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ABSTRACT

Estimating the sky background is critical for ground-based astronomical research. In the optical, scattered moonlight dominates the
sky background, when the moon is above the horizon. The most uncertain component of a scattered moonlight model is the aerosol
scattering. The current, official sky background model for Cerro Paranal uses an extrapolated aerosol extinction curve. With a set of
X-shooter sky observations, we have tested the current sky background model as well as determined the aerosol extinction from the
ultra-violet (UV) to near-infrared (NIR). To our knowledge, this is the first time that a scattered moonlight model has been used for
this purpose. These observations were taken of blank sky, during three different lunar phases, and at six different angular distances
from the moon for each lunar phase. Overall, the current model does reproduce the observations for average conditions quite well.
Using a set of sky background models with varying aerosol distributions to compare with the observations, we found the most likely
aerosol extinction curves, phase functions, and volume densities for the three nights of observations and compare them with the
current model. While there are some degeneracies in the aerosol scattering properties, the extinction curves tend to flatten towards
redder wavelengths and are overall less steep compared to the extrapolated curve used in the current model. Also, the current model
had significantly less coarse particles compared to the favored volume densities from the X-shooter data. Having more coarse particles
affects the phase function by being more peaked at small angular distances. For the three nights of sky observations, the aerosol size
distributions differed, most likely reflecting the changes in atmospheric conditions and aerosol content, which is expected. In short,
the current sky background model is in fair agreement with the observations, and we have determined better aerosol extinction curves
and phase functions for Cerro Paranal. Using nighttime sky observations of scattered moonlight and a set of sky background models
is a new method to probe the aerosol content of the atmosphere.

Key words. atmospheric effects – radiative transfer – scattering – methods: data analysis – methods: observational –
techniques: spectroscopic

1. Introduction

Ground-based astronomy is limited by how well the sky back-
ground can be estimated and removed (see e.g., Garstang
1989; Leinert et al. 1998). Many times the target observation
and the sky are observed simultaneously or sequentially in
order to obtain temporally and spatially a decent approxima-
tion of the sky at the time and location of the target obser-
vation. However, sometimes this is not possible and a sky
background model is needed. Also, a sky background model
is useful for estimating how long an observation should be in
order to obtain the desired signal-to-noise ratio required for the
given science case. Therefore for modern, ground-based tele-
scopes, an accurate sky background model and characteriza-
tion of the night sky is necessary. The sky background con-
sists of many components that contribute to both radiance
and transmission spectra. Some of these components include
? Based on observations collected at the European Southern Obser-

vatory under ESO programme 491.L-0659.

direct and indirect zodiacal light, scattered moonlight, scattered
starlight, and absorption, emission and scattering by particles in
the atmosphere (troposphere, stratosphere, and the upper atmo-
sphere) (e.g., Wolstencroft & van Breda 1967; Staude 1975;
Leinert et al. 1998; Burke et al. 2010; Noll et al. 2012, and refer-
ences therein). These components can vary temporally and spa-
tially on different scales.

For the European Southern Observatory (ESO) a sky back-
ground model was developed for the purpose of the exposure
time calculator (ETC) for the Very Large Telescope (VLT) at
Cerro Paranal and the future site of the Extremely Large Tele-
scope (ELT) at Cerro Armazones (Noll et al. 2012; Jones et al.
2013). Both sites are located in the Atacama desert of Chile at
high elevations, 2635 and 3046 km for the VLT and ELT, respec-
tively. One of the reasons for choosing these locations is that the
atmosphere is quite dry and clean (i.e., there are small amounts
of water vapor and particles).

A major component of the sky background model is scat-
tered moonlight, which dominates the night sky brightness in

Article published by EDP Sciences A39, page 1 of 16

https://doi.org/10.1051/0004-6361/201833759
https://www.aanda.org
http://www.edpsciences.org


A&A 624, A39 (2019)

the optical when the moon is above the horizon. Surprisingly,
there have not been many studies of scattered moonlight. Walker
(1987) published a table of the sky brightnesses taken at Cerro
Tololo, Chile during 5 different lunar phases in the U, V, B,
R, and I-bands. This was used by many observatories to esti-
mate the scattered moonlight for a couple of decades, but there
is no information about the position of the moon or patch of
sky observed. Then Krisciunas & Schaefer (1991) designed an
empirical model for the brightness of the moon, using V-band
data taken at Mauna Kea, Hawaii. This model depended on the
lunar phase, positions of the moon and target, as well as atmo-
spheric conditions, and had an uncertainty between 8 and 23%.
Noll et al. (2012) extrapolated this empirical model from being
only photometric to being spectroscopic using a set of obser-
vations from the UV FOcal Reducer and low dispersion Spec-
trograph (FORS1; Appenzeller et al. 1998; Patat 2008) at the
VLT. It used the solar spectrum from Colina et al. (1996) and
considered the wavelength dependence of Rayleigh scattering as
well as from aerosols using the aerosol extinction curve from
Patat et al. (2011). Aerosols are particles that are larger than a
typical molecule and can scatter light in the atmosphere, usually
in the troposphere and stratosphere. This extended model was
part of the improved ESO sky background model for the ETC,
where the Walker table was replaced by this model. However,
this extended model was an empirical fit with many parameters.
Jones et al. (2013) used a new method for estimating the scat-
tered moonlight was developed to be used for the ESO ETC and
other applications. We followed the path of light from the sun, to
being reflected off the moon, to being scattered in the Earth’s
atmosphere before entering the telescope. The solar spectrum
was also taken from Colina et al. (1996) and the albedo was
interpolated from Kieffer & Stone (2005). An improved set of
scattering calculations are described by Jones et al. (2013) and
includes Rayleigh scattering from molecules as well as aerosol
scattering. Jones et al. (2013) used the aerosol extinction curve,
which gives the optical depth from aerosols due to scattering
and absorption as a function of wavelength, for Cerro Paranal
from Patat et al. (2011), like the previous extended ESO model.
For the aerosol scattering phase function, we decomposed this
extinction curve into typical different background aerosol par-
ticles from Warneck & Williams (2012) using the Mie calcu-
lations from Bohren & Huffman (1983), Grainger et al. (2004),
which determined the phase function. The aerosol phase function
describes the angular distribution of light reflected off an aerosol
particle as a function of wavelength. Aerosols tend to preferen-
tially scatter light forward. The phase function has no physical
units and its integral over all scattering directions is normalized
to 4π sr. There were a couple of problems with this method, such
as the aerosol extinction curve was determined between 0.4 and
0.8 µm and there were several degeneracies amongst the different
aerosol particles. However, in order to characterize the amount of
moonlight expected in a given observation, knowing the amount
of each type of aerosols present is critical for calculating the
scattered moonlight. The aerosol scattering is the most uncertain
part of the scattered moonlight model. To better characterize the
aerosol distribution and hence improve the scattered moonlight
model, a set of X-shooter observations (Vernet et al. 2011) was
obtained at different lunar phases and distances from the moon.
X-shooter is an echelle spectrograph at the VLT and can observe
simultaneously from 0.3 to 2.1 µm (with a K-blocking filter).

With the X-shooter observations we can validate the sky
background model, with an emphasis on the scattered moon-
light model, using a set of dedicated blank sky observations to
probe different aspects of the model. The scattered moonlight

model was previously tested using FORS1 data only in the opti-
cal range and with these new observations it can be indepen-
dently tested for the three nights of observations. Because the
three nights have a range in lunar phases and each night also
has observations at different angular distances to the moon, we
can verify that the model accurately depends on these param-
eters, lunar phase and angular distance. Additionally with the
X-shooter data set, we can probe the aerosol size distribution
for each night of observations. To our knowledge, this is the first
time a scattered moonlight model has been used for this purpose.
The full wavelength range and the different angular distances,
also provide insight into the coarse aerosol particles, which are
difficult to study with only an optical extinction curve. In light
of the previous lack of constraints, the measurements of coarse
particles on all three nights, even though the aerosol properties
vary on short and long timescales, will help to better match the
scattered moonlight model with the X-shooter observations.

The paper is organized as follows. In Sect. 2 we describe the
X-shooter observations used in this study. The analysis is dis-
cussed in Sect. 3, including the current sky background model,
how we measure the aerosol extinction, and the aerosol grid
used. In Sect. 4 we show how well the current scattered moon-
light compares with the observations. The results for the aerosol
properties are described in Sect. 5. Section 6 is a discussion and
Sect. 7 has the conclusions. Additionally, there is Appendix A
which provides values for the scattered moonlight brightness in
the J-band.

2. Data

Our observations were taken with X-shooter spectrograph
(Vernet et al. 2011) at the VLT in Cerro Paranal, Chile with
the proposal ID 491.L-0659. The observations were of blank or
plain sky, in other words observations without any astronomi-
cal source in the field and only of the sky background, taken at
six different angular distances ρ (7, 13, 20, 45, 90, and 110◦)
from the moon on three different nights (Run A, B, and C). The
nights were chosen to have different lunar phases, one within
three days of full moon (Run A), one three to five days from
full moon (Run B), and another with an additional three to five
days from the full moon so close to 50% illumination (Run C).
X-shooter observes simultaneously with three arms (UVB, VIS,
and NIR) to cover 0.3–2.1 µm. We used the K-blocking filter to
minimize the amount of scattered light from the K-band, hence
the observations only extend to 2.1 instead of 2.5 µm. For the sky
observations, the slit widths were 1.6, 1.5, and 0.8 arcsecs for
the UVB, VIS, and NIR arms, respectively, and the length was
11 arcsecs. According to the ESO archive, the moon illumination
was 100, 97, and 56% for Run A, B, and C, respectively. More
details about the observations are shown in Table 1, including the
run, target observation, date and time, right ascension (RA), dec-
lination (Dec), exposure (exp) time for the three arms, airmass
(column density of air relative to the zenith), and seeing condi-
tions. These values are all taken from the ESO archive. Run A
and C were both taken in April, while Run B was observed in
July. Run A also had some clouds towards the end of the run,
which were noted in the observing logs. An example of one of
the observations during Run B at ρ = 45◦ is shown in Fig. 1.

