curve monitor (red solid circles). The error bars indicate the standard deviation over the mean values. The data were fitted to a linear
combination of the three different contributions to the extinction described in Walker (1987): the Rayleigh scattering (dashed line), the
Aerosol or dust extinction (dotted-dashed line), and the Ozone extinction (dotted line), each one scaled to their relative contribution to
the extinction. The blue solid line shows the best fit to the data.
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FiG. 4.— Distribution of the seeing along the time for the 335 nights with measurements from the DIMM monitor in the period between
January 2005 and December 2006. There is a suggestion for a seasonal pattern, with a minimun during Summer and a maximum during
Winter.
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Fi1c. 5.— Normalized histogram of the seeing distribution shown in Fig[l (solid line). The median value of the seeing is ~0.90”, with a
~46% of the nights with a seeing better than this value. The red dashed line shows a similar histogram for the summer values (May to
September), when the median seeing drops to ~0.87”. The blue dashed-dot line shows a similar histogram for the Winter values, comprising
the remaining data, when the median seeing rise to ~0.96”. The seeing distribution is clearly different in both seasons.



