Research in Astron. Astrophys2012 Vol. 12 No. 7, 772—-780

hi
http: //mww.raa-journal.org  http://mwmw.iop.org/journals/raa Research in

Astronomy and
Astrophysics

The site conditions of the Guo Shou Jing Telescope*

Song Yad?, Chao Liu, Hao-Tong Zhan Li-Cai Dend’, Heidi Jo Newberg,

Yue-Yang Zhan§?, Jing Li"4, Nian Liu"4, Xu Zhou', Jeffrey L. Carlirt,

Li Cher?P, Norbert ChristlieB, Shuang Galg Zhan-Wen Hah, Jin-Liang Hod,

Hsu-Tai Leé, Xiao-Wei Liu’, Kai-Ke Pari’, Hong-Chi Wang!, Yan Xu' and Fan Yant?

1 Key Lab of Optical Astronomy, National Astronomical Obs&tries, Chinese Academy of

Sciences, Beijing 100012, Chinajchao@nao.cas.cn

2 Graduate University of Chinese Academy of Sciences, Reilin0049, China

3 Department of Physics, Applied Physics and Astronomy, Belasr Polytechnic Institute, 110
8th Street, Troy, NY 12180, USA

4 School of Physics and Electronic Information, China Westrhal University, Nanchong
637000, China

5 Shanghai Astronomical Observatory, Chinese Academy @&fieis, Shanghai 200030, China

6 Center for Astronomy, University of Heidelberg, Landesstearte, Konigstuhl 12, D-69117
Heidelberg, Germany

7 Yunnan Astronomical Observatory, Chinese Academy of SeisypKunming 650011, China

8 Institute of Astronomy and Astrophysics, Academia Sinf.&). Box 23-141, Taipei 106, China

Department of Astronomy & Kavli Institute of Astronomy andgtfophysics, Peking University,

Beijing 100871, China

10 Apache Point Observatory, PO Box 59, Sunspot, NM 88349, USA

1 Purple Mountain Observatory, Chinese Academy of Scierdasjing 210008, China

Received 2012 May 11; accepted 2012 June 16

Abstract The weather at the Xinglong Observing Station, where the &umu Jing
Telescope (GSJT) is located, is strongly affected by thesmon climate in north-
east China. The LAMOST survey strategy is constrained bgettveeather patterns.
We present statistics on observing hours from 2004 to 204 ttze sky brightness,
seeing, and sky transparency from 1995 to 2011 at the siténvistigate effects of
the site conditions on the survey plan. Operable hours eaxctimshow a strong cor-
relation with season: on average there are eight operabies fper night available in
December, but only one—two hours in July and August. Thengeaid the sky trans-
parency also vary with season. Although the seeing is warggndy winters, and the
atmospheric extinction is worse in the spring and summersite is adequate for the
proposed scientific program of the LAMOST survey. With a Mo@arlo simulation
using historical data on the site condition, we find that treglable observation hours
constrain the survey footprint from 220 16" in right ascension; the sky brightness
allows LAMOST to obtain a limiting magnitude &f = 19.5 mag with S/N= 10.
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1 INTRODUCTION

The Guo Shou Jing Telescope (also named Large sky Area Kdbjgct fiber Spectroscopic
Telescope, or LAMOST) is a quasi-meridian reflecting Schr@tbscope with a 4-meter aperture,
a 5-degree field of view, and 4000 fibers installed on the fptate (Cui et al. 2010; see also the
overview by Zhao et al. 2012). It will be used as a spectroscapvey telescope for Galactic (Deng
et al. 2012) and cosmological science.

LAMOST is located at the Xinglong Observing Station (heteafXOS) of National
Astronomical Observatories, Chinese Academy of SciendA®(). It is located~ 114 km north-
east of Beijing with longitude of?50™18°% east and latitude 0f0°23'36” north. The elevation of
the site is~ 900 m.

The weather at the site is extremely seasonal and is dordibgita continental monsoon in the
summer. In this paper we show how the site’s climate, weashgrbrightness, and seeing influence
the design of the LAMOST survey. These constraints are edhgimportant not only to the field
selection for the halo on dark nights (Yang et al. 2012), aghimights (Zhang et al. 2012), and for
the disk (Chen et al. 2012), but also for the science goalsof AMOST survey (Deng et al. 2012).

