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Abstract Using a sky brightness monitor at the Xinglong station of bl
Astronomical Observatories, Chinese Academy of Scienges;ollected data from
22 dark clear nights and 90 moon nights. We first measuredkghbrgghtness vari-
ation with time for dark nights and found a clear correlati@tween sky brightness
and human activity. Then with a modified sky brightness madehoon nights and
data from these nights, we derived the typical value for s#vmportant parameters
in the model. With these results, we calculated the sky bmiegs distribution under
a given moon condition for the Xinglong station. Furthermyave simulated the sky
brightness distribution of a moon night for a telescope &i#i field of view (such as
LAMOST). These simulations will be helpful for determinitige limiting magnitude
and exposure time, as well as planning the survey for LAMOG&Tndj moon nights.
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1 INTRODUCTION

The night sky brightness of an observatory is the major fabimt constrains the limiting magnitude
of a telescope and the exposure time given the required |digimise ratio of the targets. For a
spectral instrument using fibers, sky subtraction is a atwtep in reducing the spectral data taken
with fibers; usually this step relies on how the fiber samptheskiackground, which is generally
thought to be homogenous withir? dn dark nights. If there is a gradient in the sky background
(such as on a moon night), much more effort will be needed th Besigning the fiber used for sky
sampling and the method of data reduction. Thus a good estimaf sky background distribution

is very important in planning a spectroscopic survey thasiiers and has a large field of view,
such as the Large sky Area Multi-Object fiber Spectroscoplestope (LAMOST, also called the
Guo Shou Jing Telescope, Cui et al. 2012).

There are several sources that contribute to light in thatrsgy after astronomical twilight,
namely airglow, scattering of starlight and zodiacal liggrid natural and artificial light pollution.
For an astronomical observatory, artificial light pollutis generally very small and the most dom-
inate source of light pollution is moonlight when the mooraisove the horizon. Many previous
works have studied the night sky brightness, for exammec8éz et al. (2007), Schneeberger et al.
(1979) and Neugent & Massey (2010). However, most of thepensafocus on dark night sky
brightness, and only a few of them study the sky brightnessoon nights. The site for LAMOST
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is the Xinglong Station of the National Astronomical Obssories, Chinese Academy of Sciences
(NAOC), which is located 114 km northeast of Beijing at a litade of 7°50™18° east, a latitude
of 40°23'36” north, and an altitude of about 900 m. Liu et al. (2003) and &gal. (2012) stud-
ied the night sky brightness, seeing, extinction, and alsél observational hours as well as their
seasonal changes using photometric data from the telessmokfor the Beijing-Arizona-Taiwan-
Connecticut (BATC) survey, which is located at the Xinglddigtion. For the night sky during a
moon night, they used a simple empirical model considetiegnoon’s phase, height and angular
distance between the moon and the target to eliminate teetedf the moon. The model used in
their paper is too simple to estimate the sky brightnessiligion in detail over a Sfield of view
(for LAMOST). Krisciunas & Schaefer (1991) derived a moremicated model considering both
the Rayleigh and Mie scattering of the moonlight; two morgalaes, zenith distance of the moon
and zenith distance of the target, were considered in thedtely and the reported accuracy was
8%—-23%. In the present work, with a modified model of sky bingiss during a moon night from
Krisciunas & Schaefer (1991) and using data from a Sky Quiliter (SQM) at the Xinglong sta-
tion, we derived typical values for several important paggers. With these results, we calculated
the sky brightness distribution under a given moon condlitieurthermore, we use these results to
predict the typical brightness gradient for LAMOST$ field of view.

In Section 2 we describe the model of sky brightness. In 8e&ithe process of how we derived
data describing the brightness measurement from the SQxplaired. In Section 4 we present the
fitting of parameters, including the dark zenith sky briggtsi/,...,, the extinction coefficient, and
the scattering coefficients PA and PB. In Section 5 we caletlee sky brightness distribution when
the moon is at a specific position and phase angle, usingatymtues of the deduced sky parameters.
Furthermore, the variation in brightness distributionrav®’ field of view that is caused by the moon
is predicted and its effect on LAMOST is discussed.