Along with the plain sky observations, spectrophotometric
standard stars were also observed each night at two different air-
masses. The star was observed before and after the sky observa-
tions. LTT 7987 and LTT 3218 were used as spectrophotometric
standard stars. For the stars, we used a slit width of 5.0 arcsecs
for all three arms. For more details, see Table 1. The reason for
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observing the standard stars at two different airmasses was to
determine the aerosol extinction curve using the so-called Lang-
ley method. The Langley method involves looking at the ratio of
the fluxes for a standard star observed at two different airmasses
and assuming that the change in flux is only due to changes in
atmospheric extinction (Lenoble et al. 2013).

The sky observations allow us to check the dependencies of
the sky brightness on both the lunar phase and the angular dis-
tance ρ from the moon as a function of wavelength. By angu-
lar distance we are referring to the apparent distance between
the target observation and the moon in the night sky measured
in degrees. The observations with a higher fractional lunar illu-
mination are good for tests of the scattered moonlight model,
especially the ones at small ρ, whereas the observations at lower
fractional lunar illumination and large ρ should have very little
scattered moonlight and the other components of the sky model
can be studied. Additionally, at bluer wavelengths Rayleigh scat-
tering dominates over aerosol scattering due to a steeper wave-
length dependence of ∼λ−4 versus ∼λ−1, respectively. At the
redder wavelengths, airglow lines and continuum are the main
source of sky brightness.

The observations were reduced using the ESO X-shooter
reflex pipeline version 2.3.0. The flux calibration was improved
by using the method described by Noll et al. (2015). This method
relies on instrument response curves that were derived from stan-
dard star spectra taken between October 2009 to March 2013.
The latest response curve was used for the flux calibration of
our observations, and only an error of less than a few percent is
expected. The other change from the standard pipeline for the
sky observations was the 1D extraction. From the 2D sky obser-
vations we took the median value of flux for each wavelength
pixel to obtain the 1D spectra. The stars were observed in nod-
ding mode, hence they were located at the edge of the slit. Due
to atmospheric differential refraction (ADR), different propor-
tions of the flux were refracted out of the slit as a function of
wavelength. For the calibration of the standard stars, they were
corrected for any loss of flux along the slit, by modeling how the
star moved throughout each observation as a function of wave-
length. However the flux in the standard stars is still uncertain at
the few percent level.

3. Analysis

In this section we describe the current sky background model,
focusing on the scattered moonlight component. Then we dis-
cuss how we modified the current scattered moonlight model to
improve the aerosol scattering calculations and created a set of
models with varying aerosols distributions. This set of models
can then be used to compare with the X-shooter data to find the
most likely aerosol distribution for the different observing runs.

3.1. Current sky background model

As part of the Austrian contribution to ESO, the University of
Innsbruck In-kind group developed a sky background model.
The model was designed to predict the amount of sky back-
ground flux to improve the ETC, used to estimate how long an
exposure of a given astronomical target should be for a desired
signal-to-noise ratio. This sky background model produces both
an emission and transmission spectrum for a given set of input
parameters. The input parameters describe the conditions of the
atmosphere at the time of observation and the geometry of the
target and sources of sky background light. Fig. 1 shows an
example of the sky background model, the scattered moonlight

model, the components of the sky background model other than
the moonlight, and the transmission curve. For this case, the
model over-predicts the flux between about 0.5 and 1.1 µm. For
a full description of the sky background model see Noll et al.
(2012), and for the scattered moonlight model see Jones et al.
(2013).

The sky background model was developed to be used for any
instrument at the VLT and the future site of the ELT and can
span from 0.3 to 30 µm. It can be decomposed into models for
the various sky background sources.

The current scattered moonlight model can be described by
the following equation,

ISM = Isol(λ)A(α, λ)
Ωmoon

π

(
1

dmoon

)2

ξ(ztar, zmoon, ρ, ζ, λ)F. (1)

Here, ISM is the light intensity from scattered moonlight at
the telescope, Isol is the solar spectrum, and A is the interpo-
lated albedo of the moon that depends on the lunar phase param-
eterized by α and wavelength λ. Ωmoon is the angular size of
the moon at the mean distance of the moon from the Earth of
384 400 km and equals 6.4177× 10−5 sr. dmoon is the relative dis-
tance between the Earth and moon with respect to the mean dis-
tance. The function that describes the scattering and absorption
from molecules and aerosol particles ξ depends on the zenith dis-
tance of the target ztar and moon zmoon, angular distance between
the target and moon ρ, properties of the ground and atmo-
sphere ζ, such as abundance profiles and ground reflectance, and
wavelength λ. Lastly is the enhancement factor F. The original
scattered moonlight model presented by Jones et al. (2013) had
F = 1.2 to better match the FORS1 data and was used in the
ESO sky background model for skycalc and the ETC. Because
of this study, in August 2018, this factor was changed in the ESO
sky background model from F = 1.2 to F = 1.0. This change
occurred in ESO skycalc version 2.0.4 and the source code for
the ESO sky background model release version 1.0.0 as well as
in the ETC. In this paper most of the current models shown for
comparisons have F = 1.0, and when F = 1.2 the model is
labeled model_1.2.

With the X-shooter dataset, we can determine the amount
of aerosol extinction from the UV to NIR and test the current
sky background model aerosol extinction curve. Additionally,
we can further verify the scattered moonlight model in the opti-
cal (where the moonlight is dominate), as well as the full sky
background model from the UV to the NIR (0.3 to 2.1 µm). For
more details about the sky background model and how it has
been tested, see Noll et al. (2012, 2014), Jones et al. (2013), or
the User Manual (Noll et al. 2013).

For the scattered moonlight model most of the components
(e.g., solar flux, lunar albedo) had measured data that already
spanned from the UV to NIR. The one exception was the
aerosol scattering which had only been determined in the optical
regime. The aerosol extinction curve for the VLT was taken from
Patat et al. (2011) which was found for the wavelength range
0.4–0.8 µm, where an expression based on the best fit values
shown in their Fig. 3 was used, namely τaer = 0.013 × (λ0/λ)1.38

with λ0 = 1.0 µm. The aerosol optical depth τaer is related to
the extinction coefficient kaer by e−τ = 10−0.4k. The aerosol
phase function was calculated by mixing different amounts of
background aerosols, with the Mie approximation, and finding
the phase function where the extinction curve matched the one
from Patat et al. (2011). For more details, see Jones et al. (2013).
The current sky background model uses an extrapolation of the
expression from Patat et al. (2011) to longer wavelengths. Since
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Table 1. X-shooter observations.

Run Object Date and Time RA Dec Exp time (s) Airmass Seeing (DIMM)a

hh:mm:ss.ss dd:mm:ss.s UVB, VIS, NIR arcsec

A LTT 7987 2013-04-26 06:00:46 20:10:56.33 −30:13:11.5 115, 183, 270 2.02 0.75
A sky 7 deg 2013-04-26 06:16:36 14:35:00.00 −08:58:57.0 629, 540, 600 1.09 0.75
A sky 13 deg 2013-04-26 06:32:33 14:35:03.00 −03:00:33.0 629, 540, 600 1.17 0.73
A sky 20 deg 2013-04-26 06:58:43 15:34:55.00 +00:00:30.0 629, 540, 600 1.14 0.82
A sky 45 deg 2013-04-26 07:15:09 16:59:58.00 +15:00:03.0 629, 540, 600 1.30 0.80
A sky 90 degb 2013-04-26 08:45:59 23:30:00.00 −64:59:20.0 629, 540, 600 2.15 0.91
A sky 110 degb 2013-04-26 09:30:03 23:30:00.00 −29:59:11.0 629, 540, 600 1.89 1.06
A LTT 7987 2013-04-26 09:47:42 20:10:56.33 −30:13:09.8 115, 183, 270 1.02 1.27
B LTT 7987 2013-07-24 01:19:11 20:10:56.34 −30:13:11.2 115, 183, 270 1.43 0.90
B sky 110 deg 2013-07-24 01:37:15 14:29:59.43 +00:00:22.7 629, 540, 600 1.83 1.17
B sky 90 deg 2013-07-24 01:56:05 15:29:53.20 +14:59:55.6 629, 540, 600 1.49 1.15
B sky 45 deg 2013-07-24 02:15:47 20:59:42.04 −55:03:00.0 629, 540, 600 1.47 1.24
B sky 20 deg 2013-07-24 02:33:39 20:59:55.00 −29:59:41.0 629, 540, 600 1.31 1.37
B sky 13 deg 2013-07-24 02:51:04 20:59:55.00 −21:59:38.0 629, 540, 600 1.26 1.48
B sky 7 deg 2013-07-24 03:08:53 20:59:59.00 −14:00:00.0 629, 540, 600 1.23 1.59
B LTT 7987 2013-07-24 03:26:06 20:10:56.32 −30:13:10.5 115, 183, 270 1.05 1.52
C LTT 3218 2013-04-19 00:20:50 08:41:31.35 −32:56:12.5 115, 183, 270 1.03 1.02
C LTT 3218 2013-04-19 00:31:09 08:41:31.35 −32:56:12.5 90, 90, 140 1.03 1.40
C sky 7 deg 2013-04-19 00:52:32 08:55:03.20 +12:58:53.0 629, 540, 600 1.32 1.34
C sky 13 deg 2013-04-19 01:09:29 09:20:04.00 +12:59:35.0 629, 540, 600 1.30 1.13
C sky 20 deg 2013-04-19 01:26:04 09:45:05.00 +13:00:36.0 629, 540, 600 1.29 1.28
C sky 45 deg 2013-04-19 02:02:04 11:35:05.00 +13:00:35.0 629, 540, 600 1.27 1.85
C sky 90 deg 2013-04-19 02:19:04 07:29:47.00 −75:00:46.0 629, 540, 600 1.91 1.67
C sky 110 deg 2013-04-19 02:37:31 17:11:23.00 −75:03:30.0 629, 540, 600 2.29 1.57
C LTT 3218 2013-04-19 02:55:19 08:41:31.55 −32:56:14.4 70, 90, 140 1.40 1.39
C LTT 3218 2013-04-19 03:04:15 08:41:31.55 −32:56:14.4 115, 183, 140 1.45 1.70

Notes. (a)Differential Image Motion Monitor (http://archive.eso.org/wdb/help/eso/ambient_paranal.html#dimm_fwhm). (b)As noted
in the observing logs, these observations had thin cirrus clouds.

the aerosol extinction curve has been shown to flatten in the UV,
the extinction curve is constant when λ ≤ 0.4 µm. The aerosol
phase function was also extrapolated to the full range of the
sky model out to 30 µm. It is important to note that the aerosol
extinction becomes negligible at redder wavelengths, especially
at λ > 2.5 µm.