There have been a few previous papers on the XOS condititresearly work on monitoring
the site’s conditions with a Schimdt telescope was done lmut al. (2000). Liu et al. (2003) used
the the North pole monitoring data collected from 1995 to2B9 the 60/90 cm Schmidt telescope
on the same site to investigate the sky brightness, thegegit the atmosphere extinction. They
found that the mean sky brightness in iieoand reaches 21.0 mag arcséand the mean seeing
measured from the imaging FWHM varies with season; speltifithe seeing is better in summers
but worse in winters. The camera used for seeing measursroarthe Schmidt telescope under-
samples the point spread function, so that the seeing nerasuts are not reliable when measured
seeings are better than 2”. The site seeing was also measured using a Differential érivmfion
Monitor (DIMM) (Liu et al. 2010). Previous studies eitheradgsold data or included only a short
time baseline. These measurements do not reflect the cweatiher and long term variation of the
site conditions. Since LAMOST will last at least five yeansdarstanding the long term variation of
the site conditions is very important in designing and plagl, AMOST surveys. In this paper we
will revisit XOS quality as an astronomical observing siggng the largest and latest site parameter
data set available, covering almost 16 years since 1995.

In Section 2, we describe how the data are collected. In @e8tthe weather patterns, the sky
brightness, the seeing, and the atmospheric extinctioaraalyzed. We then create a simplified but
realistic simulation of the survey with the priors of theestibnditions so that the probability of the
sky coverage and the total number of spectra can be estinzatégresent that in Section 4. Finally,
in Section 5 we give general guidelines that will be used @dbsign of the survey.

2 DATA ACQUISITION

In this work we use two sets of data, both obtained from the BATirvey (Beijing-Arizona-Taipei-
Connecticut multi-color photometry survey, Fan et al. 19@8ng the Schmidt telescope at XOS.

The observation logs of BATC from 2004 to 2007 provide theation of actual observing time
from opening to closing the dome on each night of operattas.roted that the BATC is a 60/90 cm
Schmidt telescope on an equatorial mount, therefore it oamt po whatever part of the sky is clear,
so that it is more time efficient than LAMOST. LAMOST is limdéo point only within 2 h on each
side of the meridian, and is also restrictedt@0° to 60° in declination. (Higher declinations are
possible, but at a significant cost to the field of view.) Tlere, the actual observation time available
for LAMOST could be lower than BATC's statistics.

The other data set comes from monitoring images of an aremdr@olaris collected by BATC
from 1995 to 2011. The BATC survey took an image of the cedéntirth pole before normal obser-
vations began each night. Although it does not use the zenslfilth is a better direction for moni-
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toring the sky brightness, it still represents a great lggda@uantifying XOS conditions. Liu et al.
(2003) used the first six years of data in their work. In the@ntrwork, we extend it to 2011; Liu
et al (2003) used the data from 1995 to 2001 in their work, H¥yenore than what was previously
available.

We follow the same procedure used by Liu et al. (2003) to nregbie seeing, night sky bright-
ness and extinction from the Polaris dataset.

The sky brightness ADU was measured from the backgroundeofnttages, then instrument
magnitude zero points derived from photometric nights vieierpolated to each observing night to
convert the sky brightness ADU into a magnitude in theand. The photometric software package
SExtractor (Bertin & Arnouts 1996) was used to measure théiMMmagnitude and other param-
eters of stellar objects on the image. The average FWHM cfelstellar objects was taken as the
seeing of that observation. The sky transparency, whiclugntified by the extinction coefficient,
was derived by comparing measured magnitudes of the sélstztes with the known magnitude of
the same objects from the Guide Star Catalog (GSC, Laskérzaas).

3 SITE PARAMETERS
3.1 Weather Patterns

Figure 1 shows hours per night used for actual observatipBADC from 2004 to 2007. Although
the recorded observed hours from BATC should not necegdariidentical to those for GSJT, they
still reflect the general weather pattern at XOS.

Figure 1 shows that the actual observation hours per nigith@sit six hours less than the the-
oretical value at all times of the year. In this period of tjm8% of observing time was lost due to
bad weather. The maximum observing time is in December amaadg, when about eight hours on
average are available each night, while in July and Auguesttierage observing time is less than
two hours. This pattern is similar to figure 1 in Zhang et a00@). Because it is restricted to observe
within ~ two hours of the meridian, LAMOST hardly has any observatiore in summer. Such a
site dependent weather pattern means that LAMOST will havetir chance to observe right as-
censions that are observable in winter: the Galactic amticeand the south Galactic cap. The north
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Fig.1 The statistics of the number of hours of BATC observationsnght from 2004-01-01 to
2007—-09-30. The thick solid line shows the actual mean slygghours, smoothed with a 2-month
window, for each night from July 1 to June 30 the next year. Steded area shows the minimum
and maximum hours of observation each night smoothed wétbame time window. As a reference,
the dashed line shows the theoretically available time betwevening and morning twilights.
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Fig.2 The sky brightness in th& band obtained from BATC Polaris monitoring data, as a fuomcti
of time from 1995 to 2011. The dashed line is 21 mag arcsec

Galactic pole and the inner Galactic disk, on the other hareldifficult to completely sample with
LAMOST.