2 CALCULATION MODEL

According to Krisciunas & Schaefer (1991), the sky briglsshen a moon night can be divided into
two parts, the dark nighttime sky

Bo(Buen; k, 2) = Buen107 04X DX, €y
and the contribution from scattered moonlight
Brnoon — f(p)l*10704ka(Zm)(1 _ 1070.4kX(Z)) , (2)

whereB,,,, is the dark time sky brightness at zenith in nanoLambert$ {iich can be converted

to magnitudé/,.,, with equation (27) in Garstang (198%)js the extinction coefficient{(p) is the
scattering function at scattering anglel* is the brightness of the moon outside the atmosphere,
which can be expressed as a function of moon phase angle

I — 1070.4(3.84+0.026\a|+4><10’9044) 3)
Z is the zenith distanceX is the airmass and’,,,(Z,,,) and X (Z) denote the airmass for the moon
and the sky position respectively. The airmassan be expressed as in Garstang (1989)

X(Z)=(1-0.96sin> Z)"*>. 4)

The scattering function is composed of two types of scattgri the atmosphere, Rayleigh scat-
tering from atmospheric gases and Mie scattering by atneyépherosols. The Mie scattering can
degenerate into Rayleigh scattering when the size of athesgpaerosols decreases. However, when
the size increases, the behavior of the scattering can loeilded by geometrical optics. The scat-
tering function is proportional to the fraction of inciddigtht scattered into a unit solid angle with
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a scattering angle, and also varies with different wavdlengiccording to Krisciunas & Schaefer
(1991) and Chakraborty et al. (2005), we define the scatféuinctions as

fr(p) = 10°5(1.06 + cos? p) (5)
falp) = 106740 when (p > 10), (6)
fulp) = 62x107p72, when (p < 10), (7)

f(p) = PAX far(p) + PBx fr(p). (8)

In these functionsfr (p) and fu(p) are the Rayleigh and Mie scattering functions respectively
p is the scattering angle defined as the angular separatisebprtthe moon and the sky position. In
Equation (8), PA is a scale factor for Mie scattering and P&ssale factor for Rayleigh scattering;
they are proportional to the density of particles that eiqrere Mie and Rayleigh scattering in the
atmosphere. In Krisciunas & Schaefer (1991), the scatiduinction (eq. (16) in that paper) includes
a constant factor relating to unit conversions and norratiins. Since the particle densities may
change with time and weather conditions from site to siteuse PA and PB as scale factors to
scale the relative particle density to the site (Mauna Keajlun that paper, and they were treated as
free parameters rather than fixed values in the data fittiagram in Section 4 to deal with different
weather conditions. If the scattering angle is small, themfight can directly enter the measurement
instrument and Equation (5) is not applicable in that case.

Finally, the sky brightness during a moon night can be sineglyressed as

B = BO + Bmoon . (9)

Here, By is the dark night sky brightness in Equation (1) dBd, ., is the brightness caused by the
moonlightin Equation (2). Combining all the equations ahydkie sky brightness can be expressed as

B = B(Bjen: ky Zmoon; Zsky, p, &, PA,PB). (20)

Here B,.,, is the dark zenith sky brightness in ni.js the extinction coefficient? oo, is the moon
zenith distanceZqy, is the zenith distance of the sky positignjs the scattering angley is the
moon phase angle; PA is the Mie scattering scale factor; RikiRayleigh scattering scale factor.

The motions of the moon can be calculated using Chapront E1d®/82 (Meeus 1991). The
corresponding equatorial coordinates (RA, DEC) desagilii;n position can then be obtained. For
application in this paper, the accuracy given by the meaitipnsof the moon is enough. The
Greenwich Mean Sidereal Time can be calculated as

GMST = 100.46061837 + 36000.7700536087 4 0.00038793372 — T /38710000 . (11)

HereT is the date in Julian centuries starting from J2000.0. Therhbur angle of the moon can be
calculated as

Hioeal = GMST — RA — LON. (12)
Here the geographic longitude (LON) i617.575703° and the geographic latitude (LAT) is
40.3933333°. The azimuth angle (A) and the elevation angle (h) of the meamthen be calcu-

lated as
sin h = sin LAT sin DEC + cos LAT cos DEC cos Hiocal ,

cos hcos A = cos LAT sin DEC — sin LAT cos DEC cos Higcal (13)
coshsin A = — cos DEC sin Higcal.
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3 SKY BRIGHTNESS DATA IN THE XINGLONG