3.2. Measuring aerosol extinction

With the X-shooter dataset, we can measure the amount of
aerosol extinction from 0.3 to 2.1 µm and compare this with the
current model. The amount of aerosols present in the atmosphere
is not constant and can vary over short and long timescales.
Hence, we will measure the amount of aerosol extinction for the
three observing runs separately and compare all three measure-
ments with the current model and each other.

To determine the aerosol extinction curve, we first performed
the Langley method using the spectrophotometric standard stars.
At the time X-shooter was not correcting for ADR. This caused
some of the flux, as a function of wavelength, of the star to be
outside of the slit. We made several attempts to correct for the
lost flux (see Sect. 2 for more details). Additionally, the standard
stars were observed several hours apart for each other. In this
time the atmospheric conditions could have changed. Because of
the flux corrections and the timing of the observations, we found
that using these stars for determining the aerosol extinction curve
was not accurate enough. Even an uncertainty of 1% caused large
uncertainties in the aerosol distributions. This may seem to be in

contrast to Burke et al. (2010), but they were only interested in
the overall extinction curve and not in determining the aerosol
composition for deriving the phase function.

Instead of using the spectrophotometric standard stars, we
created a set of sky background models, where each model had
a different aerosol composition, which we call our aerosol grid.
We then compared each of the sky background models with the
observations to determine the best fitting model and most likely
aerosol distributions. We will describe the aerosol grid in more
detail below.

The scattered moonlight model has several options for the
level of sophistication for the scattering calculations, which vary
the number of path and solid angle elements used in these calcu-
lations. The number of elements were found by calculating the
amount of scattering for a large range of grid points and finding
which values give a decent approximation. The fewer the grid
points, the faster the calculation with a decline in accuracy. We
choose an intermediate mode since we ran 155 520 models for
each observing run, which have 18 observations each (three arms
times six ρ). The computation time for each model per observa-
tion was around 1.5 s. The most accurate mode for each option
takes roughly 3 s each and the fastest mode is about 0.5 s each.
With this set-up it took about one month to run the models for
one observing run. We checked the effect of using the less accu-
rate mode, and the change was less than 1.5% (usually less than
1%) in flux at all wavelengths for all the angular distances, with
the largest effect being for the higher ρ at extreme blue end where
the flux is dominated by ozone absorption.

A39, page 4 of 16

http://archive.eso.org/wdb/help/eso/ambient_paranal.html#dimm_fwhm


A. Jones et al.: Scattered moonlight observations with X-shooter

0.5 1.0 1.5 2.0
Wavelength (µm)

0

2000

4000

6000

8000

10000

F
lu

x
 (

p
h

o
t 

s
-1
m

-2
µ

m
-1
a

rc
s
e

c
-2
)

obs
total
moon
other
incl
T

Fig. 1. Example spectrum for the scattered moonlight determination. The observed spectrum (dark gray) was taken during Run B at ρ = 45◦.
Overlaid is an example of the current total sky background model (green) with the sky lines removed for clarity. Also shown are the inclusion
regions for the analysis (pink filled circles). The scattered moonlight model (blue) and the other model components (orange dotted), except the sky
lines, are also shown. Below the dotted black line is the transmission curve (light green).

The output of the sky background model gives the radiance
spectrum for each and all components, and the transmission
spectrum. This allows us to study only the scattered moonlight
portion or the full sky background model. For an example, see
Fig. 1. For more details about the sky background model, see
Noll et al. (2012), Jones et al. (2013).

3.3. Aerosol grid

One of the most uncertain parts of the scattered moonlight model
is the aerosol scattering because the amount of aerosols can vary
on one hour timescales (e.g., Buton et al. 2013). For the aerosol
extinction curve, in the original, optical scattered moonlight
model (Jones et al. 2013), we used the one found by Patat et al.
(2011). We then decomposed this fit into the various aerosol
size distributions for remote continental tropospheric and strato-
spheric modes given by Warneck & Williams (2012). We scaled
the different components to match the aerosol extinction curve
and used these scaled components for finding the phase function.
The various aerosol size distributions for the remote continental
tropospheric and stratospheric modes are shown in Fig. 2 and are
described by a log normal distribution given by,

dN(r)
d log r

=
1
√

2π

n
log s

exp
[
−

(log r/R)2

2(log s)2

]
. (2)

N is the cumulative number density distribution, n is the number
density, R is the mean radius of the aerosol particle, and s deter-
mines the spread in radii of the particles. The default parame-
ters for the various aerosols are listed in Table 2. As shown in
Fig. 2, the tropospheric nucleation mode (black) are only very

small particles (less than 0.1 µm), while the tropospheric accu-
mulation mode (green) has a broader distribution with particles
as large as 1.0 µm. The stratospheric mode (purple) has a similar
distribution as the accumulation mode, but shifted to larger par-
ticles. Lastly, out of the remote continental particles, the coarse
mode (blue) has the broadest distribution and largest particles of
the background aerosols.

Since we do not have a reliable aerosol extinction curve from
the spectrophotometric standard stars, we must determine both
the aerosol extinction curve and the phase function in another
way. We created a set of sky background models with different
amounts of aerosols to compare with all the sky observations for
each night. For each aerosol mode, we calculated an extinction
curve and phase function. For theses calculations, we assumed
that the aerosol particles are spherical symmetric so we can use
the Mie approximation and calculated the Mie extinction curve
and phase functions. For the remote continental aerosols that
are described by Warneck & Williams (2012), this is probably
a fair assumption (see Jones et al. 2013, for details). For calcu-
lating the Mie extinction curve and phase functions we used an
IDL code based on Bohren & Huffman (1983), Grainger et al.
(2004). These calculations required the distribution of parti-
cles (column density, R, and s), refractive index N′, wavelength
and ρ. We took N′ = 1.40 for the tropospheric particles and
N′ = 1.45 for the stratospheric ones (Elterman 1966; Yue et al.
1994). We then took a linear combination of the scaled amounts
of each aerosol type to produce the aerosol extinction curve and
phase function used in the sky background model. The result-
ing extinction curve is a function of wavelength, and the phase
function is a function of wavelength and ρ.
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We are sensitive to slight changes in the amount of aerosols
due to two aspects of this data set. First, our observations cover
a wide wavelength range. Both the aerosol extinction curve and
phase function vary with wavelength. Second, we have observa-
tions at multiple distances from the moon taken consecutively to
minimize the amount of variation of the atmosphere throughout
all the observations. The phase function is strongly dependent
on the angular distance ρ between the moon and target obser-
vations (in this case the sky observations). In Fig. 3 we show
the aerosol extinction curves and phase functions for each type
of aerosol particle. The tropospheric nucleation mode (black)
has a negligible contribution to the extinction curve (which has
been enhanced by a factor of 108 so it can be seen on the plot)
and additionally has a very flat phase function. The tropospheric
accumulation mode (green) dominates the shape of the extinc-
tion curve in the optical, but has a relatively flat phase func-
tion. The tropospheric coarse mode (blue), on the other hand,
has a flat extinction curve, but is a very strong function of scat-
tering angle. The stratospheric mode’s (purple) extinction curve
is moderately dependent on wavelength as well as the phase
function on scattering angle. The phase functions of the various
modes all change slightly as a function of wavelength, shown for
0.5 (solid) and 1.5 (dashed) µm.

We produced a regular coarse grid of the different types
of aerosols (Warneck & Williams 2012) that span a reasonable
parameter range. As Jones et al. (2013), we used the remote con-
tinental tropospheric and stratospheric aerosols, since the VLT
has a very low amount of aerosols present. Additionally, we
included tropospheric dust aerosols to better fit the ρ = 7◦ and
13◦ observations, which tended to have more flux than what was
produced in the sky background model. The aerosol distribution,
extinction curves and phase functions for the dust aerosols are
also shown in Figs. 2 and 3, respectively, and listed in Table 2.
In Fig. 2, the dust distributions are much broader than the other
aerosol modes and are larger in R compared to their remote con-
tinental counterpart. The extinction curves for the dust modes in
the top panel of Fig. 3 show that they are fairly flat with respect
to wavelength. The dust extinction curves were reduced to 1%,
since the amount of extinction from the dust aerosols is relatively
high compared to the remote continental aerosols. The phase
functions for both are peaked at low scattering angles (shown
in the bottom panel of Fig. 3), which would increase the flux
in the ρ = 7 and 13◦ observations. Where the remote continen-
tal aerosols are most likely round, for the dust particles, this is
less certain. According to Dubovik et al. (2002) and references
therein, the asymmetry of the dust affects mostly the large scat-
tering angles, ρ > 110◦, beyond our current sky observations.
Thus, for making this calculation feasible we also assumed that
they are spherically symmetric and used the Mie approximation.