3.2 Sky Brightness

Figure 2 shows the all sky brightness measurements fromAR€BPolaris images as a function of
time. There are some long term features in the data. Fiestetis a significant brightening between
2005 and 2006, which is due to the construction of the buijslifor LAMOST. Lights from the
construction site significantly affected the BATC telesepwhich is only a few hundred meters
away. After the construction was done in 2007, the monitpdata from BATC returned to the
normal level for the site.

Secondly, there seems to be an annual (probably seasonaljorain the sky brightness. The
periodic pattern is much clearer from 2007 to 2011. It sedrasdround the end of a year, in the
winter, the sky is darker, sometimes fainter than 21 magearés while in the middle of a year, in
the summer, it is brighter by as much as 0.5 mag. It is not wedeustood what causes the seasonal
pattern in the sky brightness. Several factors could hamtriboited to the pattern, including dust
storms in the spring, more construction in local areas inreanor local agricultural activities. All
of these factors reduce the transparency of the atmosphieiah) can result in more scattered light
from nearby cities.

3.3 Seeing

Although a DIMM instrument has been used recently to monitematural seeing for GSJT (Liu et
al. 2010), there are no historical seeing data from long tnitoring for the site quality at XOS.
The only feasible data set that can be used for seeing asseisEnBATC data archive. However,
note that the Schmidt telescope has a classical dome, wétbhatd office and living facility, so the
measurements are likely dominated by dome seeing. Indeedite’s natural seeing is likely around
1 arcsec (Liu et al. 2010), much better than the measurenremisBATC. The long term record
of seeing at XOS derived from BATC is shown in Figure 3. Theirgpapans a huge range and
is probably seasonal, as can be clearly seen in the figurelwinters of 1999 and 2000, it was
rather bad in general, and sometimes was worse than 4 attdszame slightly better in 2006.
After 2007, the BATC telescope installed a newx4k CCD, hence the new camera improved the
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Fig. 3 The seeing measured from the FWHM of the images obtaineckiretfion around Polaris by
BATC from 1995 to 2011 is shown.
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Fig.4 The median seeing and its-& range using the data after 2007 in Fig. 3 in each month are
shown.

imaging resolution from 1.7 arcsec pixélto 1.36 arcsec pixel'. In order to keep consistency of
the data we only use those after 2007 for subsequent analysis

Figure 4 shows the average seeing for each month using theattat 2007. The best seeing
occurs in August and September, while the worst is in Decermibe January. Meanwhile, the dis-
persion of the seeing (the error bar shown in the figure) aBovis the same trend. This pattern is
similar to figure 7 of Liu et al. (2003), and also figure 5 of Zbaxt al. (2009). Experience from other
telescopes at the same site shows that it is true that thegsseiorse in the winter and better in the
summer. This is related to the climate. In winter the stramgjfaequent wind significantly enhances
the turbulence in the atmosphere and hence the seeing is wodsmore unstable. By contrast, in
summer there is very weak or no wind and this makes the semiaties and more stable.
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Fig.5 The distribution and cumulative distribution of the seedtfigr 2007, using data from Fig. 3.
The solid lines show the distribution for all data. The ddsited horizontal line shows the position
of 50%. It indicates that 50% of the observations are in tleingglower than 3.4 arcsec for the data.

Figure 5 gives the statistics of the seeing after 2007. Tl péthe histogram of the seeing is
around 3 arcsec. Based on the cumulative distribution of¢leéng data, 50% of the seeing measure-
ments are better than 3.4 arcsec. Due to under-samplingCB#iRges are not perfect for accurate
seeing measurements. Even with the slightly improved gigale of 1.36 arcsec, the images do not
yield good measurements of the FWHM below 2 pixel (7 arcsec). Additionally, it is dome seeing
that is dominant and not the natural seeing at the site. [Esetheasons, we will use the results only
as a reference for the long-term variations in seeing cmmdiNevertheless, although the seeing is
not perfect compared with other famous sites, it is adedoatbe proposed science program of the
LAMOST spectroscopic survey.