The SQM (seehttp://Mmww.unihedron.com/projects/darksky/) is a handy tool developed by the
Unihedron company to measure the sky brightness of visglatl ih mag arcsec 2. There is a filter
that blocks near-infrared radiation from entering the fitmeconstrain the light to the visual band.
The transmission curve describing the transmitted lighbeiated with the SQM can be found in
figure 22 of Cinzano (2005http://mwww.lightpollution.it/downl oad/sgmreport.pdf); the wavelength
response is very broad, with the half maximum of the serisitdurve being in the range from 4000
to 6000A and the peak at 5408. Due to the broadness of the response, the conversion to the
Johnsorl/ band will depend on the spectral type. But for a measure obsigytness during a dark
night or moonlight, the magnitude of the SQM is similar tottimethe V' band, with an error of about
0.1 mag (Cinzano 2005). Each SQM is calibrated by a light nveith a NIST-traceable calibration,
and the absolute precision of each meter is manufacturesl 10% (0.Imag arcsec2). The differ-
ence in zero point between each calibrated SQM is also 102er(f arcsec~2). Adding the above
errors together, the overall sky brightness measured iN th@nd is about 0.2nag arcsec 2.

An SQM was installed at the Xinglong station of NAOC. Durirgetcourse of this study, it
measured the sky brightness in magnitude per square armcsegery 6 min for more than a year.
The Full Width at Half Maximum of the angular sensitivity4s20°. The SQM is fixed in a metal
framework and will not change its direction until it is mafyahifted.

Table 1 shows the direction of SQM in degrees during the ddyewthe data were collected.

Table 1 Direction of the SQM

Start date End date AzimutR Zenith distanceq)
2010-12-16 2011-12-14 180 (South) 15
2011-12-15 2012-01-12 180 (South) 30
2012-01-13 2012-02-13 90 (East) 30
2012-02-14 2012-03-12 0 (North) 30

Notes: the azimuth zero point is north and the clockwisective is positive.

To measure the sky brightness on dark nights, we select aatarfights around the new moon
when the moon is below the horizon, then we look up the obsierving of LAMOST to reject those
nights that were not marked as a clear night, which gives osta22 nights. It will be interesting
to explain how those data were influenced by light polluti@mf nearby cities and solar activities,
but as we only have a few nights for each direction in Tablendl,raost data were acquired during
the winter, it is hard to tell how artificial light influencelde detailed pattern of dark nighttime sky
brightness. We still need time to accumulate more data totffiachightly pattern with seasons and
directions. So, here we only show the average dark nighhtrégs with time. We first correct the
sky brightness to the value at zenith with Equation (1), therset midnight as the fiducial time. The
data from different nights were then averaged every 10 noimfthe fiducial. The results are plotted
in Figure 1. There is a clear tendency that the sky brightisdssghter in the first half of the night,
but after midnight the sky brightness gets darker by ab@utag. This may be explained by human
activities decreasing after midnight, so the light pothatis reduced for the second half of the night.
The overall dark night sky brightness is ab@uit6 4 0.2 mag arcsec 2. The error bar for each data
pointin Figure 1 should reflect both the stability of the imstent and the nightly change of the sky
conditions. By comparing with the scatter in sky brightnegsich is on the order of 0.4 mag in Liu
et al. (2003), and considering that our data were obtainageriod of about one year, the dominate
contributor to this error bar should be the sky itself; thabdity of the SQM should be much smaller
than 0.2 mag.

The direction of the SQM was adjusted with simple tools sosuesments are accurate over
a range of several square degrees. Those data were takemokethan 400d with all kinds of
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Fig.1 The average sky brightness during night time from 22 possildar dark nights. The vertical
box at each data point shows a #&rror bar, and the vertical solid lines indicate the maxinmand
minimum value of that data point. There is a clear tendenayttie night sky brightness is brighter
in the first half of the night, and it becomes darker in the addualf due to less human activity.

weather conditions, such as days with heavy clouds. Alseretis no guarantee that the weather
should be stable during one night. To measure the sky brgitaf scattered moonlight, we need to
exclude those situations in which the scattering model aawork properly, so we use several rules
to filter the data set:

(1) Exclude the daytime records according to astronomiaéight.

(2) Exclude the records when the altitude of the moon is less .

(3) Exclude the records when the angular distance from thennsmaller than 32% or the sky
brightness is brighter than 1&g arcsec™2) to avoid direct incidence of moonlight.

(4) Exclude the observational nights whose record of coisrgmaller than 25 to avoid nights with
heavy clouds.

(5) Exclude the observation nights whose observed brigistoarves show an irregular transition
or dispersion larger than 30% to avoid drastic weather changpartial cloud blocking.

In the end, we obtained sky brightness data for 114 moon sifgbtn 2010 December 16 to
2012 March 12. Each night when observations were taken icsrahout 42 records.