The default parameters for the different aerosol distributions
used are given in Table 2. We then varied seven of these param-
eters to create our aerosol grid. The minimum and maximum
fraction of each of the default parameters that were varied and
the fractional step sizes are shown in Table 3. The tropospheric
nucleation mode was fixed at the default parameters because
this mode has a negligible contribution to the aerosol scatter-
ing. The number density of the tropospheric accumulation mode
was varied between 5 and 85% of the default value. The shape
of the extinction curve in the optical is highly dependent on this
parameter as can be seen in the top panel of Fig. 3. The tro-
pospheric coarse mode is important for constraining the phase
function, hence we varied all three parameters of this aerosol
mode (see bottom panel of Fig. 3). We also varied n of the strato-
spheric mode. The stratospheric aerosols have a different height

Table 2. Aerosol modes.

Type n R log s
(cm−3) (µm)

Trop nucleation 3.20 ×103 0.010 0.161
Trop accumulation 2.90 ×103 0.058 0.217
Trop coarse 3.00 ×10−1 0.900 0.380
Stratospheric 4.49 ×100 0.217 0.248
Trop dust accumulation 1.14 ×103 0.019 0.770
Trop dust coarse 1.87 ×10−1 1.080 0.438

Notes. These values are from Warneck & Williams (2012) and trop is
an abbreviated form of tropospheric.

Table 3. Aerosol mode variations.

Type Param Min Max Step Num

Trop accum n 0.05 0.85 0.1 9
Trop coarse n 0.05 0.85 0.1 9
Trop coarse R 0.6 1.0 0.1 5
Trop coarse log s 0.6 0.9 0.1 4
Stratospheric n 0.05 0.55 0.1 6
Trop dust accum n 0.000 0.015 0.005 4
Trop dust coarse n 0.000 0.015 0.005 4

Notes. For each aerosol mode (type) and a given parameter in the
aerosol grid, this shows the minimum and maximum fraction of the
amount as well as the step size of the fraction that was varied.
The fraction is the relative amount of the value for each parameter given
in Table 2. The last column (num) provides the number of steps for
each parameter, thus the total number of models for each observation is
155 520=9×9×5×4×6×4×4. Trop and accum are abbreviated forms
of tropospheric and accumulation, respectively.

distribution compared to the tropospheric ones, which nominally
starts around 20 km and with a thickness of about 20 km (Deshler
2008). In order to keep the conversion between n and the col-
umn density for all aerosol types consistent, we therefore low-
ered the fraction of n for the stratospheric mode to reflect the
difference in effective scale heights to vary between 5 and 55%.
For convenience we assume that the effective scale heights are
1 km (except for the stratospheric aerosols as discussed above),
which is around the actual estimate (Elterman 1966). We assume
a very small amount of tropospheric dust aerosols and vary the
number densities of both between 0.0 and 1.5%. This is because
we know that the overall amount of aerosols at the VLT is very
low, so we must keep the dust aerosols also very low compared to
their default value of n, otherwise the extinction will be too high.
For reference the current sky background model has 100, 45, 5,
and 100% for the tropospheric nucleation, accumulation, coarse,
and stratospheric modes and 0% for both dust modes, since these
were not included in the previous scattered moonlight model.

4. Verification

This set of X-shooter observations enables us to compare and
validate the current scattered moonlight and full sky background
models on the basis of three nights with presumably different
atmospheric conditions.

The section of the spectrum that is predominately scattered
moonlight, but is dominated by Rayleigh instead of aerosol scat-
tering is at the very blue end of the spectra, since Rayleigh
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Fig. 2. Cumulative number density distribution for the different aerosol
modes used as a function of radius for the default parameters given in
Table 2 and Eq. (2).
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Fig. 3. Top panel: extinction curves for the different aerosol modes used
for the wavelength range of X-shooter (0.3 to 2.1 µm). Bottom panel:
phase function as a function of scattering angle for each aerosol mode
used at two different wavelengths, 0.5 (solid) and 1.5 (dashed) µm. Both
the extinction curves and phase functions were calculated assuming the
Mie approximation and were calculated based on the distribution for
each aerosol mode with the default values given in Table 2.

scattering depends on λ−4 and aerosol scattering on ∼λ−1. This
is where we can compare the current scattered moonlight model
with the observations with less uncertainty from the aerosol scat-
tering component. The small scattering angles ρ, even at the blue
part of the spectrum are influenced by the aerosol phase function,
which is very steep at small ρ (see the bottom panel of Fig. 3).

Fig. 4. Comparisons between the X-shooter observations and the current
sky background model for different lunar phases (100, 97, 56%). Three
observations are shown, Run A (black), Run B (dark gray) and Run C
(gray), all at ρ = 45◦. Over-plotted are different models for each run
in blue, green and orange for Runs A, B, and C, respectively. The set
of models are the sky background model with F = 1 (solid) and with
F = 1.2 (dot-dashed).

Fig. 5. As in Fig. 4 but for different angular distances between the moon
and target ρ. The three observations shown are from Run B at ρ =20
(black), 45 (dark gray), and 90◦ (gray). The flux values for ρ = 20◦ were
shifted up by 2000 and for ρ = 45◦ by 1000 phot s−1 m−2 µm−1 arcsec−2

for clarity.

The original scattered moonlight model was multiplied by
a factor F of 1.2 in order to better match the FORS1 observa-
tions (Jones et al. 2013). The reason for needing such a factor
was unknown and it was unclear if this was unique to the FORS1
data or a needed factor in general. With the X-shooter observa-
tions we can conclude that this factor is not needed for these
X-shooter sky observations, so F should be 1.0, and from this
study was changed in the ESO sky background model in August
2018. In Fig. 4 we have shown observations for all three runs at
ρ = 45◦. Over-plotted is the sky background model with F = 1.0
(model) and with F = 1.2 (model_1.2). It is clear that model_1.2
consistently has too much flux compared with the observations,
whereas the sky model with F = 1.0 is a better match to the data.
The majority of the flux in the plotted wavelength range is com-
ing from scattered moonlight. The median amount of scattered
moonlight flux compared to the total sky background flux in the
UVB arm for all three runs, is 96, 95, and 72 % for Runs A,
B, and C, respectively. The current scattered moonlight model
reflects the changes in the lunar phase well. The effect from the
aerosols can be seen in the redder wavelengths shown in Fig. 4.
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The effect in Run B is a bit stronger since there seems to be
much less aerosols present that night compared to an average
night. There is also a mismatch near λ ∼ 0.4 µm, and the cause
of this is unclear.

In Fig. 5, we made similar comparisons between the observa-
tions and models as in Fig. 4 but this time looking at the depen-
dence on the angular distance ρ. Three observations from Run B
are shown at ρ = 20, 45, and 90◦. Again, the sky background
model with F = 1 is more consistent with the data than the model
with F = 1.2. The scattered moonlight also dominates at all three
ρ in this wavelength range, with the median amount of scattered
moonlight in the UVB arm contributing 97, 95, and 93% of the
total background flux for ρ = 20, 45, and 90◦, respectively. The
models fit the data well at λ < 0.4 µm and reflect the changes
in ρ. The greater mismatch in ρ = 20◦ seems to be mostly from
the choice in aerosols (see Fig. 6 for improved model fits with
different aerosol distributions).

For a comparison of all three runs and ρ =
13, 20, 45, 90, and 110◦ between the current model and
the observations, see Fig. 6. In general, the current sky back-
ground model is in decent agreement with the data, with the
exception of Run A at ρ = 90 and 110◦ when there were cirrus
clouds (which clouds are not included in the model). At bluer
wavelengths (λ < 0.4 µm), where the scattered moonlight is
high and dominated by Rayleigh scattering, the current model is
in excellent agreement with the observations. Additionally, for
Run B and C ρ = 90 and 110◦, which are much less sensitive
to aerosol scattering compared to smaller ρ and dominated by
scattered moonlight in the plotted wavelength range, the current
model is also in good agreement with the data, as can be seen in
Fig. 6.

We can test the other components of the sky background
model as well by looking at the observations at redder wave-
lengths, where the scattered moonlight is a smaller portion of
the sky background flux. Since in this paper we are mostly con-
cerned with the continuum, we will also compare the continuum
flux from the sky background model with the observations. How-
ever, the airglow emission, especially at the redder wavelengths,
is a critical part of the model and is a very bright component (see
e.g., Noll et al. 2015). For looking at the redder wavelengths,
Fig. 1 shows Run B at ρ = 45◦ with the sky background model
for the full wavelength range of X-shooter. In this example, the
other components of the sky background model (i.e., not scat-
tered moonlight) are shown in orange. There is a bump around
λ = 1.0 µm mostly from the airglow continuum. In this case,
the airglow continuum is overestimated compared to the obser-
vations. Otherwise the sky background model continuum is in
good agreement with the data.

5. Results

We ran a set of 155 520 sky background models with differ-
ent aerosol compositions for each observing run and observa-
tion with the goal to find which models fit the observational
data the best. Since the atmosphere, including the aerosol dis-
tributions, can vary nightly (even hourly), we found the best
models for each run separately. First, we calculated the reduced
χ2 for each model for each observation. This also gave us the
best individual model fit for each individual observation. Then,
using the reduced χ2 for each model of each observation, we
determined the most likely aerosol distribution when consider-
ing all the observations (except ρ = 7◦). Additionally, we com-
puted the most likely extinction curve and phase function for
each observing run and then run a new model using these. We

also compared the observations with the default, or current, sky
background model (as a continuation of Sect. 4). The default
sky background model is a model with the parametrized aerosol
extinction curve, described by Noll et al. (2012) and the phase
function determined by Jones et al. (2013). We then discuss in
more detail the ρ = 7◦ observations.