3.4 Extinction

The sky transparency at XOS shows significant seasonakizansaas shown in Figure 6. The best
value occurs in October, and the worst value appears in Mdylane, when the local area suffers
from sand storms and/or climate factors such as humiditydaistl

4 A SIMULATION FOR THE LAMOST SURVEY WITH SITE CONSTRAINTS

We run a Monte Carlo simulation to simulate the sky coverdgib® LAMOST survey based on
the site conditions. The simulation helps to clarify how #ite conditions affect the survey and
consequently what science goals are the most feasible fbfQ&T.

In the simulation, we assume that LAMOST can only observe@édefined non-overlapping
5-degree-diameter fields of view (hereafter called platesgring all space betweén= —10° and
0 = 60° (Fig. 7). This is an oversimplified assumption since in pcadt AMOST scans the sky with
many overlapping plates. However, this assumption maleesithulation quite simple and sufficient
for investigating impacts of the site conditions on survianping. No fiber assignment is included
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Fig.6 The circles show the median atmospheric extinction coefiicior each month. The error
bars show the range of&-Only the data after 2007 are used.

Fig.7 The footprint map in an equatorial Aitoff projection of theokte Carlo simulation. The

circles show the possible plates that LAMOST can observlerstmulation. The blue grid shows
the Galactic coordinates. Note that some plates are blobketie coordinate labels, but they do
actually exist behind the numbers.

in the simulation. We also do not give any presumption of aifid® sky region, e.g. the emphasis of
the anticenter direction as we did in Deng et al. (2012), sttg¢venly cover all available sky regions
for LAMOST.

We also assume that on dark/grey nights LAMOST observesdiné dbjects with 1.5h ex-
posures (X30min), while at bright nights it only observes the bright atigewith 0.5h exposures
(3x10min). The overhead for each plate is 0.5 h, including telpsamovement, active optics op-
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Fig.8 Top panel: The number density equatorial map of the observed platesrigit nights in a
five-year simulated surveRottom panel: The number density equatorial map of the observed plates
for dark/grey nights.

eration, fiber positioning etc. In addition, we add 2 morersao each night for the telescope’s
preparation and configuration, including focusing the orgron a bright star twice per night.

We adopt a very simple strategy for the simulation. On dag&¥/gights, when LAMOST starts
to observe, it arbitrarily selects the one with the minimwmiber of observations from all available
plates within 2h on each side of the meridian. On bright rsgtite plates with zero observations
will be the highest priority for observation. Additionallhe probability of plate selection follows
the star counts in the area of sky covered by that plate; filverplates near the Galactic mid-plane
will be observed more than those at high latitudes.

We run the simulation for a five-year survey (2011-2015) apkat it 50 times to smooth
out the random fluctuations. The mean number of plates obdénfive years, at each location, is
shown in Figure 8. The bright night survey can reach more five@nobservations per plate along
the Galactic mid-plane. Since the Galactic plane, in paldicthe anticenter direction, is right in
the most weather favorable sky region for LAMOST, it seenmat (PAMOST is suitable for an
anticenter Galactic plane survey. Since the dark/greytrsigivey does not use any prior knowledge
of the star distribution, it simply follows the actual numioéobserving hours available, considering
the weather, seasonal variation in the number of hours gét,;and Moon phase. In five years, the
dark/grey night survey can cover the sky betwees 22" and16" at least three times. The rest of
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the region is the summer sky, which can be essentially caventy once. The actual observation
hours in the summer restrict the sky coverage of LAMOST.

5 CONCLUSIONS

From a compilation of site condition data over the last 16ygae find that the strongest constraint
for the LAMOST survey is from the actual observation hoursich are significantly lower than the
available hours due to weather constraints. This resulgiy few or even zero observation hours
in summer. Considering the special quasi-meridian designobservable sky is constrained to the
autumn, winter and spring, so that LAMOST performs best @rtigions of the Galactic anticenter
and the South Galactic cap. Consequently, the survey pktohae very carefully designed under
this limitation.

The sky brightness reaches roughly = 21 mag arcsec? on the best nights at Xinglong.
Therefore the limitingl” magnitude for spectroscopy should be around 19.5mag with=SI0
for point sources. This is the upper limit of the capabilifyLAMOST. Because the seeing at
the LAMOST site becomes worse during the months when theahotiservation hours are long,
LAMOST will suffer from flux lost due to the larger PSF, whichlweduce the total throughput of
the fibers to some extent.
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