4 PARAMETER FITTING

The following work is mainly based on Equation (10). Here zkaith distance of the moa¥i,,oon,

the zenith distance of the sky positidfy.,, the angular separation between the moon and the sky
positionp and the moon phase anglein degrees are taken as input arguments, since they can be
calculated from the observatory’s geographical locatiod ime. The dark zenith sky brightness
V.en, the extinction coefficienk, the Mie scattering scale factor PA and the Rayleigh séager
scale factor PB are treated as parameters to be determihedufput result is sky brightness in
nanoLamberts, which is provided through measurementsthélsQM.
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Fig.2 The model brightness versus the observed brightness. ARG data records from 114
nights are presented. The total relative fitting variatiefirted by Eq. (15) is 12%.

In order to solve the non-linear least squares problem, Weatdhe observed sky brightness
records on each observation night as one data set. The noindea records/{) in each data set is
approximately 42. Using information about the observasaggographical location and time, input
values for the moon and sky position can be estimated anchatieo each record. It is assumed that
for one night the parametergy(,, k£, PA and PB) do not change very much so they are treated as
constants. We can determine the value of these parameteradb night that will give a minimum
value of the squared 2-norm residual, which is defined as

i=N

RESNORM = > (ModelB; — ObservedB;)?. (14)

1=1
The initial values of the parameters,(,, k£, PA and PB) are set as 21.4, 0.23, 1 and 1 respectively.
The magnitude at zenith is limited between 0 and 25; the etitin coefficient is constrained be-
tween 0.01 and 8; the parameters PA and PB are constraineddie0 and 25. Finally we obtained
the fitting results for 114 data sets. If we reject data setis parameters that are returned at or close
to the boundary for constraints, 90 data sets remain.

Figure 2 shows the model brightness versus the measurdtiis for the data records of all
the data sets from 114 nights, which contain more than 50&frds. We define the relative fitting
variation (RFV) as

i=N

1 Model B; — ObservedB; 2
FV = | — . 15
RFV N ; < Observed B; > (15)

The total relative fitting variation defined by Equation (&Y plotted in Figure 2 is 12%. The RFVs
for each data set are shown in Figure 3. Only the last 90 d&t@szpresented. As we can see, most
of the fitting results have an RFV smaller than 5%. That meansibst of the remaining nights, the
brightness predicted by the model matches the observeldthegs with high accuracy.

Figure 4 shows examples of the fitting curve from four nigHtsre, the phase angle of the moon
is expressed as the Sun-Moon-Earth angle in degrees. \inlIRE3/ are 2.9%, 4.7%, 3.5% and 10%,
as marked in the figure. It is obvious that the bottom-righifighas the maximum brightness be-
cause the phase angle is the smallest among the four figuk#)@top-right one has the minimum
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Fig.3 Histogram of relative fitting variation of each observatimght. Only the the last 90 nights
are presented. Most of the variations are smaller than 5%.

brightness. The major influencing factor of the trend in theve is the angular separation between
the moon and the sky position. As we can see from these figuhes) the moon moves close to the
sky position, the sky background becomes bright. Since kizelgection and the moon’s declina-
tion for one night are basically fixed, the angular sepanasodetermined by the moon’s altitude.
Eventually when the moon is on the meridian, the backgroutiik field of view of a quasi-meridian
telescope, such as LAMOST, will be very bright. These resstiiow that this fitting model works
well for various phase angles and locations of the moon.
Nights with bad fitting results are due to the following reaso

(1) The weather conditions. As this measurement instrurhastworked without interruption for
years, the data have been produced on days with various kindsather conditions. These
effects cannot be corrected using the presented models.

(2) The large angular sensitivity of the SQM. Within thaglafield of view, the light from stars and
planets, and especially moonlight when the moon is closiégvéatly affect the measurement
results. Consequently, the measured sky brightness shehearp increase as the moon moves
close to the sky position.

(3) The reflection of moonlight from the surrounding builgin

(4) The light pollution from nearby cities. The sky brighsseof the Xinglong station is mainly
polluted by city lights from Beijing, Xinglong and Chengd¥s we can see from Figure 1, the
artificial light pollution can change the sky brightness byat 0.3 mag at night. Those effects
are ignored in the model since the sky brightness we are @erisg is at least one magnitude
brighter than the dark night. The sky brightness in the atesef moonlight is expressed by
Equation (1).