5.1. Best individual model fit

We must quantitatively compare each of the 155 520 models to
each observation. We want to test the scattered moonlight com-
ponent and in particular the aerosol scattering, which mainly
affects the continuum. Since we are mostly concerned about how
well the continuum of the models matches the observations, we
compared them only in certain wavelength regions that were
dominated by continuum, in other words did not have any strong
airglow emission lines or telluric absorption. We found these
so-called inclusion regions throughout the X-shooter spectrum,
in all three arms, and tried to have them as evenly distributed
throughout the spectrum as possible. This gets difficult in the
redder parts of the spectrum where the sky is dominated by sky
lines. The inclusion regions are marked in Fig. 1 as pink filled
circles. Then for each spectral arm of X-shooter, we grouped
the inclusion regions into four groups i so arms with more pix-
els that are inclusion regions (i.e., UVB) do not bias the results.
With these inclusion region groups i, we calculated the reduced
χ2 given by,

χ2
M,ρ =

1
ν

4∑
i=1

(Oi,ρ − Mi,ρ)2

σ2
i,ρ

· (3)

Here, M stands for the modeled spectrum and O is the observed
spectrum. This is done for each model M and ρ. The parameter ν
is the degrees of freedom derived by number of data points minus
the number of free parameters, for example ν = 5×4×3−7 = 53
for five ρ, four inclusion groups, three arms, and seven varied
aerosol parameters. Since ν is not well defined, we re-ran the
analysis with the extreme case where ν = 1. The change in the
results was minimal (less than 0.5σ) compared to the ν = 53
case, and hence the value of ν is not critical for our analysis.

The uncertainty σρ is a combination of error from the obser-
vations σρ,O as well as the inaccuracies from the other sky back-
ground model componentsσρ,M . The error from the observations
is dominated by the uncertainty in the flux calibration, namely
in the response curves. The error in the response curve is then
multiplied by the observed flux to find σρ,O. For details about
the response curves used for the flux calibrations, see Noll et al.
(2015). Typical values for σρ,O relative to Oρ − Mρ are five to
ten percent for all three arms. For the uncertainties associated
with the model, we are only considering the other model com-
ponents since we are evaluating the scattered moonlight portion
of the model. The most uncertain component of the contin-
uum comes from the airglow continuum emission. Based on
Noll et al. (2012), Jones et al. (2013), the other model compo-
nents are accurate to about 20% for all three arms. The NIR
arm is the most uncertain and we tested the calculations with
the assumed 20% as well as 50% σρ,M in the NIR arm, and the
change in the results was negligible. Then σ2

ρ = σ2
ρ,O + σ2

ρ,M for
each inclusion region group of each arm.

Then with the reduced χ2 for each M and ρ, we calculated
the likelihood L, to find which model for a given ρ was the most
likely, for each run, given by:

LM,ρ = exp−[χ2
M,ρ−min(χ2

M,ρ)]/2 . (4)

A39, page 8 of 16



A. Jones et al.: Scattered moonlight observations with X-shooter

The most likely model then has L = 1.0, which we simply refer
to as best, or the best individual model fit. We also re-ran the
analysis without the min( χ2

M,ρ) normalization, and the results
were the same, only the distribution of likelihood values was
shifted. These best models for each ρ and for each run are shown
in blue in Fig. 6, and the observations O are in black. For most of
the observations, the best model is in excellent agreement with
the data. Run A, ρ = 90 and 110◦ are an exception. As noted
in the observing logs, there were thin cirrus clouds during those
observations, and the models assume photometric clear sky con-
ditions. The ρ = 7◦ observations for all three runs are also not
shown. This is because the flux in these observations were diffi-
cult to reproduce and required a much higher amount of aerosols
compared to the other observations. These data were therefore
not used for the rest of the analysis. A further discussion is in
Sect. 5.3.

The values for the varied aerosol parameters for the best indi-
vidual model fit for each ρ and run are given in Table 4. There
are many degeneracies between several of the aerosol modes.
This can be seen in Fig. 2, where several of the aerosol parti-
cles overlap, for example the dust and background coarse modes.
This can also be see in Fig. 3 top, where many of the extinc-
tion curves for the different modes are fairly flat as a function
of wavelength. The ρ = 7◦ observations for all three runs, have
consistently the highest amount of aerosols, which is also incon-
sistent with the aerosol distributions for the other observations.
This leads to the discussion in Sect. 5.3 about the 7◦ obser-
vations. The ρ = 13◦ best model also tends to have a higher
amount of aerosols than the other observations, but not as high
as ρ = 7◦. It is also interesting that the majority of the obser-
vations are consistent with the tropospheric remote continental
coarse mode to have a skinner distribution of 60% of what is
quoted by Warneck & Williams (2012), but this could be due to
the degeneracy between the remote and dust coarse modes.

5.2. Most likely models and aerosol size distributions

We have found the best model for each run and each observation,
discussed in the above Sect. 5.1. Next we determined the likeli-
hoods for each model, considering ρ = 13, 20, 45, 90, 110◦
observations for a given run. Each run was taken on one given
night and the aerosol properties should not change too much
during the few hours of observation. The observations taken
at different ρ are each sensitive to different aspects of aerosol
scattering process, so by combining them we can find which
model reproduces the observations the best for a given run.

We follow a similar procedure as what was done in Sect. 5.1,
but now Eq. (4) is modified to:

LM = exp−[χ2
M−min(χ2

M)]/2, (5)

where χ2
M = χ2

13◦ + χ2
20◦ + χ2

45◦ + χ2
90◦ + χ2

110◦ . We did not include
ρ = 7◦ observations because of higher flux and therefore higher
aerosol content in the most likely models (see Sect. 5.3).

We can use the sky background models and their likelihoods
to find the most likely aerosol properties for each run. We would
expect each night to have slightly different aerosol extinction
curves due to the changing atmospheric conditions (see for e.g.,
Buton et al. 2013).

We followed Eqs. (8) and (9) of Noll et al. (2009) to find
the weighted mean < x > and standard deviation σx of the sev-
eral different aerosol properties (extinction curve, phase func-
tion, varied parameters of the aerosol distribution) using the
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Fig. 6. Sky observations (black) with various sky background models
over-plotted for Run A (top panel), Run B (middle panel) and Run C
(bottom panel). The observations taken at different ρ, 13, 20, 45, 90,
and 110◦, have been offset in flux for clarity. The different models are
the current sky background model with F = 1.0 (green), the model run
with the most likely extinction curve (optimal model; orange), and the
best fit individual model (blue).

likelihoods L of each model i, shown again here:

< x >=

∑b
i=1 Lixi∑b

i=1 Li
, σx =

√∑b
i=1 Li(xi− < x >)2∑b

i=1 Li
· (6)

The index i runs through all the models for the given run. Li is
the weight for each model, and is taken from Eq. (5).

We have calculated the most likely aerosol extinction at each
wavelength, so x = τaer and σx = στ. The resulting optimal
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Table 4. Aerosol parameters for the best individual and optimal models.

Tropospheric Trop Trop Trop Stratospheric Trop Trop
accumulation coarse coarse coarse dust accum dust coarse

Run ρ n n R log s n n n

A 7◦a 0.85 0.85 1.0 0.9 0.55 0.015 0.015
A 13◦ 0.55 0.65 0.6 0.6 0.55 0.010 0.015
A 20◦ 0.35 0.75 0.6 0.8 0.05 0.000 0.000
A 45◦ 0.15 0.05 0.6 0.6 0.05 0.000 0.000
A 90◦b 0.85 0.85 1.0 0.9 0.55 0.015 0.015
A 110◦b 0.85 0.85 1.0 0.6 0.55 0.015 0.015
B 7◦a 0.85 0.85 0.8 0.6 0.55 0.015 0.000
B 13◦ 0.25 0.25 1.0 0.9 0.55 0.005 0.015
B 20◦ 0.15 0.05 0.9 0.6 0.05 0.000 0.010
B 45◦ 0.05 0.05 0.6 0.6 0.05 0.000 0.000
B 90◦ 0.05 0.05 0.6 0.6 0.05 0.000 0.000
B 110◦ 0.05 0.05 0.6 0.6 0.05 0.000 0.005
C 7◦a 0.85 0.85 1.0 0.9 0.55 0.015 0.015
C 13◦ 0.45 0.85 1.0 0.8 0.55 0.000 0.005
C 20◦ 0.35 0.05 0.6 0.6 0.05 0.000 0.010
C 45◦ 0.15 0.05 0.6 0.6 0.05 0.000 0.000
C 90◦ 0.05 0.05 0.6 0.6 0.05 0.000 0.000
C 110◦ 0.05 0.05 0.6 0.6 0.05 0.000 0.000
A Optimal 0.27(12) 0.46(26) 0.80(14) 0.74(11) 0.28(17) 0.006(4) 0.006(6)
A Optimal altc 0.22(10) 0.45(26) 0.80(14) 0.74(11) 0.28(17) 0.004(3) 0.006(6)
A Optimal (no dust) 0.39(12) 0.61(22) 0.85(13) 0.75(11) 0.36(16) . . . . . .
B Optimal 0.13(8) 0.44(26) 0.80(14) 0.74(11) 0.28(17) 0.003(3) 0.007(6)
B Optimal (no dust) 0.17(9) 0.54(24) 0.82(14) 0.75(11) 0.35(16) . . . . . .
C Optimal 0.33(18) 0.44(26) 0.80(14) 0.75(11) 0.29(17) 0.006(5) 0.007(6)
C Optimal (no dust) 0.43(18) 0.46(26) 0.80(14) 0.75(11) 0.31(17) . . . . . .