After iterative fitting, the resulting histogram of the estited parameters, including the dark
zenith sky brightnesg,.,,, extinction coefficient and scattering coefficients PA and PB, are shown
in Figure 5. Only the last 90 data sets are presented. Thezéaith sky brightnesd/,.,,, presents
a typical value of 21.4nag arcsec™2. This result agrees with the zenith sky brightnezs +
0.2 mag arcsec™?) in the winter that we measured from dark nights, given inti®ac3. This also
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Fig.4 Sky brightness fitting curves. ThE axis is the serial number for the measured data point.
Related parameters, including observation date, moomager) phase angle in degrees, moon decli-
nation and relative fitting variation RFV, are printed in flggires. The definition of RFV is described
in Eq. (15). The SQM directions are listed in Table 1.
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Fig.5 Histogram of the estimated parameters, including the danittz sky brightnes¥’.., extinc-
tion coefficientk, and scattering coefficients PA and PB. Only the last 90 datsnare presented.
Typical values for these parameters can be read from theefgas:V,en = 21.4, k = 0.23,
PA = 1.5andPB = 0.90.
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Fig.6 Estimated parameters as a function of date. Top left: zekighbrightness versus time. Top
right: extinction vs. time. Bottom left: Mie scattering fac PA vs. time. Bottom right: Rayleigh
scattering factor PB vs. time. Only the last 90 data setsrasepted. The days are calculated starting
from 2011 January 1, 12:00:00. Days close to 0 or 365.25 atesiwvinter. Days near 180 are in the
summer.

basically fits the sky brightness in thé band obtained from BATC Polaris monitoring data (Yao
et al. 2012), which is aboutl mag arcsec~2 at the North Celestial Pole. Correcting the airmass
using Equation (1) with 0.36 mag, the results agree very.\ili¢le extinction coefficientk, has

a typical value of 0.23. This is in the acceptable range atingrto the measurement results at
Xinglong (Liu et al. 2003; Yao et al. 2012). The scale factmri¥lie scattering, PA, shows a typical
value of 1.50. The scale factor for Rayleigh scattering, ftBsents a typical value of 0.90.

Figure 6 displays the estimated parameters as a functiotef fdlom 2011 January 1. The
data were collected within one year, and there is an obviacis bf data in the summer due to
the bad weather. Since there are not enough data, it is haedl toow parameters describing the
system change with seasons. However, we can still find sodieaitions that the zenith is darker
in the winter than in the summer and the sky transparencyaratiumn and winter is better than
those in the spring and summer, which is also consistentpvitiious work, e.g. Liu et al. (2003)
and Yao et al. (2012). However, the scattering scale fa®arand PB show no obvious seasonal
variation. The factor PA has a larger dispersion than PBs iBhhainly because the density of the Mie
scattering particles (i.e. dust) has a bigger variation thalecules that cause Rayleigh scattering.
More data are needed to better resolve how these parameéergewith seasons.

Liu et al. (2003) found a linear relation between the sky loingss and extinction coefficieht
However, in our results (see Fig. 7), this correlation isfoohd. Since the datain the Liu et al. (2003)
paper were collected around Polaris, there is a fixed zemstaArtte at aboui0® in the Xinglong
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Fig. 7 Extinction coefficienk vs. zenith sky brightness,e,,.

station. Considering Equation (1), we conclude that thedircorrelation agrees with the equation
but the measured sky brightness is NOT the zenith brightness

5 SKY BRIGHTNESS DISTRIBUTION
5.1 Sky Brightness Estimation

Estimation of sky background is important for a telescopekmgy during a moon night. The back-
ground brightness is one of the key factors that determiaéfiting magnitude and exposure time.
For a survey telescope working during a moon night, knowlegitackground distribution will help
astronomers to plan how far from the moon the telescope dhmiht in order to reduce the in-
fluence of the moon. By applying the typical parameters frdtimdj results to Equation (10), we
can calculate the sky brightness for the Xinglong statimegisky position and time during a moon
night, except for the region where the moon is very close ¢cstty position £ 10°). Here we give
two examples in Tables 2 and 3.

In Table 2 the moon is assumed to have a phase angle’paBthour angle of-30° and a dec-
lination of —10°. The brightness distribution is presented in a large regiitim an hour angle from
—35° to 35° and declination from —10to 70°. For an intuitive view, the sky brightness distribution
for moon phase angi)°, declination—20° and hour angle-30° is plotted in Figure 8.

Table 3 is for a moon on the meridian with a phase anglgoéfand declination o20°. The
position within10° of the moon was left blank in the table. The brightness in @@ and 3 will
be used to set the current magnitude limit and estimate expdsne for the LAMOST survey in
each moon night. They could also help to determine wheredlesdope should point for a given
scientific request. For example, to reach magnitude 17 oighthright, the background should be
no brighter than 19nag arcsec™ 2.