Notes. The values for the varied parameters for each observation of the best fit model determined by Eq. (3) and the most likely, optimal values
(< x > with 1σx in parenthesis) for each Run by Eq. (6).(a)See Sect. 5.3 about the 7◦ observations. (b)Had thin cirrus clouds. (c)Excluding the 90
and 110◦ observations.

aerosol extinction curves for each run are shown in Table 5. Run
A and C were conducted both in April, while Run B was in July.
Run A and C have more similar aerosol extinction curves than
Run B as expected. The observations at 90 and 110◦ for Run
A had thin cirrus clouds. We additionally calculated the best
aerosol extinction curve for Run A without these two observa-
tions, called Run A Alternate (Alt).

In Fig. 7 we show several different aerosol extinction curves.
The most likely aerosol extinction curves derived using Eq. (6)
for each run are shown. The top panel gives the aerosol extinc-
tion curves and the bottom panel the relative errors (στ/τ). Addi-
tionally, we plot the default extinction curve used, which is flat at
λ ≤ 0.4 µm and then follows the curve from Patat et al. (2011),
τ = 0.013 × (λ0/λ)1.38 where λ0 = 1.0 µm. The default curve
is in somewhat agreement with Run C at short wavelengths, but
too high compared to the other runs. Then in the optical range
between 0.5 and 1.0 µm it is consistent with Run A and C, and
red-wards of about 1.0 µm it dips down and stays lower than Run
A and C. Run B, on the other hand, has a lower extinction curve
at all wavelengths compared to Run A and C and is much flatter
than the default curve. For completion we over-plotted an extinc-
tion curve with uniform probability, so all Li = 1. This curve is
steeper than the other curves and usually has larger errors.

In general, the best extinction curves for all three runs are
consistent with there being some changes in the aerosol content
of the atmosphere both nightly and seasonally.

We tested the robustness of our optimal extinction curves
and how they depend on our choice of ρ, inclusion regions,

and airglow model. The resulting extinction curves for Run B
are shown in Fig. 8 and the other two runs showed similar
results. The standard analysis included data from all ρ except
ρ = 7◦. When we include data with ρ = 7◦, as expected,
the optimal extinction curve is higher at all wavelengths. It is
roughly 2σ higher than the standard values. When we exclude
both ρ = 7 and 13◦ data, the extinction curve has lower val-
ues, within 1.2σ of the standard. For Run A, we additionally
showed results excluding the ρ = 90 and 110◦ data due to
poor seeing conditions. Here we show how excluding these data
would affect Run B and it lowers the values, but within 1σ. We
also tried completely excluding the NIR arm from the analysis.
Since the scattered moonlight contribution in NIR is small, its
effect on the results should also be minimal. Indeed in Fig. 8,
excluding the NIR arm has a negligible effect. We also re-ran
the full analysis multiple times, where each time we excluded
one of the inclusion region groups, and this also had a negli-
gible effect on results. Lastly, we tested if the airglow model
affected the results. The airglow continuum is one of the most
uncertain parts of the sky background model because it is diffi-
cult to measure and varies on short and long timescales as well
as spatially. In Fig. 1 the sky background model flux starts to
increase around 0.75 µm due to the other components (orange
line). This is mainly from the airglow continuum model used.
A new template for airglow was created based on another set
of X-shooter data which contained only dark time observations
(Noll et al. 2015). The starlight and zodiacal light components
were removed using the sky background model (Noll et al. 2012)
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and then taking the median of the remaining airglow continuum
and emission lines. We scaled this template using the average
airmass of the template and the airmass of our sky observations.
This scaled template seemed generally to match our X-shooter
observations better as expected since this was optimized for
X-shooter data. We re-ran the analysis using this airglow tem-
plate and the changes were negligible. In summary, the choice
of data from given ρ does affect the results, especially including
or excluding the small ρ. However, the optimal aerosol extinc-
tion curve is not sensitive to the inclusion regions used or how
we estimate the airglow.

We also calculated the most likely aerosol phase functions
for each run using Eq. (6). The results are plotted in Fig. 9 for
λ = 0.5 and 1.5 µm. As in Fig. 7, we show the most likely phase
functions for each run, the default phase function, and the phase
function calculated with all Li = 1 called uniform probability
for both wavelengths. The top panel shows the phase functions,
while the middle panel shows the phase functions relative to the
one with uniform probability to see more easily any differences
amongst the runs. The bottom panel shows the relative error
(σx/ < x >). The default phase function is less peaked at low
scattering angles and is smoother at high angles compared to oth-
ers. As evident in the middle panel, Run B has a slightly higher
phase function at both low and high scattering angles compared
to the other runs. The phase function for most scattering angles
is well constrained (around 10%) and increases towards the very
small and large ρ. Since our lowest usable observation is at
13◦ and our highest is at 110◦, this lack of constraint there is
expected.

With the most likely aerosol extinction curves and phase
functions for each run, we ran a new set of models using these
to directly compare with the observations. These new models
are referred to as the optimal models for each run. These opti-
mal models are shown in Fig. 6 in orange. From the figure, the
optimal models tend to underestimate the flux in ρ = 13◦ obser-
vations, but otherwise fit the data well. The optimal models are
also generally in better agreement with the observations than the
current sky background model.

We can take this a step further and determine the most
likely values for the varied parameters in the aerosol distribu-
tions using Eq. (6). The means and uncertainties for each are
given in Table 4. Due to the degeneracies, many of the param-
eters are not well constrained, but the amount of tropospheric
accumulation mode prefers lower values than the uniform prob-
ability provides. Here, we also show the distribution if we ignore
the dust modes, and there are only slight changes.

With the likelihood weights for each model, we can also find
the most likely column-integrated volume density of aerosols for
each run. In Eq. (6), x now refers to the volume density, which
can be calculated from the number density given in Eq. (2), times
the volume of the particle at a given radius, and then integrated
over the column assuming the 1 km effective scale height, for all
aerosol types. The most likely column-integrated volume density
of aerosols as a function of size for all three runs, including Run
A alternate, is shown in Fig. 10 along with having uniform prob-
ability, the runs without dust, as well as the default distribution
from the current sky background model. This default distribu-
tion was taken from Jones et al. (2013) used for calculating the
aerosol phase functions. The top panel shows the distributions
and the bottom panel shows the relative errors. The volume dis-
tributions derived are similar to ones seen in other remote areas
with AERONET1 (Holben et al. 1998), such as the Mauna Loa

1 https://aeronet.gsfc.nasa.gov/

Fig. 7. Top panel: aerosol extinction curves at the zenith for the wave-
length range of X-shooter. These are the most likely, optimal aerosol
extinction curves for each run discussed in Sect. 5.2. For Run A, an
alternate optimal curve (dashed) is also shown, which is the same cal-
culation but excluding the 90 and 110◦ observations. The default curve
is the one currently used in the ESO sky background model. Lastly, the
uniform probability curve is derived with Eq. (6) but with all Li = 1.
Bottom panel: relative error (1στ/τ). The values and errors for the
extinction curves are also given in Table 5.

Observatory (Holben et al. 2001). AERONET is a network of
robotic aerosol detection sites placed all over the world, and the
Mauna Loa Observatory is known to have a very low aerosol
optical depth, like Cerro Paranal. In Fig. 10, there is a peak
around R = 0.15 µm from the accumulation mode, where Run
B has the smallest peak alluding to there being a low amount
of aerosols present that night compared to the other two runs.
The distributions without dust also tend to have a larger peak
at R = 0.15 µm compared to the distributions from the same
runs with dust. Then there is a second peak at larger radii. For
the distributions without dust this peak is usually lower than the
one at smaller radii at around R = 3 µm. With dust, the dis-
tributions increase steadily and peak at R > 10 µm. These bi-
modal peaks in the volume distribution have also been seen in
other remote AERONET sites, and seem to be common where
there is some dust and/or marine particles (Dubovik et al. 2002).
The distribution from the current sky background model does
not have a peak at larger radii. This is because the current sky
model used only a decomposition of the aerosol extinction curve
of Patat et al. (2011), which is not particularly sensitive to the
presence of coarse grains, to find the distribution of aerosols.
Only with the observations at several different ρ, is it clear that
coarse particles are needed. This distinct lack of coarse mode
particles in the current model could account for many of the dif-
ferences seen between the current sky model and the optimal
ones. As can be seen in the bottom panel, all of these values for
the volume distribution are not well constrained and have typi-
cal uncertainties around 50%. Despite these large uncertainties,
there seems to be clear tendencies between the optimal models
and current model as well as between including dust or not. The
existence of a second peak from coarse modes is evident, how-
ever the location of the peak seen in the results depends on our
choices of input parameters for the coarse mode distributions.

5.3. Caveat: 7◦ observations

With the data at small ρ there seems to be another source of scat-
tered moonlight that is not taken into consideration by our cur-
rent model. In all three runs the ρ = 7◦ observations had much
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Fig. 8. Robustness of the analysis for determining the most likely
aerosol extinction curve. The standard analysis (Run B, black), which
includes all observations except ρ = 7◦, with the yellow region giv-
ing the 2σ confidence interval, is plotted. Over-plotted are the same
procedures but including ρ = 7◦ (orange), excluding ρ = 13◦ (green),
excluding the NIR arm (blue), and excluding ρ = 90 and 110◦.