In Table 2 and Figure 8, when the moon’s phase is close tothdlsky position should be at
least65° away to reach a limit of 18hag arcsec=2; by comparing with Table 3 when the moon is
half illuminated, the sky is as deep ash9g arcsec~2 when the sky position i$5° from the moon.
From Tables 2, 3 and Figure 8, we can see that the brightnadgegt is larger when the telescope
is pointing closer to the moon. The sky brightness drop&faatthe declination direction than in
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Table2 The sky brightness distribution at the Xinglong station wkige moon is 2 hours before the
transit. The brightness is in tHé band and expressed asg arcsec™ 2. Input conditions are listed
below the table.

Dech -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35

-10 Moon 17.16 17.39 17.59 17.77 17.93 18.08 18.20 18.30818845 18.49
-5 17.06 17.29 17.50 17.70 17.88 18.03 18.17 18.29 18.40818855 18.60
0 17.02 17.10 17.27 17.45 17.64 17.83 17.99 18.14 18.28 18899 18.58 18.64 18.69
5 17.29 17.30 17.37 17.50 17.65 17.81 17.97 18.12 18.26 18889 18.59 18.67 18.73 18.78

10 17.55 17,57 17.63 17.72 17.84 17.98 18.11 18.25 18.37918859 18.68 18.75 18.81 18.86
15 17.79 17.81 17.86 17.94 18.04 18.15 18.26 18.38 18.49918%68 18.76 18.83 18.89 18.93
20 18.01 18.03 18.07 18.14 18.22 18.31 18.41 18.51 18.60918&%77 18.85 18.91 18.96 18.99
25 18.20 18.23 18.27 18.32 18.39 18.46 18.54 18.63 18.719188.86 18.92 18.98 19.02 19.05
30 18.38 18.40 18.44 18.48 18.54 18.60 18.67 18.74 18.81818894 18.99 19.04 19.08 19.10
35 18.54 18.56 18.59 18.63 18.68 18.73 18.79 18.85 18.90618®01 19.06 19.10 19.13 19.14
40 18.68 18.70 18.73 18.76 18.80 18.84 18.89 18.94 18.99319®07 19.11 19.14 19.17 19.18
45 18.80 18.82 18.84 18.87 18.91 18.94 18.98 19.02 19.060199.13 19.16 19.18 19.20 19.20
50 18.90 18.92 18.94 18.97 19.00 19.03 19.06 19.09 19.125199.17 19.19 19.21 19.22 19.22
55 18.99 19.01 19.03 19.05 19.07 19.09 19.12 19.14 19.168199.20 19.22 19.23 19.23 19.23
60 19.05 19.07 19.09 19.11 19.12 19.14 19.16 19.18 19.19119222 19.23 19.23 19.23 19.22
65 19.10 19.11 19.13 19.14 19.16 19.17 19.18 19.20 19.21119222 19.22 19.22 19.22 19.21
70 19.12 19.14 19.15 19.16 19.17 19.18 19.19 19.20 19.20019221 19.21 19.20 19.20 19.19

Unit: mag arcset?. Vyen = 21.4, k = 0.23, moon phase= 20°, hour angle= —30°, DEC = —10°, PA = 1.5
andPB = 0.90.

Table 3 The sky brightness distribution when the moon’s phase asdé’.

Dech -35 -30 25 -20 -15 -10 -5 0 5 10 15 20 25 30 35

-10 19.53 19.50 19.46 19.42 19.38 19.35 19.33 19.32 19.335199.38 19.42 19.46 19.50 19.53
-5 19,55 19.50 19.45 19.39 19.34 19.29 19.26 19.24 19.26919234 19.39 19.45 19.50 19.55
0 19.56 19.50 19.43 19.35 19.28 19.21 19.16 19.14 19.16 19228 19.35 19.43 19.50 19.56
5 1956 19.49 19.40 19.31 19.21 19.11 19.04 19.01 19.04 19921 19.31 19.40 19.49 19.56

10 19.57 19.48 19.38 19.26 19.14 19.01 18.90 18.90 19.01419926 19.38 19.48 19.57
15 19.58 19.48 19.37 19.23 19.08 18.92 18.92 19.08 19.23719%48 19.58
20 19.59 19.49 19.38 19.24 19.08 Moon 19.08 19.24 19.38 199%9

25 19.62 19.52 19.41 19.28 19.13 18.97 18.97 19.13 19.28119952 19.62
30 19.66 19.57 19.47 19.35 19.23 19.11 19.02 19.02 19.11319235 19.47 19.57 19.66