Fig. 9. Top panel: aerosol phase function as a function of scattering
angle for the most likely models at two different wavelengths, 0.5 and
1.5 µm. For Run A, alternate optimal functions (dotted and dashed-
dotted) are also shown, which are the same calculations but excluding
the 90 and 110◦ observations for both wavelengths. Also shown is the
phase function used in the current sky background model (default) and
with uniform probability Li = 1 in Eq. (6). For clarity, the middle panel
shows the three runs relative to the uniform probability phase function.
Bottom panel: relative error σx/ < x > from Eq. (6).

more flux compared to the model. In Fig. 11 the ratio of the
observed flux over the modeled flux is plotted for Run A and
B using both the current models and the most likely, optimal
models. Within the limits of our model, we tested many various
aerosol distributions to reproduce this flux increase, including
adding dust particles. When only fitting the ρ = 7◦, we could
reproduce the observations, but with higher amounts of aerosols
compared to the other observations (see Table 4). Thus, we could
not find an aerosol distribution that would consistently fit all 6
angular distances for a given night. Therefore, this extra flux
must be from some process that is beyond the scope of our cur-
rent model. This could be something specific to the X-shooter
instrument or a general effect that occurs when one observes
close to the moon.

If this extra flux is specific to the X-shooter instrument, then
it could come from some internal scattering caused by a very

Fig. 10. Top panel: most likely column-integrated volume densities of
aerosol particles as a function of radius for Run A (blue, solid), Run
A alternate (blue, dot-dashed), Run B (green) and Run C (orange).
The volume density with uniform probabilities (black) and the distri-
bution used in the current sky background model (default, pink) are
also shown. The same analysis, but without the dust particles is shown
for all three runs and with uniform probability (dashed). Bottom panel:
relative error, given by σx/ < x >.

bright object, the moon, close to the target. There could also be
scattering off the dome into the instrument.

There are many assumptions and limitations of our model
that could lead to our inability to consistently fit all six obser-
vations on a given night. We have assumed a constant refractive
index N′ for all the aerosol particles. N′ consists of a real and
imaginary part and both can vary with wavelength and aerosol
mode. The imaginary part of N′ in remote areas like Cerro
Paranal seems to be very small and should affect the absorp-
tion (Dubovik et al. 2002). This effect could be from our choice
of the single scattering albedo, which we also took as constant
with respect with wavelength and aerosol type. Both of these
assumptions should mostly affect the wavelength dependence of
our model and not the ρ dependence. We also assumed that all of
the aerosol particles are spherically symmetric so we could make
the Mie approximation. This assumption appears to mostly affect
the larger ρ and not the smaller ρ as seen by comparing scattering
off of spheres and randomly orientated spheroids (Dubovik et al.
2002, and reference therein). Additionally, we only tested a finite
set of aerosol distributions which included varying parameters
of remote background and dust aerosols. Lastly, this could be
a limitation in our scattering calculations. The limitation could
be regarding the number of grid points considered, or the multi-
ple scattering corrections. Also polarization is not considered in
the scattering calculations. It could also be from that the strato-
spheric aerosols are treated the same way as the tropospheric
aerosols in the scattering calculations.

There are some suggestions that the extra flux seen at small
ρ may be a general phenomenon and that this may be evidence
of a lunar aureole even in clear seeing conditions. This type
of an effect is also seen around bright stars (e.g., King 1971;
Schaefer 1991) and the cause is currently unknown. Solar and
lunar aureole are known to occur when there are cirrus clouds
or ice crystals present in the atmosphere and can extend several
degrees from the sun or moon (e.g., DeVore et al. 2009, 2013;
Román et al. 2017).

Regardless of the origin of this extra flux, we strongly cau-
tion any optical observations with low signal-to-noise ratios at
astronomical facilities that are taken close to the moon (within
10 or 15◦).
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Table 5. Most likely aerosol extinction curves.

λ τaer
µm 10−3

Run A Run A alt Run B Run C

0.30 34(9) 27(7) 19(6) 39(14)
0.35 33(8) 27(7) 18(6) 38(13)
0.40 31(7) 25(6) 17(5) 36(12)
0.45 29(6) 23(5) 17(5) 33(10)
0.50 27(6) 22(4) 16(4) 31(9)
0.55 25(5) 20(4) 15(3) 28(8)
0.60 23(4) 19(3) 14(3) 26(7)
0.65 21(3) 17(3) 13(3) 24(6)
0.70 20(3) 16(2) 13(3) 22(6)
0.75 19(3) 15(2) 12(2) 21(6)
0.80 18(3) 14(2) 12(2) 20(5)
0.85 17(3) 14(2) 11(2) 19(5)
0.90 16(3) 13(2) 11(2) 18(5)
0.95 16(3) 13(2) 10(2) 17(5)
1.00 15(3) 12(2) 10(2) 16(5)
1.10 14(3) 11(2) 10(2) 16(5)
1.20 14(3) 11(3) 9(3) 15(5)
1.30 13(3) 11(3) 9(3) 14(5)
1.40 13(3) 10(3) 9(3) 14(5)
1.50 12(3) 10(3) 9(3) 13(5)
1.60 12(3) 10(3) 9(3) 13(6)
1.70 12(3) 10(3) 8(3) 13(6)
1.80 12(3) 9(3) 8(3) 13(6)
1.90 11(3) 9(3) 8(3) 12(6)
2.00 11(3) 9(3) 8(3) 12(6)

Notes. From the Bayesian analysis of the aerosol extinction curves at
the zenith, showing the mean < τaer > and the 1σ uncertainty in paren-
thesis. These extinction values have also been plotted in Fig. 7.

Fig. 11. Ratio of the observed data over the current model (solid) and
optimal model (dashed), both with F = 1.0, for Run A and B at ρ = 7◦.
The ratio was smoothed to better show the trend with wavelength. The
gap is where the two arms overlap at the edges of the spectrographs and
is clipped for clarity.

6. Summary and discussion

We have a unique set of sky observations taken with X-shooter to
study the sky background, with a focus on the scattered moon-
light and aerosol properties. These observations were taken on
three different nights, each with a different lunar phase. Each
night had a set of six observations taken at different angular

distances ρ from the moon. This allowed us to test the current
scattered moonlight model as a function of lunar phase and ρ,
as well as the other components of the sky background model
where the moonlight is not dominant. Additionally, the current
sky background model was limited in how well the aerosol prop-
erties could be determined. The aerosol extinction curve was
an extrapolation of one measured in the optical by Patat et al.
(2011), and the phase function was found by decomposing this
extinction curve into various background aerosol distributions.
With the X-shooter observations we could test a large suite of
aerosol distributions from the UV to NIR. For the first time we
could study the effects of aerosols from the UV to NIR and at
multiple ρ to constrain the aerosol size distributions including
the amount of coarse particles.

With the X-shooter sky observations we were able to test the
current scattered moonlight model. When looking at parts of the
spectrum that are dominated by Rayleigh scattering instead of
aerosol scattering, we found that the current scattered moonlight
model reflects the changes in lunar phase and ρ well and the
enhancement factor F is consistent with one for this set of data.
Also, we noticed that there is still some contribution from scat-
tered moonlight to continuum at redder wavelengths, for exam-
ple in the J-band (see Appendix A for more details).

For testing the full sky background model, we compared the
model with observations at the redder wavelengths and larger ρ.
The continuum of the sky background model agrees well with
the data, however the airglow continuum model tends to overes-
timate the amount of flux around λ = 1 µm. This is one of the
most uncertain components of the model due to the difficulty in
measuring it as well as predicting its variability.

In order to determine better the aerosol extinction at Cerro
Paranal from the UV to NIR, we created a set of sky background
models with different aerosol distributions. This way we could
take advantage of using both the aerosol extinction curves and
phase functions derived from each distribution to test the mod-
els against the observations. By comparing the sections of the
spectra containing only continuum, we found the best model for
each observation through χ2 minimization. The best-fit individ-
ual models were all in excellent agreement with the observations
(except the 90 and 110◦ observations of Run A with cirrus clouds).
The observations with small ρ tended towards higher amounts of
aerosols. Along with the remote background aerosols, we also
included dust particles since Cerro Paranal is located in the desert.
Using a set of sky background models with different aerosol prop-
erties coupled with observations of the night sky is a new way to
obtain the aerosol extinction curve and phase function at the time
of observation. There are several degeneracies amongst the dif-
ferent aerosol modes, however it seems to be more accurate than
using the typical Langley method (which failed for our standard
star observations at Cerro Paranal; see Sect. 3.2) and the uncer-
tain decomposition of the resulting extinction curve into aerosol
modes (as Jones et al. 2013).

Using the likelihoods of each model from the χ2 minimiza-
tion, we performed a Bayesian analysis to find the most likely
aerosol distribution for a given night. Since there seemed to
be extra flux at the ρ = 7◦ observations that was difficult
to fit consistently with the others, we ignored these for this
analysis. We found the most likely aerosol extinction curve,
phase function, and aerosol volume density. We then re-ran the
sky background model with the most likely aerosol extinction
curve and phase function, called the optimal model, for each
run. We compared these expressions and models with the cur-
rent sky background model. With this analysis using the set of
X-shooter observations, we are more sensitive to the different
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aerosol modes than the previous technique used for the current
sky background model. This previous technique of decomposing
the optical extinction curve was mainly sensitive to the accumu-
lation mode which dominates the shape of the extinction curve.
Now we are also sensitive to the amount of coarse modes. We
found that the optimal aerosol extinction curves vary some from
night to night, but consistently have a different shape than the
curve currently used in the sky background model. Additionally,
the most likely aerosol phase functions for all three runs are more
peaked at small ρ and are less smooth at large ρ compared to the
one used in the current sky background model. Aerosols that are
coarse mode particles appear to be present at Cerro Paranal and
are an important factor for the aerosol phase function and vol-
ume densities.

We can compare the changes in the optimal aerosol distri-
butions for each run with other data collected at Cerro Paranal.
There are some atmospheric data that are collected as part of the
ESO ambient conditions and radiometer data (Kerber & Rose
2012). From the ESO ambient conditions website we can find
information about the dust particle size for a given night and
time of the ground layer at 20 m. The ground layer is below the
X-shooter instrument and can have large short time-scale varia-
tions. It is unclear if these changes reflect changes in the tropo-
sphere. The 0.5 µm dust at 20 m for the beginning and end of the
observations for Run A was about 2.0×104 and 6.9×104 m−3, for
Run B 1.4× 104 and 3.0× 104 m−3, and for Run C 2.2× 105 and
2.4 × 104 m−3, respectively. The estimated amount of dust dur-
ing Run B was lower compared to the other two runs, especially
the beginning of Run C and the end of Run A, which is consis-
tent with what is seen in Figs. 6 and 7. This also demonstrates
how much the dust and aerosols can change in short time inter-
vals. With the radiometer data, we have estimates of the amount
of integrated water vapor (IWV) for each run (Kerber & Rose
2012). At the beginning and end of Run A, the IWV was about
3.7 and 4.1 kg m−2, for Run B 1.6 and 1.7 kg m−2, and for Run
C 2.4 and 2.6 kg m−2, respectively. Again Run B was much drier
compared to Run A and C, which is expected since Run B was
done in winter. These atmospheric data can provide some insight
into the aerosol composition of a given night and time since the
higher the humidity usually allows for larger aerosol particles.

We can also compare the optimal volume densities derived
for Cerro Paranal with other similar sites observed by
AERONET. The most comparable site with extremely low
aerosol optical depths is Mauna Loa Observatory, HI, USA
(Holben et al. 2001), however these observations were made dur-
ing the daytime using the sun. This site is located 3400 m above
sea level on the side of a shield volcano in the middle of the
Pacific. The combination of being at a high elevation, far away
from any urban areas, and lack of vegetation allows for generally
very low amount of aerosols. The most frequent aerosol opti-
cal depth at 0.5 µm measured is between 0.01 and 0.02 with a
tail to higher optical depths, which is similar to our measure-
ments at Cerro Paranal between 0.016 (Run B) and 0.031 (Run
C). Typical volume densities at Mauna Loa Observatory vary
between having a single peak around a particle radius of 0.12 µm
and having another additional peak around 5 µm. The latter is
most likely when some marine particles are blown upwards,
which is similar to have a small amount of coarse particles at
Cerro Paranal from the desert conditions. There are two other
AERONET stations that are in Chile and are the closest to Cerro
Paranal, called Crucero and Cherenkov Telescope Array (CTA),
which are about 275 and 12 km away with altitudes of 1176
and 2154 m, respectively. Crucero is northeast of Antofagasta,
whereas Cerro Paranal is south of Antofagasta and Crucero is at

much lower altitude compared to Cerro Paranal. The conditions
at Crucero and Cerro Paranal can be quite different. Regardless,
Crucero also can have low optical depth and a bi-modal peak in
volume density but has only been operational since 2017. The
other site in the Atacama desert is also relatively new and is at
the site of the CTA (Juryšek & Prouza 2017). They measured
the aerosol optical depths using both the sun and direct mea-
surements with the moon. They generally also had low optical
depths, with typical values between 0.01 and 0.02 at 0.5 µm,
which varied significantly during the day and month reaching
values as high as 0.08 in their given example. Our optimal val-
ues for the aerosol optical depths and volume densities for Cerro
Paranal seem consistent with other sites with low amounts of
aerosols as well as those sites that are located nearby.

In general, accurately measuring the aerosol scattering for a
given location and time is difficult, especially at Cerro Paranal
where the aerosol optical depth is very low. Additionally, the
aerosol distributions and thus scattering properties can change on
short and long time-scales. To address the issue of very low opti-
cal depth, we introduce a new method for estimating the aerosol
distributions by using a set of sky background models with dif-
ferent aerosol distributions coupled with sky observations with
scattered moonlight. This technique for finding the aerosol size
distributions and hence the aerosol extinction for a given time
and location could also be used for data reduction, however it
requires the set of sky background models with a reasonable
range of aerosol distributions as well as a set of sky observa-
tions with scattered moonlight and preferably at multiple ρ. With
only a single plain sky observation, this method would still work,
but would have more degeneracies since the aerosol phase func-
tion would be less constrained. This technique, even for a sin-
gle observation, could be an improvement over typical methods
that use spectrophotometric standard stars, which require accu-
rate flux calibrations and well-known stars.

The most likely aerosol extinction curves, phase functions
and volume densities given in this paper could improve the cur-
rent sky background and correcting for the sky background at
Cerro Paranal. Indeed the aerosol properties amongst the three
runs are different, however many characteristics are the same.
The general shapes of both the aerosol extinction curve and
phase function are similar. From the optimal volume densities it
is clear that the aerosol distribution at Cerro Paranal is bi-modal
with a peak at smaller and larger particles from the accumulation
and coarse modes, respectively. These larger particles affect the
aerosol extinction curve at slightly longer wavelengths (around
1 µm) and the shape of the phase function, causing the phase
function to be more peaked at small ρ. For a more accurate sky
background estimate, these coarse modes should be included.

Overall the current sky background model is in agreement
with the observations, with an enhancement factor F = 1.0 and
within the limitations of having an average aerosol scattering
prescription. From this work, including coarse particles could
improve the accuracy of the current sky background model. The
amount of aerosols present at Cerro Paranal is very low. The
aerosol extinction values provided in Fig. 7 and Table 5 can be
used to improve the sky background model and data reduction.
These changes in aerosol properties amongst the runs would
most likely have a small effect for most science targets, with the
largest impact being for low signal-to-noise ratio observations
between 0.5 and 1.0 µm when the moon is above the horizon.
In the NIR, the aerosol extinction curve is practically negligi-
ble. Since aerosols can vary on short timescales, in order to bet-
ter measure the aerosol distributions for a given time, it is rec-
ommended that most major observatories install an instrument
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to simultaneously measure the aerosol scattering properties, like
what is used in AERONET, which would additionally allow for
more research on aerosol climatology.

7. Conclusion

In this work we coupled a set of sky background models with
different aerosol size distributions with X-shooter observations
of the plain sky to find the optimal aerosol size distribution at
Cerro Paranal to both better characterize the night sky and to
improve the sky background model. Additionally, we could test
the current sky background model, focusing mostly on the scat-
tered moonlight component. Here are the main conclusions and
highlights of this study:

– The current scattered moonlight model reflects the changes
in lunar phase and ρ well;

– The enhancement factor F of 1.2 for the scattered moonlight
in the original sky background model which was needed to
match the FORS1 data, is not needed for the X-shooter data
and was changed in the ESO sky background model;

– The first attempt to determine the nighttime aerosol size dis-
tributions by using a scattered moonlight model and a set of
plain sky observations;

– This new technique allowed for constraints on both the
aerosol extinction curve and phase function;

– The optimal aerosol extinction curves vary some from night
to night, but consistently have a different shape than the
curve currently used in the sky background model;

– The most likely aerosol phase functions for all three runs are
more peaked at small ρ and are less smooth at large ρ com-
pared to the one used in the current sky background model;

– The optimal volume densities for all three runs with and
without dust show a bi-modal distribution of aerosols, a peak
at smaller particles from the accumulation mode and a peak
at larger particles from the coarse mode. The current sky
background model lacks the second peak of coarse particles;

– The optimal volume densities are consistent with what is
observed at other sites with very low aerosol optical depth.
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Appendix A: Scattered moonlight brightness in the
J-band region

Using the sky background model, we can estimate the amount
of scattered moonlight in the NIR for different lunar phases and
distances from the moon. Usually when people observe in the
NIR, they completely ignore any effect from scattered moon-
light, since it is predominately in the optical. However, as can be
seen in Fig. 1, there is some scattered moonlight still present in
the J-band wavelength region. In this region the airglow emis-
sion is the dominant source of sky background noice. However,
if one was observing a faint source to study its continuum emis-
sion, scattered moonlight may need to be considered. In order to
quantify how much scattered moonlight one can expect at dif-
ferent distances from the moon and different lunar phases, we
used the optimal models derived in Sect. 5.2 for each run. We
then considered only the scattered moonlight portion of the sky
background flux. We calculated the median flux from the scat-
tered moonlight portion of the optimal models in a wavelength
range with no strong airglow emission lines between 1.188 and
1.195 µm, shown in the top half of Table A.1. Additionally, we
provide the median fraction of scattered moonlight over the total
sky background flux using the optimal models within the same
narrow wavelength range, 1.188 to 1.195 µm. In the continuum

Table A.1. J-band continuum flux values and fractions of scattered
moonlight.

Run 7◦ 13◦ 20◦ 45◦ 90◦ 110◦

A 84 34 17 6.9 3.9 3.0
B 34 16 10 4.2 1.5 1.8
C 10 4.4 2.9 0.95 0.50 0.54
A 0.95 0.87 0.78 0.56 0.33 0.28
B 0.90 0.78 0.69 0.47 0.25 0.23
C 0.67 0.47 0.37 0.17 0.08 0.07

Notes. The top half is the median flux of scattered moonlight between
1.188 and 1.195 µm in 102 photon s−1m−2µm−1arcsec−2. The bottom
half is the median fraction of scattered moonlight to the total sky back-
ground between 1.188 and 1.195 µm.

part of the J-band, the fraction of scattered moonlight is still rel-
atively high near full moon and when the moon is moderately
close (.45◦) to the target. When the moon is close to full and
especially if the observations are near the moon, the scattered
moonlight flux may not be negligible. Also, the optimal mod-
els from Sect. 5.2 tend to underestimate the amount of flux at
ρ = 7◦, so the values provided are a conservative estimate.
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