35 19.71 19.63 19.54 19.45 19.36 19.27 19.21 19.19 19.21719236 19.45 19.54 19.63 19.71
40 19.76 19.70 19.63 19.56 19.49 19.43 19.39 19.38 19.39319949 19.56 19.63 19.70 19.76
45 19.82 19.77 19.72 19.67 19.62 19.58 19.55 19.55 19.55819%62 19.67 19.72 19.77 19.82
50 19.88 19.84 19.81 19.77 19.74 19.71 19.69 19.69 19.691199.74 19.77 19.81 19.84 19.88
55 19.94 19.91 19.89 19.86 19.84 19.82 19.81 19.81 19.81219%884 19.86 19.89 19.91 19.94
60 19.99 19.97 19.95 19.94 19.92 19.91 19.91 19.90 19.91119®92 19.94 19.95 19.97 19.99
65 20.03 20.02 20.01 20.00 19.99 19.99 19.98 19.98 19.98919%499 20.00 20.01 20.02 20.03
70 20.07 20.06 20.06 20.05 20.05 20.04 20.04 20.04 20.0442Q@O05 20.05 20.06 20.06 20.07

Unit: mag arcset?. Vyen = 21.4, k = 0.23, moon phase= 90°, hour angle= 0°, DEC = 20°, PA = 1.5 and
PB = 0.90.

the hour angle direction. In the declination direction, $kg brightness drops faster when pointing
toward the zenith than toward the horizon.

5.2 Brightness Differencewithin a5 Degree Field of View

The Large Sky Area Multi-Object Fiber Spectroscopic Tebgsc(LAMOST) is an optical survey
telescope with a field of view of5 There are 16 spectrographs, each holding 250 fibers, aihd eac
spectrograph occupys a certain field of view (abidQton the LAMOST focal plane. In such a large
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Table4 Differences in brightness within LAMOST's field of view whéme moon is over the zenith.

Decch -85 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35
-10 0.05 0.06 0.06 0.07 0.08 0.09 0.09 0.09 0.09 009 0.08 0®@6 0.06 0.05

-5 0.06 0.07r 0.08 0.10 0.10 0.11 0.112 0.11 0.112 0.11 0.10 0.108 00.07 0.06
0 0.08 0.09 0.10 0.12 0.13 0.13 0.14 0.14 0.14 0.13 0.13 0.120 00.09 0.08
5 0.09 0.11 0.12 0.14 0.15 0.16 0.16 0.16 0.16 0.16 0.15 0.142 00.11 0.09
10 0.11 0.12 0.14 0.16 0.17 0.18 0.23 0.23 0.18 0.17 0.16 0.142 00.11
15 0.12 0.14 0.15 0.17 0.19 0.29 0.29 0.19 0.17 0.15 0.14 0.12
20 0.13 0.15 0.17 0.19 0.20 Moon 0.20 0.19 0.17 0.15 0.13
25 0.13 0.15 0.17 0.19 0.21 0.36 0.36 0.21 0.19 0.17 0.15 0.13
30 0.13 0.15 0.17 0.19 0.21 0.23 0.26 0.26 0.23 0.21 0.19 0.1¥5 00.13
35 0.13 0.15 0.17 0.18 0.20 0.21 0.22 0.23 0.22 0.21 0.20 0.187 00.15 0.13

40 0.13 0.14 0.16 0.17 0.18 0.19 0.20 0.20 0.20 0.19 0.18 0.176 00.14 0.13
45 0.12 0.14 0.15 0.16 0.17 0.18 0.18 0.18 0.18 0.18 0.17 0.165 00.14 0.12
50 0.11 0.12 0.13 0.14 0.15 0.16 0.16 0.16 0.16 0.16 0.15 0.123 00.12 0.11
55 0.10 0.11 0.12 0.13 0.13 0.14 0.14 0.14 0.14 0.14 0.13 0.1B2 00.11 0.10
60 0.09 0.10 0.11 0.11 o0.11 0.12 0.12 0.12 0.12 0.12 0.11 0.111 00.10 0.09
65 0.08 0.08 0.09 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.009 00.08 0.08
70 0.07 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.087 00.07 0.07

Unit: mag arcset?. Vyen = 21.4, k = 0.23, moon phase= 20°, hour angle= 0°, DEC = 20°, PA = 1.5
andPB = 0.90.

field of view, the gradient of the background cannot be igdoiemost observations of spectra taken
with fibers, the sky is sampled by dedicated fibers, then tlgarskhe fiber with the target object
is subtracted using a spectrum taken from those sky fibeiis. siép works well when the sky is
homogenous within the field of view of the spectrograph. indhse of a moon night, the gradient of
the sky background should be considered in the data redustidp as well as in the step that plans
how the fiber samples the background. In this work, we try torege the difference in brightness
caused by moonlight within the field of view of LAMOST, so aspt@vide a reference for strategy
decisions related to observations as well as data redudtrom Tables 2 and 3, it is easy to tell
that the larger the angular separation is, the lower theigmadf the sky brightness is. To calculate
the maximum difference in brightness within the field of vieve need to find the points with the
maximum and minimum brightness. The points with an extreatea/were found by a step-by-step
search along the edge of the field of view.

We show an example of the results in Table 4. The input parnsiate the same as in Table 3
except that the phase angle of the moo2nisrather thard0°. Each item in Table 4 is the maximum
difference in LAMOST's B field of view. The maximum difference in Table 4 is 0:36g/5°, S0 in
the field of view of one of LAMOST's spectrographs (aboti, the gradient will be about 0.07 mag,
which means the gradient in each spectrograph is 7%. Thisavike residuals from sky subtraction
in the data reduction if the sky is not properly sampled. Hmvethe smallest difference in the
table is about 0.05 mag, which means there is about a 1% gtddiene spectrograph. Generally,
the accuracy in sky subtraction in spectral data reductiomfthe fiber is larger thad%, so a
difference of 1% can be acceptable in most cases. From theaigcussion, it is better to choose a
position with a smaller background gradient to alleviatédlilty in data reduction when planning a
survey like LAMOST.

Figure 9 shows an example of sky brightness distributioeéns AMOST’s 5 field of view.
We calculate the brightness for each fiber. The phase andleahoon is20°, and the distance
between the moon and the center of the field is al30atas marked in the figure. The moon is
67° to the northeast, as shown by the lower right icon. As we cantbere is a brightness gradient
of about 0.16 mag, but the direction of the gradient is notdinection from the moon to the sky
position. As we pointed out in Section 5.1, this is becausenwthe airmass increases going away
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Distribution of sky brightness in magnitude
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Fig. 8 Distribution of sky brightness in magnitude; the input paeters areV,., = 21.4, k = 0.23,
Moon phase= 20°, DEC = —20°, hour angle= —30°, PA = 1.5 andPB = 0.90.

Moon TI=-30.0°,Dec20.0° phase angle=20.0°
Plate F=0.0°,Dec=10.0°, Dist=30.59°
MagMin17.651 mag
MagMax 17.811 mag o

e

Fig.9 Simulation of brightness distribution in LAMOST’s focalgté. The moon is 2 hours before
the zenith and the declination is220T he telescope is pointing towards the meridian with a deeli
tion of 10°. PA = 1.5, PB = 0.90, V,en = 21.4, £ = 0.23 and moon phase angte = 20°. The
location of fibers is assumed to be placed in the sky by folvtheir light path to make the figure
more intuitive. Due to the factor related to the zenith distaof the sky position, the direction of the
moon does not match the direction of the brightness gradiémt direction of increasing brightness
slightly shifts from the moon to the horizon. The variati@cbmes larger at the horizon.
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from the zenith (i.e. north in this figure), the moonlight bexes more scattered by the atmosphere,
which will change the direction of gradient a bit to the south

6 SUMMARIES

We use an SQM to study the brightness of the night sky at thgling station. Using data collected
from December 2010 to March 2012, we selected 22 dark clghtsito study how the sky bright-
ness varies with time. We found a clear correlation betwherdark nighttime sky brightness and
human activity. We also utilize the lunar sky brightness elad Krisciunas & Schaefer (1991), by
modifying the relative scale factors of Rayleigh and Mietwring. We successfully fitted the sky
brightness data of the SQM at the Xinglong station with an RF¥2%. We estimate the related pa-
rameters for 90 nights. According to the results we can saédrilthis observatory the typic&l band
dark zenith sky brightness is about 2idg arcsec™?; the extinction coefficient is about 0.23; the
Mie scattering scale factor is about 1.5; the Rayleigh sdaty scale factor is about 0.90. With the
model and those typical parameters for the Xinglong statimcould estimate the sky brightness
distribution for any given time during a moon night for the M®ST site. We then calculated the
gradient within LAMOST's B field of view. The result shows that sky brightness increaseskly

as the distance from the moon becomes smaller. The incgeasimith distance will also enhance
the brightness within a quantity much smaller than the imfteeof the lunar separation angle. These
results will help in planning the LAMOST bright night survey determining good locations for sky
fibers in the focal plane as well as data reduction used in &QST survey.
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